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Dr Ameya Joshi 
Mobility Notes, USA

1. Introduc�on

1.1 Background and objec�ves

Road transport is a major source of urban air pollu�on in India, contribu�ng to carbon monoxide (CO), nitrogen oxides (NOx) 
and ultrafine par�culates (PM2.5, par�cles below 2.5 microns). The impact of pollu�on on human health is especially acute in 
densely populated ci�es such as the Na�onal Capital Region (NCR) of Delhi. Successive �ghtening of emission norms from 
Bharat Stage (BS) I through BS-VI  has brought advanced emission-control technologies to new cars and trucks; however, 
pollu�on levels in major ci�es con�nue to increase. A common point of conten�on is the extent of contribu�on to these 
pollu�on levels from transport vs. other sources. Regardless of the exact contribu�on, it should be obvious that all sectors must 
do their part in reducing pollu�on.

As India considers the next stage of emission standards, BS VII, the overarching objec�ve of this study is to provide guidance to 
policymakers on regulatory and technology pathways for maximising the real-world benefits of �ghter standards, in Indian 
driving and ambient condi�ons. We used bo�om-up emission inventory modelling, using laboratory and on-road emission 
factors to quan�fy the contribu�on of tailpipe and evapora�ve emissions from various vehicle types, as a func�on of their age 
and cer�fica�on level. Our recommenda�ons for a strong BS VII are based on this study and knowledge of best available 
control technologies from other advanced markets.

1.2 Study areas

The first study area, the Na�onal Capital Region centred on Delhi (herea�er Delhi NCR), is defined as the Union Territory of 
Delhi and the adjoining NCR ci�es of Gurugram, Faridabad, Ghaziabad and Noida; the second is the territory of India (all States 
and Union Territories). In both cases emissions are a�ributed to vehicular ac�vity occurring within the defined region, 
irrespec�ve of vehicle registra�on origin.

The Delhi NCR road network is represented by two func�onal classes — urban roads (expressways, arterial, sub-arterial, 
collector and local streets: mixed traffic, frequent stop–go and lower average speeds) and highways (na�onal and state 
highways and major regional corridors: higher-speed inter-city links with fewer interrup�ons) — with separate speed and 
ac�vity profiles. Na�onally, ac�vity is represented by four opera�ng classes — urban peak, urban off-peak, rural (major district 
roads, village roads and non-urban connec�ng roads) and highway — the peak/off-peak separa�on being par�cularly 
important for represen�ng the strong influence of conges�on and speed varia�on on emissions.

1.3 Temporal scope and baseline year

Both inventories use a common baseline year of 2025; vehicle popula�on data are based on the registered stock available up to 
August 2025 (when the study was ini�ated), used with vehicle survival func�ons to es�mate the in-use fleet for 2025. Annual 
emissions are calculated as described in next sec�on, which combines fleet stock with annual vehicle kilometres travelled 
(VKT) and speed profiles through pollutant- and technology-specific emission equa�ons; both inventories report annual totals, 
with sub-annual varia�on embedded in the VKT and speed assump�ons; no explicit seasonal, hourly or weekday/weekend 
resolu�on is modelled.

2. Methodology

2.1 COPERT-based bo�om-up approach

Road transport emissions in India and Delhi were es�mated using the COPERT so�ware [2], a widely recognised tool developed 
by EMISIA for calcula�ng road transport GHG and air-pollutant emission inventories [3]. Its methodology follows the 
EMEP/EEA air pollutant emission inventory guidebook [4] and is consistent with the 2006 IPCC Guidelines for GHG calcula�ons, 
and although developed for official inventories in EEA member countries it has also been applied in non-European contexts 
(e.g., Australia [5]).

Evidence-Based Recommendations for Bharat Stage 
7 Emission Standards
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 In this paper, Roman numerals (I, II, …) denote all emission levels for simplifica�on; Arabic and Roman numerals have been used in the past to dis�nguish light- and heavy-duty emission norms.



5

COPERT uses European vehicle classifica�ons, differen�a�ng vehicles by category (cars, vans, heavy-duty trucks, buses and L-
category vehicles), powertrain, segment and emission standard (Euro 1–6). Indian vehicles were mapped to their European 
counterparts, using judgment where direct correspondence was unavailable — feasible because Bharat Stage standards are 
closely aligned with European standards and similar vehicle types exist in both regions — except for CNG three-wheelers, 
added as a custom vehicle in the stock sheet. COPERT’s default emission factors (EFs), expressed in g/km for NOx, CO, HC, 
PM10, PM2.5 (tailpipe and non-tailpipe) and CO2 as func�ons of speed, trip distribu�on and ambient temperature, were used 
as a star�ng point and where India-specific values were unavailable.

2.2 Scenario design

Mul�ple scenarios were developed in which vehicle popula�on, VKT, road-type ac�vity distribu�on and opera�ng speeds were 
kept iden�cal and only the emission-factor datasets varied, so that differences are a�ributable solely to the source and 
measurement basis of the factors. Three scenarios were analysed for Delhi NCR; for the na�onal inventory only two — baseline 
and real-world — were implemented.

Scenario 1 (Baseline), used for both inventories, takes emission factors from a recent peer-reviewed na�onal road transport 
emission inventory study [6] whose scope and intent are closely aligned with the present work. For BS-VI vehicles, where India-
specific factors are limited, default COPERT factors for Euro VI-equivalent technologies are applied, India having broadly 
followed European norms with generally similar control technologies; Scenario 1 is thus the reference case for both study 
areas.

Scenario 2 (Real-world remote sensing) combines literature-based factors for older standards with factors derived from real-
world remote-sensing measurements for BS-IV and BS-VI vehicles, from studies by the Interna�onal Council on Clean 
Transporta�on (ICCT) [7]. Remote-sensing measurements capture emissions under real driving condi�ons — conges�on, 
driving behaviour, vehicle ageing, maintenance prac�ces and real-world a�er-treatment efficiency — so Scenario 2, 
implemented for both inventories, provides a sensi�vity on EFs and a possible representa�on of in-use emissions. We say 
“possible” because a remote-sensing study has inherent limita�ons and a limited sample size, offering only a glimpse of 
emissions under a limited range of condi�ons, though such data are invaluable in showing the extent of devia�on from 
laboratory values, themselves limited in their veracity to a narrow range of prescribed test condi�ons. Where remote-sensing 
data are unavailable, Scenario 1 factors are retained to ensure complete fleet coverage; this patchwork of EFs is meant as a 
sensi�vity on lab-based es�mates and a basis for recommending further on-road measurements.

Scenario 3 (Laboratory test data), implemented only for Delhi NCR, combines literature-based factors for older standards with 
factors derived from laboratory tes�ng under Indian regulatory condi�ons for BS-IV and BS-VI vehicles.

2.3 Data inputs and sources

Five primary COPERT inputs were required — vehicle popula�on by category, age and fuel type; VKT by vehicle category; speed 
distribu�ons by road type; emission factors by scenario; and meteorological correc�on factors (minimum/maximum 
temperature, humidity) — all reflec�ng condi�ons as of the August 2025 baseline.

2.3.1 Vehicle popula�on and in-use fleet

Vehicle popula�on data by category, age and fuel type were compiled for Delhi NCR and India from the MoRTH VAHAN portal 
[8], which reports registered counts by year of registra�on, vehicle category, BS standard and fuel or powertrain type. Since 
VAHAN represents the registered stock rather than the fleet actually circula�ng, the registered counts were converted into in-
use vehicle stock using survival func�ons. Survival func�ons from Gu�kunda et al. [9] were applied with the low-survival-rate 
parameter set for Delhi NCR — a dense urban region with rela�vely high vehicle turnover — and the high-survival-rate set for 
the na�onal inventory, reflec�ng the wider varia�on in vehicle life�mes across India, including longer reten�on in smaller 
towns and rural areas.

2.3.2 Vehicle kilometres travelled and road-type alloca�on

For Delhi NCR, annual VKT by vehicle category was derived from research papers, MoRTH traffic surveys (2024–2025), ARAI 
vehicle-usage studies and regional transporta�on planning documents [10–19]. The split between urban roads and highways 
used the on-road speed-distribu�on data of Goel et al. [20] (share of �me in speed bins for buses, three-wheelers, two-
wheelers and cars), the bus distribu�on serving as a proxy for heavy-duty trucks and the car distribu�on for light commercial 
vehicles in the absence of direct measurements. Speeds up to 15 km/h were classified as peak urban driving, 15–30 km/h as 
off-peak urban and above 30 km/h as highway driving, and the �me share in each range was mapped to the VKT share for each 
category.
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For the na�onal inventory, annual VKT by category was compiled from Singh et al. [6] and mapped to COPERT vehicle classes, 
fuel types and emission standards, with ac�vity distributed across the four traffic condi�ons given the much broader range of 
opera�ng environments. The alloca�on used the reported intracity and intercity travel shares: intracity movement was split 
into urban off-peak and peak condi�ons, and intercity movement between highway and rural opera�on.

2.3.3 Average opera�ng speeds by road type

Average opera�ng speed is a key COPERT input because emission factors depend, non-linearly, on speed and traffic condi�ons.

For Delhi NCR, speeds were established from Goel et al. [20] as �me-weighted averages accoun�ng for conges�on, signal 
�mings and mixed-traffic interac�ons, and enter COPERT through non-linear speed-correc�on curves. For all vehicle 
categories, urban peak, urban off-peak and highway speeds of 10 km/h, 23 km/h and 45 km/h were used, consistent with the 
VKT alloca�on criteria (≤15 km/h peak urban, 15–30 km/h off-peak urban, >30 km/h highway).

For the na�onal inventory, urban off-peak and peak speeds of 25 km/h and 15 km/h were adopted from Akbar et al. [21], which 
describes mobility behaviour across Indian ci�es, and applied uniformly across vehicle categories; a representa�ve rural speed 
of 35 km/h was obtained by averaging the terrain-specific (plain, rolling, mountainous and hilly) speeds derived using the 
methodology of Kadiyali [22]; and highway speeds, differen�ated by vehicle category to reflect differences in vehicle 
performance, regula�on and opera�ng behaviour, were taken from Ahmad and Rathore [23]: 45 km/h for HCV, 46 km/h for LCV 
and buses, 57 km/h for 4W, 40 km/h for 2W and 35 km/h for 3W.

2.3.4 Meteorological inputs

COPERT requires monthly minimum and maximum temperatures and average rela�ve humidity for its temperature-
dependent (cold-start and evapora�ve) correc�ons. Region-specific monthly data were used for Delhi NCR, where the strong 
winter–summer contrast can substan�ally influence cold-start behaviour, combus�on condi�ons and evapora�ve losses, and 
all-India monthly averages for the na�onal inventory. Both were sourced from the India Meteorological Department [24]; the 
Delhi NCR values are long-term averages for 2020–2025, representa�ve of the baseline year while smoothing out inter-annual 
variability.

2.3.5 Emission factors by scenario

Emission factors for CO, NOx and PM2.5 (total and exhaust) were implemented for the three scenarios of Sec�on 2.2 as the 
core variable input, all other parameters being held constant. In Scenario 1, factors were primarily derived from Singh et al. [6] 
and cover vehicles up to BS-IV; for BS-VI vehicles, COPERT’s inbuilt factors calibrated for Euro VI-equivalent technology were 
applied in the absence of India-specific BS-VI data in the primary source, and for three-wheelers, where direct data were 
unavailable, factors from comparable categories (e.g., light petrol motorcycles) were applied with adjustment factors. In 
Scenario 2, factors for BS-III and below were kept as in the baseline, while BS-IV and BS-VI factors were taken from real-world 
remote sensing device (RSD) measurements by Narla et al. [7] — a combina�on reflec�ng the Delhi NCR fleet, where 90% of 
registered vehicles are BS-IV and above; bus and truck factors were carried forward from Scenario 1 in the absence of bus-
specific remote-sensing data. In Scenario 3, factors for BS-III and earlier were again kept as in the baseline, while BS-IV and BS-
VI factors were derived from laboratory measurements under Indian regulatory test condi�ons; truck factors were carried 
forward from Scenario 1 in the absence of truck-specific laboratory data.

2.4 Evapora�ve emission model and inputs

Evapora�ve emissions — the release of VOCs from a vehicle’s fuel system through evapora�on rather than combus�on — were 
es�mated with a proprietary fuel-system model. The model accounts for all principal evapora�ve pathways from petrol 
vehicles rather than diurnal breathing alone: diurnal (“breathing”) losses driven by daily temperature cycling, running-loss and 
hot-soak losses associated with vehicle opera�on and engine-off cool-down, and refuelling losses displaced from the tank 
when fuel is dispensed. It is driven by fuel proper�es, fuel-system hardware and the rate of adop�on of evapora�ve-control 
canisters: fuel vola�lity, the most influen�al fuel input, is represented through Reid Vapour Pressure (RVP) and ethanol content 
(E20 petrol, RVP 70 kPa); canister adop�on is 100% for cars under both BS-IV and BS-VI and 75% (BS-IV) to 100% (BS-VI) for two-
wheelers; and fuel-tank volume (50–75 L) and canister working capacity (0.5–3.0 L, rising with the emission standard) are 
specified by vehicle category and emission standard, since both determine the headspace available for vapour genera�on and 
the capacity to capture and store it between trips.

For each vehicle category the model combines these inputs with a representa�ve diurnal temperature profile to produce a per-
vehicle daily emission rate; for Delhi a diurnal range of approximately 25–40 °C was applied, with temperature inputs from 
VisualCrossing. The na�onal es�mate extends the same model and inputs, unchanged, to the 20 most-populated Indian ci�es, 
the only new inputs being city-specific temperature profiles from the same source over the past ten years.
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3. Results

3.1 CO emissions

Fig. 1a shows CO emissions for Delhi NCR under the baseline scenario: total emissions were 58,959 t/year, with two-wheelers 
(2W) the dominant contributor (note the separate scale) at 29,013 t/year, or ~49% of the total. Between Scenario 1 (Baseline) 
and Scenario 2 (Remote Sensing), total emissions rose from 58,959 t/year to 215,563 t/year — approximately a 3.7-fold 
increase — reflec�ng the higher real-world emission factors captured in the remote-sensing dataset. 

Fig. 1: Comparison of CO emissions under the baseline and Scenario 2 condi�ons for 
(a) Delhi NCR and, na�onally, under (b) the baseline and (c) Scenario 2. Note that the y-axes of the two na�onal plots have a different range.

At the na�onal level (Fig. 1b, 1c), CO emissions rose from 2.2 Mt/year in Scenario 1 to 9.6 Mt/year in Scenario 2, an approximate 
4.5-fold increase. Two-wheelers were the dominant source in both scenarios, at ~ 50% of the total in Scenario 1 and ~79% in 
Scenario 2, indica�ng the strong influence of real-world factors on the largest vehicle category in the fleet. 

3.2 NOx emissions

NOx emissions in Delhi increased from ~30 kt/year in Scenario 1 to 41.7 kt/year in Scenario 2, approximately 35–40% higher 
than the baseline (Fig. 2a,b). Trucks and 2W dominated in all scenarios: in Scenario 1 trucks contributed the largest share 
(approximately 11.5 kt/year), followed by 2W (~7.4 kt/year); under Scenario 2, 2W rose sharply to nearly 12 kt/year, 
comparable to trucks. By emission norm, BS-IV vehicles were the largest contributors across all scenarios, accoun�ng for 
roughly 16–18 kt/year, followed by BS-VI vehicles, whose emissions nearly doubled from ~8.5 kt/year in Scenario 1 to ~17.5 
kt/year in Scenario 2; BS-I to BS-III contributed compara�vely smaller share, mostly due to the fleet having been turned over to 
BS IV & VI compliant.

(a) (b) ©

Fig. 2: Comparison of NOx emissions under (a) the baseline and (b) Scenario 2 condi�ons for Delhi NCR, and 
under (c) the baseline and (d) Scenario 2 condi�ons na�onally.
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Na�onally (Fig. 2c,d), NOx emissions increased from 1.4 Mt/year in Scenario 1 to 1.9 Mt/year in Scenario 2, an approximate 
30% increase. Two-wheelers were the largest contributor in Scenario 1 at approximately 438 kt/year, increasing slightly to ~460 
kt/year in Scenario 2; four-wheelers were comparable in Scenario 1 at approximately 438 kt/year, followed by trucks at 
approximately 365 kt/year. The most significant change was in four-wheelers, whose emissions roughly doubled from 
approximately 438 kt/year to around 870 kt/year, making 4W the dominant contributor in Scenario 2.

3.3 Par�culate ma�er emissions

PM2.5 emissions in Delhi are shown  in figure 3. Emissions were driven primarily by 2W, 4W and trucks, although their rela�ve 
importance shi�ed considerably: in the baseline, four-wheelers were dominant at approximately 460 tons, closely followed by 
2W (~430 tons) and trucks (~400 tons); under Scenario 2, overall emissions declined, 2W dropping to approximately 300 tons 
and 4W falling sharply to around 130 tons, leaving trucks as the largest contributor at approximately 400 tons.

                                               Na�onal                                               Delhi NCR

Fig. 3: PM2.5 exhaust emissions under (a) baseline, (b) Scenario 2 condi�ons for Delhi NCR (tons), and 
under (c) baseline and (d) Scenario 2 condi�ons na�onally (thousands of tons).

Na�onally, PM2.5 emissions showed a contras�ng trend, with a moderate reduc�on in Scenario 2 rela�ve to the baseline that 
was also reflected in exhaust emissions (Fig. 3d,e). Two-wheelers and four-wheelers remained the dominant contributors but, 
unlike in Delhi, both declined under Scenario 2 and drove the overall reduc�on, two-wheelers showing the most no�ceable 
decline, par�cularly in exhaust emissions, sugges�ng a strong sensi�vity of this category to real-world emission es�mates. 
Three-wheelers, vans, trucks and buses remained largely unchanged, indica�ng that na�onal-level differences were primarily 
influenced by light-duty rather than heavy-duty categories; trucks nonetheless con�nued to contribute a significant share.

The par�culate inventory is es�mated in terms of mass, not number count; ultrafine par�cles are the most dangerous to 
health, which has led to number-based standards with a coun�ng cut-off of 23 nm under BS-VI, whereas technology now 
allows coun�ng down to 10 nm (already implemented in Europe); these addi�onal very small par�cles add li�le to par�culate 
mass but are extremely harmful, and the addi�onal burden in terms of par�cle count is beyond the scope of this study.

3.4 VOC emissions: tailpipe

Vola�le organic compounds, unlike the species above, are emi�ed through two pathways: from the tailpipe, associated with 
incomplete combus�on, and through evapora�on. Fig. 4 shows the baseline tailpipe VOC emissions for Delhi and na�onally by 
vehicle type: two-wheeler emissions dominate, as for CO and not surprisingly, since both CO and VOC emissions are associated 
with incomplete combus�on. Total emissions are ~6,300 tons in Delhi, of which ~54% are from two-wheelers; the 
corresponding number is ~260,000 tons for the en�re country, of which ~70% is contributed by two-wheelers. The emissions 
are almost evenly split between BS-IV and BS-VI vehicles — not because BS-VI two-wheelers emit at similar levels as BS-IV, but 
because a much larger frac�on of vehicles in Delhi is cer�fied to BS-VI.

                Baseline                     Remote Sensing                    Baseline                     Remote Sensing    
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3.5 VOC emissions: evapora�ve

Evapora�ve emissions are a dispropor�onately large source of VOC emissions in India rela�ve to most other markets; several 
VOC species are harmful to health and known carcinogens, and the emissions are simply fuel lost via evapora�on, with a direct 
nega�ve impact on fuel consump�on and cost of ownership. The dominant driver is ambient temperature: emissions scale 
strongly with diurnal temperature swings, and across April 2015–April 2025 major Indian ci�es recorded a substan�ally higher 
share of days above 35 °C than European ci�es such as Brussels, while Delhi’s daily maximum exceeds 40 °C (even reaching 45 
°C) for several months, so that a diurnal range of 25–40 °C is be�er suited to Indian condi�ons.

Across the 20 ci�es, modelled per-vehicle rates span roughly 6.3 to 10.5 g VOC per car per day, driven almost en�rely by 
ambient temperature: highest in hot, con�nental northern and central ci�es with large diurnal swings, lowest in milder, 
humidity-moderated coastal and southern ci�es. Two representa�ve city profiles (Fig. 5a,b) illustrate the seasonal pa�ern 
behind these averages: emissions peak sharply through the pre-monsoon summer and fall back in cooler, we�er months, with 
the diurnal (“breathing”) component domina�ng the summer spike. Weigh�ng the 20 city rates by vehicle popula�on gives a 
single na�onal mean of 8.2 g VOC per petrol car per day, which amounts to ~81 million tonnes VOC/year for the en�re fleet of 
~27 million cars.

For Delhi, the model es�mates average evapora�ve emissions of 9.5 g VOC per petrol car per day, rising to roughly 50 g VOC per 
car per day during the summer months (Fig. 5a); applied across Delhi’s petrol-car fleet of approximately 2.2 million vehicles, 
this corresponds to a total of about 7,628 tons of VOC per year (9.5 g/day × 365 days × 2.2 million cars). The contrast with 
tailpipe VOCs is the central finding: a Delhi car driving the local average of about 11,000 km per year, emi�ng hydrocarbons at 
75% of the 68 mg/km limit, produces roughly 1.6 g/day of tailpipe HC , so evapora�ve emissions exceed tailpipe HC by about 6× 
on an annual-average basis and by about 32× at the summer peak (Fig. 5c).

Fig. 4: VOC exhaust emissions (thousands of tons) under baseline condi�ons for (a) Delhi and (b) na�onal.

Fig. 5: Daily evapora�ve emissions by pathway for two example ci�es, (a) Delhi and (b) Pune, showing the summer-dominated diurnal profile — the Delhi 
panel is the modelled daily evapora�ve emissions for a passenger car in Delhi, using a diurnal temperature profile of 25–40 °C, E20 fuel, RVP 70 kPa; (c) 

average and summer-peak evapora�ve emissions compared with tailpipe HC emissions for a Delhi passenger car (g/day).

(a) (b) ( c )
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Refuelling losses — emissions from the tank and around the nozzle during refuelling — are also a significant frac�on of the 
total; the two common controls are Stage II vapour recovery at fuel sta�ons and onboard refuelling vapour recovery (ORVR) on 
vehicles, and while India has implemented Stage II norms, the hardware is typically plagued by inefficiencies and maintenance 
issues. A limita�on is that no similar analysis was made for two-wheelers, owing to the lack of reliable inputs, of a robust model 
comparable to the four-wheeler one, and of emission factors measured under India-specific diurnal temperatures. Two-
wheelers suffer from the same evapora�ve sources, worsened by exposed fuel tanks and more propensity for refuelling losses; 
their much smaller tanks mean the diurnal losses per vehicle are expected to be smaller, but the parc is much larger, so overall 
two-wheelers are expected to be a very important source of evapora�ve VOC, and a model validated with India-specific data is 
recommended before a reliable inventory can be calculated for them.

3.6 Sensi�vity analyses

The es�mates are inherently influenced by uncertain�es in key inputs — in a highly heterogeneous country such as India, 
varia�ons in regional travel behaviour, traffic condi�ons, fleet composi�on and driving pa�erns make it challenging to 
represent real-world condi�ons with a single set of assump�ons — among which VKT and average vehicle speed were 
iden�fied as cri�cal determinants. A dedicated sensi�vity analysis therefore quan�fied the responsiveness of the es�mates to 
plausible varia�ons in VKT and speed.

3.6.1 Elevated VKT

A large range of VKT is found in the literature for India, reflec�ng in part regional and demographic differences (Fig. A8); with 
improved vehicles, roads and infrastructure and lifestyles involving more travel, VKT is likely to increase in coming years, which 
will increase emissions for a given fleet. Increased VKT raises emissions, as expected, but the extent depends on the species: 
vehicles with a par�culate filter are not expected to see a significant increase, since their tailpipe emissions are near-zero 
irrespec�ve of distance driven, and gaseous emissions are mostly a cold-start problem whose increase depends on the extent 
of advanced catalysts used. Varying VKT within the literature range, CO emissions more than doubled for both two- and four-
wheelers, driven especially by BS-IV vehicles; NOx also showed a two-fold increase, for both light- and heavy-duty vehicles; and 
PM2.5 exhaust emissions increased 2–4× for two-wheelers, cars and trucks (Fig. 7a), mostly from BS-IV and older vehicles 
owing to their lack of filters and high emission factors. The inventory presented here could therefore be a lower bound, 
considering the increase in mobility predicted for India, and further data collec�on is needed to increase the robustness of the 
calcula�ons.

3.6.2 Speed sensi�vity of urban emissions

Extreme conges�on in Delhi NCR, where peak-period vehicle speeds approach walking pace — a 2.1 km busy corridor requires 
25 minutes by vehicle (~5 km/h) versus 19 minutes on foot at 12:30 pm on a Monday, post-rush hour, indica�ng chronic low-
speed opera�on across much of the urban network (Fig. A9) — mo�vated an analysis of speed–emission rela�onships. Off-
peak, peak and highway speeds were varied from baseline by +10 km/h and +20 km/h for CO, NOx and PM2.5. COPERT 
emission factors remain invariant below 10 km/h, preven�ng direct assessment of Delhi’s most congested regimes, and the 
study’s custom remote-sensing and laboratory-derived factors for nearly all vehicles are speed-independent by construc�on, 
so that speed adjustments would yield no emission response. To overcome both limita�ons, standard COPERT factors were 
applied across the fleet while preserving scenario ac�vity and age distribu�ons, and speed–emission curves characterised for 
≥10 km/h were extrapolated to 5 km/h. The four-wheeler response curves (Fig. 7b) show emissions predicted to increase by 
~20–40% at 5 km/h compared with 30 km/h, confirming speed as a dominant emission lever in congested ci�es: even modest 
flow improvements yield dispropor�onate air-quality gains, underscoring conges�on management and public-transport 
reinforcement as high-leverage interven�ons beyond fleet renewal. The increase at low loads and speeds is well understood 
and is associated with lower exhaust temperatures reducing the efficacy of emission-control systems; the US and Europe have 
implemented low-load, low-speed cycles in their latest heavy-duty regula�ons (Euro 7 and the EPA HD Clean Trucks Plan).

 The 68 mg/km Bharat Stage limit, and hence the 1.6 g/day tailpipe figure, is defined on a hydrocarbon (THC/NMHC) basis, whereas the evapora�ve emissions and inventory totals are expressed as VOC. 
For petrol the two are close in magnitude but not iden�cal: VOC excludes methane and adds oxygenated organics (e.g., ethanol and aldehydes, which are elevated under E20) that hydrocarbon 

measurement omits. A VOC/THC specia�on factor should be applied for a strictly like-for-like comparison.

(a) (b) ( c )
Fig. 7: Sensi�vity analyses: (a) effect of increased vehicle-kilometres-travelled (VKT) on PM exhaust emissions; 

(b) four-wheeler emission sensi�vity to speed: mean % change per −10 km/h (CO, NOx, PM2.5); 
(c) comparison of CO, NOx and PM emissions (kt/year) for passenger cars under BS-IV and BS-VI scenarios (see text for a descrip�on).
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3.6.3 Impact of evolving emission standards

To isolate the effect of standard progression, a counterfactual analysis was conducted for the passenger-car (4W) category, 
comparing a hypothe�cal BS-IV-only fleet with the current BS-VI-compliant fleet: the same overall car parc was assumed, but 
the emission factors of all BS-VI-compliant vehicles were replaced with BS-IV ones. As shown in Fig. 7c, the transi�on to BS-VI 
reduced passenger-car CO by 22% compared with a scenario in which all modern cars were only BS-IV compliant, and NOx by a 
marked 34%, the higher NOx reduc�on reflec�ng the effec�veness of the advanced emission-control technologies introduced 
under BS-VI (especially for diesels, which are s�ll a significant frac�on of the Indian fleet). Instruc�vely, PM emissions are 
es�mated to be reduced by only 6%: BS-VI introduced a par�cle-number (PN) limit that enforced filters, but only on direct-
injected engines (diesels and petrol GDI), and India has a low frac�on of GDI vehicles, so the PN limit does not apply to the 
majority of port-fuel-injected (PFI) vehicles; BS-VI thus enforced li�le to no addi�onal technology adop�on for most of the 
passenger-car fleet, resul�ng in similar overall emissions.

4. Recommenda�ons

The findings of this inventory point to a clear agenda for India’s next vehicle emission standard, Bharat Stage VII (BS VII). Four 
principles should anchor it:

Ÿ BS VII should be implemented as early as possible: each year of delay locks in higher-emi�ng vehicles for their full 
opera�ng life and prolongs the transport sector’s contribu�on to urban air pollu�on.

Ÿ The standard should be technology- and fuel-agnos�c, applying the same emission limits across all powertrains and fuels 
and to all vehicle categories — including two-wheelers, which dominate the Indian fleet yet have historically faced weaker 
controls.

Ÿ Test procedures should measure real-world emissions under India-specific ambient condi�ons rather than being 
transposed unchanged from European cycles, since India’s temperatures and driving pa�erns differ materially from those 
the European tests were designed around.

Ÿ The emission standards should protect against high emissions through the realis�c life�me of the vehicles. Accordingly, 
durability tes�ng and in-use compliance requirements should be modified for all vehicles so that catalyst and evapora�ve 
control deteriora�on should be demonstrated to be commensurate with the life�me of vehicles. 

Following are specific recommenda�ons for par�culate, tailpipe gas emissions and evapora�ve emissions.

4.1 Par�culate control

Ÿ A single par�cle-number (PN) limit of 6 × 10¹¹ #/km should apply to every vehicle, with no dis�nc�on between gasoline 
direct-injec�on (GDI), port-fuel-injec�on (PFI) and diesel passenger cars, and — cri�cally — extended to two-wheelers.

Ÿ The measurement cut-off should be lowered to capture solid par�cles down to 10 nm (PN10), in line with Euro 7 and a step 
beyond the 23 nm threshold used under Euro 6; the smallest par�cles carry the greatest health risk yet are invisible to the 
current count.

Ÿ To maximise the health benefit, test condi�ons should be revised to span the temperatures experienced across India’s 
major populated regions (0–45 °C) and a wide range of real-world driving representa�ve of Indian traffic and driving 
pa�erns, so that cer�fied performance reflects how vehicles actually emit on Indian roads.

Ÿ RDE limits in BS VI include a conformity factor (CF) of 1.5 for PN. This provides for an error margin associated with portable 
emission measurement systems (PEMS) and the challenges of performing measurements on the road compared with 
controlled lab condi�ons. The CF has been taken from Euro VI standards. However, there have been significant technology 
developments with PEMS, and India should consider reducing the CF to 1.0 (that is, the same limits on road as in the lab).

4.2 Gas emission control

4.2.1 Tailpipe emissions

Ÿ For heavy-duty trucks, NOx limits should be lowered and supported by stronger real-world tes�ng, with explicit a�en�on to 
low-load opera�on where current procedures under-represent emissions.

Ÿ For NOx, the conformity factor (men�oned above with par�culates) should be changed to 1.0, ensuring that the same limits 
are enforced for RDE tests as in lab condi�ons.

Ÿ Across the fleet, CO, HC and NOx standards should be �ghtened by at least 60% considering technological advancements, 
and real-driving-emissions (RDE) tes�ng improved to include India-specific driving pa�erns.
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Ÿ While not included in this study, India should introduce a limit for aldehydes, given the increasing targets for ethanol 
blending with petrol. Also included should be limits on ammonia, given the increased urea consump�on an�cipated with 
�ghter NOx limits, and N2O, considering its role as a potent greenhouse gas.

Ÿ In-use compliance should be enforced so that on-road performance does not dri� from type-approval values over a 
vehicle’s life.

4.2.2 Evapora�ve VOC emissions (petrol and blended vehicles)

Ÿ The diurnal test window should be shi�ed from 20–35 °C today to 25–40 °C to reflect Indian ambient condi�ons. Tes�ng 
should be done using SHEDs, and the test dura�on should be increased to 48 hours.

Ÿ The test procedure and emission limit should be �ghtened to align with those implemented in other major markets and to 
enforce best available technology. This includes implemen�ng a 48-hour test procedure and a limit of 0.5 g/test. The la�er 
has already been implemented in Brazil, another market with high ethanol content, that India is targe�ng to emulate.

Ÿ India should adopt a refuelling emission standard: onboard refuelling vapour recovery (ORVR) captures the vapour 
displaced when a tank is filled — a significant and otherwise uncontrolled VOC source — and proven test procedures 
already exist in other major markets such as the U.S., Brazil and China that India can draw on.

Ÿ The same limits and test procedures should be implemented for two-wheelers, considering their dominant share in the 
Indian market, and especially considering their high evapora�ve emissions due to exposed fuel tanks. The diurnal 
temperature range should be adjusted to 25–40 °C, similar to what is recommended for cars. The current test dura�on in 
India is a one-hour test, as compared with 24 hours in China and 72 hours in California; India should adopt a 48-hour test, 
similar to that for cars. 

Ÿ Durability tests should be appropriately designed to ensure that vehicles meet the regula�ons over their life�me. We 
recommend more data be collected on Indian two-wheelers to quan�fy the impact of higher diurnal temperatures (25–40 
°C) on increasing evapora�ve emissions. Finally, we also recommend a refuelling emission standard for two-wheelers.

4.3 Priority ac�ons by vehicle type

The table below consolidates the differen�ated recommenda�ons by vehicle type: the limits and test principles are common 
to all categories — consistent with a technology- and fuel-agnos�c standard — while the entries note each category’s binding 
gap and largest opportunity for improvement.

Note: ‘n/a (diesel)’ indicates that evapora�ve VOC control is not material for the diesel-dominated heavy-duty segment.
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Taken together, these measures keep BS VII uniform in its limits while direc�ng the heaviest near-term effort to where the 
evidence points: closing the par�cle-number gap for the en�re fleet, bringing two-wheelers fully into the standard for the first 
�me, and �ghtening heavy-duty NOx for real-world low-load opera�on.

5. Concluding remarks

This study set out to quan�fy the emissions from the current vehicular fleet in India, allocate the contribu�on to the various 
types and cer�fica�on levels of vehicles, and test whether laboratory-derived emission factors adequately describe the on-
road emissions burden, for a highly populated, urban and polluted city (Delhi NCR) and for the en�re country, using COPERT 
with emission factors measured in the laboratory and on the road by remote sensing. Our study shows that India should take 
bold measures to reduce pollu�on from all vehicles. India is not Europe: while Bharat Stage norms have tradi�onally followed 
Europe, it is �me to adjust the tes�ng boundary condi�ons that significantly affect emissions — notably ambient temperature 
and driving pa�erns — since India’s much warmer temperatures result in very high evapora�ve VOCs, and its slower-speed, 
start–stop driving leads to higher par�culates from cars and NOx emissions from trucks. One of the key takeaways is that India 
must extend the stringency of emission standards to two-wheelers, given their high contribu�on to the inventory for almost all 
pollutants and the absence of any par�cle-number standard for these vehicles, which have been found to emit at levels similar 
to cars. NOx remains a heavy-duty and two-wheeler problem; BS-IV and BS-VI vehicles account for the bulk of fleet emissions 
because of their volume in the ac�ve stock rather than poor per-vehicle performance, and the counterfactual case study shows 
that the latest standards must have had a significant impact on reducing CO and NOx, poin�ng to the need for faster fleet 
turnover. As expected, on-road emissions were found to be much higher than those measured in the laboratory, which points 
to the need for further real-world measurements and an emphasis on RDE tes�ng. The next emission standard (BS VII) must be 
implemented as soon as possible, should be technology- and fuel-agnos�c, and should require tes�ng under India-specific 
boundary condi�ons; the impact of higher renewable-fuel blends on criteria pollutants, and non-tailpipe emissions from 
brakes and tyres, should be evaluated in future studies.
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As nego�a�ons con�nue on the Automo�ve Package, policymakers have an opportunity to establish a genuinely technology-
neutral road transport decarbonisa�on framework that supports industrial compe��veness, climate neutrality, and clean air. 
Discussions in the European Parliament and Council demonstrate growing recogni�on that a successful transi�on must 
underpin climate ambi�on with technology-neutrality, ensuring that policy objec�ves reflect real-world economic and 
technological reali�es. 

The Commission’s proposal represents a welcome shi� towards greater technology-neutrality. The introduc�on of fuel and 
steel credits represents an important acknowledgement that vehicle life-cycle emissions must be addressed within the 
regulatory framework. However, the restric�ons on �ming (beyond 2035) and contribu�on 

(3-7% cap) significantly hinder their impact and risk limi�ng innova�on. Therefore, important modifica�ons are needed to 
ensure that all credible low- and zero-emission technologies can contribute on a level playing field to achieving the EU’s climate 
objec�ves. 

At the same �me, proposed changes to Euro 7 in the Automo�ve Omnibus risk weakening the EU’s air quality objec�ves at 
precisely the moment policymakers are moving toward a more flexible long-term approach to vehicle decarbonisa�on. In this 
context, it is essen�al to support ambi�ous pollutant emission standards to safeguard air quality and public health, as well as to 
enable complementary technologies.  

AECC therefore calls on policymakers to ensure that the final package delivers both technology-neutral climate ambi�on and 
clean air with the following key priori�es:

1. Establish a genuinely technology-neutral framework for road transport decarbonisa�on based on life cycle assessment 
considera�ons, providing long-term regulatory certainty for investment across all technology pathways

2. Remove the arbitrary caps on fuel and steel credits and allow these credits to apply immediately, and extend the scope of 
the credits to other vehicle-life-cycle emission topics 

3. Establish a Vehicle category running Exclusively on Eligible Fuels (VEEF) 

4. Prevent any further weakening of current Euro 7 standards in the Omnibus and consider the need for a Euro 7 reassessment 
within the evolving regulatory landscape 

Technology-Neutrality based on Life Cycle Assessment 

The Commission’s proposal to introduce limited flexibili�es is an acknowledgement that alterna�ve decarbonisa�on pathways 
are credible and an ini�al move toward addressing vehicle life-cycle greenhouse gas (GHG) emissions, the real issue to tackle. 
However, the restric�ons on �ming and contribu�on hinder innova�on and do not fully address technology-neutrality and 
required decarbonisa�on flexibility. 

The long-term approach should be based on Life Cycle Assessment (LCA) considera�ons in line with the upcoming UNECE/EU 
methodology. This would allow all viable solu�ons to contribute across the value chain as best fits market needs, while 
advancing decarbonisa�on. 

AECC studies1-3 have already demonstrated that the Internal Combus�on Engine (ICE) is not the problem. The real issue is the 
use of fossil fuels. All powertrains result in similarly low life cycle GHG emissions when operated on sustainable renewable 
fuels, renewable electricity, or renewable hydrogen. The LCA data shows that combus�on becomes net-zero when sustainable 
renewable fuels (e-fuels or biofuels) are used. It is therefore clear that complementary technologies including efficient ICEs, 
PHEVs, and REEVs are credible contributors to decarbonisa�on when using renewable fuels. The Tour d’Europe project4 
showed that sustainable renewable fuels today already enable a significant CO2 reduc�on of -77% on a Well-to-Wheel basis. 

Establish a VEEF Category as ZEV

The Automo�ve Package recognises for the first �me that sustainable renewable fuels can make a meaningful contribu�on to 
road transport decarbonisa�on. However, the restric�on on the introduced credits is blocking an increase in renewable fuel 
volumes, as eligible fuels on the market already fully exhaust the cap despite it only applying as of 2035. The caps should 
therefore be removed, and the credits should apply immediately. 
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Policymakers should furthermore build on the momentum by establishing a dedicated Vehicle category running Exclusively on 
Eligible Fuels (VEEF) as ZEV (Zero Emission Vehicle) to provide regulatory certainty and ensure consistent treatment of all 
credible decarbonisa�on technologies. This would:

• Support technology-neutrality across the transport policy framework

• Ensure regulatory consistency between vehicle, fuels, and fleet legisla�on

• Recognise the contribu�on of sustainable renewable fuels to life cycle GHG reduc�ons, accelera�ng emissions reduc�ons 
with complementary technology pathways 

• Provide a pathway for con�nued innova�on in highly efficient combus�on technologies opera�ng on renewable fuels; an 
area in which Europe has a compe��ve edge over global compe�tors 

A VEEF category should also be recognised under related ini�a�ves, including the Clean Corporate Vehicles proposal, to ensure 
consistency and a level-playing field for all net-zero technologies. The Working Group on Monitoring Methodologies has 
already developed a workable defini�on of eligible fuels5, which can serve as the basis for implementa�on in line with the 
Renewable Energy Direc�ve (RED). 

The upcoming RED revision should set out a progressive, realis�c and economically sustainable evolu�on of fuel GHG saving 
thresholds, ensuring a predictable investment framework and allowing for con�nuity of exis�ng produc�on assets and long-
term investment planning. 

Safeguard Ambi�ous Euro 7 Standards 

While seeking to simplify tes�ng procedures, the proposed Automo�ve Omnibus would further weaken Euro 7 vehicle 
emission standards, which already fail to meet the level of ambi�on our industry can deliver. If adopted as proposed, the 
Omnibus would undermine progress on air quality and nega�vely impact the health of everyday Europeans. 

While AECC supports simplifica�on efforts, it is essen�al that the level of ambi�on for vehicle emission standards is not further 
reduced. To do so would only delay already available technologies, disrupt investments already commi�ed, and lock high-
emi�ng vehicles into the European fleet for years. 

Ambi�ous vehicle pollutant emission standards are essen�al to enabling flexibility and technology-neutrality in CO2 standards 
without compromising air quality and public health. Advanced emissions control systems can ensure real-world road transport 
pollutant reduc�ons alongside decarbonisa�on. This will support a balanced regulatory framework that aligns flexibility with 
climate objec�ves and air quality. 

AECC urges policymakers to reject any further weakening of Euro 7 standards under the Automo�ve Omnibus and to assess the 
need for a future reassessment of standards considering the evolving regulatory landscape, where the road transport 
decarbonisa�on framework is moving toward greater flexibility and technology-neutrality. Amendments in the European 
Parliament provide a pathway for such reassessment, ensuring that developments in the CO₂ regulatory framework do not 
undermine the EU’s air quality and public health objec�ves. Pollutant emission standards should remain effec�ve, 
propor�onate, and fit for purpose. 

As global leaders in advanced emission control technologies, European companies have already developed solu�ons in 
an�cipa�on of a more ambi�ous Euro 7 than was ul�mately adopted. The solu�ons exist and we are ready to deliver.

About AECC

The Associa�on for Emissions Control and Climate (AECC) is the interna�onal, Brussels-based associa�on of European 
companies opera�ng worldwide in the research, development, tes�ng and manufacture of key sustainable technologies for 
mobile and sta�onary applica�ons. Our membership includes Emitec Technologies, Johnson Ma�hey, NGK Europe, Umicore, 
Albonair, BASF ECMS and W.L. GORE.        

We have a strong and focused European footprint across our members – employing around 22 500 skilled people in Europe 
across 47 produc�on sites and 20 research and development (R&D) technical sites. We are present in 

11 European countries and we are proud to be an integral part of Europe’s automo�ve ecosystem, advancing innova�on in a 
vital industrial sector. 

AECC members’ emission control technologies are integrated into the exhaust systems of cars, commercial vehicles, buses, 
motorcycles, construc�on equipment and industrial installa�ons in Europe.  We work with OEMs and other industry 
stakeholders, providing innova�ve technological solu�ons to the pollu�on problem that we see today.  AECC  supports the 
European Commission’s  long-term ambi�on for zero pollu�on and increased greenhouse gas emission reduc�ons. Clean air 
and greenhouse gas reduc�on are priori�es for all of us.
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Introduc�on

The transporta�on industry in the world faces a new challenge where all its impacts on the environment should be completely 
removed since it accounts for approximately 24% of direct emissions of CO₂ produced through the burning of fossil fuels. 
Although ba�ery electric vehicles represent a solu�on to reduce the impact on the environment for passenger light vehicles, 
there are serious limita�ons which make it not possible to completely rely on electrifica�on.

Hydrogen fuel is usually regarded as one of the cleanest alterna�ves; however, it has low energy density and complicated 
infrastructure since it can only be used when compressed at 700 bar or cooled to -253°C.

In contrast, ammonia (NH₃) represents a solu�on to the storage problems due to its func�on as a carrier of hydrogen which can 
easily get liquid in normal pressure or even at -33.3°C. It does not contain any carbon; therefore, it does not produce carbon 
dioxide during combus�on. Moreover, ammonia has high octane ra�ng from 110 to 130, which enables to use it with high 
compression ra�o without knocking.

Chemical & Physical Iden�ty: Why Ammonia?

NH₃ (ammonia) is a polar, trigonal pyramidal molecule that weighs 17.03 g/mol, and its gas density is 0.73 kg/m³. Contrary to 
hydrogen, requiring the cryogenic cooling of -253°C or pressuriza�on of 700 bar, ammonia becomes the high-density liquid 
substance at a rela�vely moderate pressure of 8-12 bar or a manageable temperature of -33.3°C. This peculiarity makes 
ammonia an outstanding hydrogen carrier, offering a volumetric energy density (11.5-12.69 MJ/L) being 1.5-2.3 �mes higher 
than that of the liquid and compressed hydrogen. 

Ammonia demonstrates excellent proper�es related to internal combus�on engines thanks to its extraordinary Research 
Octane Number (RON >130). Such an extraordinary ability to resist the knocking provides the possibility to significantly 
advance the spark �ming, manage highly pressurized intake charge and increase the dynamic compression ra�o without the 
engine knocking. 

However, molecular stability results in enormous thermodynamic drawbacks. Ammonia demonstrates the high autoigni�on 
temperature (~651°C), astronomically high minimum igni�on energy (0.25 to 680 mJ) and a low burning velocity (~7 cm/s). 
Moreover, the narrow flammability range (15%-28%) also limits its operability.

Furthermore, ammonia demonstrates the extremely high latent heat of vaporiza�on (~1370 kJ/kg), which is 1.5 �mes larger 
than one of tradi�onal fuels. Upon injec�on, it acts as the heat sinks and cools down the cylinder. Although such temperature 
drop poses the danger of uncomplete combus�on and misfires, the effect can be applied strategically through forced induc�on 
to cool down the combus�on peak and block NOₓ crea�on.

On-Board Storage & Material Behavior Being liquefied at 8-12 bar or -33.3°C, ammonia allows very efficient storage. Keeping 
30-50 kg gives the 400-600 km range. High corrosive nature of the substance, however, demands the exclusion of all copper 
and brass from the material of the tank. The only possible materials are the 316L stainless steel and PTFE/Viton seals to avoid 
severe stress-corrosion cracking.

Ammonia as a Future Fuel: Opportunities and Challenges
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Table 1  : Proper�es of ammonia as compared with other fuels

The Spectrum of Produc�on Pathways

Ammonia produc�on is currently shi�ing from a heavy 
industrial chemical sector to a highly diversified clean energy 
landscape. Historically manufactured via fixing calcium 
carbide, modern industrial global output exceeds 176 million 
metric tons annually, predominantly for fer�lizers. However, 
to serve as a sustainable automo�ve fuel, produc�on 
methods must evolve beyond carbon-intensive pathways to 
unlock true net-zero mobility.
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1. Gray Ammonia (Conven�onal Haber-Bosch)

The founda�onal industrial method synthesizes ammonia from nitrogen extracted from liquefied atmospheric air and 
hydrogen produced via Steam Methane Reforming (SMR) of natural gas or coal gasifica�on. The standard reac�on operates 
under harsh condi�ons of 400–500°C and 150–250 atm over an iron-based catalyst:

Figure 1: Flow diagram of the Haber-Bosch process to produce liquid Ammonia

N  (g)+ 3  (g)→ 2NH  (g)  (ΔH = -92.4 kJ/mol)2 2 3

This process is incredibly energy-intensive, releasing 1.6 to 
2.0 kg of CO₂ per kilogram of ammonia produced, leaving a 
substan�al lifecycle environmental burden.

2. Blue Ammonia

Blue ammonia acts as an immediate mid-term scaling 
solu�on. It maintains the conven�onal Haber-Bosch 
footprint but integrates Carbon Capture, U�liza�on, and 
Storage (CCUS) technologies.  By capturing and 
p e r m a n e nt l y  s e q u e ste r i n g  p ro c e s s  e m i s s i o n s 
underground, blue ammonia cuts the overall fuel carbon 
footprint by 50% to 90%.

3. Green Ammonia (Sustainable Net-Zero Fuel)

Green ammonia eliminates fossil fuels en�rely by pairing 
the synthesis loop with zero-carbon hydrogen. Water H2O 
is electroly�cally split via Proton Exchange Membrane 
(PEM) or Alkaline Water Electrolyzers (AWE) opera�ng at 

low temperatures (30°C–80°C) powered purely by solar, wind, or hydro energy. This path reduces lifecycle emissions to a 
negligible 0.05 to 0.3 kg CO₂-eq per kilogram.

Figure 3: Green v/s blue ammonia

4. Electrochemical Ammonia Synthesis (EAS)

An emerging, alterna�ve paradigm bypasses the rigid Haber-Bosch synthesis loop en�rely. EAS u�lizes a Nitrogen Reduc�on 
Reac�on (NRR) to directly generate ammonia from atmospheric nitrogen and water at ambient condi�ons. While currently 
held back by lower technological maturity and catalyst degrada�on, its resistance to variable, intermi�ent power inputs make 
it the perfect candidate for decentralized fuel genera�on.



21

Engine Technologies and Modifica�ons

Adap�ng tradi�onal internal combus�on engines (ICE) for pure ammonia combus�on requires overcoming fundamental 
thermodynamic hurdles. Because ammonia possesses a sluggish laminar burning velocity (~7 cm/s), high autoigni�on 
temperature (~651°C), and narrow flammability window (15%–28%), standard layouts encounter unstable combus�on and 
severe power density penal�es. To transform this low-reac�vity molecule into a high-performance fuel, automo�ve engineers 
are execu�ng sweeping modifica�ons across fuel delivery, igni�on, and metallurgy systems.

1. Direct Ammonia Combus�on Engines & Fuel System Design: The integra�on of ammonia into reciproca�ng internal 
combus�on engines requires a total redesign of both the combus�on chamber and the suppor�ng fuel supply infrastructure. 
Because ammonia possesses low reac�vity, low viscosity, high vola�lity, and severe corrosivity, standard automo�ve hardware 
will fail rapidly. To resolve these limita�ons, developers are deploying specialized hardware adjustments divided into the 
engine block modifica�ons and fuel delivery safeguards.

Ÿ Combus�on Chamber Geometry: To accommodate ammonia’s slow laminar burning velocity (∼5–7 cm/s) and ensure 
stable flame propaga�on, modified engines u�lize large combus�on volumes featuring specific arc or wedge-angles. These 
aggressive geometric shapes op�mize fuel-air mixing before the flame front moves through the chamber. Addi�onally, to 
counteract low flame temperatures, upgraded and redesigned engine cooling architectures are integrated to maintain 
steady thermal balance throughout the block.

Ÿ High-Pressure Tank Engineering: Fuel tanks are engineered as specialized pressure vessels designed to hold liquid 
ammonia under a moderate pressure of 8–12 bar at ambient temperatures. To handle severe vibra�on, thermal expansion, 
and impact structural loads during accidents, these tanks conform to stringent regulatory mandates like DOT 4L and ECE 
R110. They must feature safety release valves, burst disks, secondary containment structures, and automated emergency 
ven�ng devices calibrated exactly to ammonia's vola�le vapor pressure curve.

Ÿ Cavita�on-Resistant Pump Hydraulics: Liquid ammonia presents a very low viscosity of approximately 0.25 mPa·s, making 
it excep�onally difficult to pump without triggering vapor lock. Fuel system pumps must be carefully selected to resist 
cavita�on while naviga�ng high opera�ng pressures. Engineers priori�ze magne�c drive and diaphragm pump layouts built 
exclusively from chemically inert materials to preserve consistent flow lines under changing transient engine loads.

Ÿ Vapor Recovery and Leak Mi�ga�on: Because ammonia is a potent health hazard with an Immediately Dangerous to Life or 
Health (IDLH) threshold of 300 ppm, the fuel loop must remain completely sealed. Dedicated vapor recovery systems are 
integrated into the plumbing to capture fugi�ve emissions and boil-off gas during vehicle opera�on and sta�on refuelling. 
This infrastructure is supported by distributed electrochemical or metal-oxide semiconductor leak detec�on sensors linked 
to the ECU, which can trigger automa�c shut-down sequences within milliseconds of a line failure.

Ÿ Mul�-Stage Fuel Condi�oning: To prevent internal fuel contamina�on and guard expensive downstream exhaust catalysts 
from poisoning, specific filtra�on is mandatory. The fuel infrastructure integrates dedicated par�culate ma�er traps and 
moisture traps. Furthermore, the lines u�lize specialized thermal management: inline electrical heaters keep the fuel from 

Figure 4: Electrochemical Ammonia Synthesis
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freezing in extreme cold climates (especially below -33°C), while cooling subsystems protect against dangerous thermal 
runaway events during fast high-pressure refuelling cycles.

2. Injec�on Strategies: PFI vs. Direct Injec�on: To achieve uniform mixing and avoid lean misfires, fuel injec�on architectures 
must handle ammonia's unique vapor pressure and low viscosity:

Ÿ Port Fuel Injec�on (PFI): PFI injectors mist fuel into the intake stream at pressures of 3 to 6 MPa. However, PFI setups 
frequently suffer from high ammonia slip (unburned fuel escaping into the exhaust manifold) and require auxiliary intake 
heaters or pre-heated vaporizers.

Ÿ Direct Injec�on (DI): Direct cylinder injec�on gives the engine control system total authority over mixture stra�fica�on. DI 
injectors must operate under significantly higher pressures up to 20 MPa demands advanced sealing materials and 
specialized engine mapping to manage transient loads.

Ÿ On-Board Cataly�c Cracking: To eliminate unburned ammonia slip, dual-fuel systems route a por�on of the fuel through an 
on-board reformer. U�lizing a nickel-based catalyst heated above 450°C, the unit cracks ammonia into a highly reac�ve 
nitrogen-hydrogen mix, boos�ng peak thermal efficiencies up to 50%.

3. Material Compa�bility & Engine Diagnos�cs: Ammonia is highly corrosive to yellow metals and induces deep stress 
corrosion cracking in steel. Maintaining a standard engine lifespan requires a total material overhaul:

Ÿ Metallurgical Upgrades: Components made of copper, brass, and zinc must be eliminated from the fuel lines and valvetrain 
to avoid rapid degrada�on. Standard iron and steel elements are upgraded to 316L stainless steel or coated with plasma-
sprayed ceramics and nickel pla�ng.

Ÿ Advanced Sealing: Conven�onal rubber seals quickly dissolve under exposure. System joints must rely on specialized 
fluorocarbon-based elastomers, priori�zing PTFE (Teflon) and Viton to prevent fugi�ve leaks.

Ÿ Model Predic�ve Control (MPC): Modern Electronic Control Units (ECUs) must use real-�me Model Predic�ve Control 
algorithms to instantly adjust fuel metering. Because ammonia’s combus�on kine�cs are slow, the ECU relies on closed-
loop feedback from specialized, corrosion-resistant exhaust sensors to balance fuel delivery and suppress unburned slip.

Engineering 

Parameter  

Traditional 

Gasoline/Diesel 

Baseline 

Ammonia-Compatible 

Retrofit Specification 

Performance Result & 

Output 

Stoichiometric Air -

Fuel Ratio  

~14.7:1 (Gasoline) / 

~14.5:1 (Diesel) 

6.05:1 by mass Accommodates a 

significantly higher 

fuel-mass flow rate per 

combustion cycle.  

Engine Compression 

Ratio  

~10:1 (SI) Up to 15:1 (Exploiting 

high knock resistance) 

Recoups power loss by 

capitalizing on ultra-

high-octane features.  

Port Fuel Injection 

Pressure  

~0.3 – 0.5 MPa 3.0 to 6.0 MPa 

(Requires specialized 

pumps) 

Achieves finer spray 

atomization but 

requires intake charge 

preheating. 

Direct Fuel Injection 

Pressure  

~15 – 20 MPa Up to 20 MPa 

(Demands advanced 

sealing) 

Provides infinite 

injection timing 

authority; minimizes 

crevice ammonia slip.  

On-Board Cracking 

Profile  

Not Applicable Nickel-catalyst bed 

operating at >450°C 

Supplies hydrogen 

promoter gas, lifting 

peak thermal 

e�iciencies toward 

50%. 

 Table 2: Architectural and Opera�ve Parametric Comparison.
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Challenges

While ammonia's carbon-free formula�on provides an ideal pathway for net-zero transport, transforming this stable molecule 
into a prac�cal automo�ve fuel presents severe engineering bo�lenecks. Its unique thermodynamic stability, extreme 
chemical corrosivity, and high toxicity introduce strict hardware trade-offs. Overcoming these fric�on points requires re-
engineering conven�onal combus�on chambers and fluid infrastructure.

Ÿ Sluggish Combus�on Kine�cs: Ammonia exhibits a very slow laminar burning velocity (�5–7 cm/s) and long combus�on 
dura�ons. This degrades engine power density and transient responsiveness, making accelera�on sluggish compared to 
conven�onal hydrocarbon fuels.

Ÿ Cold-Start and Igni�on Impediments: With an excep�onally high autoigni�on temperature (�651°C) and high minimum 
igni�on energy requirement, ammonia is highly resistant to ini�al igni�on. Overcoming cold starts requires power-hungry 
auxiliary hardware like intake pre-heaters or secondary pilot fuel setups.

Ÿ Severe Material Corrosivity: Ammonia aggressively a�acks non-polar metals and alloys, causing severe stress corrosion 
cracking in steels and rapid degrada�on of copper, brass, and zinc. This requires a total material overhaul using expensive 
316L stainless steel and PTFE/Viton seals.

Ÿ Toxic Tailpipe Slip and High Toxicity: Running an engine on narrow flammability limits risks incomplete combus�on, causing 
unburned ammonia slip. Because ammonia is a potent respiratory hazard with an Immediately Dangerous to Life or Health 
(IDLH) threshold of 300 ppm, any fugi�ve slip or cabin leak poses a significant safety threat that demands complex 
distributed sensor integra�on.

Figure 5: Challenges for ammonia as a fuel

Assessment and the Future

Evalua�ng the full lifecycle of ammonia as an 
automo�ve fuel reveals a highly compe��ve, carbon-
neutral pathway that stands shoulder-to-shoulder with 
hydrogen fuel cells and ba�ery electric vehicles. When 
manufactured as green ammonia via clean water 
electrolysis, a complete well-to-wheel (WTW) 
assessment shows an 80% to 90% reduc�on in lifecycle 
greenhouse gas emissions compared to conven�onal 
petroleum, yielding a near-zero carbon footprint of just 
0.05 to 0.3 kg CO₂-eq per kilogram. While direct 
combus�on eliminates carbon monoxide and 
carbonaceous soot, protec�ng local air quality remains 
�ghtly tethered to the strict deployment of 4-way 
cataly�c a�er-treatment (SCR/EGR) systems to 
neutralize tailpipe nitrogen oxides (NOₓ) and keep 
unburned fuel slip firmly below 10 ppm.

Looking toward the horizon, ammonia’s market 
penetra�on will evolve through a phased adop�on 
pathway. Heavy-haulage logis�cs fleets and the marine 

shipping sector represent the immediate early markets, where ammonia's high volumetric energy density and fast 5-to-8-
minute refuelling windows provide clear opera�onal advantages over heavy ba�ery packs. Capturing the mass consumer 
passenger market by 2040 remains heavily con�ngent on public-private partnerships driving down sta�on installa�on costs, 
which currently sit at $1 to $2 million USD per site. Supported by robust interna�onal policy frameworks and proac�ve regional 
scaling alloca�ons such as India’s ₹19,744 crore Na�onal Green Hydrogen Mission ammonia is uniquely posi�oned to transi�on 
from an experimental Technology Readiness Level (TRL 5–7) chemical into a cornerstone baseline fuel of the global net-zero 
mobility mix.
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Summary

Ammonia stands at a cri�cal crossroads as the global transport sector races to achieve complete decarboniza�on. Once viewed 
strictly as an industrial staple for agriculture, this molecule has rewri�en the rules of clean energy logis�cs, outperforming pure 
hydrogen in transport efficiency by liquefying under a modest pressure of 8–12 bar or at a manageable temperature of -33.3°C. 
Capturing its true environmental and economic value will rely heavily on moving away from carbon-heavy Gray produc�on and 
aggressively expanding sustainable green pathways. Despite real engineering roadblocks from its ultra-slow combus�on speed 
to intense material corrosivity the deployment of on-board cataly�c cracking systems, advanced direct injec�on, and robust 
316L stainless steel components prove that ammonia is a highly prac�cal fuel to tame.

As the automo�ve sector moves past experimental benchmarks toward commercial opera�ons by 2040, success will depend on 
structural synchroniza�on. Early market entry will naturally Favor heavy-haulage logis�cs networks, marine corridors, and 
industrial fleets, where its 5-to-8-minute refuelling turnarounds completely eclipse the opera�onal down�me of ba�ery 
setups. Supported by global policy frameworks and bold regional investments, like India’s ₹19,744 crore Na�onal Green 
Hydrogen Mission, the transi�on from laboratory prototypes to ac�ve retail distribu�on is already gaining momentum. By 
embracing this scalable vector, the transport industry can bridge the final gaps in electrifica�on, transforming a hazardous 
industrial chemical into a global cornerstone of net-zero mobility.
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Abstract

Hydro-processed Esters and Fa�y Acids (HEFA) is one of the most mature pathways for conver�ng lipid-based feedstocks into 
renewable hydrocarbon fuels. Although the technology is widely associated with Sustainable Avia�on Fuel (SAF), the same 
hydro-processing pla�orm can produce diesel-range hydrocarbons suitable for renewable diesel or hydrotreated vegetable oil 
(HVO). This creates an opportunity to extend the role of HEFA beyond avia�on to heavy-duty road transport, off-road 
machinery and sta�onary power genera�on.

HEFA processing converts triglycerides and free fa�y acids present in used cooking oil, animal fats and other lipid feedstocks 
through hydrogena�on and cataly�c deoxygena�on. Oxygen is removed through hydrodeoxygena�on, decarboxyla�on and 
decarbonyla�on, producing predominantly C₁₅–C₁₈ paraffinic hydrocarbons from common C₁₆–C₁₈ fa�y acids. Subsequent 
hydro-isomerisa�on improves low-temperature fuel proper�es, while controlled hydrocracking and frac�ona�on determine 
the final distribu�on between avia�on- and diesel-range products.

This ar�cle discusses the conversion chemistry and the broader applica�on poten�al of HEFA-derived fuels. Emphasis is placed 
on the dis�nc�on between HVO and conven�onal FAME biodiesel, the role of hydrogen in fuel produc�on and lifecycle 
emissions, and the poten�al use of renewable diesel in exis�ng compression-igni�on engines. The analysis suggests that HEFA 
should be considered not only as a SAF pathway but as a flexible renewable-hydrocarbon pla�orm for difficult-to-electrify 
sectors.

Keywords: HEFA; Sustainable Avia�on Fuel; SAF; renewable diesel; HVO; used cooking oil; hydrodeoxygena�on; hydro 
isomerisa�on; heavy-duty transport; off-road engines; generator sets.

1. Introduc�on

The transi�on toward low-carbon energy systems is changing the future of transport and power genera�on; however, not 
every sector can be electrified at the same pace. Avia�on requires fuels with high energy density and strict physical and 
combus�on characteris�cs. Heavy-duty vehicles and off-road equipment o�en operate for long periods under high loads, 
while remote industrial facili�es and emergency systems con�nue to depend on diesel generator sets where uninterrupted 
opera�on is essen�al.

For these applica�ons, renewable liquid fuels can provide an important complementary pathway to electrifica�on.

Hydro-processed Esters and Fa�y Acids (HEFA) has emerged as one of the most commercially advanced technologies for 
producing renewable hydrocarbon fuels from lipid-based feedstocks. Used cooking oil (UCO), animal fats, vegetable oils and 
other suitable lipid streams can be converted into hydrocarbons through cataly�c processing in the presence of hydrogen.

The significance of HEFA lies in the chemistry of the final product. Unlike conven�onal biodiesel, where oxygen remains within 
fa�y acid methyl ester molecules, HEFA processing removes oxygen from the feedstock. The final product is therefore 
composed predominantly of paraffinic hydrocarbons, allowing the process to generate avia�on- and diesel-range fuel 
frac�ons.

The technology has received substan�al a�en�on because of its role in Sustainable Avia�on Fuel produc�on. However, its 
poten�al is broader. A HEFA facility can be configured to produce a combina�on of avia�on-range hydrocarbons and 
renewable diesel depending on feedstock composi�on, reac�on severity and downstream frac�ona�on. This flexibility is 
par�cularly relevant at a �me when avia�on, heavy-duty transport, agriculture, construc�on, mining and sta�onary power are 
all seeking prac�cal alterna�ves to fossil diesel and conven�onal jet fuel.

This ar�cle examines HEFA from this broader perspec�ve, focusing on the chemistry that converts waste oils into hydrocarbons 
and the poten�al use of the resul�ng fuels across mul�ple engine-based applica�ons.

From Waste Oils to Clean Fuels: HEFA Pathways for Aviation, Road,             
Off-Road and Power Applications

Technical Article 4
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2. From Waste Oils to Renewable Hydrocarbons

Most lipid feedstocks used in HEFA processing consist of triglycerides and free fa�y acids. The fa�y-acid chains commonly 
present in vegetable oils and waste cooking oils are mainly within the C₁₆–C₁₈ range. Palmi�c acid contains 16 carbon atoms, 
whereas stearic, oleic and linoleic acids contain 18 carbon atoms.

The first technical challenge is feedstock quality. 

2.1 Feedstock Chemistry

2.1.1 Triglycerides

Most vegetable oils and animal fats consist predominantly of triglycerides. A triglyceride contains three fa�y-acid chains 
esterified to glycerol.

A simplified triglyceride can be represented as:

C₃H₅(OOC-R₁)(OOC-R₂)(OOC-R₃)

where R₁, R₂ and R₃ represent hydrocarbon chains.

Important fa�y acids in HEFA feedstocks include:

Fa�y acid

 

Formula

 

Carbon number Unsatura�on

 
Palmi�c acid C₁₆H₃₂O₂ C16 0

Stearic acid C₁₈H₃₆O₂ C18 0

Oleic acid  C₁₈H₃₄O₂  C18  1  

Linoleic acid  C₁₈H₃₂O₂  C18  2  

Linolenic acid
 

C₁₈H₃₀O₂
 

C18
 

3
 

The carbon number and degree of unsatura�on influence hydrogen consump�on and the final hydrocarbon distribu�on.

2.1.2 Feedstock Pretreatment

Waste lipid feedstocks can contain water, suspended solids, phospholipids, phosphorus, alkali metals, calcium, magnesium, 
chlorides and other contaminants.

These components can cause:

• Catalyst poisoning;

• Catalyst deac�va�on;

• Reactor fouling;

• Corrosion;

• Increased pressure drop;

• Coke forma�on; and

• Reduced process efficiency.

Pretreatment therefore normally includes some combina�on of filtra�on, centrifuga�on, degumming, drying, adsorp�on and 
contaminant removal.
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Waste oils may contain water, suspended solids, phosphorus compounds, metals, chlorides, soaps and oxida�on products. If 
introduced directly into a hydro-processing reactor, these contaminants can reduce catalyst ac�vity, increase fouling and 
shorten catalyst life. Pretreatment is therefore necessary before cataly�c conversion.

Depending on feedstock quality, pretreatment may include filtra�on, dehydra�on and removal of phosphorus, metals and 
other catalyst-deac�va�ng components.

2.2 HEFA Conversion Chemistry

The HEFA process consists of several interconnected reac�ons. The principal chemistry can be divided into:

1. Hydrogena�on;

2. Hydrodeoxygena�on;

3. Decarboxyla�on;

4. Decarbonyla�on;

5. Hydro-isomerisa�on; and

6. Hydrocracking.

Once the lipid stream enters the hydro-processing sec�on, its conversion is governed by two fundamental objec�ves: 
satura�on of unsaturated bonds and removal of oxygen.

For example, oleic acid contains one carbon-carbon double bond. Hydrogena�on converts it into saturated stearic acid:

C₁₈H₃₄O₂ + H₂ → C₁₈H₃₆O₂ (1)

The degree of unsatura�on of the feedstock is therefore important because each double bond requires hydrogen for 
satura�on. A�er hydrogena�on, oxygen removal becomes the central reac�on sequence. Three principal pathways can 
contribute to this conversion.

The first is hydrodeoxygena�on (HDO). In this pathway, oxygen is removed primarily as water. For stearic acid:

C₁₈H₃₆O₂ + 3H₂ → C₁₈H₃₈ + 2H₂O (2)

The important feature of this reac�on is carbon reten�on. An 18-carbon fa�y acid produces an 18-carbon hydrocarbon.

For palmi�c acid:

C₁₆H₃₂O₂ + 3H₂ → C₁₆H₃₄ + 2H₂O (3)

The second route is decarboxyla�on, where the carboxyl carbon is removed as carbon dioxide:

C₁₈H₃₆O₂ → C₁₇H₃₆ + CO₂ (4)

In this case, the C₁₈ fa�y acid becomes a C₁₇ hydrocarbon.

Similarly: 

C₁₆H₃₂O₂ → C₁₅H₃₂ + CO₂ (5)

The third route is decarbonyla�on, in which oxygen is removed through the forma�on of carbon monoxide and water:

C₁₈H₃₆O₂ + H₂ → C₁₇H₃₆ + CO + H₂O (6)

Figure 1. Feedstock pretreatment pathway for waste oils prior to HEFA hydroprocessing.
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Both decarboxyla�on and decarbonyla�on reduce the carbon number of the hydrocarbon product by one rela�ve to the 
original fa�y acid.

These parallel pathways explain an important feature of HEFA fuels. C₁₆–C₁₈ lipid feedstocks do not produce a single 
hydrocarbon. Instead, the deoxygena�on chemistry produces a distribu�on dominated by C₁₅–C₁₈ hydrocarbons, depending 
on the reac�on pathway and catalyst system.

The resul�ng hydrocarbons are largely straight-chain or normal paraffins. Although these molecules can provide excellent 
combus�on quality, their low-temperature proper�es require further improvement.

3. Molecular Upgrading: From n-Paraffins to Fuel-Grade Hydrocarbons

The paraffins formed during deoxygena�on are predominantly linear molecules. Long straight-chain hydrocarbons have a 
greater tendency to crystallise at low temperatures, which can limit their suitability for avia�on and cold-weather diesel 
applica�ons.

Hydro-isomerisa�on addresses this limita�on by rearranging the carbon skeleton while retaining the same molecular formula:

n-C₁₈H₃₈ ⇌ iso-C₁₈H₃₈ (7)

The transforma�on from a normal paraffin to a branched paraffin is therefore structural rather than composi�onal. The 
molecular formula remains unchanged, but branching alters the physical behaviour of the fuel.

Figure 1. Schema�c molecular transforma�on of n-paraffins into iso-paraffins during hydro-isomerisa�on.

Hydro-isomerisa�on is a cri�cal step because it allows the cold-flow and low-temperature proper�es of HEFA-derived fuels to 
be adjusted without removing significant amounts of carbon.

Where a lighter product distribu�on is required, controlled hydrocracking may also be applied. A simplified reac�on can be 
represented as:

C₁₈H₃₈ + H₂ → C₈H₁₈ + C₁₀H₂₂ (8)

Actual industrial hydrocracking produces a distribu�on of hydrocarbons rather than only two products, but the equa�on 
illustrates the underlying principle: long-chain hydrocarbons are cleaved into smaller molecules in the presence of hydrogen.

The overall HEFA conversion can therefore be understood as a sequence of molecular transforma�ons:

C₁₆-C₁₈ oxygenated lipids → C₁₅-C₁₈ paraffins → branched paraffins → controlled avia�on- and diesel-range hydrocarbons

This sequence provides the basis for HEFA's product flexibility.

The final hydrocarbon mixture is frac�onated according to boiling range. The lighter middle-dis�llate frac�on can be directed 
toward avia�on-fuel produc�on, while heavier middle-dis�llate hydrocarbons can be recovered as renewable diesel. Product 
alloca�on depends on the configura�on and opera�ng objec�ves of the facility.
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4. Why HVO Is Different from Conven�onal Biodiesel

The dis�nc�on between renewable diesel/HVO and conven�onal FAME biodiesel is important when considering engine 
applica�ons.

FAME biodiesel is produced primarily through transesterifica�on, in which triglycerides react with an alcohol such as 
methanol: Triglyceride + Methanol → Fa�y Acid Methyl Esters + Glycerol (9)

The resul�ng fuel molecules retain oxygen within their ester structure.

HEFA processing follows a fundamentally different route:

Lipid Feedstock + H₂ → Hydrocarbons + H₂O + CO₂ + CO (10)

The final renewable diesel is therefore predominantly hydrocarbon-based rather than ester-based.

This difference influences several fuel proper�es. HVO generally has very low oxygen and sulfur content and consists mainly of 
paraffinic hydrocarbons. The fuel can exhibit high cetane quality and favourable oxida�on stability, while its cold-flow 
behaviour can be adjusted through hydro-isomerisa�on.

However, fuel quality must always be assessed against the applicable product specifica�on and engine manufacturer's 
requirements. Renewable diesel should not simply be treated as chemically iden�cal to petroleum diesel; its composi�on and 
physical proper�es differ, par�cularly in areas such as density and aroma�c content.

Figure 2. Technical comparison of petroleum diesel, FAME biodiesel and HVO using cetane number, 
oxygen content, energy density, oxida�on stability and cold-flow behaviour.

The chemical similarity of HVO to conven�onal hydrocarbon fuels nevertheless creates an important opportunity: 
decarbonisa�on can poten�ally be achieved by changing the fuel supply without requiring the immediate replacement of all 
exis�ng compression-igni�on equipment.

This is par�cularly relevant for sectors where the equipment fleet has a long opera�onal life�me.

5. HEFA Beyond Avia�on: Transport, Off-Road Engines and Generator Sets

The role of HEFA is o�en discussed primarily in the context of Sustainable Avia�on Fuel. Avia�on will remain an important 
market because of the limited number of alterna�ves available for long-distance flight.

HEFA-derived avia�on-range hydrocarbons are highly paraffinic and can provide the required molecular characteris�cs for 
synthe�c avia�on blending components when produced and qualified according to the applicable fuel specifica�ons.
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Hydro-isomerisa�on is par�cularly important for avia�on because fuel performance at low temperatures is a cri�cal 
requirement. The ability to modify straight-chain paraffins into branched hydrocarbons is therefore directly linked to the 
suitability of the final product for avia�on applica�ons.

However, the same feedstock and hydro-processing pla�orm can produce diesel-range hydrocarbons.

For on-road transporta�on, renewable diesel can offer a prac�cal op�on for heavy-duty vehicles, logis�cs fleets, buses and 
commercial transport. These vehicles o�en operate con�nuously and require rapid refuelling, making complete fleet 
electrifica�on more challenging in some applica�ons.

For off-road engines, the poten�al is equally significant. Agricultural tractors, harvesters, excavators, loaders, construc�on 
machinery, mining equipment and forestry machines frequently operate under high load and in loca�ons where large-scale 
charging infrastructure may be unavailable.

Replacing such equipment immediately can be economically difficult. Renewable diesel provides an alterna�ve route in which 
the exis�ng engine fleet may con�nue to operate with a lower-carbon fuel, subject to fuel specifica�on and original equipment 
manufacturer approval.

Diesel generator sets represent another important applica�on. Hospitals, data centres, telecommunica�ons infrastructure, 
construc�on projects and remote industrial facili�es depend on reliable backup or prime power. In many cases, replacing 
diesel generator systems requires substan�al capital investment and may not be immediately prac�cal.

The use of renewable diesel can therefore support a gradual reduc�on in fossil-fuel dependence while retaining exis�ng 
generator infrastructure.

The relevance of HEFA-derived diesel for these applica�ons is not that it eliminates all emissions at the point of use. 
Combus�on s�ll produces carbon dioxide. The poten�al environmental benefit is determined primarily through the complete 
lifecycle of the fuel, including feedstock origin and hydrogen produc�on.

6. Hydrogen, Feedstock and Lifecycle Carbon Performance

Hydrogen is one of the defining inputs of the HEFA process.

It is required for satura�on of unsaturated fa�y acids, hydrodeoxygena�on and, where applied, hydrocracking. Consequently, 
the environmental performance of HEFA cannot be assessed independently of the hydrogen supply.

6.1 Lifecycle Greenhouse-Gas Assessment

A simplified lifecycle framework can be expressed as:

GHGₗc = GHGfeedstock + GHGcollec�on + GHGH₂ + GHGprocess + GHGtransport - GHGcredits (11)

For waste-based HEFA, feedstock collec�on and processing may offer advantages compared with dedicated oil-crop systems. 
However, the magnitude of the lifecycle benefit depends on the treatment of waste feedstocks, transport distances, 
pretreatment requirements, hydrogen source and process energy.

Hydrogen can become one of the dominant contributors to lifecycle emissions if it is produced through carbon-intensive 
pathways. Conversely, the use of lower-carbon hydrogen can improve the overall carbon performance of the fuel.

This lifecycle perspec�ve is par�cularly important because the same HEFA process can have different environmental outcomes 
depending on local energy systems and supply chains.

The availability of sustainable lipid feedstocks is another major constraint.

Used cooking oil and animal fats are a�rac�ve because they are associated with exis�ng food and waste streams, but their total 
availability is limited. As demand for both SAF and renewable diesel increases, compe��on for these feedstocks is expected to 
intensify.

The future scale of HEFA will therefore depend not only on reactor technology but also on the development of reliable 
feedstock collec�on, quality control and traceability systems.

6.2 Feedstock Availability

The largest long-term challenge for HEFA expansion may be sustainable feedstock availability rather than basic conversion 
technology.
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Poten�al feedstocks include:

Ÿ Used cooking oil;

Ÿ Animal fats;

Ÿ Waste industrial oils;

Ÿ Non-food lipid residues;

Ÿ Selected vegetable oils.

As SAF and renewable diesel demand increases, these feedstocks may experience compe��on between secto rs.

A future HEFA industry therefore requires:

Feedstock mapping → Collec�on → Quality control → Traceability → Pretreatment → Conversion

For India, organised used-cooking-oil collec�on from restaurants, hotels, food-processing facili�es and ins�tu�onal kitchens 
could become an important component of a circular renewable-fuel supply chain.

6.3 Hydrogen and Low-Carbon Integra�on

Hydrogen is both a major reactant and an important determinant of HEFA lifecycle emissions.

A future HEFA facility can poten�ally integrate:

Renewable electricity → Electrolysis → Low-carbon H₂ → HEFA reactor

This integra�on can reduce dependence on conven�onal hydrogen sources.

The process can therefore be linked to:

Ÿ Solar energy

Ÿ Wind energy

Ÿ Renewable electricity

Ÿ Green hydrogen

Ÿ Low-carbon hydrogen

The overall sustainability of the plant should be evaluated using lifecycle analysis rather than assuming that hydrogen is 
inherently low carbon.

6.4 Catalyst Requirements

HEFA catalysts must simultaneously promote hydrogena�on and oxygen-removal reac�ons while resis�ng contaminants from 
waste feedstocks.

Important catalyst characteris�cs include:

Ÿ High hydrogena�on ac�vity;

Ÿ High deoxygena�on ac�vity;

Ÿ Resistance to phosphorus and metals;

Ÿ Resistance to coke forma�on;

Ÿ Controlled hydrocracking;

Ÿ Appropriate isomerisa�on ac�vity.

Catalyst deac�va�on can occur through:

Contaminant deposi�on → Ac�ve-site blockage → Reduced conversion

and: Coke forma�on → Pore blockage → Reduced catalyst ac�vity

Pretreatment therefore directly influences catalyst life�me.

6.5 Mul�-Sector HEFA Biorefinery Concept

The greatest strategic advantage of HEFA is product flexibility.
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This configura�on allows a renewable-hydrocarbon facility to serve mul�ple markets rather than relying exclusively on SAF 
demand.

7. Technical and Commercial Challenges

HEFA technology is commercially established, but large-scale expansion s�ll faces several challenges.

The first is feedstock availability. High-quality waste oils are limited, and increased demand can raise feedstock costs.

The second is hydrogen consump�on. Hydrogen is required throughout the conversion process, affec�ng both opera�ng cost 
and lifecycle emissions.

The third is feedstock quality. Waste-derived oils are inherently variable and can contain contaminants that accelerate catalyst 
deac�va�on. Effec�ve pretreatment is therefore essen�al.

The fourth is product op�misa�on. A process designed to maximise diesel-range hydrocarbons will not necessarily operate 
under the same condi�ons as one designed to maximise avia�on-range products. The balance between hydro-isomerisa�on, 
hydrocracking and frac�ona�on must be op�mised according to market requirements.

Finally, engine and field valida�on remain important for expanding renewable diesel use in heavy-duty and sta�onary 
applica�ons. Fuel proper�es, storage, seals, injec�on systems and original equipment manufacturer requirements must be 
considered before large-scale deployment.

These challenges do not diminish the importance of HEFA. Rather, they demonstrate that future success will depend on 
integra�ng feedstock management, hydrogen supply, cataly�c conversion and fuel-market requirements.

8. Conclusions

HEFA technology provides a technically mature route for conver�ng waste and renewable lipid feedstocks into high-quality 
hydrocarbon fuels. Its central chemistry involves hydrogena�on followed by oxygen removal through hydrodeoxygena�on, 
decarboxyla�on and decarbonyla�on. These pathways convert the C₁₆–C₁₈ fa�y acids commonly present in lipid feedstocks 
into predominantly C₁₅–C₁₈ paraffinic hydrocarbons.

Hydro-isomerisa�on subsequently improves low-temperature fuel performance by conver�ng straight-chain paraffins into 
branched structures, while controlled hydrocracking can adjust the carbon-number distribu�on of the final product.
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The technology is widely recognised for Sustainable Avia�on Fuel produc�on, but its importance should not be restricted to 
avia�on. The diesel-range product offers poten�al applica�ons in heavy-duty road transport, agriculture, construc�on, 
mining, forestry and sta�onary generator systems.

This broader applica�on poten�al is par�cularly important for sectors where complete electrifica�on may require longer 
transi�on periods. HEFA-derived renewable diesel can provide a route for reducing reliance on fossil-derived liquid fuels while 
con�nuing to use suitable exis�ng compression-igni�on infrastructure.

The long-term sustainability of HEFA will depend on responsible feedstock sourcing, efficient pretreatment, improved catalyst 
performance and, cri�cally, access to low-carbon hydrogen. Future HEFA facili�es may therefore evolve from single-product 
fuel plants into flexible renewable-hydrocarbon pla�orms capable of supplying both avia�on and diesel markets.

In this context, HEFA should be viewed not simply as a SAF technology, but as a broader conversion pla�orm linking waste 
lipids, hydrogen and renewable hydrocarbons to some of the most difficult sectors to decarbonise.
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1. Execu�ve Summary

The next phase of vehicle decarbonisa�on should move beyond a binary debate between internal-combus�on engines and 
ba�ery electric vehicles (BEVs). 

EVs are scaling rapidly and will remain a central pillar of cleaner mobility. 

Yet transport systems face mul�ple constraints at the same �me: high oil-import dependence, uneven grid quality, charging 
availability, heavy-duty payload and u�lisa�on requirements, mineral supply-chain concentra�on, and the need to reduce 
both greenhouse-gas emissions and local pollutants.

The evidence increasingly supports a por�olio strategy. Strong hybrids can cut fuel consump�on without requiring external 
charging; plug-in hybrids can be useful where electric driving is frequent but long-distance flexibility is needed - although real-
world usage must be verified. Ethanol and flex-fuel can decarbonise a large exis�ng ICE fleet using India's established fuel 
distribu�on system. 

CBG can convert organic waste into a drop-in gaseous fuel. Hydrogen fuel cells are technically a�rac�ve for some high-
u�lisa�on heavy vehicles, while renewable hydrogen - not fossil-derived hydrogen - is essen�al for a strong lifecycle climate 
case. E-fuels have a role where liquid fuels are hard to replace, but their energy-conversion losses make them less compelling 
for mass road transport.

Cleaner Vehicles Beyond EVs
Technology Pathways, Trade-offs, Data and An India-focused Roadmap

Technical Article 5

A fit-for-purpose view of hybridisa�on, biofuels, CBG, hydrogen and e-fuels - with EVs                                   
retained as the benchmark, not the only answer.
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ICCT, 2025 EU passenger-car LCA benchmark; values are direc�onal. 

Figure 1. A lifecycle view shows why “cleaner” is not the same as “zero tailpipe”.

Indicator
 

Latest evidence
 

Why it matters
 

Global electric-car sales, 2025
 

>20 million; ~25% of new cars
 

EVs are now mainstream, not experimental.
 

Global road-transport emissions, 2024
 

>6 Gt CO2
 

The system is still emissions-intensive.
 

India ethanol blending, 2025-26  20% average  Biofuels are already a mass-market pathway.  

India CBG obligation  1% FY25-26 -> 5% FY28-29  Waste-derived gas is moving from pilot to 
compliance.  

India 2W sales, FY2025-26  21.7 million  2Ws are a critical scale opportunity for low-
carbon fuels and EVs.  

 

2. Why “Cleaner” Must Be Broader Than “Zero Tailpipe”

Tailpipe emissions are only one part of vehicle impact. A rigorous technology comparison should examine the full chain from 
energy or feedstock produc�on through fuel processing, vehicle and ba�ery manufacture, use, maintenance and end-of-life. 

The appropriate ques�on is therefore not “Which technology is cleanest in isola�on?” but “Which technology delivers the 
lowest lifecycle impact for this duty cycle, using resources that India can supply reliably and affordably?”

Road transport remains a major climate problem. The IEA es�mates road-sector emissions at just over 6 Gt CO2 in 2024, up 
about 8% from 2015. More than 60% of road emissions come from passenger cars and vans, while trucks account for about 
30% and 2/3-wheelers about 7%. 

The challenge is par�cularly important for emerging economies, where road ac�vity is s�ll rising. India has an addi�onal 
strategic dimension: oil security. PPAC reported crude-oil import dependence of about 88.2% on a POL-consump�on basis in 
FY2024-25. Cleaner propulsion therefore has two simultaneous objec�ves - lower emissions and lower petroleum exposure. 

IEA analysis also found that India's oil-demand growth slowed in 2025 while biofuel use in road transport rose sharply, 
illustra�ng how fuel subs�tu�on can complement electrifica�on.
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Ÿ Climate: lifecycle CO2e, not tailpipe CO2 alone.

Ÿ Air quality: NOx, PM, CO, HC, evapora�ve emissions and real-world driving behaviour.

Ÿ Energy security: imported oil, gas and cri�cal minerals versus domes�c renewable/feedstock poten�al.

Ÿ Infrastructure: charging, hydrogen sta�ons, gas networks, fuel storage and distribu�on.

Ÿ Industrial readiness: technology cost, cer�fica�on, service capability, component localisa�on and recyclability.

3. Technology Op�ons at a Glance

Figure 2. India's ethanol pathway illustrates how an exis�ng fuel pool can be progressively decarbonised.
PIB / Government of India: EBP programme data; 20% target achieved in ESY 2025-26.

Figure 3. The cleaner-vehicle toolkit spans electric, hybrid, gaseous and renewable liquid-fuel pathways.
Analy�cal synthesis; technology boundaries overlap in prac�ce.

Cleaner Mobility is a Por�olio, not a single Powertrain
Selec�on depends on Infra, Fuel Availability, Local Air Quality, Resource Footprint & Cost



37

Pathway Main strength Main weakness  Best-fit applications  

BEV Highest drivetrain e�iciency; zero 
tailpipe emissions 

Charging, grid and battery supply-
chain constraints  

Cars, 2W/3W, urban fleets, many 
buses and trucks  

HEV High e�iciency with no plug-in 
requirement 

Still burns liquid fuel; modest 
lifecycle reduction vs BEV  Cars in mixed city/highway use  

PHEV Can cover short trips electrically with 
liquid-fuel backup 

Real-world emissions can be far 
above test values if not charged  

High-mileage cars with reliable 
charging access  

Ethanol / flex fuel Uses existing ICE architecture and 
fuel network 

Feedstock, water/land-use and 
energy-content issues at high blends  

2W, cars, fleet vehicles; particularly 
India  

CNG / CBG Fast refuelling; mature gas systems; 
CBG can be circular 

Methane leakage and gas 
infrastructure; fossil CNG is not zero -
carbon  

Buses, fleets, selected commercial 
vehicles  

FCEV / H2 ICE Fast refuelling and potentially strong 
heavy-duty fit 

Hydrogen cost, stations, storage; 
clean only with low-carbon H2  

Heavy trucks, buses, captive 
corridors; some specialised uses  

Biodiesel / HVO Useful for legacy diesel fleets and 
heavy transport 

Sustainable feedstock is finite; cost 
and certification  

Heavy-duty, fleets, legacy diesel 
stock  

E-fuels 
Potential drop -in fuel and useful 
where liquid fuels are di�icult to 
replace 

Very high electricity requirement and 
cost 

Aviation, maritime and niche high -
value road uses  

 
No technology should be evaluated solely on its tailpipe number. The strongest strategic por�olio is the one that maximises 
lifecycle emissions reduc�on per rupee of capital, per unit of renewable energy, and per unit of scarce infrastructure.

4. Hybrid Electric Vehicles: The High-Value Efficiency Bridge

Strong hybrids combine an internal-combus�on engine with an electric motor and ba�ery, recovering braking energy and 
allowing the engine to operate closer to efficient load condi�ons. 

Unlike a BEV, a conven�onal HEV does not depend on external charging. 

This is a major advantage where households lack charging access or where road users need rapid refuelling across large 
distances.

Figure 4. Simplified series-parallel hybrid architecture.
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In India, the case for hybrids is strongest where annual mileage is high, urban traffic is intense, and charging access is uncertain. 
Current Indian products demonstrate that strong-hybrid SUVs can deliver substan�ally higher cer�fied fuel economy than 
comparable pure-petrol configura�ons. 

Pros

Ÿ No external charging infrastructure required for conven�onal HEVs.

Ÿ High efficiency in stop-go urban opera�on due to regenera�ve braking and electric assist.

Ÿ Smaller ba�ery than a BEV; poten�ally lower mineral intensity per vehicle.

Ÿ Familiar refuelling behaviour and long range.

Cons

Ÿ S�ll consumes petrol or diesel and therefore remains exposed to fuel prices and combus�on emissions.

Ÿ Higher system complexity than a conven�onal ICE vehicle.

Ÿ Lifecycle benefit is materially smaller than a BEV on a clean electricity system.

Ÿ Ba�ery, inverter and power-electronics repair capability is required.

ICCT's 2025 EU passenger-car LCA es�mated HEVs at about 188 g CO2e/km versus 235 g for gasoline ICE cars - a roughly 20% 
lifecycle reduc�on.  The result is useful as a direc�onal benchmark; Indian fuel mixes, vehicle sizes and opera�ng condi�ons 
will differ.

5. Plug-In Hybrids: Powerful, but Only When the Plug Is Used

PHEVs combine a larger ba�ery and external charging with a combus�on engine. In principle they can deliver much of the 
urban benefit of a BEV while preserving long-distance flexibility. In prac�ce, the climate value depends heavily on actual 
charging frequency and electric kilometres. A PHEV that is rarely charged can behave like a heavier ICE vehicle with a small 
ba�ery penalty.

This is no longer a theore�cal concern. ICCT's June 2026 analysis of nearly one million European PHEVs found that real-world 
CO2 emissions in 2023 were more than four �mes the official values, with the gap increasing from vehicles registered in 2021. 
The central reason was that official tes�ng assumed a greater share of electric driving than occurred on the road.

Use case PHEV value proposition  Key control  

Daily commute < battery range Very strong: many kilometres can be electric  Reliable home/work charging  

Mixed city + highway Strong if charging is frequent  Track real-world electric share  

Long highway with little charging Weak: engine becomes dominant  A strong hybrid or e�icient ICE may be 
simpler  

Corporate / fleet vehicle Potentially strong Fleet policy should mandate charging 
behaviour  

High-performance / heavy SUV Mixed Avoid buying a PHEV purely for tax/test-cycle 
benefits  

 
Pros

Ÿ Poten�al for large fuel savings in high-charge-use duty cycles.

Ÿ Long-distance flexibility without dependence on fast public charging.

Ÿ Useful transi�on technology where charging access is expanding but not yet universal.

Cons

Ÿ Two powertrains add cost, mass and complexity.

Ÿ Real-world emissions can be much higher than cer�fica�on values.

Ÿ Ba�ery may be carried even when it is not being used effec�vely.

Bo�om line: PHEVs should be treated as a managed-use technology, not automa�cally as a clean vehicle. A simple KPI - the 
percentage of annual kilometres driven electrically - is more meaningful than brochure electric range alone.
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6. Ethanol and Flex-Fuel Vehicles: An Indian Advantage

Ethanol is one of the few cleaner-fuel op�ons that can immediately use a large exis�ng vehicle and distribu�on base. India 
accelerated its EBP programme from about 1.5% blending in 2014 to 20% in 2025-26. Government data indicate the 
programme has reduced petroleum use and delivered large foreign-exchange savings, while current policy increasingly shi�s 
a�en�on from simply achieving E20 to using advanced feedstocks and flex-fuel architectures.

Figure 5. The blend ladder shows why higher ethanol content needs purpose-designed calibra�on, materials and fuel-system compa�bility.

The two-wheeler opportunity is par�cularly significant. 

SIAM reported 21.7 million domes�c two-wheeler sales in FY2025-26. 

Major 2W OEMs introduced E20-E85 flex-fuel versions of their ICE vehicles. 

These examples show that the technology can be adapted to India's high-volume commuter segment while keeping the 
convenience of liquid-fuel refuelling.

Pros

Ÿ Drop-in compa�bility at appropriate blend levels with exis�ng liquid-fuel infrastructure.

Ÿ Domes�c feedstocks can reduce oil imports and create agricultural/rural value.

Ÿ Par�cularly relevant to the very large installed base of 2Ws and ICE cars.

Ÿ Flex-fuel capability allows gradual evolu�on toward higher renewable content.

Cons

Ÿ Lower energy density means higher volumetric fuel consump�on at high blends.

Ÿ Feedstock availability, water use, land-use effects and food-vs-fuel concerns require governance.

Ÿ High blends need compa�ble elastomers, corrosion protec�on, calibra�on and materials.

Ÿ Lifecycle benefit varies substan�ally by feedstock and produc�on pathway.

The strategic opportunity is not “ethanol instead of EV”. It is ethanol plus efficiency plus electrifica�on: reduce the fuel 
consumed per kilometre and progressively reduce the carbon intensity of the fuel itself.
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Figure 6. CBG can turn organic residues into vehicle fuel and biofer�liser.
Conceptual diagram; Indian CBG blending obliga�ons sourced from PNGRB.

7. CNG and CBG: From Fossil Gas Bridge to Circular Gas Strategy

CNG is mature, fast to refuel and already supported by city-gas infrastructure in many Indian markets. Its long-term climate 
case is weaker than many people assume because methane leakage across the gas supply chain can materially erode the 
benefit. ICCT's 2025 EU passenger-car LCA es�mated natural-gas cars at 203 g CO2e/km, only about 13% lower than gasoline 
ICE cars in its benchmark.

CBG changes the strategic equa�on because the gas can be produced from waste and residues rather than fossil extrac�on. 

PNGRB reports that India introduced a mandatory CBG blending obliga�on in the CNG/PNG segment at 1% for FY2025-26, 
rising to 5% by FY2028-29. 

IEA's 2026 India Bioenergy Market Report es�mates that liquid and gaseous biofuel demand could rise from 293 PJ in 2025 to 
429 PJ in 2030 under its main case, with ethanol and CBG contribu�ng much of the growth.

Pros

• Fast refuelling and established vehicle technology.

• CBG can mone�se municipal, agricultural and food waste.

• Poten�ally strong fit for cap�ve buses, commercial fleets and high-u�lisa�on vehicles.

• Supports a circular-economy model when methane capture is effec�ve.

Cons

• Fossil CNG remains a fossil fuel, not a zero-carbon solu�on.

• Methane leakage must be �ghtly controlled from produc�on through distribu�on.

• CBG economics depend on collec�on radius, plant u�lisa�on, �pping/feedstock contracts and o�ake.

• Large-scale feedstock aggrega�on is opera�onally demanding.

Best strategy: use CNG where it provides an immediate prac�cal benefit, but design future gas infrastructure to be 
progressively biomethane-ready, while trea�ng methane management as a core emissions KPI.
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8. Hydrogen: Fuel Cells and Hydrogen ICE

Hydrogen is an energy carrier, not an energy source. A fuel-cell electric vehicle converts hydrogen into electricity onboard, 
driving an electric motor; an auxiliary ba�ery captures regenera�ve braking and buffers power.

Hydrogen internal-combus�on engines retain the familiar piston-engine concept but use hydrogen as the fuel, with different 
combus�on and NOx-control requirements.

India has established a strategic pla�orm through the Na�onal Green Hydrogen Mission. The mission targets at least 5 million 
tonnes per year of green-hydrogen produc�on by 2030, associated renewable capacity of about 125 GW, over ₹8 lakh crore of 
investment, and nearly 50 million tonnes of annual greenhouse-gas abatement. The transport opportunity, however, is s�ll at 
an early stage rela�ve to industrial hydrogen demand.

IEA's 2026 Global Hydrogen Review reports that the global FCEV stock grew about 20% in 2025 to almost 130,000 vehicles. 
Heavy trucks remain the principal fast-growing road applica�on, and China dominates commercial fuel-cell vehicle stock. 

IEA also notes that fuel-cell trucks currently carry higher total costs than ba�ery-electric or diesel alterna�ves in many markets.

Pros

Ÿ Fast refuelling and high energy density by mass.

Ÿ Poten�ally valuable for high-u�lisa�on heavy-duty fleets where payload and refuelling �me ma�er.

Ÿ Zero tailpipe CO2 for FCEV; water is the main exhaust product.

Cons

Ÿ Green hydrogen is s�ll expensive and infrastructure is immature.

Ÿ Hydrogen made from natural gas can have a materially weaker lifecycle result.

Ÿ Compression, storage, transport and sta�on economics add cost and complexity.

Ÿ Safety systems, standards and maintenance capability must scale with the market.

Cri�cal dis�nc�on: hydrogen is only as clean as its produc�on route. 

ICCT's 2025 EU LCA es�mated 50 g CO2e/km for an FCEV using renewable hydrogen versus 175 g/km when the hydrogen was 
produced from natural gas.

Figure 7. Simplified fuel-cell electric vehicle architecture.
U.S. Department of Energy AFDC architecture, redrawn conceptually for this report.
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Figure 8. Advanced biofuels can widen the feedstock base and use exis�ng vehicle/fuel assets.
Conceptual diagram informed by IEA advanced-biofuel research.

9. Biodiesel, HVO and Advanced Biofuels

Not every transport segment can be replaced rapidly. 

Legacy diesel trucks, buses and off-road equipment represent a huge installed asset base. 

Biodiesel, renewable diesel (HVO) and other advanced biofuels can reduce the carbon intensity of these assets without 
immediately replacing vehicles. Their strategic value rises where vehicle down�me is expensive, liquid-fuel energy density 
ma�ers, and fleet operators need a low-capex pathway.

The limi�ng factor is sustainable feedstock. IEA notes that biodiesel and HVO from fats, waste oils and grease are commercial 
today, but their supply is constrained. Cellulosic ethanol and biomass-to-liquid pathways could expand the resource base by 
using agricultural and forestry residues, municipal waste and other non-food feedstocks. India therefore has an opportunity to 
build a residue-based biofuel ecosystem rather than relying only on crop-derived fuels.

Pros

Ÿ Compa�ble with parts of the exis�ng vehicle and fuel ecosystem, depending on specifica�on and blend.

Ÿ Poten�al to decarbonise legacy fleets without immediate vehicle replacement.

Ÿ Waste/residue feedstocks can provide higher climate value than some conven�onal crop pathways.

Ÿ Useful complement to electrifica�on for long-haul and specialised vehicles.

Cons

Ÿ Waste oils and fats are limited resources and face compe�ng uses.

Ÿ Sustainability depends on feedstock traceability and land-use controls.

Ÿ Supply chains, standards and price premiums can limit scale.

Ÿ Not all “biofuel” pathways have the same lifecycle performance.

Strategic principle: count tonnes of sustainable feedstock, not only tonnes of announced produc�on capacity. The best biofuel 
policy is one that rewards verified lifecycle carbon reduc�on rather than simply higher blending percentages.
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Figure 9. E-fuels combine renewable hydrogen with captured CO2 to make synthe�c liquid fuels.
Conceptual diagram; pathway described by IEA renewable-fuels analysis.

E-Fuels: Renewable Electricity - Hydrogen - Synthe�c Fuel
High Conversion losses make a fuel less efficient then direct electrifica�on

10. E-Fuels: Valuable Niche, Weak Mass-Market Road-Fuel Economics

E-fuels are synthe�c hydrocarbons made using hydrogen produced from electricity and a carbon source, typically captured 
CO2. Their a�rac�on is compa�bility with liquid-fuel logis�cs and, in some pathways, exis�ng combus�on engines. Their 
weakness is the long energy chain: renewable electricity becomes hydrogen, hydrogen becomes synthe�c fuel, and the fuel is 
finally burned in an engine. Each conversion step adds losses.

IEA's 2025 Renewables analysis revised down its e-fuel forecast because of weak investment momentum, while no�ng that 
renewable hydrogen and e-fuels remain relevant to transport. 

The technology is most compelling where ba�eries are imprac�cal and fuel molecules are difficult to replace - especially 
avia�on and, in some cases, mari�me uses. 

For ordinary passenger cars, direct electrifica�on generally delivers more kilometres of mobility per unit of renewable 
electricity.

Pros

Ÿ Poten�al drop-in use with exis�ng liquid-fuel logis�cs.

Ÿ Can help preserve liquid-fuel characteris�cs where they are opera�onally important.

Ÿ Poten�ally low lifecycle CO2 when renewable energy and sustainable carbon capture are used.

Ÿ Strategically relevant for avia�on, shipping and specialist applica�ons.

Cons

Ÿ Very high renewable-electricity requirement per kilometre versus direct EV use.

Ÿ Produc�on cost remains high and project scale is limited.

Ÿ Sustainable CO2 sourcing becomes a system constraint.

Ÿ Poor fit for mass-market road transport where direct electrifica�on is prac�cal.

Conclusion on e-fuels: Keep them in the technology toolbox, but reserve scarce renewable electricity and synthe�c fuel 
capacity for segments where direct electrifica�on has the weakest feasibility.
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11. Compara�ve Lifecycle Evidence and Decision Matrix

The matrix should be read as a decision aid rather than a universal ranking.

 A technology can move from “secondary” to “primary” when local electricity is carbon-intensive, fuel supply is unusually low-
carbon, duty cycles are demanding, or infrastructure is already available.

Figure 10. Lifecycle greenhouse-gas benchmark across major passenger-car powertrains.
ICCT, July 2025; EU passenger cars, 2025 technology/fuel assump�ons.

The ICCT benchmark is par�cularly useful because it exposes two common analy�cal errors. First, produc�on emissions should 
not be treated as the whole lifecycle. Second, “alterna�ve fuel” is not synonymous with “low carbon”: the upstream energy 
source ma�ers. The same fuel-cell vehicle can have a radically different climate outcome depending on hydrogen produc�on.

Dimension BEV HEV PHEV Ethanol / CBG  FCEV / H2  E-fuel ICE  

Tailpipe CO2 Zero Low-medium Low in EV mode 
Lower fossil CO2 
share; still 
combustion  

Zero for FCEV  Combustion at 
tailpipe  

Upstream 
dependence 

Electricity + 
minerals 

Liquid fuel + small 
battery 

Electricity + liquid 
fuel 

Feedstock + 
processing  

Hydrogen + 
electricity  

Large renewable 
electricity + CO2  

Infrastructure 
burden Charging/grid Low Medium Low-medium  High  Low-medium  

Energy e�iciency Very high High 
High when 
charged 

Medium  Medium-high  Low  

Best near-term fit 
2W/3W, cars, 
fleets 

Cars Cars with charging  
2W, ICE fleet, 
buses  

Heavy 
duty/captive  

Aviation / niche  

Key risk 
Grid/minerals/end-
of-life 

Fossil fuel use Under-charging 
Feedstock 
sustainability  

H2 economics  
Renewable energy 
intensity  
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12. India 2026-2035: A Fit-for-Purpose Cleaner Vehicle Strategy

Figure 11. Illustra�ve technology fit by vehicle segment and use case.
Strategic synthesis; not a policy mandate or OEM product plan.

India should avoid a single-technology na�onal mobility strategy. The country has an unusually large two-wheeler fleet, rapid 
urbanisa�on, rising freight demand, expanding renewables, a developing charging ecosystem, strong biofuel policy 
momentum and a strategic green-hydrogen programme. These characteris�cs favour technology segmenta�on.

Two-wheelers and three-wheelers are an especially important case. IEA reports that global electric 2/3W sales reached about 
11 million in 2025, around 15% of the market, with China, India, Viet Nam and Türkiye accoun�ng for about 95% of global 
electric 2/3W sales. India therefore has both a large EV opportunity and a large biofuel opportunity. The right policy is likely to 
encourage both - BEVs for duty cycles where charging is convenient, and high-efficiency flex-fuel / hybridised ICE pathways 
where liquid fuel remains the prac�cal choice.

For passenger cars, a por�olio of BEV + strong hybrid + selected PHEV can manage different use cases. Strong hybrids are 
par�cularly valuable for customers who drive heavily in congested ci�es but do not have dependable charging. PHEVs should 
be targeted toward users with predictable charging and high annual kilometres, with real-world electric share monitored. For 
heavy transport, the technology debate should stay open between ba�ery-electric, hydrogen fuel cell, CBG and advanced 
biofuels because route length, payload and refuelling infrastructure vary enormously.

Policy and industry KPIs that ma�er more than sales headlines

Ÿ Lifecycle CO2e per vehicle-kilometre, including upstream energy/fuel.

Ÿ Real-world fuel/electricity consump�on rather than cer�fica�on values alone.

Ÿ Energy efficiency: km per kWh-equivalent or MJ per tonne-km.

Ÿ Infrastructure u�lisa�on: charger/hydrogen/gas sta�on throughput.

Ÿ Sustainable feedstock tonnes converted to verified low-carbon fuel.

Ÿ Ba�ery and component recycling/recovery rates and domes�c supply-chain resilience.
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13. Conclusion: The Best Cleaner Vehicle Is the One That Fits the Job

The central lesson is not that EVs are overrated. EVs are one of the most important efficiency technologies in road transport, 
and their rapid growth is jus�fied by high drivetrain efficiency and the ability to progressively decarbonise electricity. The 
lesson is that road transport is heterogeneous. A city commuter, a family SUV, a diesel tractor-trailer, a municipal bus and an 
emergency vehicle do not have the same energy, payload, refuelling or infrastructure requirements.

A resilient cleaner-vehicle strategy therefore uses a hierarchy. First, improve efficiency regardless of powertrain. Second, 
electrify where the duty cycle and electricity system make direct electrifica�on efficient and economical. Third, use renewable 
liquid and gaseous fuels to reduce the carbon intensity of the installed fleet and hard-to-electrify applica�ons. Fourth, build 
hydrogen systems where high u�lisa�on and rapid refuelling jus�fy the infrastructure. Fi�h, reserve e-fuels for segments 
where liquid energy carriers remain difficult to replace.

Technology Strategic verdict for India 

BEV Core pathway; expand especially in 2W/3W, urban fleets and 
suitable passenger cars. 

Strong HEV High-value bridge for cars; reduces fuel without charger 
dependence. 

PHEV Useful where charging is reliable; manage with real-world electric-
distance KPIs. 

Ethanol / Flex Fuel Major India-specific lever for the huge ICE fleet, especially 2Ws and 
cars. 

CNG -> CBG Use existing gas networks, but shift the long-term focus toward 
biomethane and methane control. 

Hydrogen FCEV / H2 ICE Keep targeted pilots and corridors, primarily for high-utilisation 
heavy duty. 

Biodiesel / HVO / advanced biofuels Important for legacy diesel and di�icult liquid-fuel applications; 
prioritise sustainable feedstocks. 

E-fuels Strategic niche; focus on aviation, shipping and specialised uses 
rather than mass road vehicles. 

 

The strategic objec�ve should be “lowest lifecycle emissions at lowest system cost and resource burden” rather than 
“maximum EV share” or “maximum ethanol share” in isola�on. For India, the winning model is likely to be a blended transi�on: 
electrifica�on for efficiency, hybridisa�on for prac�cality, biofuels for domes�c fuel subs�tu�on, CBG for circularity, hydrogen 
for selected heavy-duty corridors and e-fuels for hard-to-electrify applica�ons.

The ul�mate measure of success is therefore not the number of technologies deployed. It is the tonnes of CO2e, litres of 
imported oil, tonnes of local pollutants and units of scarce resources avoided per rupee invested - while maintaining mobility 
affordability, reliability and industrial compe��veness.
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The global automo�ve industry is undergoing one of the most significant powertrain transi�ons in its history. Ba�ery-electric 
vehicles are expanding rapidly, while hybridisa�on, alterna�ve fuels and increasingly efficient internal-combus�on engines 
con�nue to evolve. Against this background, an important engineering and strategic ques�on emerges: how much further can 
the internal-combus�on engine (ICE) contribute to clean mobility through BS-VII and beyond?

The ques�on is not necessarily about whether ICE will eventually disappear. Rather, it is about how the role of the internal-
combus�on engine can evolve as emission regula�ons become progressively more demanding and as vehicle markets move 
towards lower-carbon and eventually zero-emission mobility. This ques�on is par�cularly relevant to India. The country's 
mobility ecosystem is excep�onally diverse, encompassing two-wheelers, three-wheelers, passenger vehicles, commercial 
vehicles, buses and heavy-duty applica�ons. Differences in vehicle u�lisa�on, infrastructure, customer economics, opera�ng 
condi�ons, energy availability and total cost of ownership mean that the transi�on to future powertrains is unlikely to occur 
uniformly across all segments. Global reports show that electrifica�on is advancing rapidly in some parts of the world. The 
Interna�onal Energy Agency reports that global electric-car sales exceeded 20 million in 2025, represen�ng approximately 
one-quarter of new-car sales. However, the global vehicle market con�nues to contain a large installed base of combus�on 
vehicles, while hybrid vehicle availability is also increasing.

The engineering challenge for ICEs is changing from simply improving performance and efficiency to delivering very low 
emissions, high efficiency, durability and compa�bility with evolving fuels. Hybridisa�on provides another pathway by 
allowing the engine to operate differently within a more integrated powertrain. Poten�al role of ICE in conven�onal and hybrid 
modes, the relevance of BS-VII-type emission requirements, India's specific circumstances, global trends, alterna�ve fuels, 
heavy-duty applica�ons, lifecycle considera�ons and the possible evolu�on of ICE beyond BS-VII, etc. are required to be 
examined.

The future of ICE, therefore, should not be considered only in terms of the survival of a par�cular engine architecture. Its 
con�nuing relevance will depend on whether it can deliver clean, efficient, durable and economically viable mobility while 
integra�ng effec�vely with hybridisa�on, renewable and low-carbon fuels, digital controls and increasingly stringent 
environmental requirements.

Few technologies have had a greater influence on modern mobility than the internal-combus�on engine. For more than a 
century, ICE has powered passenger cars, motorcycles, three-wheelers, trucks, buses, agricultural equipment, construc�on 
machinery and many other applica�ons. It has benefited from enormous investments in engineering, manufacturing, supply 
chains, infrastructure and service networks.

However, the automo�ve industry is now entering a fundamentally different phase.

Air-quality requirements are becoming more stringent. Climate objec�ves are becoming increasingly important. Governments 
and markets are encouraging electrifica�on. Ba�ery technology is improving. Charging infrastructure is expanding. At the 
same �me, customers con�nue to demand affordability, range, reliability, rapid refuelling and opera�onal flexibility. The result 
is not a simple transi�on from one technology to another. Instead, the industry is moving towards a por�olio of powertrain 
solu�ons.

Ba�ery-electric vehicles are one important part of this transi�on. Hybrid vehicles provide another pathway. Internal-
combus�on engines con�nue to evolve. Alterna�ve fuels introduce addi�onal possibili�es.

The important ques�on for engineering is therefore if ICE can con�nue to make a meaningful contribu�on to clean mobility 
while mee�ng the progressively higher environmental expecta�ons represented by BS-VII and future regula�ons ICE is s�ll 
considered as today's conven�onal powertrain while its long-term role is facing increasing pressure from electrifica�on and 
�ghtening environmental requirements. 

How Much Can ICE Pull Through BS-VII and Beyond?
India and Global Perspectives on the Continuing Evolution of Internal-Combustion
and Hybrid Powertrains

Technical Article 6
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The Indian automo�ve market differs significantly from many mature automo�ve markets. India has a large two-wheeler 
popula�on, substan�al three-wheeler usage,

rapidly growing passenger-vehicle ownership, extensive commercial-vehicle ac�vity,

high u�lisa�on of buses and trucks, diverse clima�c condi�ons, different customer economics; and a large exis�ng/old 
genera�on vehicle fleet.

In spite of suppor�ng policies, subsidies, field supports and schemes; EV penetra�on in India is going slow and differs 
substan�ally between various categories. This diversity makes a single powertrain pathway difficult to apply uniformly For 
some applica�ons, electrifica�on may provide compelling opera�onal advantages. For others, especially where long range, 
high u�lisa�on, payload, rapid refuelling or infrastructure limita�ons are important, combus�on or hybrid solu�ons may 
con�nue to have a role. The engineering objec�ve should, therefore, be to determine where and how each powertrain can 
deliver the required environmental and opera�onal outcome.

BS-VII as an Engineering Inflec�on Point

BS-VII is best viewed as part of the con�nuing evolu�on towards lower real-world emissions rather than merely �ghtening of 
emission limits, referring to the direc�ons given by different interna�onal regula�ons. The European Union's Euro 7 
Regula�on, adopted in 2024, applies emission and ba�ery-durability requirements to a broad range of vehicles and includes 
requirements covering internal-combus�on and hybrid vehicles. It also incorporates real-driving considera�ons and addi�onal 
pollutants and durability provisions.

In the present context, the significant for ICE lies in the fact if ICE vehicles can remain clean under a broad range of opera�ng 
condi�ons and throughout its useful life, beyond mee�ng only conven�onal laboratory-based emission limits. This is going to 
fundamentally change the engineering priori�es. Future ICE development, therefore, will increasingly need to combine:

Ÿ engine efficiency

Ÿ emission control

Ÿ thermal management

Ÿ controls

Ÿ diagnos�cs

Ÿ durability

Ÿ fuel compa�bility

Ÿ real-world valida�on 

Ÿ lifecycle considera�ons

The conven�onal ICE vehicle will con�nue to face increasing environmental equirements. The challenge is, therefore, to 
improve its overall environmental performance without relying on any single technology. At a broad level, the engineering 
pathway consists of several complementary areas:

Ÿ reducing energy required to move the vehicle

Ÿ improving conversion efficiency

Ÿ controlling combus�on-related emissions

Ÿ managing exhaust emissions

Ÿ reducing losses

Ÿ improving thermal behaviour

Ÿ increasing durability

Ÿ op�mising controls

Ÿ adap�ng to evolving fuels

Substan�al emission reduc�ons have been already demonstrated through successive regulatory stages, notably in India when 
India leap-frogged from BS-IV to BS-VI, skipping BS-V. 
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The future of ICE should be evaluated segment by segment rather than as a single technology category. A small passenger car, a 
motorcycle, a city bus and a long-haul truck have very different opera�ng condi�ons. 

ICE in Hybrid Mode

Hybridisa�on poten�ally changes the role of the engine more fundamentally than simply adding an electric motor. The engine 
and electrical system can be coordinated, which creates the possibility of:

Ÿ reducing unnecessary engine opera�on

Ÿ suppor�ng low-speed opera�on electrically

Ÿ recovering energy during decelera�on

Ÿ assis�ng during transient condi�ons

Ÿ reducing engine load variability

Ÿ improving overall energy u�lisa�on

The exact extent of these benefits depends on the architecture, opera�ng strategy, vehicle applica�on and duty cycle. The 
engine can increasingly be treated as an energy-conversion unit within a larger system, rather than the sole source of 
propulsion.

This is one of the most important reasons why ICE is considered as a valuable candidate for hybrids. Hybridisa�on may be 
par�cularly relevant where customers require:

Ÿ long driving range

Ÿ rapid refuelling

Ÿ high vehicle u�lisa�on

Ÿ lower fuel consump�on

Ÿ reduced urban emissions

Ÿ conven�onal infrastructure

Ÿ reduced dependence on large ba�ery capacity

Hybrid vehicles can poten�ally occupy an intermediate posi�on between conven�onal ICE vehicles and fully electric vehicles. 
The importance of this pathway is reflected in the global market. 

The engine's role in a hybrid vehicle can differ substan�ally from its role in a conven�onal vehicle. In a conven�onal vehicle, the 
engine needs to accommodate a broad range of:

Ÿ speeds

Ÿ loads

Ÿ transients

Ÿ accelera�on requirements

Ÿ idling condi�ons

Ÿ opera�ng environments

In a hybrid mode, some of these requirements may be supported by the electrical system. This can poten�ally provide greater 
freedom in engine opera�ng strategy. However, hybridisa�on also introduces new engineering considera�ons. Repeated 
engine starts and stops can affect thermal condi�ons. Engine opera�on may become more intermi�ent. The emission-control 
system must remain effec�ve when the engine restarts. Therefore, hybridisa�on does not eliminate the emission-control 
challenge.

It only changes its nature. Therefore, the engineering focus moves towards coordina�on between the engine, electrical 
system, thermal state, a�er treatment systems and vehicle controls.
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Opportunity for making ICE further cleaner

It is essen�al to understand how much cleaner ICE can become further. Clean enough criteria depend on the regulatory 
objec�ve, pollutant, duty cycle and useful-life requirement. Modern ICE vehicles already demonstrate substan�ally lower 
regulated emissions than earlier genera�ons. Future regula�on may require addi�onal reduc�ons and wider opera�ng 
coverage. The challenge is therefore one of diminishing margins. As emissions become lower, further improvement requires 
greater a�en�on to:

Ÿ transient behaviour

Ÿ cold opera�on

Ÿ system ageing

Ÿ control accuracy

Ÿ real-world variability

Ÿ fuel proper�es

Ÿ component interac�ons

Ÿ system integra�on

A major determinant of future ICE viability will be its ability to demonstrate environmental performance outside controlled 
laboratory condi�ons. Factually vehicles operate under varied condi�ons:

Ÿ conges�on

Ÿ accelera�on

Ÿ decelera�on

Ÿ gradients

Ÿ different temperatures

Ÿ different al�tudes

Ÿ payload changes

Ÿ air-condi�oning loads

Ÿ driver behaviour

Ÿ varying maintenance condi�ons

Future emission engineering therefore needs to address the complete opera�ng envelope. Therefore, it is likely to become 
important to judge the consistency of ICE vehicles maintaining the low emissions across its actual opera�ng life, rather than 
achieving isolated laboratory performance.

Urban driving presents a par�cular challenge for combus�on vehicles. Short trips and frequent stops can result in repeated 
engine starts and periods of low thermal ac�vity.

Consequently, the first few minutes of opera�on can have dispropor�onate importance.

For future ICE and hybrid vehicles, engineering a�en�on will increasingly focus on:

Ÿ rapid achievement of effec�ve emission control

Ÿ appropriate engine opera�ng condi�ons

Ÿ thermal management

Ÿ control coordina�on

Ÿ minimising unnecessary opera�on

Hybridisa�on can change the urban opera�ng pa�ern, but it does not automa�cally solve the thermal challenge. The engine 
and emission-control system must s�ll operate effec�vely whenever the engine is running.
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Fuel will influence the Future of ICE

The future of ICE cannot be separated from the future of fuel. India has already undergone a major transi�on in ethanol 
blending. In India, presently, average ethanol blending reached 20%, while discussions are going on to raise blending level in 
future beyond 20%. 

The ICE fleet of the future may not necessarily operate on exactly the same fuels as the ICE fleet of the past. Therefore, 
poten�al pathways include:

Ÿ ethanol-blended petrol

Ÿ higher ethanol blends for compa�ble vehicles

Ÿ compressed natural gas

Ÿ biogas-derived fuels

Ÿ biomethane

Ÿ LNG in appropriate applica�ons

Ÿ synthe�c fuels

Ÿ poten�ally hydrogen-based pathways

Each fuel introduces different engineering considera�ons and challenges. The important point is that ICE should be evaluated 
together with its energy source. 

It is required to ascertain if progressively cleaner liquid fuels can extend the environmental contribu�on of ICE and, therefore, 
it is essen�al to study the complete lifecycle of the fuel and vehicle, that grossly depends upon compa�bility, availability, 
produc�on pathways and environmental performance. Evolu�on of fuel may, therefore, become as important as engine 
evolu�on.

ICE and Ethanol

Ethanol is par�cularly relevant to India because it is already integrated into India’s fuel strategy. Many laboratory studies and 
field trials have reported data about durability, drivability, startability, corrosion resistance, material compa�bility, emissions 
and fuel efficiency of vehicles running on E20 blended fuel.

CNG, Biomethane and Other Gaseous Fuels

Gaseous fuels provide another pathway for combus�on-based mobility. India already has a substan�al CNG ecosystem, while 
biomethane and related renewable-gas pathways may offer opportuni�es for reducing lifecycle carbon intensity where 
sustainable feedstocks and appropriate infrastructure are available in order to define:

Ÿ fuel availability

Ÿ storage

Ÿ vehicle packaging

Ÿ range

Ÿ refuelling infrastructure

Ÿ combus�on performance

Ÿ gaseous emissions

Ÿ lifecycle carbon intensity

Ÿ economics

The future role of gaseous-fuel ICE should therefore be evaluated by applica�on.

Urban mobility, commercial vehicles and high-u�lisa�on fleets may have different requirements from private passenger 
vehicles.
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Hydrogen and ICE

Hydrogen introduces another poten�al pathway. Hydrogen can be used in fuel cells or, under appropriate condi�ons, in 
combus�on engines. Hydrogen combus�on does not eliminate all emission-control considera�ons. Although carbon-
containing exhaust emissions can be substan�ally reduced, combus�on condi�ons can s�ll result in nitrogen-oxide forma�on. 
Therefore, hydrogen ICE should be considered as a poten�ally different form of combus�on technology rather than as an 
automa�c zero-emission solu�on. Its relevance will depend on:

Ÿ hydrogen availability

Ÿ produc�on pathway

Ÿ infrastructure

Ÿ vehicle applica�on

Ÿ efficiency

Ÿ storage

Ÿ cost

Ÿ lifecycle environmental performance

Heavy-Duty Vehicles and ICE

Heavy-duty applica�ons such as trucks and buses have different opera�ng requirements compared to passenger cars. Heavy-
duty applica�ons o�en involve:

Ÿ high annual mileage

Ÿ high payload

Ÿ long opera�ng hours

Ÿ demanding duty cycles

Ÿ long-distance opera�on

Ÿ limited tolerance for down�me

Ÿ substan�al energy requirements

Commercial mobility is driven strongly by economics. For a commercial operator, a vehicle represents an opera�ng asset. 
Important considera�ons include:

Ÿ purchase cost

Ÿ fuel or energy cost

Ÿ range

Ÿ payload

Ÿ down�me

Ÿ maintenance

Ÿ residual value

Ÿ infrastructure

Ÿ financing

Ÿ opera�ng reliability

Therefore, the future powertrain choice cannot be evaluated solely by its laboratory emission performance. It must also 
deliver the required transport service economically.

This creates poten�al opportuni�es for different powertrain technologies in different applica�ons.
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Two-Wheelers: ICE Versus Electrifica�on

India's two-wheeler market is enormous and highly diverse. Electric two-wheelers have demonstrated significant growth. 
Presently, about 6% electric two-wheelers exist on Indian roads. At the same �me, the majority of the segment remains non-
electric. For ICE two-wheelers, future compe��veness will depend on:

Ÿ affordability

Ÿ fuel economy

Ÿ reliability

Ÿ low emissions

Ÿ compactness

Ÿ durability

Ÿ fuel compa�bility

Ÿ customer expecta�ons

Three-Wheelers and Urban Commercial Mobility

Three-wheelers is an interes�ng commodity in Indian scenario. India has already experienced substan�al electrifica�on in this 
segment of the order of nearly more than 50% owing to prevailing opera�ng economics and duty cycles strongly suppor�ng 
transi�on to electrifica�on rela�vely quickly for 3-W segment. However, the remaining ICE and alterna�ve-fuel fleet s�ll 
represents a significant engineering opportunity opening the room for cleanest, most prac�cal and economically sustainable 
solu�on for three-wheeler duty cycle.

Passenger Vehicles: The Broadest Powertrain Por�olio

Passenger vehicles are likely to remain one of the most diverse powertrain markets including poten�al configura�ons:

Ÿ conven�onal ICE

Ÿ mild hybrid

Ÿ full hybrid

Ÿ plug-in hybrid

Ÿ ba�ery electric

Ÿ gaseous-fuel vehicles

Ÿ poten�ally other emerging pathways

This diversity reflects different customer requirements and customer priori�se such as:

purchase affordability;

Ÿ long range

Ÿ rapid refuelling

Ÿ urban efficiency

Ÿ highway capability

Ÿ low running cost

Ÿ performance

Ÿ access to charging
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While the global direc�on is clearly towards electrifica�on, but at the same �me, the global vehicle market remains 
heterogeneous.

According to IEA report, in 2025, conven�onal ICE models s�ll represented about 60% of available car models globally, while 
hybrids represented around 10% and electric models nearly 30%. This illustrates an important point that the transi�on is 
underway, but the global powertrain landscape s�ll remains diverse.

Different regions are moving at different speeds because of differences in:

Ÿ regula�on

Ÿ infrastructure

Ÿ energy systems

Ÿ vehicle prices

Ÿ consumer preferences

Ÿ industrial policy

Ÿ local manufacturing

Ÿ opera�ng condi�ons

Europe: Regula�on as a Driver of Change

Europe provides an important example of regulatory pressure on conven�onal powertrains. Euro 7 has established a broad 
emissions framework covering combus�on and hybrid vehicles, together with requirements concerning ba�ery durability and 
other aspects of vehicle environmental performance. At the same �me, European CO₂ standards are influencing powertrain 
strategies. This demonstrates that future ICE development will increasingly be shaped by two parallel objec�ves, needing to 
improve simultaneously:

Ÿ control of conven�onal pollutants

Ÿ reduc�on of greenhouse-gas emissions

China: A Rapidly Changing Landscape

China provides another dis�nct example. IEA reports stats that electric cars accounted for nearly 55% of Chinese car sales in 
2025. This demonstrates how quickly a market can change under the following condi�ons:

Ÿ scaling of EV manufacturing

Ÿ compe��on in vehicle prices

Ÿ expansion of model availability

Ÿ development of charging infrastructure 

Ÿ reinforcement of policy and industrial strategies 

China therefore represents an important reference point for the future compe��ve environment. However, India's condi�ons 
are different. 

India: A More Diverse Transi�on

India's transi�on is likely to have its own characteris�cs based on diversified presence such as: 

Ÿ high two-wheeler dependence 

Ÿ rapidly growing passenger-vehicle ownership

Ÿ extensive commercial mobility

Ÿ substan�al public transport requirements

Ÿ significant rural mobility

Ÿ diverse clima�c condi�ons
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Ÿ varying charging availability

Ÿ strong interest in energy security

presently, India's electrifica�on is par�cularly visible in two- and three-wheelers, while passenger-car electrifica�on remains 
at a lower level. It also iden�fies differences in electrifica�on prospects between buses, trucks and other vehicle categories. 
This suggests that India may experience mul�ple powertrain transi�ons simultaneously.

Forthcoming emission regula�ons such as BS-VII and ICE

For ICE, BS-VII can become an engineering catalyst. It can encourage development in efficiency, durability, controls, sensing, 
real-world valida�on, fuel compa�bility, thermal management, system integra�on, and lifecycle performance. The key 
challenge will be achieving these improvements economically. Therefore, it would be important to note that combus�on 
powertrain s�ll remains compe��ve in a changing energy ecosystem?”

The Hybrid Bridge

Hybridisa�on may provide one of the most important pathways for ICE beyond the next regulatory transi�on. It allows the 
industry to combine elements of two propulsion approaches. The engine provides the benefits associated with liquid or 
gaseous fuels and established refuelling infrastructure. The electrical system provides opportuni�es for energy recovery and 
electric propulsion during selected opera�ng condi�ons.  The result is not necessarily a compromise. It can be considered a 
system integra�on opportunity.

The eventual importance of hybridisa�on will depend on economics, regula�ons, customer acceptance, ba�ery costs, fuel 
prices, infrastructure and vehicle segment.

ICE as a Range Extender

Another possible role for ICE is as a range-extending energy source. In such an architecture, propulsion may be predominantly 
electric while the combus�on engine performs a more limited energy-genera�on role. This fundamentally changes the 
opera�ng requirements of the engine. The engine's opera�ng pa�ern can poten�ally be different from that of a conven�onal 
vehicle because the electrical system can provide short-term propulsion flexibility. Therefore, the future ICE does not 
necessarily have to look like today's ICE. Its role may evolve from a direct propulsion towards an integrated energy conversion.

Importance of Efficiency 

As emission limits become increasingly stringent, efficiency will become an important differen�ator. Every unit of energy that 
does not need to be generated or consumed reduces the burden on the en�re vehicle system. Therefore, future ICE 
engineering will focus increasingly on:

Ÿ reducing energy losses

Ÿ op�mising opera�ng condi�ons

Ÿ reducing vehicle energy demand

Ÿ improving thermal u�lisa�on

Ÿ coordina�ng with hybrid systems

Ÿ integra�ng with efficient transmissions and controls

Vehicle-Level Efficiency

It is important not to evaluate ICE efficiency independently from the vehicle. A highly efficient engine installed in a heavy or 
aerodynamically inefficient vehicle may not produce the expected overall result fuel economy. Similarly, a hybrid system 
should be assessed based on actual vehicle energy consump�on rather than individual component efficiency. Therefore, BS-VII 
and beyond should encourage vehicle-level engineering metrics, that broadly includes:
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Ÿ fuel consump�on

Ÿ energy consump�on

Ÿ real-world emissions

Ÿ lifecycle emissions

Ÿ durability

Ÿ total cost of ownership

Old fleet on the road

The discussion about future powertrains o�en focuses on new-vehicle sales. However, the exis�ng vehicle fleet remains on the 
road for many years. Consequently, India's environmental trajectory will depend on both the performance of new vehicles and 
the ageing and replacement of the exis�ng fleet. This makes durability, maintenance, inspec�on and fleet renewal important 
parts of the overall clean-mobility strategy. Future ICE vehicles will enter a fleet that s�ll contains vehicles developed under 
earlier emission standards. Therefore, BS-VII should be considered as part of a long-term fleet transforma�on rather than as an 
isolated product regula�on.

Coexistence of powertrain technologies

For a period of transi�on, coexistence of ICE and EV is likely to be an important feature in global markets including India. The 
two technologies are not iden�cal and have fundamental differences. Both technologies have different poten�als as regards 
appropriate environmental and opera�onal performance for par�cular applica�ons. Therefore, the importance of these 
technologies for a specific applica�on is required to be assessed because, for example:

Ÿ urban two-wheelers may have strong electrifica�on poten�al

Ÿ high-u�lisa�on fleets may have different requirements

Ÿ long-distance heavy-duty applica�ons may face different infrastructure challenges

Ÿ passenger cars may support several powertrain pathways

Future of ICE 

Looking beyond BS-VII, the ICE landscape could evolve in several broad direc�ons opening new engineering pathways, 
supported by market and policy developments:

Ÿ Con�nued improvement is happening in efficiency and emissions.

Ÿ Hybrid ICE is having increasing integra�on with electrical systems.

Ÿ Alterna�ve-fuel ICE will demonstrate greater use of low-carbon or renewable fuel pathways where appropriate.

Ÿ A more specialised role for combus�on engines within electric propulsion systems is expected through Range-extender 
applica�ons

Ÿ Heavy-duty applica�ons

Ÿ Con�nued development is going for heavy-duty applica�ons where energy density, range, payload and infrastructure 
remain important.

Ÿ There is going to be poten�al use of increasingly low-carbon fuels where technically and economically viable.

A Possible ICE Roadmap

A broad roadmap for ICE could therefore be represented as follows focusing on:

Ÿ real-world emissions

Ÿ durability

Ÿ cold-start performance

Ÿ fuel compa�bility
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Ÿ diagnos�cs

Ÿ system integra�on

Ÿ improved vehicle efficiency

Ÿ advanced controls

Ÿ thermal op�misa�on

Ÿ reduced energy losses

Ÿ greater fuel flexibility

Ÿ engine-electrical powertrain integra�on

Ÿ energy management

Ÿ use of regenera�ve energy

Ÿ system-level efficiency

Ÿ renewable fuels

Ÿ bio-derived fuels

Ÿ renewable gaseous fuels

Ÿ synthe�c fuels where applicable

Ÿ lifecycle assessment

Opportunity for segment wise ICE applica�ons

ICE may increasingly concentrate in applica�ons where its characteris�cs provide par�cular opera�onal value. This is not a 
predic�on of market shares. It is a framework for considering how the role of ICE could evolve for different use segments.
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How Much ICE Can “Pull”?
The future contribu�on of ICE will grossly depend on several interac�ng variables.

Technology Neutrality 

Technology neutrality does not mean that every powertrain will have the same environmental performance. Instead, it means 
that the environmental objec�ve should be established independently from the technology used to achieve it. This allows 
innova�on to con�nue. An engineering framework; based on the aspects of delivering required performance at the 
appropriate cost and scale; can find their appropriate applica�ons encouraging compe��on between:

Ÿ ICE

Ÿ hybrids

Ÿ ba�ery-electric systems

Ÿ gaseous fuels

Ÿ renewable fuels

Ÿ hydrogen pathways

Ÿ future technologies

Opportuni�es for India

India has an opportunity to become a major centre for clean-powertrain engineering. Instead of simply impor�ng future 
powertrain solu�ons, India can explore capability of developing solu�ons specifically suited to its requirements. This includes 
improving ICE and hybrid systems as well as developing electric and alterna�ve-fuel technologies. The objec�ve should be to 
create Indian engineering solu�ons for Indian mobility challenges, while maintaining global compe��veness through some of 
the following opportuni�es exis�ng in India:

Ÿ a large domes�c market

Ÿ extensive automo�ve manufacturing

Ÿ strong engineering talent

Ÿ a growing component industry

Ÿ research ins�tu�ons

Ÿ tes�ng infrastructure

Ÿ a diverse set of real-world opera�ng condi�on
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A major change in the approach is an�cipated. Instead of focusing on ICEs merely complying forthcoming stricter emission 
regula�ons such as BS-VII, there is going to emphasis on making combus�on-based mobility genuinely clean, efficient and 
durable under real opera�ng condi�ons. This kind of shi� in approach will lead to innova�on crea�ng space for hybridisa�on, 
alterna�ve fuels, so�ware, thermal management and other engineering developments.

 The fundamental ques�on is how much can ICE pull through BS-VII and beyond? ICEs would exist significantly in different roles: 

Ÿ ICE can poten�ally con�nue to contribute significantly where its strengths—energy density, range, refuelling convenience, 
exis�ng infrastructure, durability and manufacturing maturity—remain valuable, provided that its environmental 
performance con�nues to improve.

Ÿ Hybridisa�on can further change the role of the engine by integra�ng it with electrical propulsion.

Ÿ Alterna�ve and renewable fuels may provide addi�onal pathways where their lifecycle benefits, availability and economics 
are appropriate.

Conclusion

The internal-combus�on engine is entering a new phase. Its future cannot be assessed simply by looking at the conven�onal 
ICE vehicle of today. The engine is evolving into a component of increasingly integrated powertrain systems.  Hybridisa�on can 
change its opera�ng role. Alterna�ve fuels can change its energy source.  Digital controls can change how it operates. 
Advanced emission management can change its environmental performance. Improved durability can extend its useful 
contribu�on. 

On the other hand, ba�ery-electric vehicles are advancing and will con�nue to transform in many vehicle segments. India's 
transi�on is developing differently across two-wheelers, three-wheelers, passenger vehicles, buses and small commercial 
vehicles.

For ICE, it should not be viewed merely as a regulatory barrier. It should be viewed as an opportunity to demonstrate how far 
combus�on-based mobility can evolve. The future ICE will need to be substan�ally cleaner, more efficient, more intelligent and 
more integrated than today's ICE. The future hybrid will need to demonstrate that combining combus�on and electric 
propulsion can provide measurable environmental and efficiency benefits. Alterna�ve fuels will need to demonstrate credible 
lifecycle advantages.

Electric vehicles will con�nue to expand where their economics, infrastructure and duty cycles support them.

Ul�mately, the future will be determined not by one technology alone, but by the ability of the automo�ve ecosystem to 
deliver the right clean-mobility solu�on for the right applica�on. The ques�on, therefore, is not whether ICE can survive 
unchanged. The more meaningful ques�on is whether ICE can con�nue to evolve fast enough to remain a relevant part of clean 
mobility through BS-VII and beyond. The engineering answer will depend on innova�on, integra�on, affordability, fuel 
evolu�on, regula�on, infrastructure and—most importantly—the ability to deliver measurable environmental performance in 
the real world. The journey beyond BS-VII should therefore be seen not as the end of ICE, but as a test of how far the technology 
can evolve within an increasingly diversified clean-mobility ecosystem.

The future may not belong to one powertrain. It may belong to the powertrain that delivers the required mobility service with 
the lowest prac�cal environmental impact over its complete lifecycle.

Key Takeaways

Ÿ ICE is unlikely to remain unchanged; its role will evolve.

Ÿ Hybridisa�on can change the engine from the sole propulsion source into an integrated energy-conversion element.

Ÿ Forthcoming emission regula�ons, such as BS-VII, will increasingly emphasise real-world and life�me performance.

Ÿ Fuel evolu�on will be an important determinant of the future ICE pathway.

Ÿ India's diverse vehicle segments require different powertrain strategies.

Ÿ Two-wheelers and three-wheelers are likely to experience different transi�on dynamics from passenger cars and heavy-duty vehicles.

Ÿ Heavy-duty applica�ons require separate considera�on because of payload, range, u�lisa�on and infrastructure requirements.

Ÿ Alterna�ve fuels can poten�ally extend the relevance of combus�on-based mobility where their lifecycle benefits are demonstrated.

Ÿ Electrifica�on will con�nue to expand and will be par�cularly relevant where opera�ng economics and infrastructure support it.

Ÿ The long-term objec�ve should be clean, efficient, affordable and durable mobility—not the preserva�on of any par�cular technology.
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Petrol with 20 percent Ethanol (E20): 
The Debate

Technical Article 7

There have been divergent views shared in the debates raging in the Media and Social networks on the effect of E 20 blend on 
the vehicles.

Brazil first introduced mandatory 5 percent ethanol blend in Petrol in February 1931, which was increased to about 50 percent 
in 1943 during World war II. The Na�onal Alcohol Program was however launched in November 1975 following the 1973 crisis. 
In 1993 the Central Government made law to introduce 22 percent ethanol blend. The commercial produc�on of Flex fuel 
vehicles was introduced in 20023 giving the flexibility to the consumer to use any ra�on of Petrol and Ethanol.

In India IIT Delhi, Indian Ins�tute of Petroleum, Automo�ve Research Associa�on of India, IOC etc carried out limited studies 
way back in Nine�es. India introduced 5 percent blend through a pilot project (E5) at some loca�on in 2001 to study the vehicle 
performance. The formal launch of E 5 started in 2003 in Nine States and 4 Union Territories. Further the program was 
expended across 20 states in November 2006. The 10 percent blend was introduced across India in June 2022 which was 
increased to 20 percent (E20) from April 2026. 

Let us look at the same in a holis�c view. Everyone is correct from their point of view depending on which side of the coin they 
are looking. Looking from technical perspec�ve:

As we all know that the Calorific Value of Ethanol ( ~27 MJ/kg)  is approximately 35 percent lower than Petrol (~44 MJ/kg). 
Therefore, under similar condi�ons we would need to burn higher volume of E20 to produce similar mileage.  The drop could 
vary from 2 to as high as 10 percent under similar standard condi�ons. The same would depend upon the design features of the 
vehicle / engine.

Further due to slightly higher density of Ethanol (~789 kg/m3) compared to petrol (~740 kg/m3), ethanol will se�le down in 
case of phase separa�on due to long period of non-usage of the vehicle and hygroscopic nature of ethanol. In that case when 
star�ng a�er a long period of non-usage, neat Ethanol may be pumped to the carbure�or / fuel injector leading to star�ng 
problem and damage to engine etc. as the vehicle has not been designed for Ethanol.

The Auto manufacturers have designed their vehicles for E20 since April 2023 but what about the vehicles manufactured 
earlier?

Further 2 wheelers are more vulnerable. This segment is very / more important as almost about 2/3rd petrol is used by two 
wheelers and they were using carbure�or technology not long back. The carbure�or float / pin etc. degrada�on can get 
accelerated and can get damaged due to E20 higher solvent proper�es which may lead to star�ng problem / flooding of the 
engine etc. etc.

Looking from the Social perspec�ve in India there can be mis use of the blend where people can try to add water to E 20 blend 
leading to phase separa�on and mis use of ethanol thus separated for drinking. The Economic impact on agricultural supply 
chain has led to other products like sugar, eggs etc which have seen increase in their cost due to diversion of sugar cane, maize 
etc to Ethanol blending program. There are concerns regarding local ground water deple�ons.

Therefore, there is a need to take a 360-degree perspec�ve on the same taking into considera�on Technical, Economic, & 
Social aspects.

The way forward would be con�nue dispensing both E20 and E10 �ll the old vehicles get phased out.

The E20 could be logically priced lower because of the lower energy content per litre basis compared to petrol to compensate 
the lower mileage.

This way we would meet both the concerns of the consumer and move towards energy security goal of the country.

Need to use more of surplus food grains, waste etc for the Ethanol program.
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Beyond ISO 22241: Ensuring AdBlue  Quality from Production to 
Vehicle Tank for Reliable SCR Performance
Critical Quality Control Parameters, Supply Chain Risks, and Field Experience in 
Diesel Exhaust Fluid Management 

Technical Article 8

1. Introduc�on

The reduc�on of nitrogen oxide (NOx) emissions has become one of the primary challenges facing the transporta�on industry. 
Heavy-duty vehicles, agricultural machinery, construc�on equipment, marine engines, and sta�onary power genera�on 
systems must comply with increasingly stringent environmental regula�ons aimed at reducing atmospheric pollu�on and 
improving air quality.

Among available NOx control technologies, Selec�ve Cataly�c Reduc�on (SCR) has emerged as the most effec�ve solu�on, 
rou�nely achieving conversion efficiencies exceeding 95% under op�mized opera�ng condi�ons. Modern SCR systems depend 
on the controlled injec�on of AdBlue®, a high-purity aqueous urea solu�on that serves as a safe carrier for ammonia 
genera�on within the exhaust stream.

Although ISO 22241 establishes interna�onally recognized quality requirements for AdBlue®, numerous field inves�ga�ons 
have shown that contamina�on occurring a�er produc�on can significantly impair SCR performance. Poor quality fluid may 
lead to ammonia deficiency, injector fouling, catalyst poisoning, deposit forma�on, increased NOx emissions, and premature 
system failure.

This paper examines the complete quality lifecycle of AdBlue®, from produc�on through final use in diesel vehicles, and 
provides prac�cal recommenda�ons for maintaining product integrity throughout the supply chain.

2. Fundamentals of SCR Chemistry

2.1 Composi�on of AdBlue®

AdBlue® is an aqueous solu�on consis�ng of:

 32.5 % high-purity automo�ve-grade urea

 67.5 % deionized water

The chemical formula of urea is:  CO(NH₂ )₂

The concentra�on of 32.5 % has been specifically selected because it provides the lowest freezing point of approximately -11°C 
while ensuring op�mal ammonia genera�on.

Contrary to common percep�on, AdBlue® is not itself the reducing agent responsible for NOx removal. Instead, it serves as a 
transporta�on medium for urea, which subsequently decomposes into ammonia inside the exhaust system.

2.2 Stability of AdBlue® During Storage and Handling

One ques�on frequently raised by operators and end users concerns the poten�al forma�on of ammonia during the storage 
and transporta�on of AdBlue®. From a technical perspec�ve, it is important to understand that, under normal storage 
condi�ons, AdBlue® remains a highly stable product.

The composi�on of AdBlue®, consis�ng of 32.5% high-purity urea dissolved in demineralized water, is specifically designed to 
ensure long-term stability when stored in accordance with ISO 22241 recommenda�ons. As a result, significant ammonia 
forma�on does not normally occur during storage, transporta�on, or rou�ne handling opera�ons.

To understand why, it is necessary to examine the condi�ons required for urea decomposi�on. The conversion of urea into 
ammonia is a thermally ac�vated process that occurs primarily within the vehicle's exhaust a�ertreatment system. Several 
condi�ons must be present simultaneously for this reac�on to proceed at a significant rate: Elevated temperatures, Water 
evapora�on, Sufficient thermal residence �me, Contact with hot exhaust gases.

In prac�ce, these condi�ons exist only within the exhaust system, where AdBlue® is injected before reaching the SCR catalyst. 
Within the exhaust system, the water contained in the solu�on rapidly evaporates, and the remaining urea undergoes 
thermolysis and hydrolysis reac�ons, ul�mately genera�ng ammonia (NH₃), the ac�ve reducing agent responsible for 
conver�ng nitrogen oxides (NOx) into harmless nitrogen and water.
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In contrast, storage tanks, IBCs, road tankers, Mini bulk installa�ons, and dispensing systems operate under condi�ons that are 
fundamentally different from those found within an exhaust system. Temperatures remain rela�vely moderate, water remains 
in solu�on, and the thermal energy required to ini�ate significant urea decomposi�on is absent. Consequently, the genera�on 
of ammonia within properly managed AdBlue® storage systems is negligible.

For this reason, AdBlue® can be transported, stored, and handled safely throughout the supply chain without crea�ng 
ammonia-related hazards under normal opera�ng condi�ons. This inherent stability is one of the reasons AdBlue® has become 
a prac�cal and reliable solu�on for suppor�ng SCR technology on a global scale, provided that proper storage, handling, and 
contamina�on control prac�ces are maintained.

2.3 Urea Thermolysis and Hydrolysis

The conversion of urea into ammonia occurs only a�er injec�on into the exhaust stream.

Thermolysis : Urea decomposes thermally according to:

CO(NH₂ )₂→NH₃+HNCO   where HNCO is isocyanic acid.

Hydrolysis : The isocyanic acid subsequently reacts with water vapor: HNCO+H₂ O→NH₃+CO₂

Overall Reac�on : Combining Equa�ons (1₎ and (2): CO(NH₂)₂₊H₂ O→2NH₃₊CO₂

Each mole of urea generates two moles of ammonia, which becomes the ac�ve reducing agent for SCR reac�ons.

2.4 Standard SCR Reac�on

4NH₃+4NO+O₂→4N₂+6H₂ O

The final products are environmentally benign: Nitrogen and water.

2.5 Temperature Effects on SCR Performance

Temperature is the dominant factor governing SCR efficiency. The impact of temperature on SCR performance is presented in 
Table 1.

Table 1. Influence of Temperature on SCR System Performance

Exhaust Temperature  SCR Behavior  

<180°C
 

Incomplete decomposition
 

180-220°C

 

Initial ammonia formation

 
220-250°C

 

Increasing conversion

 250-400°C

 

Optimum operating range

 
400-450°C

 

High conversion maintained

 
>500°C

 

Possible NH₃ oxidation

 

 

Maximum NOx reduc�on efficiencies above 95% are typically achieved between 250°C and 400°C.

3. Impact of AdBlue® Quality Devia�ons on SCR Performance

3.1 Urea Concentra�on Devia�ons

ISO 22241 specifies a urea concentra�on of : 32.5±0.7%" "(m/m). 
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Low Concentra�on

The concentra�on of urea is one of the most cri�cal quality parameters of AdBlue®, as SCR systems are designed and calibrated 
to operate with a solu�on containing 32.5% automo�ve-grade urea dissolved in demineralized water. Any devia�on from this 
specifica�on can directly affect the efficiency of the NOx reduc�on process.

When the urea concentra�on is lower than the prescribed limits, the amount of ammonia generated within the exhaust system 
is reduced. Since ammonia is the ac�ve reagent responsible for conver�ng nitrogen oxides (NOx) into nitrogen and water, 
insufficient ammonia availability limits the SCR catalyst's ability to perform its intended func�on.

As a result, the overall efficiency of the emissions control process decreases, poten�ally leading to higher NOx emissions and 
reduced a�ertreatment performance.

The main consequences of low urea concentra�on include:

Lower NOx conversion efficiency, as insufficient ammonia is available for the reduc�on reac�ons occurring within the SCR 
catalyst.

Increased risk of regulatory non-compliance, par�cularly in regions where strict emission standards such as Euro VI, Euro VII, 
EPA, or BS-VII apply.

Reduced SCR system effec�veness, resul�ng in a deteriora�on of the vehicle's ability to maintain its designed emissions 
performance.

In modern vehicles equipped with advanced onboard diagnos�cs (OBD), persistent opera�on with low-concentra�on AdBlue® 
may also trigger fault codes, warning messages, torque limita�ons, or inducement strategies intended to ensure con�nued 
compliance with emissions regula�ons.

For this reason, maintaining the correct urea concentra�on is essen�al not only for achieving op�mal NOx reduc�on, but also 
for preserving SCR system reliability and ensuring long-term regulatory compliance.

High Concentra�on

Just as insufficient urea concentra�on can nega�vely affect SCR performance, excessive urea concentra�on can also create 
opera�onal challenges within the a�ertreatment system. SCR systems are specifically engineered to operate with AdBlue® 
containing 32.5% urea by weight, and significant devia�ons above this target may alter the behavior of the fluid during 
injec�on, evapora�on, and decomposi�on.

When the urea concentra�on is too high, the amount of dissolved solids within the solu�on increases, making the product 
more prone to crystalliza�on and deposit forma�on under certain opera�ng condi�ons. This is par�cularly cri�cal in areas of 
the exhaust system where temperatures are not sufficiently high to ensure complete evapora�on and decomposi�on of the 
injected AdBlue®.

The main consequences of excessive urea concentra�on include:

Ÿ Crystalliza�on, resul�ng from the forma�on of solid urea deposits within the dosing and exhaust systems.

Ÿ Deposit forma�on, which may occur on exhaust pipe surfaces, mixers, and SCR components.

Ÿ Injector fouling, caused by the accumula�on of deposits around the dosing nozzle, leading to impaired spray characteris�cs 
and reduced dosing accuracy.

Ÿ Ammonia maldistribu�on, where the generated ammonia is not evenly distributed across the catalyst surface, reducing the 
overall efficiency of the NOx reduc�on process.

Over �me, these effects can lead to higher maintenance requirements, reduced SCR efficiency, increased backpressure, and 
poten�al emissions-related faults. In severe cases, excessive deposit accumula�on may require cleaning or replacement of 
cri�cal a�ertreatment components.

For this reason, maintaining the correct AdBlue® concentra�on is essen�al. Regular quality control checks, including 
concentra�on verifica�on using a calibrated refractometer, help ensure that the product remains within the ISO 22241 
specifica�on and performs as intended throughout the vehicle's opera�ng life.
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3.2 Biuret Contamina�on

Biuret is formed through urea condensa�on:  2CO(NH₂ )₂→NH₂ CONHCONH₂+NH₃

This is biuret : NH₂ CONHCONH₂  à  C₂H₅N₃O₂

Elevated biuret levels can undergo further reac�ons to form more complex compounds such as ammonium cyanurate, 
cyanuric acid, ammelide, and melamine. These compounds can generate solid deposits in the mixer, injector, and at the SCR 
catalyst inlet, reducing SCR efficiency and increasing maintenance costs.

Key impacts include:

Ÿ Reduced Ammonia Availability

Ÿ Slower decomposi�on kine�cs

Ÿ Increased deposit forma�on

Ÿ Injector obstruc�on and flow maldistribu�on

Ÿ The issue is par�cularly cri�cal at low exhaust temperatures (200-250 °C)

These effects can lead to lower NOx conversion efficiency and more frequent cleaning or maintenance interven�ons. An 
example of deposit accumula�on observed in an SCR exhaust system is shown in Figure 1. Such deposits are typically 
associated with incomplete urea decomposi�on and the forma�on of by-products derived from biuret and related 
compounds. The accumula�on of these solid residues can restrict flow passages, impair ammonia distribu�on, and nega�vely 
affect overall SCR performance.

Figure 1. Solid deposits observed during inspec�on of an SCR system

3.3 Aldehydes

Aldehydes represent another category of contaminants that must 
be carefully controlled in AdBlue® produc�on. These compounds 
are typically generated through urea degrada�on processes or 
may originate from low-quality raw materials used during 
manufacturing. In par�cular, the use of fer�lizer-grade urea 
instead of Automo�ve Grade Urea (AGU) can significantly 
increase the risk of aldehyde contamina�on. Historically, 
aldehydes and formaldehyde-based compounds have been used 
in fer�lizer produc�on as an�-caking agents and granula�on aids, 
making fer�lizer-grade urea unsuitable for the manufacture of 
AdBlue® intended for SCR applica�ons.

Although aldehydes are generally present at very low 
concentra�ons, their impact on SCR catalyst performance can be 
significant over �me. The primary concern is their tendency to 
interact with the catalyst surface, reducing the availability of 
ac�ve cataly�c sites required for NOx reduc�on reac�ons.

This phenomenon, o�en referred to as catalyst surface masking, progressively decreases the effec�veness of the catalyst by 
limi�ng the contact between ammonia, NOx, and the ac�ve catalyst coa�ng.

The main consequences of excessive aldehyde contamina�on include:

Ÿ Reduced ac�ve catalyst surface area, limi�ng the number of sites available for NOx reduc�on reac�ons.

Ÿ Slower reac�on kine�cs, resul�ng in less efficient conversion of nitrogen oxides under comparable opera�ng condi�ons.

Progressive losses in SCR efficiency, which may become increasingly apparent over the life�me of the catalyst. Unlike some 
contaminants that cause immediate opera�onal issues, the effects of aldehydes are o�en gradual and cumula�ve. As catalyst 
ac�vity declines, the SCR system may have to be replaced. 

3.4 Insoluble Ma�er

Insoluble ma�er is an important contamina�on parameter in AdBlue® quality control. Typical sources include dust, rust, sand, 
plas�c fragments, and crystallized residues introduced during manufacturing, storage, transport, or handling.

Although these par�cles do not change the chemical composi�on of AdBlue®, they can nega�vely affect SCR system opera�on 
by blocking filters, restric�ng injectors, reducing spray quality, and causing non-uniform ammonia distribu�on within the 
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catalyst. As modern SCR systems rely on precise dosing and effec�ve mixing, even small amounts of par�culate contamina�on 
can reduce NOx conversion efficiency. For this reason, proper filtra�on, clean equipment, dedicated transfer systems, and 
good handling prac�ces are essen�al to maintain product quality and ensure reliable SCR performance.

3.5 Trace Metal Contamina�on

Trace metal contamina�on is one of the most serious risks to SCR system performance and durability. Metals such as sodium 
(Na), potassium (K), calcium (Ca), magnesium (Mg), iron (Fe), copper (Cu), and zinc (Zn) may originate from non-demineralized 
water, incompa�ble equipment, fer�lizer contamina�on, or poor handling prac�ces. These metals can permanently poison 
the ac�ve sites of the SCR catalyst, reducing NOx conversion efficiency, accelera�ng catalyst aging, and impairing overall 
system performance. Unlike par�culate contamina�on, catalyst poisoning is o�en irreversible and may ul�mately require 
catalyst replacement.

For this reason, ISO 22241 specifies very strict limits for trace metals, making contamina�on preven�on through proper raw 
materials, compa�ble equipment, and dedicated logis�cs systems essen�al for maintaining SCR efficiency and catalyst life. 

4. Manufacturing Quality Assurance of AdBlue® 

4.1 Raw Material Qualifica�on

Manufacturing quality begins with rigorous raw material control. Key requirements include:

Ÿ Good quality of raw material (Automo�ve-grade urea). 

Ÿ High-purity deionized water

Ÿ Batch-specific Cer�ficates of Analysis

Ÿ Verifica�on of impurity levels

4.2 Water Purifica�on Systems

Water quality is one of the most cri�cal variables in AdBlue® produc�on, as demineralized water represents approximately 
67.5% of the final AdBlue® composi�on. Even when high-quality Automo�ve Grade Urea is used, inadequate water 
purifica�on can introduce contaminants that compromise compliance with ISO 22241 requirements and nega�vely affect SCR 
system performance.

For this reason, AdBlue® manufacturers typically employ advanced water treatment technologies such as reverse osmosis, 
deioniza�on, ultrafiltra�on, and polishing systems to ensure that the purified water meets the stringent quality standards 
required for automo�ve applica�ons.

However, installing a water treatment system is only part of the solu�on. Equally important is the implementa�on of a 
comprehensive monitoring program capable of verifying that water quality remains consistently within specifica�on over 
�me.

Rou�ne monitoring should include the following parameters: Conduc�vity, Trace metals, Silica, Chlorides, Microbiological 
contamina�on, Conduc�vity.

From a manufacturing perspec�ve, it is o�en said that the quality of AdBlue® can never exceed the quality of the water used to 
produce it. For this reason, leading producers treat water purifica�on as a cri�cal control point within the produc�on process.

By con�nuously monitoring conduc�vity, trace metals, silica, chlorides, and microbiological contamina�on, manufacturers can 
ensure that the purified water remains suitable for the produc�on of AdBlue®. This proac�ve approach helps protect SCR 
systems, maintain ISO 22241 compliance, and ensure consistent product quality throughout the en�re supply chain.

4.3 Dissolu�on and Blending Controls

Cri�cal manufacturing parameters are:

Ÿ Urea concentra�on

Ÿ Density

Ÿ Refrac�ve index

Ÿ Mixing �me

Ÿ Dissolu�on temperature
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4.4 Contamina�on Preven�on in dissolu�on tanks and produc�on equipment

All process equipment must u�lize ISO 22241-compa�ble materials. Approved materials for dissolu�on tanks are. Stainless 
Steel, HDPE (High-Density Polyethylene), PP (Polypropylene) and PVDF: (Polyvinylidene Fluoride).

5. Packaging Requirements for Automo�ve Grade Urea to produce AdBlue® 

Packaging represents a frequently underes�mated contamina�on risk.

5.1 Flexible Intermediate Bulk Container Requirements

Recommended packaging characteris�cs include:

• 100% virgin polypropylene construc�on

• No recycled polymers

• Food-grade polyethylene liner

• Heat-sealed inner liner

• Full batch traceability

5.2 Contamina�on Preven�on for packaging material 

Packaging materials must be free from: Dust, Fibers, Oils, Lubricants and Metallic residues.

Manufacturing should be carried out in clean, well-controlled environments to minimize the risk of contamina�on.

Materials to avoid for AdBlue® storage and packaging: PVC (Polyvinyl Chloride), Polycarbonate (PC), ABS (Acrylonitrile 
Butadiene Styrene), Polyamides (PA, Nylon), Polystyrene (PS), Recycled polyethylene of unknown origin, Carbon steel, Brass, 
Copper, Galvanized steel, Zinc-containing alloys.

6. Storage of Automo�ve-Grade Urea Prior to Dissolu�on

Before the dissolu�on process, automo�ve-grade urea must be stored under carefully controlled condi�ons to preserve its 
purity and ensure compliance with ISO 22241 quality requirements. The primary objec�ves of storage management are to 
prevent contamina�on and minimize moisture absorp�on, both of which can adversely affect the quality of the final AdBlue® 
solu�on.

To maintain product integrity, the following storage condi�ons are recommended:

Ÿ Temperature: 5°C to 30°C

Ÿ Rela�ve Humidity: Below 60%

Ÿ Exposure to Sunlight: Direct sunlight should be avoided

Ÿ Inventory Management: First-In, First-Out (FIFO) principle should be applied

It is important to understand that solid urea is hygroscopic and can readily absorb moisture from the surrounding atmosphere. 
Excessive exposure to humidity may lead to caking, agglomera�on, and varia�ons in the dissolu�on process. Likewise, 
prolonged exposure to elevated temperatures or direct solar radia�on may nega�vely impact product handling, storage 
stability, and overall product quality.

From a quality assurance perspec�ve, storage condi�ons must be designed to eliminate all poten�al sources of contamina�on. 
One of the most common risks is the introduc�on of non-demineralized water during storage opera�ons or tank cleaning 
ac�vi�es. Even small quan��es of untreated water may introduce undesirable impuri�es, such as calcium, magnesium, 
sodium, and other minerals, which can compromise compliance with ISO 22241 specifica�ons.

Another cri�cal risk is cross-contamina�on with fer�lizer-grade urea products, par�cularly in facili�es where automo�ve-
grade urea and agricultural fer�lizers are handled or stored within the same infrastructure. Fer�lizer residues, dust, or transfer 
through shared equipment can significantly affect the purity of the raw material intended for AdBlue® produc�on.

Special a�en�on must also be given to the materials of construc�on used in storage and handling systems. Contact with 
incompa�ble materials, including carbon steel, copper, brass, or zinc-containing components, can result in the release of trace 
metal contaminants into the product. These metallic impuri�es are especially cri�cal because SCR systems are highly sensi�ve 
to contamina�on and may suffer injector fouling, catalyst poisoning, or reduced NOx conversion efficiency.
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Also, prolonged storage at elevated temperatures may accelerate urea degrada�on reac�ons, leading to the forma�on of by-
products such as biuret, ammonia, and insoluble compounds. The presence of these degrada�on products may nega�vely 
impact the quality of the final AdBlue® solu�on and reduce its suitability for automo�ve applica�ons.

Storage tanks and containers must also remain properly sealed at all �mes. Poorly closed tanks can allow the ingress of 
ambient moisture, airborne dust, and par�culate ma�er. Such contamina�on not only affects the quality of the stored urea but 
may also create opera�onal challenges during dissolu�on and downstream filtra�on processes.

For these reasons, automo�ve-grade urea must always be physically segregated from fer�lizers, fuels, chemical products, 
lubricants, cleaning agents, and maintenance materials. This segrega�on is essen�al to eliminate any risk of cross-
contamina�on, which could compromise the quality of the urea and ul�mately affect the performance and durability of 
Selec�ve Cataly�c Reduc�on (SCR) systems u�lizing AdBlue®.

Therefore, strict adherence to these storage prac�ces is a fundamental prerequisite for ensuring the produc�on of a high-
purity AdBlue®, safeguarding SCR system reliability, and maintaining full compliance with automo�ve industry standards and 
ISO 22241 requirements.

7. Controls During AdBlue® Manufacturing

The produc�on of AdBlue® is a highly controlled process in which product quality depends not only on the purity of the raw 
materials, but also on the effec�ve management of every stage of manufacturing. Because SCR systems are extremely sensi�ve 
to impuri�es, each produc�on step must be monitored through clearly defined control measures designed to prevent 
contamina�on and ensure full compliance with ISO 22241 requirements.

From a manufacturing perspec�ve, quality must be built into the process rather than verified only at the end. For this reason, 
modern AdBlue® produc�on facili�es establish a series of Cri�cal Control Points (CCPs) that con�nuously safeguard product 
integrity from raw material receipt through final product release. Those Cri�cal Control Points are:

7.1. Incoming Urea Acceptance

The first and probably the most important control point is the verifica�on of incoming automo�ve-grade urea. Each batch must 
be assessed to confirm compliance with the required purity specifica�ons before it enters the produc�on process. This 
includes verifica�on of supplier documenta�on, traceability records, visual inspec�on, and laboratory analysis when 
necessary. Accep�ng off-specifica�on urea may introduce contaminants that cannot be completely removed during 
subsequent processing stages.

7.2. Water Purifica�on

Water quality is equally cri�cal, as demineralized water represents approximately 67.5% of the final AdBlue® composi�on. The 
water purifica�on system must consistently produce water with extremely low levels of dissolved minerals, organic 
compounds, and par�culate ma�er. Con�nuous monitoring of conduc�vity and rou�ne maintenance of reverse osmosis, 
deioniza�on, or other purifica�on systems are essen�al to ensure compliance with ISO 22241.

7.3. Equipment Compa�bility

All equipment that comes into contact with the product must be constructed from materials proven to be compa�ble with 
AdBlue®. Storage tanks, pipelines, valves, pumps, filters, and fi�ngs should be manufactured from approved materials such as 
high-grade stainless steel or specified plas�cs. The use of incompa�ble materials may introduce trace metal contamina�on, 
which can significantly affect SCR system performance and durability.

7.4. Tank Cleaning Verifica�on

Cleaning procedures must be rigorously controlled and documented. Before produc�on begins, tanks and transfer lines must 
be inspected to confirm the complete removal of residues from previous opera�ons. Verifica�on ac�vi�es may include visual 
inspec�ons, rinse water analysis, cleaning records review, and, where applicable, valida�on tes�ng. Even trace amounts of 
foreign substances may cause an en�re produc�on batch to fall outside specifica�on.

7.5. Concentra�on Adjustment

One of the most cri�cal process parameters is achieving the correct urea concentra�on. AdBlue® must contain 32.5% high-
purity urea dissolved in 67.5% demineralized water. Concentra�on measurements should be performed using calibrated 
instruments and verified throughout the dissolu�on process. Devia�ons from the specified concentra�on can affect SCR 
dosing accuracy, NOx reduc�on performance, and regulatory compliance.
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7.6. Final Filtra�on

Before the product is transferred to finished-product storage or packaging, it should pass through a final filtra�on stage. This 
step removes any residual par�cles that may have entered the process during manufacturing, transfer, or handling opera�ons. 
Effec�ve filtra�on provides an addi�onal safeguard against par�culate contamina�on and helps ensure the cleanliness 
standards required for modern SCR systems.

7.7. Laboratory Release Tes�ng

The final quality gate before product distribu�on is laboratory release tes�ng. Representa�ve samples from each produc�on 
batch must be analyzed to verify compliance with all applicable ISO 22241 parameters. Typical analyses include urea 
concentra�on, refrac�ve index, alkalinity, insoluble ma�er, and contaminant levels. Only a�er successful comple�on of all 
required tests should the batch be approved for shipment and customer use.

A fundamental principle adopted by best-in-class AdBlue® manufacturing facili�es is that contamina�on preven�on is far more 
effec�ve than contamina�on detec�on. While analy�cal tes�ng remains an essen�al component of quality assurance, relying 
solely on laboratory results is insufficient. Once contamina�on has occurred, significant product losses, rework, disposal costs, 
and poten�al customer claims may already be unavoidable.

For this reason, leading manufacturers focus on preven�ve controls, robust opera�ng procedures, equipment compa�bility, 
personnel training, and strict housekeeping prac�ces. By elimina�ng contamina�on risks at their source, producers can 
consistently manufacture high-purity AdBlue®, protect SCR system performance, and maintain full compliance with the 
stringent requirements of the automo�ve industry.

8. Storage, Logis�cs and Distribu�on of AdBlue®

Once AdBlue® has been successfully manufactured and released in accordance with ISO 22241 requirements, the primary 
quality risk shi�s from produc�on to logis�cs and distribu�on. In fact, many AdBlue® quality incidents do not originate in the 
manufacturing plant, but rather during transporta�on, storage, handling, or dispensing opera�ons.

As industry professionals, we must always remember that AdBlue® is not a hazardous chemical, but it is an extremely sensi�ve 
product from a purity perspec�ve. Even minor contamina�on introduced during logis�cs can render an otherwise compliant 
batch unsuitable for use in modern SCR systems. Therefore, maintaining product integrity throughout the en�re supply chain is 
just as important as controlling the manufacturing process itself.

8.1. Dedicated Logis�cs Systems

One of the fundamental principles of AdBlue® logis�cs is that all equipment coming into contact with the product should be 
dedicated exclusively to AdBlue® service. Shared equipment significantly increases the risk of cross-contamina�on and should 
be avoided whenever possible.

This requirement applies to all fluid-contact components, including Storage tanks, Road tankers, Pumps, Hoses, Loading arms, 
Couplings, Filters.

The ra�onale behind dedicated logis�cs systems is straigh�orward. Trace residues from fuels, lubricants, detergents, 
chemicals, or other industrial products can introduce contaminants at concentra�ons sufficient to damage SCR components or 
cause the final product to fall outside ISO 22241 specifica�ons.

Experience has shown that contamina�on events frequently occur not in large industrial facili�es, but at the final stages of the 
distribu�on chain where product handling is o�en performed by end users with limited technical knowledge of AdBlue® 
quality requirements.

8.2. Industry Experience: Lessons Learned from the Early Adop�on of AdBlue® in France

Allow me to share a prac�cal example from our own experience during the early years of AdBlue® adop�on in France. Around 
2015, when Euro VI vehicles became widespread and AdBlue® usage increased significantly across the transporta�on sector, 
many end users had only a limited understanding of the quality requirements associated with the product.

At that �me, we encountered numerous contamina�on incidents throughout the logis�cs chain. One par�cularly common 
prac�ce was the transfer of AdBlue® from the IBCs supplied by distributors into other containers available on site.

In several cases, customers transferred AdBlue® into drums that had previously been used to store lubricants or other 
petroleum-based products. Although these drums had been washed before reuse, the cleaning procedures were o�en 
superficial and insufficient to eliminate residual contamina�on.
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The consequences were predictable. Small quan��es of lubricant residues, addi�ves, metallic par�cles, or cleaning chemicals 
entered in contact with the stored AdBlue® and subsequently contaminated vehicle SCR systems. In some cases, fleets 
experienced injector fouling, crystalliza�on problems, SCR system malfunc�on warnings, reduced NOx conversion efficiency, 
and costly repairs.

These incidents became valuable learning opportuni�es for both suppliers and customers. As the industry matured, 
awareness of AdBlue® purity requirements increased substan�ally. End users gradually recognized that AdBlue® must be 
handled with the same rigor applied to pharmaceu�cal-grade or high-purity industrial products rather than as a conven�onal 
automo�ve fluid.

At the same �me, suppliers implemented addi�onal preven�ve measures to strengthen product security throughout the 
distribu�on chain. Examples of these measures included:

Ÿ Tamper-evident seals on IBCs and tanks

Ÿ Sealed dispensing systems.

Ÿ Security devices indica�ng whether an IBC had been opened.

Ÿ Tamper indicators on minibulk installa�ons.

Ÿ Improved operator training programs.

Ÿ Enhanced customer awareness campaigns.

Furthermore, telemetry systems were progressively introduced on fixed AdBlue® storage installa�ons, par�cularly mini-bulk 
systems ranging from 5,000 to 19,000 liters. These systems allow suppliers and customers to remotely monitor tank levels, 
consump�on pa�erns, refill requirements, and abnormal opera�ng condi�ons.

Today, telemetry has become an important tool not only for inventory management but also for improving supply reliability 
and reducing the need for uncontrolled product transfers that might increase contamina�on risks.

8.3. Approved Materials to be in contact with AdBlue®  

Material compa�bility is another cri�cal aspect of AdBlue® storage and distribu�on. Because AdBlue® is slightly alkaline and 
highly sensi�ve to trace contaminants, all product-contact surfaces must be manufactured from approved materials that do 
not react with the solu�on or release metallic impuri�es.

8.4. Recommended Materials 

The following materials are widely accepted for AdBlue® applica�ons: Stainless steel storage tanks, HDPE (High-Density 
Polyethylene), PP (Polypropylene), PTFE (Polytetrafluoroethylene), PVDF (Polyvinylidene Fluoride).

These materials provide excellent chemical compa�bility and minimize the risk of contamina�on throughout storage, 
transport, and dispensing opera�ons.

8.5. Prohibited Materials

The following materials should never come into contact with AdBlue®: Copper, Brass, Bronze, Carbon steel, Zinc-coated 
materials.

These materials can release metallic ions into the solu�on. Even trace levels of certain metals may poison SCR catalysts, 
promote deposit forma�on, interfere with dosing systems, and ul�mately compromise vehicle emissions performance. For 
this reason, material compa�bility verifica�on should always be included in the design, installa�on, inspec�on, and 
maintenance of AdBlue® infrastructure.

8.6. Temperature Management

Temperature control represents another essen�al component of AdBlue® logis�cs management.

AdBlue® begins to freeze at approximately -11°C. Fortunately, freezing does not permanently damage the product, provided 
that it is allowed to thaw naturally and remains uncontaminated. However, storage systems should be designed to 
accommodate the volume expansion that occurs during freezing.

At the opposite end of the temperature range, prolonged exposure to elevated temperatures should be strictly avoided. 
Con�nuous storage above 30°C may increase biuret forma�on, accelerate product aging and chemical degrada�on, increase 
ammonia genera�on and reduce overall product shelf life. Addi�onally, direct exposure to sunlight should be minimized 
because solar hea�ng can significantly increase storage temperatures, par�cularly in IBCs and outdoor storage tanks. For this 
reason, best-in-class AdBlue® installa�ons are typically equipped with shaded storage areas, insulated tanks, or temperature-
controlled systems where clima�c condi�ons require addi�onal protec�on.
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8.7. Key Takeaway

The quality of AdBlue® is not determined solely by manufacturing excellence. A perfectly compliant batch can become 
unsuitable for use if contamina�on is introduced during storage, transporta�on, or dispensing. Therefore, successful AdBlue® 
distribu�on relies on three fundamental principles:

Ÿ Dedicated and contamina�on-free logis�cs systems.

Ÿ Strict use of approved materials.

Ÿ Effec�ve temperature and inventory management throughout the supply chain.

In prac�ce, the most successful AdBlue® programs are those that combine technical controls, employee training, customer 
educa�on, and con�nuous monitoring. As we have learned from the industry's experience over the past decade, preven�on 
remains significantly more effec�ve and less costly than correc�ng contamina�on a�er it has occurred.

9. Customer Storage and Handling

The responsibility for maintaining AdBlue® quality does not end when the product leaves the manufacturing facility or 
distribu�on terminal. In reality, the final stage of the supply chain, namely storage and handling at the customer site, is o�en 
where the greatest risk of accidental contamina�on exists.

A batch of AdBlue® may fully comply with ISO 22241 requirements when delivered, yet become unsuitable for use if improper 
storage or handling prac�ces are applied at the point of consump�on. For this reason, end users must adopt opera�onal 
procedures that provide the same level of product protec�on maintained throughout produc�on and distribu�on.

From a prac�cal standpoint, several fundamental measures should be implemented to preserve product integrity during on-
site storage and dispensing opera�ons.

9.1. Dedicated Storage Tanks

AdBlue® should always be stored in tanks specifically designed and dedicated for AdBlue® service. Storage tanks previously 
used for fuels, lubricants, chemicals, cleaning products, or other industrial fluids should never be repurposed without proper 
engineering evalua�on and valida�on. Even trace residues from previous products can introduce contaminants capable of 
affec�ng SCR system performance and vehicle emissions compliance.

9.2. Closed Transfer Systems

Whenever possible, product transfers should be performed using closed systems. Open filling opera�ons increase the 
likelihood of contamina�on from airborne dust, dirt, rainwater, and foreign materials.

Closed transfer systems not only improve product protec�on but also reduce operator interven�on and the risk of handling 
errors.

9.3. Filtered Vents

Although storage tanks require pressure equaliza�on during filling and dispensing opera�ons, air entering the tank should pass 
through appropriate filtra�on systems.

Filtered vents help prevent the ingress of dust par�cles, moisture, insects, and other environmental contaminants that could 
compromise AdBlue® purity over �me.

9.4. Temperature Monitoring

The storage temperature of AdBlue® should be monitored regularly, par�cularly in outdoor installa�ons exposed to seasonal 
temperature varia�ons.

Excessive temperatures can accelerate product degrada�on and reduce shelf life, while prolonged freezing condi�ons may 
require specific tank designs and thawing procedures. Con�nuous temperature monitoring enables operators to iden�fy 
poten�ally unfavorable storage condi�ons before product quality is affected.

9.5. Employee Training

One of the most effec�ve quality controls remains proper personnel training. Operators responsible for receiving, transferring, 
storing, and dispensing AdBlue® must understand that the product is highly sensi�ve to contamina�on. Procedures that may 
be acceptable for diesel fuel, lubricants, or other automo�ve fluids are not necessarily suitable for AdBlue®.
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Training programs should cover contamina�on risks, approved materials, transfer procedures, housekeeping prac�ces, 
emergency response measures, and basic quality awareness principles.

9.6. Preven�on of Fuel Contamina�on

Par�cular a�en�on must be given to preven�ng accidental mixing with diesel fuel, gasoline, lubricants, or hydraulic oils.

Among all contamina�on scenarios, fuel contamina�on is one of the most severe because even very small quan��es can 
render a complete tank of AdBlue® unusable. In addi�on, contaminated products may cause extensive damage to pumps, 
dosing units, injectors, sensors, and SCR a�ertreatment systems.

For this reason, dedicated filling connec�ons, clear labeling, color-coding prac�ces, and operator awareness are strongly 
recommended.

9.7. Management of Returned Product

A final principle that deserves special a�en�on concerns the handling of returned customer product. Once AdBlue® has le� the 
controlled supply chain, its storage history and level of exposure to poten�al contaminants can no longer be guaranteed. Even 
when the product appears visually acceptable, contamina�on may not be detectable without comprehensive laboratory 
analysis.

Therefore, as a ma�er of good manufacturing and distribu�on prac�ce, returned AdBlue® should never be reintroduced into 
saleable inventory. This policy eliminates uncertainty regarding product quality and protects both the supplier and the end 
user from the risks associated with unknowingly distribu�ng contaminated material.

9.8. Key Takeaway

From a quality perspec�ve, the customer site should be viewed as an extension of the AdBlue® supply chain rather than its final 
des�na�on. Dedicated storage equipment, controlled transfer procedures, temperature monitoring, proper employee 
training, and strict contamina�on preven�on measures are essen�al to preserving product quality. Ul�mately, maintaining ISO 
22241 compliance requires con�nuous a�en�on to detail from produc�on through final consump�on.

10. Incompa�ble Materials and Previous Banned Last Cargoes

One of the most cri�cal aspects of AdBlue® logis�cs is the control of contamina�on risks associated with transport and storage 
equipment. Due to the extremely high purity requirements defined by ISO 22241, even trace quan��es of incompa�ble 
substances may compromise product quality, resul�ng in off-specifica�on AdBlue® and poten�al damage to Selec�ve Cataly�c 
Reduc�on (SCR) systems.

When assessing the suitability of a transport vehicle, storage tank, or transfer system for AdBlue® service, special a�en�on 
must be paid to the product transported immediately before the AdBlue® load. Certain materials can leave residues that are 
difficult to remove completely and may introduce unacceptable levels of contaminants into the product.

The following categories of previous cargoes are generally considered incompa�ble with AdBlue® service and should therefore 
be excluded from the approved cargo history.

As a prac�cal implementa�on of these contamina�on control principles, Yara has developed a dedicated guidance document 
en�tled "HOPS_7-06_A�_09_Air1_Banned_Last_Cargoes". This document is distributed to transport service providers and 
carriers involved in the handling of Air1® AdBlue® products.

The purpose of this procedure is to ensure that transport equipment previously carrying prohibited substances is not u�lized 
for AdBlue® transporta�on. The document defines a "Banned Previous Cargo List", applicable specifically to the immediate last 
cargo only, and is based on substances known to contribute undesirable contaminants, this list is the following:

List of Banned Previous Cargoes for Air1. Applicable to Immediate Last Cargo ONLY∶ Aluminium Mono Chloride (ALCL), 
Aluminium Chloride, Calcium Bromide Solu�on, Calcium Carbonate Slurry, Carbon Tetrachloride (CTC; Tetrachloromethane, 
Perchloromethane), CN solu�on – CN9, CN17, Diethylene Triamine Penta Ace�c Acid, DCDP – deoxycy�dine-diphosphate, 
Epichlorohydrin (EPI, 1,2-Dichloroethane), Ethylene Dichloride (EDC: 1,2-Dichloroethane), Ferric Chloride Solu�ons / Iron 
Chloride (FECL), Furfural, Formaldehyde, Hydrochloric Acid, Nutriox, Nitric Acid, Perchloroethylene (PCE; perc; 
Tetrachloroethylene), Potassium Hydroxide Solu�on (KOH), Potassium Formate (Aviform), Propylene Di Chloride (1,2-
dichloropropane), Raffinate (Phos Acid solu�on), Phosphoric Acid, Sodium Chlorate Solu�on, Sodium Hydroxide Solu�on, 
Sulphuric Acid, Styrene, Trichloroethylene (EHC50), Tricresyl Phosphate (EHC110), Versene – ethylenediaminetetraace�c acid, 
Aldehydes, Acetaldehyde (ethanal), Butyraldehyde (butanal), Benzaldehyde, Cinnamaldehyde, Formaldehyde (methanal), 
Propionaldehyde (propanal), Re�naldehyde, Tolualdehyde.
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As a key technical takeaway, we can say that as AdBlue® quality requirements are measured in parts per million for certain 
contaminants, contamina�on control must be considered a fundamental quality assurance ac�vity rather than a logis�cal 
formality. The verifica�on of previous cargo history, combined with dedicated equipment and strict cleaning procedures, 
cons�tutes one of the most effec�ve safeguards for ensuring compliance with ISO 22241 and protec�ng SCR system 
performance in the field.

11. Future Challenges: Euro VII and BS-VII 

The evolu�on of emissions legisla�on con�nues to drive significant technological developments in diesel a�ertreatment 
systems. Looking ahead, forthcoming regula�ons such as Euro VII in Europe and BS-VII in India will impose even more 
demanding requirements on vehicle manufacturers, requiring SCR systems to deliver consistently high performance under a 
broader range of opera�ng condi�ons.

From an AdBlue® perspec�ve, these regulatory developments are par�cularly important because the SCR system's ability to 
reduce NOx emissions depends directly on the quality, availability, and accurate dosing of AdBlue® throughout the vehicle's 
service life.

Historically, emissions compliance was primarily evaluated under controlled laboratory condi�ons. Future regula�ons, 
however, place much greater emphasis on real-world vehicle opera�on, meaning that emission control systems must perform 
effec�vely not only during cer�fica�on tes�ng but throughout normal day-to-day use.

11.1 Extended Low-Temperature Opera�on

One of the most significant technical challenges facing the next genera�on of SCR systems is the ability to maintain high NOx 
conversion efficiency during prolonged opera�on at low exhaust gas temperatures. As emission regula�ons become 
increasingly stringent, SCR systems will be required to deliver consistent performance not only under highway driving 
condi�ons, but also during urban opera�on where exhaust temperatures frequently remain below the catalyst's op�mal 
opera�ng window.

This challenge is par�cularly relevant because modern commercial vehicles and passenger cars are increasingly exposed to 
opera�ng profiles characterized by frequent stop-and-go traffic, low engine loads, low average speeds due to traffic 
conges�on. Under these condi�ons, exhaust gas temperatures may remain too low to achieve op�mal ammonia genera�on 
and cataly�c ac�vity. As a consequence, the efficiency of the NOx reduc�on process may be significantly reduced if the SCR 
system is not specifically designed to operate effec�vely in such environments.

To overcome these limita�ons, vehicle manufacturers are inves�ng heavily in advanced thermal management technologies 
and increasingly sophis�cated dosing strategies. Modern SCR systems are now capable of con�nuously adap�ng AdBlue® 
injec�on rates based on opera�ng condi�ons, exhaust flow, catalyst temperature, and engine load, thereby maximizing NOx 
conversion efficiency while minimizing the risk of deposit forma�on.

A par�cularly important development in this area has been the introduc�on of advanced AUS 32 formula�ons specifically 
designed for low-temperature SCR opera�on. One example is the product Yara Op�Spray® which incorporates a proprietary 
surfactant addi�ve that improves droplet atomiza�on and spray homogeneity. The resul�ng enhancement in urea evapora�on 
and exhaust-gas mixing reduces deposit forma�on within the SCR system, helping to maintain ammonia availability and NOx 
conversion efficiency under low-load and low-temperature opera�ng condi�ons.

From an engineering perspec�ve, improved atomiza�on offers several advantages. It increases the contact surface area 
between the injected droplets and the hot exhaust gases, accelerates thermolysis and hydrolysis reac�ons, and reduces the 
likelihood of liquid film forma�on on exhaust pipe surfaces. This is par�cularly important because poor evapora�on at low 
temperatures can lead to the forma�on of deposits such as cyanuric acid, melamine deriva�ves, and other urea decomposi�on 
by-products, which may eventually restrict exhaust flow or impair SCR performance.

As SCR systems become more sensi�ve and operate closer to their performance limits, the quality of AdBlue® itself becomes 
increasingly important. Under low-temperature condi�ons, the system has less tolerance for impuri�es, incorrect 
concentra�on, or contamina�on. Any devia�on from ISO 22241 specifica�ons may nega�vely affect droplet forma�on, 
decomposi�on behavior, ammonia genera�on, and ul�mately NOx conversion efficiency.

For this reason, future Euro VII and BS-VII vehicles will require not only more advanced a�ertreatment technologies, but also 
an even greater level of discipline throughout the AdBlue® supply chain. Manufacturers, distributors, fleet operators, and end 
users will all play a cri�cal role in ensuring that the product delivered to the vehicle maintains the purity, concentra�on, and 
quality necessary to support these increasingly demanding emission performance targets.
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In summary, extended low-temperature opera�on represents one of the most important challenges for future SCR systems. 
Success will depend on a combina�on of advanced catalyst technology, intelligent dosing strategies, products such as 
Op�Spray®, and strict adherence to AdBlue® quality standards. Together, these elements will enable the next genera�on of 
diesel vehicles to achieve high NOx conversion efficiency across the full range of real-world opera�ng condi�ons.

11.2. Real-World Emissions Compliance

Future legisla�on will require emissions control systems to demonstrate compliance under a wider range of real-world driving 
scenarios. Factors such as al�tude, ambient temperature, vehicle load, driving style, and route profile can all influence SCR 
system performance. As a result, the margin for error within the a�ertreatment system becomes smaller. In this environment, 
AdBlue® can no longer be viewed simply as a consumable fluid. Instead, it must be considered an integral component of the 
emissions control system, with quality standards equivalent to those applied to cri�cal engine and a�ertreatment 
components.

11.3. Increased Catalyst Durability Requirements

Regulatory authori�es are also extending durability requirements for emission control systems. Future SCR catalysts will be 
expected to maintain their performance over longer vehicle life�mes and higher accumulated mileages. This means that 
catalysts must be protected against progressive degrada�on mechanisms such as thermal aging, poisoning, deposit forma�on, 
and contamina�on.

Even trace levels of metallic impuri�es, insoluble par�cles, or other contaminants introduced through poor-quality AdBlue® 
have the poten�al to accelerate catalyst deteriora�on. Therefore, maintaining ISO 22241 compliance throughout the supply 
chain will become increasingly important as vehicle durability targets con�nue to rise.

11.4. Stricter Onboard Diagnos�cs (OBD)

Another major trend is the implementa�on of more advanced onboard diagnos�c systems. Future OBD strategies will be 
capable of detec�ng a wider range of SCR-related malfunc�ons, including catalyst efficiency losses, dosing irregulari�es, 
sensor failures, and fluid quality devia�ons. Vehicles will con�nuously monitor the performance of the emissions control 
system and iden�fy abnormali�es much earlier than previous genera�ons. As these diagnos�c systems become more 
sophis�cated, the use of contaminated or off-specifica�on AdBlue® will be detected more rapidly, increasing the importance 
of proper product handling and quality assurance prac�ces throughout the distribu�on chain.

11.5. Higher SCR Conversion Efficiency Targets

Ul�mately, future regula�ons aim to further reduce NOx emissions by increasing overall SCR conversion efficiency. Achieving 
these targets will require a highly op�mized interac�on between engine calibra�on, exhaust gas management, catalyst 
technology, sensors, electronic controls, and AdBlue® dosing systems. In such highly integrated systems, the tolerance for fluid 
contamina�on or quality devia�ons will con�nue to decrease. Manufacturers will expect consistently high-purity AdBlue® to 
ensure reliable dosing, predictable decomposi�on characteris�cs, and stable catalyst performance throughout the vehicle's 
opera�onal life.

11.6 Looking Ahead

As we look toward the future of diesel emissions control, it is important to recognize that success will not be determined solely 
by advances in catalyst technology, engine calibra�on, or a�ertreatment engineering. Equally important is the ability of the 
en�re AdBlue® supply chain, from raw material produc�on and manufacturing to logis�cs, storage, distribu�on, and final use, 
to consistently provide AdBlue® that complies with the quality requirements of ISO 22241.

Throughout our years of experience in the AdBlue® industry, we have witnessed a remarkable transforma�on in the global 
approach to NOx emissions control. We have had the opportunity to witness a remarkable transforma�on in the global 
percep�on of NOx emissions control. In the early years, the adop�on of SCR technology and AdBlue® was concentrated 
primarily in Europe and North America, where increasingly stringent emissions legisla�on drove investment in advanced 
a�ertreatment systems.

Today, however, the landscape is changing rapidly. The awareness of the environmental and public health impacts associated 
with NOx emissions has expanded far beyond these tradi�onal markets. Governments, vehicle manufacturers, fleet operators, 
and industrial stakeholders across La�n America, Asia, India, and North Africa are increasingly inves�ng and implemen�ng 
legisla�ons to reduce emissions from trucks, buses, passenger vehicles, agricultural machinery, construc�on equipment, 
marine engines, and sta�onary diesel engines.
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This global expansion presents both opportuni�es and challenges. While the demand for SCR technology con�nues to grow, 
many emerging markets ini�ally lacked the local infrastructure necessary to produce and distribute high-quality AdBlue® in 
accordance with interna�onal standards. Simply impor�ng finished AdBlue® from Europe is not always the most efficient or 
economical solu�on, par�cularly in regions located far from established produc�on centers.

For this reason, the industry has progressively adapted its approach. As a global leader in the AdBlue® value chain, Yara 
Interna�onal has evolved from being merely a supplier of finished AdBlue® to becoming a provider of complete emissions-
control solu�ons. A key element of this strategy has been the supply of high-purity Automo�ve Grade Urea (AGU), enabling 
local produc�on of AdBlue® in countries where domes�c manufacturing capacity is being developed.

In parallel, the deployment of mobile AdBlue® produc�on units has created new opportuni�es to manufacture compliant 
AdBlue® closer to the point of consump�on. These systems allow producers, distributors, and industrial operators to prepare 
AdBlue® locally using cer�fied Automo�ve Grade Urea and properly purified water while maintaining compliance with ISO 
22241 requirements.

This approach offers several advantages. It reduces transporta�on costs, improves supply security, ensures product freshness, 
and facilitates the development of local distribu�on networks. And it helps ensure that vehicle operators in emerging markets 
have access to the same high-quality AdBlue® used in the most advanced emissions-control programs worldwide.

The environmental benefits are significant. When high-quality AdBlue® is used in a properly func�oning SCR system, NOx 
emissions can be reduced by up to 95%, making SCR technology one of the most effec�ve solu�ons currently available for 
controlling diesel engine emissions. As regulatory frameworks con�nue to evolve around the world, maintaining access to 
compliant AdBlue® will become increasingly important for achieving na�onal air-quality objec�ves and suppor�ng sustainable 
transporta�on strategies. Looking ahead, the future of AdBlue® is closely linked to the global expansion of clean diesel 
technologies. Euro VII, BS-VII, and similar regula�ons that are expected to emerge in other regions will place even greater 
emphasis on emissions performance throughout the en�re life of the vehicle. Under these condi�ons, product quality will no 
longer be viewed simply as a manufacturing requirement; it will become a strategic factor in ensuring regulatory compliance, 
protec�ng SCR system durability, minimizing opera�ng costs, and achieving long-term environmental goals.

Ul�mately, the industry's mission extends beyond supplying a fluid. It is about building a reliable global ecosystem capable of 
delivering high-purity AdBlue® wherever it is needed, whether in Europe, India, Asia, La�n America, North Africa, or any other 
region commi�ed to reducing emissions and improving air quality. The con�nued success of SCR technology will depend not 
only on innova�on inside the vehicle, but also on the collec�ve commitment of producers, distributors, regulators, and end 
users to uphold the highest standards of quality throughout the en�re supply chain.

12. Conclusions

As we conclude this paper, we would like to emphasize a fundamental principle that has guided our work throughout the 
development of the AdBlue® industry: the performance of an SCR system depends not only on advanced catalyst technology 
and sophis�cated engine management, but also on the quality and integrity of the AdBlue® supplied to the vehicle.

Over the past decade, we have witnessed the remarkable success of SCR technology in reducing NOx emissions from diesel 
engines. Under op�mized opera�ng condi�ons, modern SCR systems can achieve NOx conversion efficiencies exceeding 95%, 
making them one of the most effec�ve tools available for improving air quality and suppor�ng sustainable transporta�on. 
However, such performance can only be achieved when high-quality AdBlue® is consistently available throughout the en�re 
supply chain.

Our experience has repeatedly demonstrated that contamina�on remains the greatest threat to AdBlue® quality. While ISO 
22241 provides a robust framework governing product specifica�ons, handling, storage, and distribu�on, real-world 
opera�ons show that risks can arise at every stage of the value chain. Devia�ons in urea concentra�on, elevated levels of biuret 
or aldehydes, insoluble ma�er, and par�cularly trace metal contamina�on can adversely affect SCR performance, reduce 
catalyst efficiency, and shorten system life.

For this reason, we strongly believe that the most effec�ve strategy is not simply to detect contamina�on, but to prevent it. This 
requires a fully dedicated, contamina�on-free, and traceable supply chain extending from the produc�on of AdBlue® through 
logis�cs, storage, distribu�on, and final vehicle dispensing. Every par�cipant in the value chain has a role to play in 
safeguarding product quality.

Looking toward the future, the importance of AdBlue® quality will con�nue to increase as emissions regula�ons become more 
demanding around the world. Euro VII, BS-VII, and emerging standards in many other regions will require a�ertreatment 
systems to operate efficiently under increasingly challenging condi�ons and over longer vehicle life�mes. In such an 
environment, maintaining product integrity will no longer be viewed solely as a quality management objec�ve, but as a cri�cal 
factor in regulatory compliance, opera�onal reliability, and environmental performance.
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At Yara Interna�onal, we have had the privilege of contribu�ng to the global development of SCR technology and AdBlue® 
since its earliest stages. As demand for NOx reduc�on solu�ons con�nues to expand beyond Europe and North America into 
India, La�n America, Asia, North Africa, and many other regions, we remain commi�ed to suppor�ng this transi�on through 
the supply of high-quality AdBlue®, Automo�ve Grade Urea, technical exper�se, innova�ve produc�on and distribu�on 
solu�ons.

Ul�mately, we believe that the future success of SCR technology will depend on a shared commitment to quality across the 
en�re industry. By maintaining the highest standards in produc�on, logis�cs, storage, and handling, we can ensure that 
AdBlue® con�nues to deliver its full poten�al, helping reduce emissions, improve air quality, and support a more sustainable 
future for diesel-powered transporta�on and industry worldwide.
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Abstract
In the Indian automo�ve market, diesel powertrains con�nue to play an essen�al role in the light-duty commercial vehicle 
segment despite increasing electrifica�on. Concurrently, emission norms are �ghtening—transi�oning from BS VI Phase 2 
toward WLTP adop�on and prospec�ve BS VII standards, coupled with extended durability targets (up to 200,000 km) and Real 
Driving Emissions (RDE) compliance. Under real-world Indian opera�ng condi�ons characterized by frequent stop-and-go 
driving, low exhaust gas temperatures, and high soot accumula�on, a�ertreatment systems face severe thermal and 
backpressure challenges. This paper presents an op�mized Recrystallized Silicon Carbide (R-SiC) Diesel Par�culate Filter (DPF) 
solu�on. By leveraging a sharp, narrow pore size distribu�on, Variable Plugging Layout (VPL) cell geometry, and high thermal 
conduc�vity, the proposed R-SiC DPF achieves high par�cle number (PN) filtra�on efficiency, minimal life�me pressure loss 
under high ash loading, and superior thermal robustness during severe regenera�on events.

Keywords
Diesel Par�culate Filter; Robustness; Filtra�on; Emission, Light Duty Vehicles;
1. Introduc�on
While hybridiza�on and ba�ery electric vehicles are expanding, diesel engines remain the backbone of India's commercial 
transport sector. The regulatory landscape is evolving rapidly:

Ÿ Test Cycle Harmoniza�on: Replacement of the Modified Indian Driving Cycle (MIDC) with the dynamic Worldwide 
Harmonized Light Vehicles Test Cycle (WLTC) introduces higher vehicle veloci�es and elevated exhaust mass flow rates.

Ÿ Stricter PN Limits: Stringent PN limits (6.0 × 10¹¹ #/km) transi�oning toward sub-23 nm (PN10) thresholds.

Light-duty vehicle usage in India is characterized by low average vehicle speeds, heavy traffic conges�on, and variable payload 
condi�ons. These boundary condi�ons result in low exhaust gas temperatures, limi�ng passive soot regenera�on 
opportuni�es. As soot rapidly builds up, subsequent ac�ve regenera�on events—par�cularly under drop-to-idle (DTI) 
scenarios—can trigger catastrophic thermal spikes. Substrates must therefore demonstrate high soot mass limits (SML), 
chemical inertness against accumulated ash, and minimal backpressure eleva�on over vehicle life�mes.

2. Methodology / Experimental Setup
2.1 Microstructure and Thermal Characteris�cs
The evaluated DPF u�lizes recrystallized silicon carbide (R-SiC) with SiC–SiC necking formed via recrystalliza�on, avoiding 
secondary oxide bonding phases. Key material a�ributes
include:
Pore Structure: A narrow pore size distribu�on centered at an op�mal pore diameter compared to conven�onal cordierite, 
aluminum �tanate (AT), and standard Si-SiC substrates.
(Refer fig.1)
Thermal Conduc�vity: High intrinsic thermal conduc�vity enabling rapid heat dissipa�on across the substrate volume.
Chemical Resistance: Exhibits no chemical reac�on during heat exposure (1200 °C for 3 hours) with metal oxide ash 
cons�tuents including MgO, Fe₂O₃, CuO, ZnO, Fe₂(SO₄)₃, and Ca₃(PO₄)₂. (Refer fig.2)
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2.2 Variable Plugging Layout (VPL) Geometry
To decouple surface filtra�on area from channel volume, a Variable Plugging Layout (VPL) was integrated into a 7 mil / 300 cpsi.
Flow Pa�ern: Upgrades conven�onal 4-direc�on inlet flow to an 8-direc�on flow pa�ern by enlarging inlet channel cross-
sec�ons while expanding outlet diameters.
Pressure Drop Formula�on: Total loss is governed by ΔP= ΔP1+ ΔP2+ ΔP3+ ΔP4+ ΔP5 . Refer below figure 3.

Figure: 3 Figure: 4

where components represent contrac�on (ΔP1), inlet fric�on (ΔP2), wall and soot cake permea�on (ΔP3), outlet fric�on (ΔP4), 
and expansion losses (ΔP5). By switching from a 4-direc�on inlet flow (conven�onal octagonal-square) to an 8-direc�on inlet 
flow with enlarged outlet channels (refer fig.4), VPL increases both inlet volume and filtra�on area. This simultaneously 
reduces wall-permea�on fric�on (ΔP3) and outlet channel gas velocity fric�on (ΔP4). It also increases the ash accumula�on 
capacity of the substrate.

2.3 Experimental Setup
PN Filtra�on Tes�ng: Benchmarked 7 mil R-SiC against commercial 7 mil and 9 mil SiC substrates over MIDC and WLTC cycles.
Durability & Ash Simula�on: Evaluated pressure drop over a 200,000 km lifecycle under 340 kg/h exhaust flow at 400 °C with 6 
g/L soot loading (0.1 L/1000 km oil consump�on, 1.0% ash content, 350 kg/m³ ash density, bo�om-channel packing 
accumula�ng 50 g ash at 200,000 km).
Drop-to-Idle (DTI) Regenera�on: Evaluated coated 7 mil / 300 cpsi filters (D10.5" × L7") on a 7.2 L Euro VI diesel engine. 
Pos�njec�on stabilized inlet temperature at 600 °C across soot loads of 3.0–6.0 g/L, followed by an immediate cut to idle.

3. Results and Discussion
3.1 PN Emissions under Transient Driving Condi�ons
Compara�ve speed traces show WLTC exhibits higher veloci�es (~130 km/h) and frequent aggressive accelera�ons compared 
to MIDC (refer fig.5). Due to its sharp pore size distribu�on, the 7mil R-SiC prevents soot breakthrough during aggressive high-
flow transients. Compe�tor substrates require thicker wall dimensions (9 mil) to approach similar levels, which inherently 
increases ini�al clean backpressure (refer fig. 6).

Figure: 5 Figure: 6
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3.2 Pressure Loss Evolu�on Across Opera�ng Lifespan
Pressure drop simula�ons highlight the long-term advantages of the VPL geometry over conven�onal cell architectures:
Baseline State (0 km): The 7/300 VPL demonstrates an ini�al pressure loss roughly 40% lower than conven�onal 7/300 
configura�ons due to enlarged inlet volume and greater effec�ve filtra�on surface.
High Mileage (160,000 to 200,000 km): In conven�onal designs, accumulated ash chokes the inlet volume and accelerates wall 
velocity, causing a steep backpressure surge.
Conversely, VPL's 8-direc�on inlet flow provides superior ash-storage capacity and suppresses backpressure escala�on 
through the 200,000 km threshold, directly preven�ng fuel consump�on penal�es and suppor�ng CAFE compliance.

Figure: 7

3.3 Regenera�on Thermal Control and Soot Mass Limit
The drop-to-idle (DTI) test simulates a sudden loss of exhaust cooling gas flow during soot burn-off. At an elevated soot pre-
load of 6.0g/L, the compe�tor SiC substrate reached 1110 °C, whereas the R-SiC substrate suppressed peak core temperature 
to ~830 °C—a 280 °C difference. Maximum thermal gradients were reduced from >115 °C/cm to ~72 °C/cm (a 40 °C/cm 
reduc�on). (Refer figure 8 & 9)

Figure: 8 Figure: 9

The high thermal conduc�vity of recrystallized SiC dissipates localized heat rapidly, elimina�ng thermal hot spots and lowering 
internal ring-off stress. This provides engine calibrators with expanded soot regenera�on margins under demanding urban 
driving condi�ons.
4. Conclusion
IBIDEN’s op�mized R-SiC DPF technology addresses the compe�ng technical requirements posed by India’s evolving emissions 
roadmap: High Filtra�on: Sharp pore size distribu�on guarantees sustained PN compliance across dynamic WLTC transients. 
Extended Durability: The VPL geometry minimizes ash-induced backpressure escala�on, suppor�ng 200,000 km durability 
while conserving fuel economy. Thermal Robustness: High material thermal conduc�vity lowers DTI peak temperatures by 280 
°C, offering high soot capacity and regenera�on calibra�on freedom for Indian light-duty commercial vehicles using in India 
market due to high soot capacity. DPF substrate and coa�ng. So, collabora�on ac�vity is needed, so we would like to have good 
communica�on with OEM and supply chain.
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ABSTRACT

The automo�ve industry is undergoing a transforma�ve shi� toward carbon neutrality, driven by stringent emission 
regula�ons such as Euro 7 and China 7. These regula�ons demand high-precision, real-�me measurement of mul�ple gaseous 
pollutants, including emerging components like NH₃, N₂O, and HCHO. Tradi�onal infrared gas analyzers face limita�ons in 
sensi�vity, selec�vity, and portability, especially under real-world driving condi�ons.

To address these challenges, HORIBA has developed a next-genera�on gas analysis technology—Infrared Laser Absorp�on 
Modula�on (IRLAM™)—which integrates a proprietary Quantum Cascade Laser (QCL), a compact Herrio� Cell, and a patented 
Concentra�on Calcula�on Algorithm. This paper presents the applica�on of IRLAM in MEXAcube, a compact, portable 
emissions measurement system capable of simultaneously analyzing nine cri�cal components in both laboratory and real-
world environments.

1. INTRODUCTION

The global automo�ve sector is rapidly evolving to meet the dual impera�ves of sustainability and regulatory compliance. With 
the introduc�on of flex fuels (E20, E85, Methanol, Biofuels) and the �ghtening of emission norms under Euro 7, China 7, and 
India’s BS-VI, the need for advanced emission measurement technologies has become more cri�cal than ever.

Tradi�onal gas analyzers, such as NDIR and FTIR, while effec�ve in controlled environments, o�en struggle with interference 
effects, low sensi�vity, and bulky configura�ons that limit their applicability in real driving emissions (RDE) tes�ng. Moreover, 
the increasing focus on unregulated pollutants like ammonia (NH₃), nitrous oxide (N₂O), and formaldehyde (HCHO) 
necessitates a paradigm shi� in gas analysis technology.

In response, HORIBA has developed IRLAM™, a proprietary infrared laser-based technology that overcomes the limita�ons of 
conven�onal systems. IRLAM is built on three core innova�ons:

• Quantum Cascade Laser (QCL): A narrow-band, tunable laser source op�mized for gas-specific absorp�on.

• Herrio� Cell: A compact, mul�-pass gas cell enabling long op�cal paths in a small volume.

• Concentra�on Calcula�on Algorithm: A patented, feature-based method that reduces computa�onal load while 
maintaining high accuracy.

These technologies are integrated into MEXAcube, a compact emissions measurement system designed for both laboratory 
and on-road applica�ons. MEXAcube supports the measurement of CO, CO₂, NO, NO₂, N₂O, NH₃, HCHO, CH₄, and THC, making 
it a versa�le tool for current and future regulatory needs.

This paper explores the design, performance, and applica�on of MEXAcube, demonstra�ng how IRLAM technology is paving 
the way for safe and sustainable mobility.

 Figure 1.: Three Pillars of IRLAM technology
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2. IRLAM TECHNOLOGY OVERVIEW

Emission measurement using infrared spectroscopy has long been a cornerstone of automo�ve tes�ng. However, 
conven�onal methods such as NDIR and FTIR face limita�ons in sensi�vity, selec�vity, and computa�onal 
efficiency—especially when measuring trace gases in complex mixtures. HORIBA’s Infrared Laser Absorp�on Modula�on 
(IRLAM™) technology represents a significant advancement in this domain, offering high sensi�vity, low interference, and 
compact design.

2.1 Quantum Cascade Laser (QCL)

At the heart of IRLAM is a Quantum Cascade Laser (QCL), a semiconductor laser source that emits light in the mid-infrared 
region (4–10 µm)—where many gases exhibit strong absorp�on characteris�cs. Unlike broadband sources, QCLs offer narrow-
band, tunable emission, allowing precise targe�ng of absorp�on wavelengths specific to the gas of interest while avoiding 
interference from coexis�ng gases.

Figure 2.: QCL Element (le�), QCL Module (Right)

2.2 Herrio� Cell – Compact Mul�-Pass Gas Cell

To enhance sensi�vity, IRLAM employs a Herrio� Cell, a compact mul�-pass gas cell designed with two concave mirrors. This 
configura�on allows the infrared beam to reflect mul�ple �mes, achieving an op�cal path length of over 5 meters within a gas 
volume of just 50 mL.

This design not only improves detec�on limits but also ensures fast response �mes, even at low gas flow rates. The cell’s robust 
construc�on makes it suitable for portable and vibra�on-prone environments, such as RDE tes�ng.

Figure 3.: Rela�onship between op�cal path length and signal magnitude

Figure 4.: Appearance of the Herrio� cell
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2.3 Concentra�on Calcula�on Algorithm

Tradi�onal infrared analyzers rely on spectral fi�ng—a computa�onally intensive method requiring high-performance 
processors. IRLAM introduces a feature-based concentra�on calcula�on algorithm, which extracts key signal features and 
converts them into abstract numerical values called feature quan��es. These are then compared with pre-measured reference 
features to determine gas concentra�ons.

This approach reduces the computa�onal load drama�cally, enabling real-�me analysis using embedded microcontrollers, 
without compromising accuracy.

Figure 5.: Appearance of the Herrio� cell

2.4 Environmental Robustness and Reliability

IRLAM analyzers are engineered to withstand temperature fluctua�ons, pressure varia�ons, and mechanical vibra�ons. 
Extensive tes�ng under diverse environmental condi�ons ensures that the analyzers maintain ±2% accuracy over extended 
periods and across challenging opera�ng environments.

Table 1: Performance Comparison – Conven�onal vs IRLAM Technology

Parameter Conven�onal IR IRLAM Technology

Sensi�vity Moderate High

Interference Resistance Low High

Computa�onal Load High Low

Portability Limited Compact

Environmental Stability Moderate Robust

3. MEXAcube SYSTEM DESIGN

The MEXAcube is latest compact emissions measurement system, designed to meet the evolving demands of both laboratory 
tes�ng and real driving emissions (RDE). It integrates the full capabili�es of IRLAM™ technology into a single, portable unit 
capable of measuring nine cri�cal gas components: CO, CO₂, NO, NO₂, N₂O, NH₃, HCHO, CH₄, and THC.
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Figure 6.: HORIBA MEXAcube

3.1 Design Philosophy and Objec�ves

The development of MEXAcube was guided by three core principles:

• Ease of Use: Simplified setup, reduced cabling, and intui�ve opera�on.

• Reliable Tes�ng: High correla�on with conven�onal lab analyzers and robust performance under variable condi�ons.

• Support for Carbon Neutrality: Compa�bility with alterna�ve fuels and readiness for future emission regula�ons.

3.2 Integrated IRLAM Architecture

MEXAcube incorporates all three pillars of IRLAM technology:

• QCL Laser Source: Tunable mid-infrared laser for selec�ve gas detec�on.

• Herrio� Cell: Mul�-pass op�cal cell with a 5-meter path length in just 50 mL volume.

• Feature-Based Algorithm: Enables real-�me concentra�on calcula�on using embedded microcontrollers.

This integra�on allows MEXAcube to deliver high sensi�vity, low interference, and fast response �mes in a compact form 
factor.

Figure 7: Basic configura�on of the op�cal system of MEXAcube

3.3 Measurement Capabili�es

MEXAcube supports simultaneous measurement of the following components:

Table 2: MEXAcube Component Measurement Overview

Component Measurement Principle Range

CO IRLAM (QCL-IR) 0–8000 ppm / 0–12 vol%

CO₂ IRLAM (QCL-IR) 0–20 vol%

NO IRLAM (QCL-IR) 0–2000 ppm

NO₂ IRLAM (QCL-IR) 0–800 ppm

N₂O IRLAM (QCL-IR) 0–1000 ppm

NH₃ IRLAM (QCL-IR) 0–1500 ppm

HCHO IRLAM (QCL-IR) 0–50 ppm

CH₄ IRLAM (QCL-IR) 0–2000 / 0–10000 ppm

THC FID 0–10000 ppm
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3.4 Compact and Portable Configura�on

Compared to previous systems (e.g., MEXA-ONE), MEXAcube offers:

• 80% reduc�on in power consump�on

• 86% reduc�on in volume

• 50% fewer cables and pipes

This makes it ideal for RDE tes�ng, engine development, and cer�fica�on workflows.

3.5 Environmental and Opera�onal Robustness

MEXAcube is designed to operate reliably under:

• Temperature range: –10°C to 45°C

• Al�tude: Up to 3000 m

• Humidity: ≤80% RH

• Vibra�on: Tolerant up to 2G

3.6 Regulatory Readiness

MEXAcube is fully equipped to meet the requirements of Euro 7 and China 7, including:

• PN10, NH₃, N₂O, CH₄, HCHO, and NMOG

• Real-�me RDE tes�ng

• Support for alterna�ve fuels (H₂, biofuels)

Table: MEXAcube Compliance with Future Emission Regula�ons

Regula�on Components Covered  RDE Ready Fuel Compa�bility

Euro 7  CO, NOx, NH₃, N₂O, CH₄, HCHO Yes  Yes

China 7  CO, NOx, NH₃, N₂O, THC, HCHO Yes  Yes

4. PERFORMANCE EVALUATION

To validate the effec�veness of IRLAM technology and the MEXAcube system, a series of performance evalua�ons were 
conducted. These included long-term stability tests, response �me comparisons, and correla�on studies with conven�onal 
laboratory analyzers.

4.1 Improved Robustness 

The below graphs show the results of temperature, air pressure and vibra�on tests, which are within 2% of the reading scale 
from -10°C to 45°C and from 100 to 70 kPa, and stable even when subjected to 5 G vibra�on.

Figure 8: MEXAcube Robustness against temperature, pressure, and vibra�ons
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Figure 9: MEXAcube correla�on with lab analyzers ®² Values)

5. CONTRIBUTION TO CARBON NEUTRALITY AND FUTURE MOBILITY

Achieving carbon neutrality (CN) in the automo�ve sector requires a mul�-pronged approach that goes beyond electrifica�on. 
Technologies that support alterna�ve fuels, low-emission combus�on, and real-�me emissions monitoring are essen�al to 
accelerate the transi�on to sustainable mobility. MEXAcube, powered by IRLAM technology, is designed to support this 
transforma�on.

5.1 Enabling Measurement for CN Fuels

As the industry shi�s toward hydrogen, biofuels, and e-fuels, emission analyzers must adapt to measure low-concentra�on 
and unregulated components. MEXAcube is capable of detec�ng trace levels of:

• NH₃: Common in hydrogen combus�on and SCR systems

• N₂O: A potent greenhouse gas from combus�on and a�er-treatment

• HCHO: Emi�ed during cold starts and from alcohol-based fuels

These capabili�es make MEXAcube suitable for next-genera�on engine development and fuel valida�on.

6. CONCLUSION AND FUTURE SCOPE

The development and deployment of IRLAM™ technology and the MEXAcube emissions measurement system mark a 
significant advancement in the field of automo�ve emission control. By addressing the limita�ons of conven�onal infrared 
analyzers, IRLAM enables high-sensi�vity, low-interference, and real-�me gas analysis in both laboratory and real-world 
environments.

MEXAcube, as a compact and versa�le pla�orm, integrates these capabili�es into a single unit capable of measuring nine 
cri�cal components, including emerging pollutants such as NH₃, N₂O, and HCHO. Its performance has been validated through 
long-term stability tests, rapid response benchmarks, and high correla�on with established laboratory systems.

The system’s readiness for Euro 7, China 7, and alterna�ve fuel tes�ng posi�ons it as a future-proof solu�on for OEMs, research 
ins�tu�ons, and regulatory bodies. Furthermore, its contribu�on to carbon neutrality—through reduced opera�onal 
footprint and support for CN fuels—aligns with the global push toward sustainable mobility.

Future Scope

• Integra�on with PN10 and PM modules for complete RDE compliance.

• Expansion into hydrogen and e-fuel engine pla�orms.

4.2 Correla�on with Laboratory Analyzers

To assess measurement accuracy, MEXAcube was benchmarked against HORIBA’s established laboratory analyzers (NDIR, CLD, 
and IRLAM-based systems). The results showed high correla�on coefficients (R² > 0.96) across key components including CO, 
NO, NH₃, and CH₄.
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Abstract

India has reached an average ethanol blending level of approximately 20% in petrol during ESY 2025–26, making E20 opera�on 
a prac�cal design condi�on for the na�onal spark-igni�on vehicle fleet. Rather than trea�ng ethanol blending only as a 
compa�bility problem for exis�ng engines, this paper proposes an integrated engine architecture in which ethanol-related fuel 
proper�es are considered at the design stage. A conceptual 1.5-L four-cylinder spark-igni�on engine is proposed with a higher-
efficiency combus�on system, high-pressure fuel injec�on, validated ethanol-compa�ble materials, op�mized thermal 
management, wideband lambda feedback, fuel-composi�on es�ma�on and adap�ve engine calibra�on. A 3D CAD-oriented 
architecture is presented together with an analy�cal assessment of stoichiometric air-fuel ra�o and volumetric energy density. 
The manuscript defines a simula�on and valida�on programme covering 1-D engine modelling, 3-D computa�onal fluid 
dynamics, thermal/structural analysis, engine dynamometer tes�ng, emissions evalua�on and durability tes�ng. The 
proposed design is not presented as an experimentally validated engine; instead, it establishes a reproducible engineering 
framework for developing an E20-oriented four-wheeler powertrain while retaining the ability to operate with lower ethanol 
blends.

Keywords: E20; ethanol-blended petrol; spark-igni�on engine; four-wheeler; 3D CAD; combus�on chamber; GDI; adap�ve 
ECU; thermal management; emission control.

Research integrity statement

All numerical performance values iden�fied as targets or analy�cal illustra�ons are not claimed as experimental results. 
Valida�on is proposed through simula�on and controlled engine tes�ng.

1. Introduc�on

India's Ethanol Blended Petrol (EBP) programme has progressively increased ethanol use in petrol. Government data indicate 
average blending of approximately 12% in ESY 2022–23, 14.6% in ESY 2023–24, about 19.2% in ESY 2024–25 and 20% during 
the reported period of ESY 2025–26. As of July 2026, the Government has stated that no decision has been taken to increase 
the na�onwide base blending level beyond E20, while higher blends such as E85 are reserved for cer�fied flex-fuel vehicles. [1]

The technical ques�on has therefore moved beyond whether ethanol can be blended with petrol. It is increasingly a ques�on 
of how spark-igni�on engines can be designed and calibrated so that E20's lower volumetric energy content, oxygenated 
chemistry, high octane quality and charge-cooling effect are accommodated without compromising drivability, durability, fuel 
economy or emission-control performance.

The Automo�ve Research Associa�on of India (ARAI) has iden�fied E20 assessment of in-use BS III, BS IV and BS VI two- and 
four-wheelers as a research area covering tailpipe emissions, fuel economy, durability and material compa�bility. [2] This 
provides a strong basis for inves�ga�ng not only the compa�bility of exis�ng engines but also the architecture of future E20-
oriented engines.

Recent Indian engineering work has also demonstrated the con�nuing relevance of dedicated ethanol-oriented engine 
development. A 2026 SAE technical paper describes modifica�on of a 1.2-L naturally aspirated engine for E20–E100 flex-fuel 
opera�on, including fuel-contact material upgrades, compression-ra�o op�miza�on, heated fuel rail, intake-camsha� 
changes and blend-specific EMS calibra�on. [3] The present proposal therefore focuses on a different research contribu�on: 
an integrated E20-oriented four-wheeler engine architecture in which combus�on, fuel delivery, thermal management, 
sensing, control and a�er-treatment are developed as one system.

2. Research Gap

A substan�al body of literature examines ethanol-gasoline blends through engine tests, fuel-property analysis and reviews of 
combus�on performance. Research has reported the influence of ethanol on air-fuel ra�o, cylinder pressure, thermal 
efficiency, heat release, octane quality and vehicle fuel economy. [4,5] However, many studies evaluate individual fuel or 
calibra�on parameters rather than proposing an integrated architecture that connects the ethanol fuel property to hardware 
selec�on, combus�on geometry, thermal management, adap�ve control and emission a�er-treatment.
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The research gap addressed in this paper is therefore the development of a transparent design framework for a four-wheeler 
engine in which E20 is treated as a primary design condi�on. The contribu�on is conceptual and methodological: it defines the 
architecture, preliminary design targets, modelling strategy, valida�on matrix and control logic required to convert the 
concept into a validated prototype.

3. Objec�ves

Ÿ Develop a preliminary 3D architecture for an E20-oriented four-cylinder spark-igni�on engine.

Ÿ Use ethanol's octane and charge-cooling characteris�cs as design inputs rather than trea�ng them only as constraints.

Ÿ Reduce the fuel-economy penalty associated with ethanol's lower volumetric energy density through combus�on and 
control op�miza�on.

Ÿ Provide a fuel system and material strategy suitable for long-term E20 exposure.

Ÿ Develop adap�ve fuel, igni�on, lambda and thermal-control logic for variable ethanol concentra�on.

Ÿ Maintain emission-control performance through precise lambda control, close-coupled three-way catalysis and EVAP 
management.

Ÿ Define a reproducible CFD, 1-D simula�on, dynamometer and durability valida�on programme.

4. Proposed Engine Architecture

A 1.5-L four-cylinder, four-stroke spark-igni�on engine is selected as a representa�ve passenger-car pla�orm. The proposed 
architecture is deliberately specified as a design envelope rather than a fixed produc�on specifica�on; bore, stroke, 
compression ra�o, injec�on pressure and valve �ming would be op�mized a�er 1-D and 3-D simula�on.

Parameter   Preliminary design proposal

Engine configura�on  4-cylinder, 4-stroke SI

Displacement   Approximately 1.5 L

Fuel capability   E0–E20; op�onal flex-fuel extension

Compression ra�o  11.5:1–12.0:1 design range; to be validated for knock margin

Valvetrain   DOHC, 16 valves, variable valve �ming

Fuel system   High-pressure gasoline direct injec�on (GDI)

Igni�on    Coil-on-plug

Control    Wideband lambda + knock + pressure/temperature sensing

Thermal management  Liquid cooling + piston oil jets + catalyst thermal strategy

A�er-treatment   Close-coupled three-way catalyst

Emission target   BS-VI-compliant development pathway

5. 3D Engine Design Proposal

The proposed 3D architecture integrates the cylinder head, intake system, fuel rail, injectors, combus�on chamber, cooling 
jacket, manifold exhaust, catalyst interface and accessory drive into a single package. The 3D model is intended to support 
packaging, CFD mesh genera�on, component accessibility, thermal analysis and subsequent prototype development.

Figure 1. Conceptual 3D CAD-oriented engine architecture. 
The image is a design visualiza�on and not a produc�on-cer�fied CAD drawing.

Figure 2. Conceptual integra�on of the proposed 
E20-op�mized engine within a four-wheeler powertrain architecture.
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The vehicle-level layout illustrates the integra�on of the engine with the fuel, cooling, exhaust and drivetrain systems, 
providing a basis for subsequent packaging and prototype development.

5.1 Key 3D sub-systems

Ÿ Cylinder head: centrally located spark plug, op�mized intake/exhaust port geometry and variable valve �ming capability.

Ÿ Combus�on chamber: compact chamber with controlled tumble to improve mixture prepara�on and flame propaga�on.

Ÿ Fuel system: high-pressure rail and mul�-hole GDI injectors posi�oned to reduce wall we�ng.

Ÿ Cooling system: water jacket geometry designed for uniform head and cylinder temperature distribu�on.

Ÿ Piston assembly: E20-oriented crown geometry with oil-jet cooling provision and adequate knock/thermal margin.

Ÿ Exhaust system: short-path manifold and close-coupled catalyst to reduce catalyst light-off �me.

5.2 In-Cylinder Flow and Combus�on Design

Figure 3. Conceptual in-cylinder flow, fuel-spray and combus�on-temperature fields for the proposed E20 engine.

Figure 4. Proposed piston geometry and thermal-management arrangement with oil-jet cooling provision.

The proposed combus�on chamber is designed to promote controlled tumble mo�on and improved fuel-air mixing. The 
injector arrangement is intended to minimize wall we�ng and support more uniform mixture prepara�on. The conceptual 
temperature field illustrates the intended control of high-temperature regions during E20 combus�on.

5.3 Piston Thermal-Management Design
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The proposed piston incorporates an E20-oriented crown geometry with provision for underside oil-jet cooling. The design 
aims to improve heat removal from the piston crown and reduce local thermal loading during high-load opera�on, thereby 
suppor�ng piston and ring durability.

5.4 Cylinder-Head Thermal-Management Design

Figure 5. Conceptual cylinder-head thermal-management arrangement showing heat concentra�on around the combus�on chamber and exhaust-valve region.

The cylinder-head design incorporates op�mized cooling passages around the combus�on chamber, spark-plug region and 
exhaust-valve zones. The objec�ve is to achieve a more uniform temperature distribu�on and limit localized thermal loading 
while maintaining the temperature condi�ons required for stable combus�on and effec�ve emission control.

6. E20-Oriented Combus�on Design

Ethanol has a higher-octane quality than conven�onal gasoline and a substan�al latent heat of vaporisa�on. These 
characteris�cs can support higher knock resistance and charge cooling, crea�ng an opportunity for efficiency improvement if 
the engine is calibrated to exploit them. At the same �me, ethanol has a lower lower-hea�ng value, which increases the fuel 
quan�ty required for a given energy output. [5]

6.1 Stoichiometric analysis

Using iso-octane as an idealized gasoline surrogate: 2 C₈H₁₈ + 25 O₂  →  16 CO₂ + 18 H₂O

For ethanol: C₂H₅OH + 3 O₂  →  2 CO₂ + 3 H₂O

Because ethanol contains chemically bound oxygen, its stoichiometric air requirement is lower than that of a hydrocarbon 
gasoline surrogate. The exact AFR of a commercial E20 fuel depends on the base gasoline composi�on, density and fuel 
specifica�on.

Graph  1. Analy�cal stoichiometric AFR trend. Assump�ons: gasoline AFR 14.7:1, 
ethanol AFR 9.0:1, densi�es 0.745 and 0.789 kg/L. The figure is a modelled illustra�on, not an experimental result.
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6.2 Energy-density considera�on

The lower hea�ng value of ethanol is substan�ally lower than that of gasoline on a mass basis and its volumetric energy density 
is also lower. A design that seeks to minimize the resul�ng fuel-economy penalty should therefore improve thermal efficiency 
and exploit ethanol's knock resistance rather than relying only on increased fuel delivery.

Graph 2. Analy�cal rela�ve volumetric energy content of gasoline-ethanol blends. Representa�ve 
values of 32.8 MJ/L for gasoline and 21.1 MJ/L for ethanol are used only for design illustra�on.

7. Fuel-System and Material Design

The fuel system is designed around high-pressure direct injec�ons with mul�-hole injectors, a high-pressure pump and 
ethanol-compa�ble wet materials. Material selec�on should be based on fuel-specific ageing tests rather than assuming a 
single polymer or elastomer is universally op�mal.

Ÿ Validate injector seals, O-rings, hoses, pump seals and tank interfaces against E20 exposure and temperature cycling.

Ÿ Characterize mass change, swelling, hardness, tensile strength and leakage a�er accelerated ageing.

Ÿ Use fuel-pressure feedback to iden�fy injector/pump degrada�on before drivability symptoms become severe.

Ÿ Control fuel-system water contamina�on through fuel-quality specifica�ons and storage/handling prac�ces.

Ÿ Design the rail and injector arrangement to minimize wall we�ng and cold-start instability.

8. Adap�ve Engine Control Strategy

Figure 6. Proposed adap�ve control architecture for 
E20-oriented engine opera�on.

The control system should es�mate ethanol concentra�on 
using a dedicated fuel-composi�on sensor, model-based 
es�ma�on from lambda/fuel trims, or a validated 
combina�on of available signals. The es�mated fuel 
composi�on is then used to select or interpolate injec�on, 
igni�on, valve-�ming and cold-start strategies.

Ÿ Wideband lambda feedback for closed-loop mixture 
control.

Ÿ Knock sensing for igni�on advance adapta�on.

Ÿ Fuel-pressure sensing for injector and pump diagnos�cs.

Ÿ Coolant and intake-air temperature inputs for cold-start 
and transient calibra�on.

Ÿ Variable valve �ming for load-dependent breathing and 
internal EGR control.

Ÿ Diagnos�c limits for fuel-trim, misfire and catalyst-
efficiency monitoring.
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9. Thermal Management

Ethanol's charge-cooling effect can improve knock resistance, but cold-start vaporisa�on and catalyst light-off remain 
important. The proposed design therefore treats thermal management as an integrated subsystem.

Ÿ Op�mized cylinder-head coolant passages to control local temperature gradients.

Ÿ Piston oil jets manage crown temperature at high load.

Ÿ Rapid catalyst warm-up strategy during cold start.

Ÿ Thermostat and coolant-flow control to reduce unnecessary thermal losses.

Ÿ Op�onal cooled EGR for part-load efficiency and NOx control, subject to calibra�on.

10. Proposed Engine Performance Envelope

The following torque curve is a preliminary engineering target for a 1.5-L naturally aspirated passenger-car engine. It is not a 
measured or simulated result. The final curve must be generated from 1-D and 3-D modelling and subsequently verified on an 
engine dynamometer.

Graph 3. Preliminary torque target envelope for the proposed E20-oriented engine. Target values are illustra�ve design inputs only.

11. CFD and 1-D Simula�on Methodology

The proposed design should be evaluated through coupled 1-D and 3-D modelling before hardware manufacture. 1-D 
simula�on can establish the opera�ng envelope and valve/fueling requirements, while 3-D CFD can resolve in-cylinder mixture 
forma�on and combus�on behaviour.

Ÿ 1-D model: GT-Power, AVL BOOST, Ricardo WAVE or equivalent for air-path, combus�on, fric�on, fuel consump�on and 
performance predic�on.

Ÿ 3-D CFD: CONVERGE, ANSYS Fluent, AVL FIRE or equivalent for intake tumble, spray penetra�on, mixture distribu�on and 
combus�on.

Ÿ Thermal/structural FEA: cylinder head, piston crown, valves and exhaust manifold temperature/stress evalua�on.

Ÿ Control model: hardware-in-the-loop or so�ware-in-the-loop tes�ng of ethanol es�ma�on and adap�ve calibra�on.

Ÿ Emission model: CO, HC and NOx predic�on followed by a�er-treatment modelling.

Primary CFD variables:

Parameter Design variable Performance indicator

Combus�on chamber Bowl geometry, plug posi�on Flame travel / burn dura�on

Intake port Port angle and runner geometry Tumble ra�o

Injector Hole count, spray angle, �ming Wall we�ng / mixture uniformity

Igni�on Spark �ming CA50 / knock tendency

Compression ra�o 11.5–12.0 design range BTE / knock margin

EGR Rate and temperature NOx / efficiency
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12. Emission-Control Strategy

The engine should be designed as an emission-control system rather than trea�ng the catalyst as a downstream add-on. 
Precise lambda control is central to three-way catalyst conversion. The proposed architecture therefore combines wideband 
oxygen sensing, close-coupled three-way catalysis, catalyst temperature monitoring, controlled EGR and EVAP management.

Ÿ Close-coupled three-way catalyst for rapid light-off.

Ÿ Wideband lambda sensor upstream of the catalyst.

Ÿ Downstream oxygen sensing for catalyst monitoring.

Ÿ EVAP canister and purge control designed for the selected fuel-vapour characteris�cs.

Ÿ Misfire detec�on to protect the catalyst from excessive unburned fuel loading.

Ÿ OBD-compliant diagnos�c logic for fuel-trim, lambda and catalyst performance.

ARAI's current in-service framework highlights the importance of considering differences in fuels, ambient condi�ons, road 
speeds and urban/highway driving split when assessing real-world vehicle performance. [6] These factors should therefore be 
included in the valida�on programme for the proposed engine.

13. Valida�on and Experimental Program

Subsystem Design Variable Primary Valida�on

Combus�on CR, Chamber, Tumble CFD + dyno

Fuel Rail pressure, injector Flow + durability

Thermal  Coolant passages, piston jets FEA + thermal test

 Control Lambda, Igni�on, Ethanol Es�ma HIL + dyno

Emissions Catalyst, EGR, EVAR BS-VI test protocol

Durability Materials + sealing Accelerated ageing

Proposed design-verifica�on matrix for the E20-oriented engine.

Stage 1 – material and component screening under controlled E0/E10/E20 exposure.

Stage 2 – 1-D engine simula�on and calibra�on op�miza�on.

Stage 3 – 3-D CFD of intake, spray, combus�on and thermal fields.

Stage 4 – single-cylinder or full-engine bench valida�on.

Stage 5 – dynamometer tes�ng over steady-state and transient opera�ng points.

Stage 6 – emission tes�ng using applicable Indian cer�fica�on procedures.

Stage 7 – accelerated durability and field valida�on under representa�ve Indian ambient condi�ons.

14. Problem–Solu�on Matrix
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15. Expected Engineering Outcomes

The proposed architecture is expected to provide a basis for reducing the prac�cal fuel-economy penalty associated with E20 
through improved thermal efficiency and use of ethanol's knock resistance. It is also intended to reduce the need for reac�ve 
retrofit interven�ons by incorpora�ng fuel compa�bility, adap�ve control and emission-control requirements at the design 
stage.

Ÿ Targeted improvement in thermal efficiency rela�ve to a conven�onal gasoline engine of comparable architecture.

Ÿ Stable lambda control across E0–E20 opera�on.

Ÿ Improved knock margin through combus�on and calibra�on op�miza�on.

Ÿ Controlled cold-start and transient opera�on.

Ÿ Validated durability of fuel-contact components.

Ÿ BS-VI-oriented emission-control performance a�er calibra�on and tes�ng.

These are development objec�ves rather than experimentally demonstrated outcomes. Quan�ta�ve claims should be added 
only a�er the proposed simula�on, and tes�ng program has produced reproducible data.

16. Manufacturing and Cost Considera�ons

For produc�on feasibility, the proposed architecture should priori�ze components already common to modern passenger-car 
engines: aluminum cylinder heads and blocks, high-pressure GDI systems, variable valve �ming, wideband oxygen sensing and 
close-coupled three-way catalysis. The principal incremental development effort is expected to be concentrated in calibra�on, 
fuel-composi�on es�ma�on, material valida�on, combus�on op�miza�on and thermal management rather than in en�rely 
new engine hardware.

A modular approach could allow an exis�ng four-cylinder engine family to adopt E20-specific combus�on and control packages 
while preserving manufacturing commonality. This could reduce the cost of transi�oning from an E10-oriented architecture to 
E20-op�mized architecture.

17. Limita�ons

This paper is a design proposal and does not claim original engine dynamometer, CFD or durability results. The 3D figure is a 
conceptual visualiza�on. Preliminary numerical curves are design targets or analy�cal illustra�ons. Actual compression ra�o, 
injector pressure, chamber geometry, valve �ming, torque, BSFC and emissions must be established through validated 
simula�on and experimental tes�ng.

The proposed engine is also not intended to imply that all exis�ng engines require replacement. The concept addresses future 
or redesigned four-wheeler powertrains and complements, rather than replaces, the in-use E20 compa�bility assessment 
programmes being conducted by Indian automo�ve research ins�tu�ons.

18. Conclusion

E20 should increasingly be treated as an engine-design input rather than solely as a fuel-compa�bility challenge. This paper 
proposes a 1.5-L four-cylinder spark-igni�on engine architecture that integrates E20-oriented combus�on geometry, high-
pressure fuel injec�on, validated fuel-system materials, thermal management, adap�ve electronic control and emission a�er-
treatment.

The central design principle is to use ethanol's higher-octane quality and charge-cooling characteris�cs to support efficient 
combus�on while compensa�ng for its lower volumetric energy density through improved thermal efficiency and adap�ve 
fuel control. The proposed 3D architecture provides a prac�cal founda�on for CAD development, CFD analysis and prototype 
manufacture.

The next research stage should convert the conceptual architecture into a parameterized CAD model, perform 1-D and 3-D 
simula�on, and experimentally validate torque, BSFC, combus�on stability, emissions, fuel-system durability and cold-start 
behaviour. Such a programme would provide the quan�ta�ve evidence required to determine whether the proposed 
architecture can deliver a measurable advantage over conven�onal E20-calibrated engines in Indian four-wheeler 
applica�ons.
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Figure 1. Global electric-car sales have moved from early adop�on to mass-market scale.
Source: IEA Global EV Outlook 2026; values shown are rounded/derived from IEA-reported annual series

India’s mobility sector is undergoing a structural 
transi�on in which electric vehicles have moved from a 
niche technology into a material part of new-vehicle 
sales. This update assesses India’s EV journey using the 
latest government programme status, incen�ves and 
policy direc�on. The focus remains on prac�cal, 
affordable and sustainable electrifica�on, while 
recognising India’s energy mix, infrastructure constraints, 
supply-chain exposure, employment transi�on and 
diverse vehicle-use pa�erns.

The policy direc�on has become broader than vehicle 
purchase incen�ves alone: demand support is being 
combined with charging infrastructure, domes�c 
manufacturing, ba�ery-cell capacity, cri�cal-mineral and 
rare-earth supply chains, recycling, public transport 
electrifica�on and tes�ng capability. This integrated approach is important because EV adop�on depends on the complete 
ecosystem rather than vehicle subsidies alone.

The ques�on is therefore not simply how fast India can electrify vehicles, but how effec�vely it can build a compe��ve EV 
ecosystem—covering vehicles, ba�eries, charging, power supply, materials, manufacturing, skills and circularity—while 
keeping mobility affordable and reliable.

India's EV Adop�on Status – Where Do We Stand?

India’s EV market crossed approximately 2.3 million 
annual EV sales in 2025. Two- and three-wheelers 
remain the principal volume segments, while electric 
passenger cars are expanding from a lower base and EV 
Buses are growing esp. thru State Transport Bodies . 
Government programme data show con�nued strong 
momentum into 2026: by 22 July 2026, PM E-DRIVE had 
supported 26.54 lakh EVs against a demand-incen�ve 
target of 28.16 lakh vehicles, while FAME-II had 
supported 16.72 lakh EVs by 30 June 2026. 

These programme figures are scheme-supported vehicles and should not be treated as total na�onal EV registra�ons.

Segment-wise  EV Adop�on

Segment    Adop�on Status

Two-Wheelers    Fastest growing

Three-Wheelers    Among world's highest penetra�on

Passenger Cars    Emerging

Commercial Vehicles   Early growth phase

Buses     Policy-driven deployment
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IND 2025 - Approximate share of EV sales by vehicle segment 
Source: Industry reports and Vahan-based market analyses. 

The Posi�ve Story

1. Rapid Market Growth

EV sales have increased nearly fi�een-fold since 
FY20, indica�ng that consumer acceptance is 
steadily improving. 

2. Improved Economics

Rising fuel prices, declining ba�ery costs, and lower 
opera�ng expenses are improving the total cost of 
ownership proposi�on for EVs. 

Government policy support is now structured around mul�ple levers rather than a single subsidy programme.

Government ini�a�ves have created a strong founda�on for long-term growth. 

Key central interven�ons relevant to EVs include:

Ÿ PM E-DRIVE — demand incen�ves, e-buses, e-trucks, e-ambulances, public charging and tes�ng-agency upgrades

Ÿ PARIVARTAN Scheme –  ini�a�ve designed to replace >2lac BSIV or earlier trucks and buses with cleaner BSVI or electric 
vehicles.

Ÿ PLI-Auto — advanced automo�ve products, including zero-emission vehicles and components

Ÿ PLI-ACC — domes�c advanced-chemistry-cell manufacturing capacity

Ÿ SPMEPCI — manufacturing of electric passenger cars in India

Ÿ REPM manufacturing scheme, cri�cal-mineral recycling support and ba�ery-waste EPR

4. Growing Charging Infrastructure

Figure 2. Real-world fast-charging plaza illustra�ng the infrastructure 
required for longer-distance EV use.

Figure 3. India public charging-point expansion 
required under the IEA STEPS outlook.
Source: IEA Global EV Outlook 2025, Electric vehicle charging.

Public charging infrastructure has expanded substan�ally. As reported by the Ministry of Heavy Industries in July 2026, the 
BHEL portal recorded 52,718 public charging sta�ons, including 16,561 public charging sta�ons equipped with fast EV chargers 
for cars. In parallel, PM E-DRIVE had ₹2,000 crore allocated for EV public charging sta�ons; by 1 July 2026, ₹689 crore had been 
approved for deployment of 6,562 chargers to three oil marke�ng companies and nine states. The key next challenge is 
therefore not only charger count, but geographic coverage, up�me, interoperability, grid readiness and commercially 
sustainable u�lisa�on.
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The Challenges We Must Acknowledge

1. Charging Infrastructure: From Quan�ty to Reliability

The na�onal network is growing, but the next phase requires higher u�lisa�on, reliable up�me, faster inter-city coverage and 
be�er interoperability. Government policy now explicitly supports public charging through capital support under PM E-DRIVE 
and through the Ministry of Power's charging-infrastructure framework.

The July 2026 government posi�on recorded 52,718 public charging sta�ons, of which 16,561 were equipped with fast EV 
chargers for cars. PM E-DRIVE had also approved 6,562 chargers under its charging-infrastructure component by 1 July 2026, 
while FAME-II had 9,583 EV public charging sta�ons installed by 1 July 2026. These figures use different programme/portal 
defini�ons and should not be simply added.

2. Grid and Energy Mix

A significant por�on of India's electricity con�nues to come from thermal genera�on.

Therefore, while EVs eliminate tailpipe emissions, the overall environmental benefit depends upon increasing renewable 
energy penetra�on.

Coal based electricity genera�on remains the 
dominant contributor to India Power Mix

Source: Central Electricity Authority (CEA), Govt. of India – Values in %age rounded off.

3. Range Anxiety

Figure 4. Long-distance fast charging can reduce range anxiety when 
coverage, reliability and payment interoperability are adequate.

Par�cularly relevant for:

Ÿ Inter-city passenger vehicles 

Ÿ Commercial fleets 

Ÿ Heavy-duty transport 

4. Supply Chain Dependence — From Imported Oil to a 
Broader Mineral and Technology Basket

India remains dependent on imports for:

Ÿ Lithium 

Ÿ Cri�cal minerals 

Ÿ Advanced ba�ery materials 
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India’s policy response is increasingly moving upstream: domes�c ACC cell manufacturing, automo�ve-component 
localisa�on, cri�cal-mineral recycling and rare-earth permanent-magnet manufacturing are being supported. The strategic 
issue is therefore shi�ing from only reducing crude-oil dependence to building diversified, resilient and circular supply chains 
for cells, cathode/anode materials, graphite, lithium, nickel, cobalt, rare-earth magnets, power electronics and other cri�cal 
components.

5. Employment and Industrial Transi�on

EVs can reduce mechanical complexity and change the mix of jobs across manufacturing, maintenance and the supply chain. At 
the same �me, government-supported manufacturing programmes are crea�ng new investment and employment: PLI-Auto 
reported ₹44,326 crore cumula�ve investment and 67,820 jobs as of 31 March 2026. The policy challenge is to ensure that 
workforce reskilling keeps pace with the shi� toward ba�eries, power electronics, so�ware, charging and advanced 
manufacturing.

6. Well-to-Wheel Emissions: The Real Comparison

Environment protec�on thru Emission control has been one of the main objec�ve of EV promo�on.

For countries like IND, balanced assessment requires evalua�ng emissions from fuel produc�on through vehicle opera�on.

Indica�ve Well to Wheel CO2 Emissions

Figure 5. Selected 2025 electric-car sales shares illustrate different adop�on pathways.
Illustra�ve comparison across propulsions technologies

Global Lessons India can learn Norway: Infrastructure 

Norway demonstrates the value of charging convenience, predictable policy and a mature electricity/vehicle ecosystem. 

i. Charging is convenient 

ii. Incen�ves are stable 

iii. Policy remains consistent
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China: Ecosystem Development

China’s experience is relevant par�cularly for scale and supply-chain depth: local manufacturing, ba�ery ecosystems, large 
domes�c demand and integra�on between vehicles, cells and components. India’s PLI-Auto, PLI-ACC and related localisa�on 
measures are intended to build comparable ecosystem depth, although the Indian market structure is different.

i. Local manufacturing 

ii. Ba�ery ecosystem development 

iii. Scale economies 

iv. Supply chain localiza�on

United States: Charging and Private-Sector Innova�on

Figure 6. - Public private charging infrastructure is a recurring feature of the US experience.
Visual: author/library image; illustra�ve charging-infrastructure scene.

The US experience highlights fast-charging corridors, technology innova�on, private investment and public-private 
partnerships. India’s PM E-DRIVE charging component and Ministry of Power guidelines similarly seek to combine public 
support with private deployment.

Ÿ Fast charging corridors 

Ÿ Technology innova�on 

Ÿ Public-private partnerships 
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IND Government Direc�on & Incen�ve Landscape 

Figure 7. PM E-DRIVE segment progress against scheme targets

Source: Ministry of Heavy Industries, Ministry of Power, PIB and Government 
no�fica�ons; cut-off date for this report: 31 August 2026. Developments no�fied 
a�er this date are excluded.

1. Demand incen�ves — PM E-DRIVE

PM E-DRIVE now has an amended overall outlay of ₹11,900 crore and runs to 31 March 2028. The 10 August 2026 amendment 
increased the e-2W support envelope to 45,79,120 vehicles with ₹2,767 crore allocated; the incen�ve for 1 April 2025–31 
March 2028 remains ₹2,500/kWh capped at ₹5,000 per vehicle, subject also to the 15% ex-factory-price ceiling. The e-3W L5 
segment had already closed on 26 December 2025 a�er reaching its target. Other supported areas include e-rickshaws/e-
carts, e-trucks, e-ambulances, e-buses and charging infrastructure.

2. Public charging infrastructure

₹2,000 crore is allocated under PM E-DRIVE for EV public charging. By July 2026, government repor�ng showed 6,562 chargers 
approved under the PM E-DRIVE charging component, while 52,718 public charging sta�ons were reported na�onally on the 
BHEL portal. Ministry of Power guidelines also provide a framework for interoperable charging, grid connec�ons and tariff 
principles.

3. Public transport, trucks and special-use EVs

PM E-DRIVE provides ₹4,391 crore for 14,028 e-buses, and includes incen�ves for e-trucks and e-ambulances. By 22 July 2026, 
14,000 e-buses had been allocated and 55 e-trucks had been sold under the scheme. This indicates a policy emphasis on high-
u�lisa�on/public-service segments in addi�on to private vehicles.

4. Manufacturing and localisa�on

PLI-Auto has a ₹25,938 crore outlay and focuses on advanced automo�ve products including ZEVs. As of 31 March 2026, 
cumula�ve investment was ₹44,326 crore, employment 67,820 and incen�ves disbursed ₹2,386.36 crore. By 16 July 2026, 18 
applicants had received DVA cer�ficates for 154 products/variants.

5. Ba�ery cells, magnets and cri�cal materials

PLI-ACC carries ₹18,100 crore for 50 GWh of ACC capacity; four awarded projects represented 40 GWh as reported in July 2026, 
with no PLI-ACC incen�ve claimed at that point. A separate ₹7,280 crore REPM scheme targets 6,000 MTPA of integrated 
sintered NdFeB permanent-magnet capacity; 20 bids were received and technical bids opened on 13 August 2026. A ₹1,500 
crore cri�cal-mineral recycling incen�ve scheme and ba�ery-waste EPR strengthen the circular-supply-chain direc�on.

6. Electric passenger-car manufacturing

SPMEPCI was no�fied in 2025 to a�ract fresh investment in electric passenger-car manufacturing. Approved applicants can 
access a reduced 15% customs duty for qualifying imported CBUs subject to scheme condi�ons, alongside minimum 
investment and domes�c-value-addi�on requirements. The applica�on window closed in October 2025; MHI’s 2025-26 
annual report recorded that no applica�ons were received during that window. This remains an important policy instrument, 
but its actual manufacturing impact should be assessed separately from vehicle-demand incen�ves.
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IND Ac�on Proposed — 2026–2030 Priori�es

Ÿ Policy & market design: retain predictable mul�-year rules; periodically calibrate incen�ves to technology cost reduc�on; 
avoid crea�ng avoidable demand distor�ons between segments; publish transparent progress dashboards.

Ÿ Infrastructure: move from charger-count targets toward up�me, u�lisa�on and corridor coverage; priori�se highways, 
fleet hubs, workplaces, apartments and high-density urban areas; strengthen grid connec�on planning and 
interoperability.

Ÿ Energy: pair EV growth with renewable genera�on, managed charging, storage and �me-of-use tariffs; develop pilots for 
smart charging / V2G where grid condi�ons jus�fy them.

Ÿ Industry & supply chain: accelerate cell / material localisa�on, rare-earth magnet capacity, power electronics and recycling; 
develop second-life ba�ery pathways and resilient sourcing of cri�cal minerals.

Ÿ Consumers & fleets: focus incen�ves where u�lisa�on and TCO jus�fy electrifica�on; expand transparent TCO tools; 
improve ba�ery-health informa�on, warranty clarity and used-EV confidence.

Ÿ Skills, tes�ng & safety: reskill ICE workforce; expand EV/ba�ery/charger tes�ng capacity; maintain strong thermal, 
electrical, so�ware and func�onal-safety prac�ces as architectures evolve.

Charging • Public transport • Manufacturing • Energy transi�on

Conclusion :

India’s EV journey has moved into a more mature ecosystem-building phase. By August 2026, government support extends 
beyond purchase incen�ves to charging infrastructure, e-buses, e-trucks and e-ambulances, advanced automo�ve 
manufacturing, ba�ery-cell capacity, rare-earth magnets, recycling and tes�ng capability.

The evidence also shows that policy support is not uniform across segments: e-2W support has been extended to March 2028 
with a revised incen�ve structure; the e-3W L5 demand-incen�ve window had already closed; passenger EVs are supported 
more through manufacturing and broader tax/policy measures than through PM E-DRIVE purchase subsidy; and charging 
deployment is moving from sanc�oning toward actual commissioning and u�lisa�on.

The next stage should therefore be measured not only by EV sales, but by ecosystem outcomes: reliable charging, domes�c 
value addi�on, ba�ery and cri�cal-material resilience, renewable-energy integra�on, skilled employment, recycling and 
compe��ve total cost of ownership.

A pragma�c, data-driven and technology-aware strategy can allow India to expand electrifica�on while addressing 
affordability, energy security, industrial compe��veness and environmental performance.

The objec�ve is not electrifica�on for its own sake; it is a durable mobility ecosystem in which the right electric solu�ons are 
deployed where they deliver clear economic, environmental and energy-security value.

IMAGE & DATA CREDITS

Visual/data update (August 2026): this version refreshes the report to the end-August 2026 policy and programme posi�on, 
including the 10 August 2026 PM E-DRIVE amendment, July 2026 EV/charging progress, PLI-Auto/ACC status, REPM ini�a�ve 
and cri�cal-mineral recycling direc�on. Charts are based on the cited government/IEA datasets and are intended as analy�cal 
illustra�ons.

Data Sources:

• Ministry of Heavy Industries (Government of India) — PM E-DRIVE no�fica�ons, dashboard and parliamentary replies through August 2026

• Ministry of Power / Bureau of Energy Efficiency — EV charging infrastructure guidelines and July 2026 charging-sta�on data

• Ministry of Mines / PIB — cri�cal-mineral recycling measures

• Ministry of Environment, Forest & Climate Change — Ba�ery Waste Management / EPR framework

• NITI Aayog

• Vahan / BHEL charging data as cited by Government of India

• Interna�onal Energy Agency (IEA), Global EV Outlook 2026

• ICCT and other industry sources where specifically iden�fied

• MHI Annual Report 2025-26 and PIB releases on PLI-Auto, PLI-ACC and REPM

Note: State EV policies and incen�ves vary by jurisdic�on and are not exhaus�vely catalogued in this na�onal-level report.
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Background

The Motor Vehicle Air Pollu�on Control Program (PROCONVE) was implemented in Brazil in 1986, ini�ally for light- and heavy-
duty vehicles, and was later expanded to include motorcycles, agricultural machinery, and road construc�on equipment.

Early on, there was concern that this program would not hinder the development of ethanol-powered vehicles, which was also 
emerging in Brazil. However, concerns arose that the use of ethanol increases the forma�on of aldehydes, which would require 
specific control of this emission. Ethanol-fueled vehicles emi�ed between 100 mg/km and 160 mg/km of aldehydes (formic 
and ace�c), with the la�er predomina�ng. In contrast, gasoline-fueled vehicles emi�ed only 30 mg/km.

At that �me, there were no studies determining the maximum acceptable concentra�on of aldehydes in the atmosphere; 
there were studies on the toxicity of aldehydes focused on occupa�onal health. However, these studies focus on exposures of 
only 8 hours per day for healthy adults, whereas atmospheric standards are set for more suscep�ble popula�ons, including 
children and the elderly, who are exposed 24 hours a day. Furthermore, the technological knowledge needed to reduce 
aldehyde emissions from internal combus�on engines was not yet available.

Given the lack of knowledge regarding these two key aspects, Brazil adopted a strategy of immediately se�ng an ini�al 
standard of 150 mg/km to prevent the emergence of technologies that might eventually increase these emissions, as would be 
the case with silver-based catalysts, and a standard of 30 mg/km to be met within five years. This gave industry �me to develop 
control technology, and it enabled ethanol-powered vehicles to reduce aldehyde emissions to the same levels as those in 
gasoline-powered vehicles, which have been prac�ced worldwide and were not considered an environmental problem. This 
strategy was based on prac�cal objec�ves that accelerated the process, elimina�ng the need for scien�fic knowledge to be 
developed prior to its implementa�on.

Over �me, we have learned that controlling hydrocarbons through cataly�c converters also reduces aldehyde emissions, and 
the natural evolu�on of these engine technologies has enabled even greater reduc�ons, currently reaching a limit of 10 
mg/km, with a target of 8 mg/km by 2031 for light-duty vehicles. Given this technological scenario, it would already be 
advisable to establish equivalent emission targets for aldehydes for motorcycles and diesel vehicles.

History

Tradi�onally, the control of organic compound emissions in gasoline and diesel vehicles has focused on total hydrocarbons, 
which are measured by flame ioniza�on detectors (FID) and exhibit virtually the same response factor for any compound, 
except for those containing oxygen.

In the case of alcohol use, the organic compounds come to include large amounts of unburned ethanol and aldehydes, which 
requires independent measurements using specific methods to determine their respec�ve emissions.

During the early stages of PROCONVE, only aldehydes were measured independently, but unburned ethanol emissions 
con�nued to be included in the total hydrocarbon measurement, without any correc�on of the reading, and were thus 
underes�mated by about 50%. However, their environmental effects are less severe, so one effect tends to offset the other. 

With the advent of flex-fuel vehicles, specific regula�ons for NMHC (non-methane hydrocarbons) were adopted for light-duty 
vehicles, excluding methane and ethanol from these emissions. This procedure led manufacturers to modify cold-start devices 
by replacing gasoline injec�on with ethanol in an abusive manner, because the unburned por�on of ethanol was no longer 
considered an organic pollutant. This fact forced the adop�on of the NMOG (Non-Methane Organic Gases) concept, which 
encompasses all organic compounds weighted by their respec�ve photochemical reac�vity in the atmosphere. This concept 
requires detailed specia�on of many organic compounds, which greatly complicates and increases the cost of quan�fica�on 
processes, presen�ng significant opera�onal challenges in sampling and measurement procedures. It is therefore 
recommended only for research and for establishing reac�vity standards to be used for cer�fica�on.

However, a strategy based solely on THC measurements is simpler and more objec�ve. It is fully jus�fiable during the 
intermediate phases of the program and is s�ll used in Brazil for motorcycles.

  The alcohol content of hydrated ethanol fuel must be between 95.1° and 96° GL, which results in a maximum limit of approximately 4.9% water by volume.
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An important aspect of motorcycle emissions control relates to test cycles: the program was launched based on the European 
program, adop�ng the highly simplified ECE R40 cycle, which was later replaced by the WMTC (World Motorcycle Test Cycle) 
transient cycle, which more accurately reflects real-world traffic condi�ons and is much more effec�ve.

In the case of evapora�ve emissions control in ethanol-fueled vehicles, these emissions are measured by the FID but corrected 
by the ethanol response factor, since no hydrocarbons are present in the same measurement.

Given these considera�ons, the history of the main measures to control emissions of organic compounds from light-duty 
vehicles and motorcycles, which use gasoline containing 32% ethanol (E32) or hydrated ethanol   (E100), is summarized in 
Tables 1 and 2.

Table 1 – Organic emissions std. for Light Duty Vehicles – Test cycle FTP 75:

L1 1986  THC < 2,1 g/km and aldehydes reported;

 Exhaust THC encompasses Hydrocarbons and Ethanol without any correc�on

L1 1990   Evapora�ve 6g @ 1h+1h Cold and Hot Soak – (FID correc�on for ethanol);

L2 1992   Total aldehydes < 150mg/km

L3 1997   THC < 300mg/km 

 Total aldehydes < 30 mg/km

L4 2003  Adopted the non-methane concept, subtrac�ng unburned ethanol

 NMHC <160 mg/km;

 Evapora�ve emission 2g @ 1h Cold and Hot Soak 

L5 2009   NMHC < 50 mg/km

 Total aldehydes < 20 mg/km

L6 2012   Aldehydes < 15 mg/km

L7 2022   Eliminated ethanol subtrac�on and implemented exhaust NMOG

 Enhanced evapora�ve emission control < 0,5g/day @ 48h test + Hot Soak 

 Refueling evapora�ve emission < 50mg/L (ORVR required)

L8 2025   Adopted corporate emission limits,

 NMOG+NOx < 50 mg/km progressively reduced to 30 for cars by 2031

 NMOG+NOx <140 mg/km progressively reduced to 30 for LDT by 2031

 Total aldehydes < 15 mg/km progressively reduced to 8 for LDV by 2031

Table 2 – Organic emissions standards for Motorcycles:

M1 2003 Adopted ECE R40 driving cycle

 THC < 3,0 g/km 

M2 2005 THC < 1,2 g/km (<150 cm3)

 THC < 1,0 g/km (>150 cm3)

M3 2009 THC < 800 mg/km (<150 cm3)

 THC < 300 mg/km (>150 cm3)

 (Start of produc�on of flex-fuel motorcycles)

M4 2014 Adopted WMTC driving cycle 

 THC < 800 mg/km (<130 km/h and moped) 

 THC < 300m g/km (>130 km/h) 

M4 2016 THC < 560 m g/km (<130 km/h) 

 THC < 250m g/km (>130 km/h) 

M5 2025   THC < 100 mg/km

 Total aldehydes < 20mg/km 

 Evapora�ve emission < 1500 mg/test (UE 134/2014)
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Considera�ons Regarding Methods for Measuring Organic Compounds

In gasoline and diesel engines, the quan�fica�on of organic compound emissions is performed by simply reading a flame 
ioniza�on detector (FID) calibrated with propane, whose responses are very similar for most hydrocarbons present in the 
exhaust gas. When the fuel contains significant amounts of oxygenates, these compounds distort the FID’s response, and its 
correc�on requires an independent measurement, since the propor�on of these compounds in the total exhaust 
hydrocarbons is not known as a priori. Only in the case of evapora�ve emission measurement, which consists exclusively of fuel 
and is free of combus�on byproducts, is it possible to calibrate the FID with the fuel itself, as has been the prac�ce in Brazil since 
1990.

Aldehydes were the first organic compounds to be measured separately from the others. The methods used to determine 
organic compounds in exhaust gases involve different measurement principles, analy�cal characteris�cs, and limita�ons, all of 
which must be considered depending on the purpose of the analysis.

In the specific case of aldehydes, the method tradi�onally used to determine their concentra�on in vehicle emissions involves 
sampling exhaust gases in impingers or cartridges containing 2,4-dinitrophenylhydrazine (DNPH), followed by analysis of the 
resul�ng deriva�ves using high-performance liquid chromatography (HPLC). 

In vehicle emissions tes�ng, the procedure involves a standardized driving cycle, and samples are collected throughout the 
different phases of the test, stored, and subjected to deriva�za�on and subsequent analysis, so that the result obtained 
corresponds to the integrated mass or average emission associated with the route or sampling period, rather than the 
instantaneous evolu�on of the emission. 

However, a comparison of different techniques for determining ethanol, formaldehyde, and acetaldehyde in the emissions of a 
flex-fuel vehicle running on E85 showed that a gas chromatography system provided results approximately every five minutes, 
while the DNPH-HPLC method involved a sampling step followed by offline analysis  . 

The main advantage of DNPH deriva�za�on is its ability to transform highly reac�ve carbonyl compounds with different 
physicochemical proper�es into deriva�ves suitable for chromatographic separa�on and quan�fica�on. In the compara�ve 
study of methods applied to vehicle emissions, the method based on DNPH cartridges and HPLC-UV had a detec�on limit of 0.1 
mg per sample and a measurement uncertainty of 6.4% for formaldehyde and acetaldehyde. 

The determina�on of aldehydes by DNPH deriva�za�on is a well-established and widely used approach , and this procedure 
has been regulated in Brazil for the determina�on of aldehydes in vehicle cer�fica�on. 

However, for the design and development of vehicles and their emissions control systems, this method must be supplemented 
with instrumental techniques, such as Fourier Transform Infrared Spectroscopy (FTIR), capable of performing real-�me 
measurements that allow for the iden�fica�on of rapid varia�ons associated, for example, with cold starts, changes in engine 
load and speed, and the opera�on of the a�ertreatment system. Understanding how FTIR works is therefore important.

FTIR spectroscopy is based on the interac�on of infrared radia�on with the vibra�onal modes of molecules. In the mid-infrared 
region, approximately between 400 and 4000 cm⁻¹, certain frequencies of radia�on are absorbed when they correspond to 
transi�ons between the molecule’s vibra�onal levels. The intensity and posi�on of these bands are characteris�c of the 
chemical species and are related to their vibra�onal modes, allowing for both the iden�fica�on and quan�fica�on of the 
compounds present in the sample. For a vibra�on to be observed in the infrared, it must be associated with a change in the 
molecule’s dipole moment. Thus, molecules or species whose vibra�ons do not produce a dipole moment, such as N₂, O₂, and 
H₂, do not exhibit infrared absorp�on bands and cannot be directly iden�fied by FTIR .

The opera�ng principle of FTIR is generally based on a Michelson interferometer. Radia�on from the infrared source is split into 
two beams and directed toward a fixed mirror and a movable mirror. A�er being reflected, the beams are recombined, 
producing an interference pa�ern called an interferogram. This signal simultaneously contains informa�on regarding the 
different frequencies of radia�on and is subsequently converted, via a Fourier transform, into the absorp�on spectrum. 

This configura�on is par�cularly interes�ng because it allows for the simultaneous iden�fica�on and measurement of various 
compounds across the en�re spectral region, including aldehydes, methane, ethane, and unburned ethanol , contribu�ng to 
the high data acquisi�on speed that is characteris�c of FTIR instruments. In automo�ve applica�ons, the use of mul�ple-
reflec�on cells also allows the op�cal path length to be increased without requiring very large sample volumes, enabling the 
detec�on of low concentra�ons of species a�er dilu�on and providing a wide dynamic range  .

In addi�on, the high signal acquisi�on frequency allows for real-�me monitoring of rapid changes in gas composi�on under 
different engine opera�ng condi�ons, including cold starts and transients, since short-dura�on events are a�enuated or even 
undetected when using integrated sampling via the impinger collec�on method. In a comparison of different techniques for 
determining ethanol, formaldehyde, and acetaldehyde in the emissions of a flex-fuel vehicle running on E85, three FTIR 
systems were used. Depending on the equipment, the FTIR systems had acquisi�on rates of up to 5 spectra per second.
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However, the use of FTIR presents challenges that must be considered. Quan�fica�on depends on the presence of suitable 
spectral regions and calibra�on models capable of dis�nguishing the compounds of interest in a complex matrix such as the 
exhaust gas. The overlap of absorp�on bands from different species, especially H₂O and CO₂, or even contaminants from the 
silicone tubing used in sampling, can hinder the determina�on of compounds present at low concentra�ons . Spectral 
resolu�on, the selec�on of frequencies used for quan�fica�on, the quality of the spectral libraries, and the calibra�on models 
are, therefore, key factors in obtaining reliable results5.

This limita�on makes it especially important to select appropriate sampling condi�ons, to control the line and analysis cell 
temperatures, to characterize interferents, and to validate the quan�ta�ve model. In the intercomparison study conducted 
with E85, despite differences in techniques, sampling temperatures, and collec�on points, the determina�ons of ethanol, 
acetaldehyde, and formaldehyde showed good repeatability and reproducibility. The FTIR results for the complete driving test 
also showed values close to those obtained by conven�onal HPLC and GC methods 1.

In a conversa�on (2013) with European chemist Bertold Arli�, an expert in FTIR, it was noted that, although FTIR can measure 
hydrocarbon compounds, it has sensi�vity limita�ons when it comes to the low concentra�ons found in the exhaust gases of 
modern vehicles. The solu�on found was to integrate an FID analyzer into the FTIR system. This approach resolved the 
measurement instability for hydrocarbons, but not for aldehydes or unburned ethanol. For these compounds, a mathema�cal 
interpola�on is used to achieve reliable values, which depend on the engine configura�on and the fuel type. Therefore, this 
mathema�cal model must be validated on a case-by-case basis by comparing it with chromatographic measurements, 
preferably using the same engine and fuel, to be used as a rela�ve measurement. 

This fact prevents the use of FTIR as an official method for cer�fica�on, where measurements must be absolute to be 
compared to emission limits. However, for research purposes and in the absence of such valida�on, well-known algorithms 
found in exis�ng libraries are used as preliminary and less accurate references.

Thus, the DNPH-HPLC method offers a high degree of specia�on for carbonyl compounds and has established itself as the most 
suitable method for verifying compliance with regulatory limits associated with standardized driving cycles in cer�fica�on 
procedures. 

On the other hand, FTIR is best suited for the simultaneous determina�on of different compounds and the temporal 
monitoring of emissions  to understand the influences of engine opera�ng condi�ons and a�ertreatment systems in vehicle 
development studies, always taking its measurements rela�vely to those obtained by HPLC on the same vehicle. 

In other words, FTIR s�ll requires demonstra�on of analy�cal performance, control of spectral and sampling interferences, and 
the establishment of calibra�on and valida�on procedures consistent with regulatory requirements6-7.

To further deepen our understanding of emissions of aldehydes, unburned ethanol, and other organic compounds, other 
methods offer important complementary characteris�cs.

Gas chromatography, in turn, offers dis�nct advantages. Chromatographic separa�on allows for the iden�fica�on of vola�le 
and semi-vola�le compounds and can be combined with different detectors, such as FID and mass spectrometry, which, in this 
configura�on, enable the direct measurement of compounds of interest in real �me. Consequently, GC has poten�al for the 
analysis of carbonyl compounds and is par�cularly useful for ethanol and hydrocarbons , although the high cost of mass 
spectrometers is a drawback. 

Among the GC-MS-compa�ble deriva�za�on op�ons, PFBHA (O - 2,3,4,5,6-pentafluorobenzyl-hydroxylamine) is widely cited 
for the determina�on of formaldehyde and acetaldehyde by headspace GC/MS, as described in the literature . More recent 
studies have also demonstrated the use of PFBHA in the capture and quan�fica�on of these aldehydes by GC-MS, highligh�ng 
the applicability of this approach to the analysis of carbonyl compounds .

In the intercomparison study, GC was used for ethanol and acetaldehyde, but it had a response �me much longer than the FTIR 
systems used. Thus, chromatography remains par�cularly important when the iden�fica�on and individual quan�fica�on of 
chemical species are priori�es, while FTIR offers an opera�onal advantage when the objec�ve is to rapidly monitor the 
composi�on of a gas stream1-7.

Studies combining FTIR and FID have shown that the simultaneous determina�on of ethanol, acetaldehyde, formaldehyde, 
and other compounds can improve the characteriza�on of organic emissions and allow for their expression as NMOG6.

Therefore, a comparison of methods should consider not only accuracy or the detec�on limit, but also the nature of the 
informa�on obtained and the objec�ves of the measurement.

Environmental impacts resul�ng from emissions of organic compounds

Aldehyde emissions are of par�cular concern due to the toxicity of formaldehyde and acrolein, primarily. However, when 
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ethanol is used, acetaldehyde is the predominant compound. On the other hand, all these compounds exhibit high 
photochemical reac�vity and require a�en�on from the perspec�ve of ozone forma�on. .

However, in flex-fuel engines running on E100, the emission of unburned ethanol itself also requires equal a�en�on, not 
because of its low reac�vity, but because it occurs in very significant quan��es. Since ethanol evaporates only at temperatures 
of 78°C or higher, combus�on efficiency is low during the first few seconds of engine opera�on, par�cularly during cold starts 
(20°C to 30°C). This requires a richer air-fuel mixture compared to a cold start with E22 gasoline, resul�ng in significant 
emissions of unburned ethanol. Once combus�on has stabilized (usually a�er 1 minute of opera�on), ethanol emissions tend 
to zero. Furthermore, during catalyst warm-up, unburned ethanol can be decomposed into water and ethylene, which has high 
photochemical reac�vity. 

The iden�fica�on and quan�fica�on of these compounds is carried out using highly sophis�cated methods in accordance with 
the procedures recommended by the USEPA for characterizing these emissions as NMOG  . However, this aspect should be 
taken into account when defining the emission standards to be cer�fied, while taking care to keep procedures as simple as 
possible, such as sampling using impingers and chromatographic analysis for the determina�on of acetaldehyde and 
formaldehyde  and ethanol , in a consistent manner with the technologies available for its control. 

It is important to note that all organic compounds contribute to ozone forma�on. Therefore, emission standards must be set to 
achieve a balance between a vehicle’s exhaust and evapora�ve emissions, as well as fuel supply and distribu�on evapora�ve 
emissions, in accordance with the “well-to-wheel” concept. . Analysis of this balance o�en reveals trade-offs that are 
important to understand when comparing the environmental impacts of gasoline- and ethanol-powered vehicles. In this case, 
the same low vapor pressure characteris�c of ethanol that causes disadvantages in exhaust emissions during cold starts also 
represents a major advantage over gasoline in terms of evapora�ve emissions from all its sources .

Quan�fica�on of exhaust emissions and the magnitude of unburned ethanol

A study conducted in 2014 using a motorcycle equipped with a 150-cc flex -fuel engine was conducted to guide emissions 
regula�ons for the M5 phase of motorcycles. It indicated that the ECE R40 cycle is more stringent for total hydrocarbon (THC) 
emissions, as it is more representa�ve of lighter usage condi�ons and short trips, when exhaust gas temperatures are lower. 
Conversely, the WMTC cycle be�er represents normal driving condi�ons, and its results should be considered more realis�c for 
simula�ng everyday use and be�er suited for comparison with other vehicle types, given that NOx emissions in this cycle are 
four �mes higher than those measured in the ECE R40 cycle.

The results obtained in this study also show that, in the ECE R40 cycle, 20% of the measured THC corresponds to aldehydes and 
40% to unburned ethanol, with the remaining 40% consis�ng of hydrocarbons properly speaking, whereas in the WMTC test 
cycle these propor�ons change to 30% and 70%, respec�vely, with negligible hydrocarbon emissions. It should be noted that 
emissions of unburned ethanol during the hot phases of the test are nearly zero in both driving cycles, while aldehyde 
emissions are reduced by about 80% compared to the cold phase.  .

These findings point to the need for a more detailed approach to the emissions control strategy, quan�fying the aldehydes and 
also the ethanol present in exhaust gases, using methods specifically designed for motorcycles, such as impinger sampling and 
chromatographic measurement, as employed in Brazil. However, trea�ng these emissions as if they were THC simplifies the 
regulatory strategy and allows the program to be accelerated with good interim results, despite the inherent inaccuracy of the 
process.

A comparison of the average emissions of THC, aldehydes, and unburned ethanol from this motorcycle against typical values 
obtained from hundreds of light-duty vehicle models (LDVs), cer�fied in accordance with PROCONVE’s L6 standards, showed 
that the emission of organic compounds from motorcycle exhaust is significantly higher than that of cars, for which regula�ons 
have been evolving since the early 1990s.

The emissions of the organic compounds measured in that study, weighted by their respec�ve photochemical reac�vity, result 
in an ozone forma�on poten�al twice as high as that calculated for the LDV limits at that �me, an argument that was used to 
define Phase M5 of Brazilian regula�ons, with similar standards to those for automobiles. Subsequent studies were conducted 
on light-duty vehicles, involving the iden�fica�on of a greater number of organic compounds for the calcula�on of NMOG. 
These studies revealed the presence of ethylene during cold starts of engines fueled with E100 and demonstrated the need for 
a new phase of legisla�ve improvements to finally correct this effect. This approach has not yet been applied to motorcycles in 
Brazil. 

In this future phase, considera�on is also being given to expanding the control of evapora�ve emissions from their various 
sources, and the possibility of using E90 (containing 10% gasoline), in place of E100, to improve cold-start performance and 
reduce NMOG emissions is being discussed. 
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Catalyst technology for controlling aldehydes and unburned ethanol

Given the high propor�on of ethanol in Brazil’s light-duty vehicle fuel matrix, whether in the form of hydrated ethanol (E100) or 
in gasoline blends containing between 22% and 32% ethanol by volume, emissions a�ertreatment systems require specific 
cataly�c formula�ons. Among the challenges associated with these applica�ons, the control of aldehyde and unburned 
ethanol emissions stands out, par�cularly during cold starts.

From the perspec�ve of automo�ve catalysis, aldehydes and ethanol exhibit oxida�on mechanisms similar to those observed 
for hydrocarbons. However, op�mizing conversion efficiency requires adjustments to the catalyst formula�on, system sizing, 
and engine calibra�on for each vehicle pla�orm. These ac�vi�es have been carried out in Brazil along the same principles as 
those for gasoline engines, at local development centers using appropriate reference fuels.

The cataly�c formula�on can also be adjusted by subs�tu�ng or op�mizing certain ac�ve components, par�cularly pla�num 
group metals (PGMs), with the aim of increasing the conversion efficiency of aldehydes, unburned ethanol, and the byproducts 
formed during their oxida�on.
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Abstract

Diesel generator sets remain important for standby and decentralised power, while a substan�al in-use popula�on con�nues 
to operate a�er cer�fica�on under earlier emission stages. This ar�cle examines eight anonymised, field-procured diesel 
generator engines spanning 29.4-220 kW and model years 2004-2013. Following manufacturer-prescribed servicing and 20 
hours of stabilisa�on, each engine was evaluated over the ISO 8178-4 D2 five-mode cycle. Baseline carbon monoxide (CO), 
hydrocarbons (HC), oxides of nitrogen (NOx) and par�culate ma�er (PM) were compared with relevant historical type-
approval informa�on and CPCB-I/CPCB-II reference limits. A passive diesel oxida�on catalyst plus par�al-flow filter 
configura�on was subsequently assessed to understand pollutant-specific retrofit response.

The data reveal a non-uniform in-use emission signature. CO and PM were generally controlled, but NOx or HC+NOx remained 
elevated in several samples. Three engines exceeded the 9.2 g/kWh CPCB-I NOx benchmark, with the highest result at 13.16 
g/kWh. Passive retrofit treatment produced large reduc�ons in CO and HC and moderate, sample-dependent PM reduc�on, 
yet changed NOx only marginally. These findings do not reduce the importance of PM control. Rather, they indicate that PM 
and NOx require different technical responses. Established research confirms that NOx control is possible through EGR- and 
SCR-based approaches under suitable condi�ons, but applica�on to old engines is constrained by calibra�on, temperature, 
packaging, durability and cost. The ar�cle therefore retains the observed emission trend as its principal contribu�on and opens 
a limited technical dialogue on future in-use NOx characterisa�on and frugal, duty-specific responses.

Keywords: diesel generator set; in-use emissions; NOx; par�culate ma�er; retrofit emission control device; DOC; par�al-flow 
filter; ISO 8178 D2; legacy engines

1. Why in-use generator emissions deserve a second look

Type approval establishes the emission performance of a new engine family under prescribed condi�ons. It does not, by itself, 
describe the emission state of every unit a�er years of field opera�on. In-use generator engines experience diverse loading, 
maintenance quality, fuel history, thermal exposure and opera�ng hours. Many standby sets also spend long periods at low 
load or operate intermi�ently, which can influence combus�on and exhaust-a�er-treatment condi�ons.

India has progressively �ghtened emission standards for new generator engines. In parallel, the Retrofit Emission Control 
Device framework provides a route to reduce par�culate emissions from eligible in-use sets. This is an important founda�on. 
The present inves�ga�on asks a narrower ques�on: what emission signature is observed when representa�ve legacy engines 
are brought from the field and evaluated under a common laboratory cycle?

A PM-centred retrofit objec�ve and a broader in-use emission assessment answer different ques�ons. PM remains important 
because of its direct health relevance. At the same �me, the World Health Organiza�on addresses PM, ozone and nitrogen 
dioxide as separate key air pollutants, indica�ng the value of a mul�-pollutant perspec�ve in air-quality management. The 
present study therefore evaluates the measured behaviour of CO, HC, NOx and PM without trea�ng any one pollutant as a 
subs�tute for another.

2. Study design and boundaries

2.1 Selec�on of field-representa�ve samples

Eight generator engines were procured from field use to cover a prac�cal range of power ra�ngs and model years. Commercial 
iden��es, model names and ownership history are inten�onally withheld. Throughout the ar�cle, the units are iden�fied only 
as Sample 1 to Sample 8. The sample set is exploratory and is not sta�s�cally representa�ve of the en�re na�onal popula�on.
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Sample Model year Rated power (kW)

Sample 1 2012 220.0

Sample 2 2011 113.2

Sample 3 2007 93.3

Sample 4 2005 113.2

Sample 5 2004 77.2

Sample 6 2004 61.0

Sample 7 2011 29.4

Sample 8 2013 41.2

Table 1. Anonymised sample matrix used for the in-use assessment.

2.2 Prepara�on and measurement protocol

Each engine was serviced in accordance with the available manufacturer-prescribed procedure. It was mounted on an engine 
test cell, coupled to a dynamometer and operated for 20 hours to establish stable opera�on and confirm power capability. 
Emissions were measured over the ISO 8178-4 D2 five-mode steady-state cycle. CO, HC and NOx were determined using 
gaseous emission analysers, while PM was measured gravimetrically through a par�culate measurement system. Fuel flow, 
coolant condi�on and relevant opera�ng parameters were monitored during tes�ng.

The controlled laboratory cycle improves repeatability, but does not reproduce every field duty cycle. The results describe the 
condi�on of the tested engines over the prescribed D2 cycle and should not be interpreted as total annual mass emissions at 
their installa�on sites.

2.3 Retrofit configura�on assessed

A passive configura�on combining a diesel oxida�on catalyst (DOC) and a par�al-flow filter (PFF) was evaluated a�er baseline 
tes�ng. The DOC primarily oxidises CO and unburned hydrocarbons, while the par�culate element captures and oxidises a 
frac�on of soot. Neither element is a dedicated lean-exhaust NOx-reduc�on system. The exercise therefore separates 
pollutants that passive oxida�on and filtra�on can address from pollutants requiring a different technical mechanism.

3. Baseline results: the emission signature is not uniform

Sample CO HC NOx HC+NOx PM

Sample 1 0.39 0.41 9.54 9.95 0.1010

Sample 2 0.74 0.57 9.68 10.25 0.1620

Sample 3 0.60 0.66 13.16 13.82 0.0935

Sample 4 2.59 0.18 8.43 8.61 0.5294

Sample 5 0.71 0.52 7.18 7.70 0.1180

Sample 6 0.94 0.66 7.70 8.36 0.1340

Sample 7 0.89 0.34 9.01 9.35 0.1920

Sample 8 1.15 0.30 8.32 8.62 0.1440

Table 2. Baseline D2-cycle specific emissions (g/kWh).

Figure 1. Baseline NOx and HC+NOx across anonymised in-use samples.



117

CO remained below 3.5 g/kWh in all eight samples. PM was below 0.30 g/kWh in seven samples, while Sample 4 recorded 
0.5294 g/kWh. NOx behaved differently. Samples 1, 2 and 3 exceeded the 9.2 g/kWh CPCB-I benchmark, and Sample 7 
approached it at 9.01 g/kWh. Sample 3 produced the highest NOx result at 13.16 g/kWh, approximately 43% above the 
benchmark. The results therefore show that compara�vely moderate PM cannot be used to infer compara�vely moderate 
NOx.

The measured divergence is consistent with the recognised NOx-soot trade-off in diesel combus�on, but the present study 
does not establish a unique deteriora�on mechanism. Injec�on �ming, pump calibra�on, governor response, injector 
condi�on, fuel proper�es, maintenance history and duty cycle are plausible influences. These parameters were not 
comprehensively measured and are therefore iden�fied as hypotheses for follow-on inves�ga�on, not as demonstrated 
causes.

4. Passive retrofit results: strong oxida�on, moderate filtra�on, minimal NOx change

Figure 2. Baseline and post-retrofit PM emissions.

Figure 3. Mean pollutant-specific response of the evaluated DOC+PFF configura�on.
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Across the eight samples, the passive configura�on reduced CO by 92.96-100% and HC by 86.67-97.56%. PM reduc�on varied 
from 12.16% to 56.25%. None of the tested sample-device combina�ons achieved 70% PM reduc�on in this experimental 
configura�on. NOx changed by -1.67% to +4.03% reduc�on, averaging about 2%. In prac�cal terms, NOx was carried through 
the passive system largely unchanged.

The result should not be generalised to every cer�fied RECD technology or installa�on. Different systems may use different 
substrates, catalyst formula�ons, filtra�on strategies, regenera�on controls and diagnos�cs. The finding instead illustrates a 
design principle: useful oxida�on and par�culate benefits can coexist with negligible NOx conversion because the respec�ve 
control mechanisms are different.

5. Discussion: why NOx merits a�en�on in future in-use studies

5.1 Air-quality relevance without diminishing par�culate control

The discussion of NOx is complementary to, rather than in compe��on with, par�culate control. PM2.5 has well-established 
health relevance and remains an essen�al control objec�ve. The World Health Organiza�on provides health-based air-quality 
guideline levels for PM2.5, PM10, ozone, nitrogen dioxide, sulfur dioxide and carbon monoxide, trea�ng these as dis�nct key 
pollutants rather than subs�tutes for one another.

NOx ma�ers through both direct and secondary pathways. Nitrogen dioxide is itself included in the WHO air-quality guideline 
framework. In addi�on, ground-level ozone is formed through photochemical reac�ons involving NOx and vola�le organic 
compounds in sunlight. The high HC reduc�on observed with the DOC is therefore a meaningful outcome because it reduces 
one class of ozone-forming precursors. However, the near-unchanged NOx result leaves the other major precursor largely 
unaffected.

The present data offer a technical signal rather than a popula�on-wide conclusion. Seven samples recorded PM below 0.30 
g/kWh, whereas three exceeded the 9.2 g/kWh NOx benchmark. This divergence demonstrates why PM performance alone 
cannot describe the complete in-use emission signature of an ageing diesel engine. It supports wider measurement and 
characterisa�on, but does not by itself establish the scale of a na�onal NOx problem.

5.2 Relevance to sta�onary legacy engines

Sta�onary engines merit targeted considera�on because emissions occur at iden�fiable fixed sites and may be released for 
sustained periods during outages or scheduled opera�on. The significance of an individual installa�on will depend on engine-
out emissions, opera�ng hours, load, stack arrangement, dispersion condi�ons and proximity of receptors. Consequently, a 
propor�onate approach should begin with measurement and duty-cycle characterisa�on rather than a uniform technology 
prescrip�on.

This is par�cularly important for the diverse legacy popula�on. A lightly used emergency generator and a high-u�lisa�on 
cap�ve-power installa�on may have different cumula�ve emissions, exhaust-temperature profiles and prac�cal capacity to 
support addi�onal controls. Future in-use work should therefore dis�nguish applica�ons by u�lisa�on and thermal duty rather 
than trea�ng all installed engines as one category.

5.3 Challenges in reducing NOx from old engines

NOx control in old engines is not analogous to fi�ng a passive oxida�on catalyst. Many legacy generator engines use 
mechanical fuel systems and were not designed around integrated air-path control, electronic sensing, thermal management 
or exhaust a�er-treatment. Measures that reduce combus�on temperature, such as EGR or injec�on-�ming changes, can 
reduce NOx but may affect PM, CO, fuel consump�on or exhaust temperature unless the engine is calibrated as a complete 
system.

Published SAE inves�ga�ons demonstrate that EGR-based reduc�on is technically possible under controlled condi�ons. A low-
pressure EGR and DPF retrofit reported more than 50% NOx reduc�on together with filtra�on efficiency above 99%. A separate 
generator-set inves�ga�on reported 75% NOx reduc�on at full load with 30% EGR, while also requiring an oxida�on catalyst to 
control the accompanying increase in CO. A sta�onary-engine study reported up to 72% NO reduc�on at 25% EGR, together 
with increases in specific fuel consump�on, CO and CO2. These results establish feasibility but also show why EGR cannot be 
treated as a universal bolt-on measure.

SCR-based retrofit has also demonstrated substan�al poten�al. An SAE retrofit system combining catalysed par�culate 
filtra�on, SCR and oxida�on treatment achieved about 70% overall NOx reduc�on without communica�on with the engine 
CAN bus. Nevertheless, SCR performance depends on exhaust temperature, reductant dosing and catalyst integra�on. 
Standby or low-load duty may not consistently provide the thermal condi�ons required for reliable conversion. Packaging, 
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backpressure, reagent availability, deposit preven�on, diagnos�cs, maintenance and ammonia-slip control further influence 
prac�cal adop�on.

5.4 Scope for a restrained and frugal technical dialogue

The evidence does not support recommending one NOx-control technology for every old generator. It supports a sequence of 
ques�ons. First, is the engine mechanically healthy and opera�ng close to its intended calibra�on? Injector servicing, pump 
calibra�on, �ming verifica�on, air-path maintenance, cooling-system restora�on and load valida�on use the exis�ng service 
ecosystem and may correct avoidable deteriora�on at compara�vely low cost. Their NOx benefit must be measured rather 
than assumed.

Second, passive DOC and PFF or POC benefits should be retained where demonstrated. The large HC and CO reduc�ons 
observed in this study and the par�al PM benefit are meaningful even though NOx remains unchanged. Third, advanced NOx 
control should be examined selec�vely. Engine-specific EGR may merit evalua�on where cooling margin, calibra�on support 
and par�culate control are available. SCR may merit evalua�on for larger or higher-u�lisa�on installa�ons with an adequate 
thermal window and professional opera�on. Where engine condi�on or duty is unsuitable, repower, replacement or 
opera�onal measures may be more propor�onate than a complex retrofit.

Accordingly, the ar�cle opens a dialogue rather than proposing a mandate. A useful next step would be a controlled 
demonstra�on programme that records engine condi�on, opera�ng hours, load, exhaust-temperature distribu�on, baseline 
NOx and PM, interven�on cost, fuel or reagent penalty, maintenance requirement and measured durability. Such evidence 
would allow technical and economic suitability to be judged by duty class.

6. Limita�ons and future experimental work

The sample size is small and does not support popula�on-wide prevalence es�mates. Opera�ng hours, maintenance quality 
and field-load history were not available uniformly. The D2 cycle provides a controlled comparison but cannot represent every 
installa�on. The study also did not measure combus�on pressure, start of injec�on, injector flow, pump advance, EGR rate, 
detailed exhaust-temperature distribu�on, fuel composi�on or catalyst ageing.

Follow-on work should pair emissions with root-cause instrumenta�on. Useful experiments would include baseline tes�ng 
before and a�er injector and pump calibra�on; direct measurement of injec�on �ming and cylinder pressure; fuel-property 
analysis; cold-start and low-load thermal mapping; repeated tes�ng a�er defined service intervals; and comparison of passive, 
EGR-based and SCR-based packages on selected duty classes. The purpose should be to test prac�cal hypotheses, not presume 
the suitability of a technology.

7. Conclusions

1. The eight field-procured engines did not exhibit one uniform in-use emission pa�ern. CO and PM were generally 
controlled, while NOx or HC+NOx remained elevated in several samples.

2. Three samples exceeded the 9.2 g/kWh CPCB-I NOx benchmark; the highest NOx result was 13.16 g/kWh. One sample also 
showed dis�nctly high PM.

3. The evaluated DOC+PFF configura�on strongly reduced CO and HC and reduced PM to varying degrees, but did not 
materially reduce NOx.

4. The findings do not displace the importance of PM control. They show that PM and NOx are dis�nct engineering and air-
quality considera�ons, and that PM performance alone does not describe the complete in-use emission signature.

5. Published research demonstrates possible EGR- and SCR-based NOx reduc�ons under suitable condi�ons, but also 
iden�fies performance trade-offs and integra�on constraints for old engines.

6. The study does not recommend a par�cular NOx-control technology or immediate regulatory interven�on. It supports 
expanded in-use evidence, engine-condi�on restora�on, selec�ve demonstra�ons and a broader mul�-pollutant 
perspec�ve in future inves�ga�ons.

The present study therefore opens a measured technical dialogue. The immediate opportunity is to preserve proven PM, HC 
and CO benefits while improving the characterisa�on of in-use NOx. Any future response should be guided by verified emission 
benefit, engine suitability, duty cycle, affordability, durability and customer operability.

Acknowledgement and declara�on

The ar�cle draws on an anonymised technical study commissioned in the public-interest context and tes�ng undertaken at 
recognised automo�ve emission laboratories. Commercial iden��es have been removed. The discussion is technology-
neutral and does not endorse or cri�cise any manufacturer, retrofit supplier or product. Interpreta�ons beyond the measured 
results are presented as technical hypotheses and direc�ons for further inves�ga�on.
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Abstract

The automo�ve industry is undergoing a significant transforma�on driven by increasingly stringent emissions regula�ons, fuel 
economy mandates, and customer expecta�ons for higher performance and durability. While substan�al advances have been 
achieved through combus�on op�miza�on and electronic engine controls, further efficiency gains now require a holis�c 
approach to powertrain design.

Tenneco's integrated por�olio of pistons, piston rings, bearings, valve train components, sealing systems, igni�on and 
a�ertreatment technologies provides a comprehensive engineering solu�on that addresses the key sources of efficiency loss 
throughout the engine. By simultaneously op�mizing combus�on, reducing fric�on, minimizing leakage, improving gas 
exchange, and enhancing durability, these technologies enable OEMs to maximize engine performance while mee�ng 
increasingly stringent emissions regula�ons.

In today's highly compe��ve automo�ve landscape, engine manufacturers face unprecedented challenges in achieving higher 
fuel efficiency, lower emissions, increased power density, and enhanced durability. While significant advancements con�nue 
to be made in combus�on systems and engine controls, the greatest gains are increasingly being achieved through the 
integra�on of advanced powertrain components that work synergis�cally as a complete system.

Integrated Approach

Historically, engine efficiency improvements were o�en pursued through individual benefits from use of advanced technology 
Components, However, modern internal combus�on engines operate in a highly interconnected environment where fric�on, 
combus�on efficiency, thermal management, airflow, lubrica�on, and sealing all influence overall engine performance.

As emission standards con�nue to �ghten and OEMs pursue aggressive fuel economy targets, incremental improvements from 
individual components are no longer sufficient. Instead, substan�al gains are realized when powertrain technologies are 
engineered to operate as an integrated system. Tenneco's powertrain solu�ons exemplify this approach by addressing every 
cri�cal interface within the engine architecture.

Introduc�on

Modern internal combus�on engines operate within a highly interconnected ecosystem where every subsystem influences 
overall performance. Fric�on, combus�on efficiency, thermal management, lubrica�on, sealing effec�veness, and airflow 
characteris�cs collec�vely determine fuel consump�on, emissions output, and engine durability.

Historically, engine efficiency improvements were achieved through isolated component enhancements. However, as engines 
approach prac�cal efficiency limits, incremental gains from individual technologies deliver diminishing returns. The next 
genera�on of performance improvements demands integrated engineering solu�ons that op�mize interac�ons across the 
en�re powertrain. 

Sources of Efficiency Loss in Modern Engines

Engine efficiency losses originate from five primary areas:

1. Combus�on Inefficiency

Incomplete fuel combus�on reduces thermal efficiency and increases harmful emissions.

2. Mechanical Fric�on

Fric�on between moving components such as pistons, rings, bearings, and valve train assemblies converts useful energy into 
heat.
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3. Blow-By and Leakage

Leakage of combus�on gases past piston rings reduces cylinder pressure and wastes energy.

4. Inefficient Gas Exchange

Restric�ons in air intake and exhaust valve opera�on limit volumetric efficiency and combus�on effec�veness.

5. Component Wear

Progressive wear degrades sealing, increases fric�on, and reduces long-term engine performance.

Addressing these losses requires technologies that func�on together rather than independently.

Integrated Powertrain Technologies

1. Advanced Piston Technology

Pistons represent the heart of the combus�on chamber. Advanced piston designs contribute to:

Ÿ Enhanced combus�on chamber geometry

Ÿ Improved thermal management.

Ÿ Reduced reciproca�ng mass.

Ÿ Lower mechanical losses (Fric�on, weight, and NVH)

Modern lightweight materials and op�mized crown designs improve combus�on efficiency while reducing iner�a, 
contribu�ng to improved fuel economy and performance.

Benefits

• Improved thermal efficiency.

• Reduced fuel consump�on

• Enhanced power density

• Be�er durability under high loads

2. Low-Fric�on Piston Ring Technologies

Piston rings perform a cri�cal balancing act between effec�ve sealing and fric�on reduc�on.

Advanced ring coa�ngs and op�mized geometries help:

• Reduce fric�on losses

• Minimize oil consump�on

• Improve cylinder sealing

• Lower blow-by emissions

Even small reduc�ons in ring fric�on can translate into measurable fuel economy benefits across the engine lifecycle.
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Benefits

• Reduced Fric�on

• Improved sealing efficiency (Be�er Blowby and LOC)

• Lower emissions

• Extended engine life

3. Advanced Bearing Solu�ons

Bearings support rota�ng assemblies while minimizing resistance.

Modern bearing technologies feature:

• Improved material composi�ons

• Enhanced fa�gue resistance

• Op�mized surface finishes

• Superior lubrica�on characteris�cs

High-performance bearings reduce energy losses while maintaining durability under increasingly demanding opera�ng 
condi�ons.

Benefits

• Reduced parasi�c losses

• Improved reliability

• Greater load-carrying capacity

• Enhanced fuel efficiency 

4. Valve Train Op�miza�on

Valve train systems directly influence airflow management and combus�on performance.

Precision-engineered valve train components help:

• Improve airflow efficiency

• Reduce valve train fric�on

• Enable higher opera�ng speeds

• Improve combus�on stability

Efficient gas exchange supports greater cylinder filling and improved combus�on quality.
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Benefits

• Enhanced volumetric efficiency

• Improved power output

• Lower mechanical losses

• Reduced emissions

5. Advanced Sealing Systems

Effec�ve sealing is essen�al to maintain pressure, lubrica�on integrity, and thermal control.

Tenneco sealing technologies help:

• Prevent combus�on gas leakage

• Maintain lubrica�on effec�veness

• Improve thermal management

• Protect cri�cal engine components

Benefits

• Reduced fluid losses

• Enhanced engine reliability

• Improved emissions control

• Longer service life

6. Igni�on Technologies

Combus�on quality depends heavily on igni�on performance.

Advanced igni�on systems enable:

• Faster flame propaga�on

• More complete combus�on

• Improved cold-start performance

• Reduced emissions genera�on

Enhanced igni�on efficiency translates directly into improved fuel u�liza�on and cleaner engine opera�on.
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Benefits

• Be�er fuel economy

• Lower emissions

• Improved drivability 

• Enhanced combus�on stability

The Synergy of Integra�on

The true value of advanced powertrain technology emerges when mul�ple systems are engineered to work together.

For example:

• Low-fric�on piston rings reduce mechanical losses.

• Advanced bearings further decrease energy consump�on.

• Op�mized valve train systems improve airflow.

• Improved igni�on systems enhance combus�on efficiency.

• Effec�ve sealing systems preserve compression and lubrica�on.

The combined impact exceeds the sum of individual improvements because gains in one subsystem reinforce performance in 
another.

This integrated engineering philosophy enables manufacturers to unlock efficiencies that would be difficult to achieve through 
standalone component op�miza�on. 

Suppor�ng Future Emissions and Efficiency Targets

Global emissions regula�ons con�nue to become more stringent. Simultaneously, OEMs face increasing pressure to improve:

• Fuel economy

• Carbon dioxide reduc�on

• Engine downsizing effec�veness

• Power density

• Durability requirements
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Mee�ng these objec�ves requires a comprehensive approach to powertrain efficiency that addresses every major source of 
energy loss within the engine architecture. Tenneco's integrated technology por�olio provides OEMs with a pathway to 
achieve these goals while maintaining performance and reliability.

Integra�on of Clean Air Technologies for Future Emission Standards

1. Beyond Engine Efficiency: The Role of A�ertreatment Systems

While engine efficiency improvements reduce fuel consump�on and carbon emissions, compliance with future emission 
regula�ons increasingly depends on advanced exhaust a�ertreatment technologies. Modern Clean Air systems must 
simultaneously address nitrogen oxide (NOx) reduc�on, fuel efficiency, packaging constraints, durability, and real-world 
driving emission compliance. These requirements have transformed a�ertreatment system (ATS) development from a 
component-focused ac�vity into a system-level engineering challenge. 

Figure 5 illustrates the evolu�on of mixer development from a simple fluid mixing device into a mul�func�onal subsystem suppor�ng overall ATS performance.

2. AdBlue Mixer as a Cri�cal ATS Enabling Technology

The AdBlue mixer serves as the interface between reductant dosing and Selec�ve Cataly�c Reduc�on (SCR) catalyst 
performance. Its func�on extends beyond genera�ng turbulence within exhaust gases.

The mixer is responsible for:

• AdBlue spray atomiza�on

• Exhaust gas mixing

• Droplet evapora�on

• Urea thermolysis and hydrolysis

• Ammonia distribu�on across the SCR catalyst face

Effec�ve mixer design directly influences NOx conversion efficiency, catalyst u�liza�on, deposit forma�on risk, and overall ATS 
pressure loss. 
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3. Future Emission Regula�ons Driving ATS Complexity

Future BS VII, Euro VII, and Real Driving Emission (RDE) regula�ons introduce significantly �ghter limits on NOx emissions 
under a broader opera�ng window.

As a result, next-genera�on a�ertreatment systems increasingly incorporate:

• Close-coupled catalyst systems

• Dual dosing arrangements

• Electrically heated catalysts

• Compact packaging architectures

• Enhanced SCR catalyst u�liza�on targets

The development process must therefore simultaneously op�mize emissions performance, system pressure drop, packaging 
constraints, and thermal management

4. Simula�on-Led ATS Development Methodology

To address the growing complexity of emission systems, Tenneco has developed a simula�on-led, field-informed methodology 
for mixer op�miza�on. The development approach includes:

1. Customer and opera�ng-data collec�on

2. Mixer concept prepara�on

3. CFD-based parameter op�miza�on

4. Flow-bench valida�on

5. Concept selec�on

6. OEM valida�on and system integra�on

This process enables rapid explora�on of the design space while maintaining correla�on between simula�on and physical 
tes�ng. 
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5. SCR Op�miza�on Through Improved NH₃ Uniformity

One of the most significant contribu�ons of advanced mixer technology is increased ammonia distribu�on uniformity at the 
SCR inlet.

Improved NH₃ Uniformity Index (UI):

• Enhances catalyst-face u�liza�on

• Improves NOx conversion efficiency

• Creates opportuni�es for catalyst-volume op�miza�on Contributes to overall system cost reduc�on

Table 4. Key Requirements for Future ATS Mixer Development

Requirement Category  Key Objec�ves

Performance   NH₃ Uniformity, NOx Conversion, Low-Temperature Opera�on

Integra�on   Packaging, Serviceability, Injector Compa�bility

Robustness   Thermal Durability, Deposit Management, High Dosing Capability

System Efficiency   Pressure Drop Reduc�on, Catalyst Op�miza�on

Regulatory Compliance  RDE, ISC, Future NOx Limits

Field Valida�on   Real Driving Condi�ons, Expanded Opera�ng Window

 Case Study: Gen2 Double Swirl Mixer

A case study involving a Next-Genera�on Double Swirl (Gen2 DS) mixer demonstrated the effec�veness of the integrated 
development methodology.

The final validated design achieved:

• NH₃ Uniformity Index greater than 0.99 across evaluated opera�ng points

• 35% reduc�on in mixer backpressure

• Very low wall impingement

• No deposits observed during evalua�on condi�ons

• Compa�bility with mul�ple injector configura�ons

• Serviceable design within exis�ng ATS packaging limits

These improvements support improved SCR u�liza�on, fuel efficiency, DEF consump�on op�miza�on, and pla�orm 
commoniza�on. 
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Conclusion

The future of powertrain development requires simultaneous op�miza�on of engine efficiency and emissions performance. 
Advanced engine technologies, including pistons, piston rings, bearings, valve train systems, sealing systems, and igni�on 
technologies, must increasingly work in conjunc�on with sophis�cated Clean Air solu�ons such as SCR a�ertreatment systems 
and advanced AdBlue mixer technologies.

The integra�on of Tenneco's Powertrain and Clean Air por�olios creates a comprehensive engineering framework that 
addresses the complete energy-conversion pathway, from combus�on efficiency within the cylinder to emissions reduc�on 
within the exhaust stream. Through synchronized op�miza�on of combus�on, fric�on reduc�on, sealing performance, 
catalyst u�liza�on, ammonia distribu�on, and a�ertreatment effec�veness, OEMs can achieve the dual objec�ves of 
maximum engine efficiency and compliance with future global emission standards.
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Abstract

India's transi�on toward E20 petrol is an important component of its energy-security and decarbonisa�on strategy. The 
transi�on also requires systema�c assessment of the heterogeneous in-use vehicle fleet, par�cularly vehicles developed 
before widespread E20-oriented calibra�on and component valida�on. This paper presents a technical risk-assessment 
framework for pre-2023 vehicles without assuming that vehicle age alone determines incompa�bility. Four principal pathways 
are examined: altered stoichiometric fuel demand and energy density, fuel-system material compa�bility, water-assisted 
phase stability and corrosion, and the ability of electronic fuel-control systems to compensate for changed fuel proper�es. 
Analy�cal calcula�ons are used to illustrate the direc�on and magnitude of stoichiometric and energy-density changes, while 
published material and fuel-phase studies are used to establish the evidence base. A prac�cal problem-solu�on framework is 
proposed covering vehicle iden�fica�on, fuel-quality verifica�on, material inspec�on, fuel-pump/injector diagnos�cs, ECU 
monitoring and controlled durability tes�ng. The paper concludes that a risk-based compa�bility programme is preferable to a 
blanket classifica�on of all pre-2023 vehicles as E20-incompa�ble.

Keywords: E20 fuel; ethanol-blended petrol; pre-2023 vehicles; fuel-system compa�bility; elastomer degrada�on; phase 
stability; corrosion; stoichiometric air-fuel ra�o; ECU calibra�on; emission control.

1. Introduc�on

India's ethanol-blended petrol programme has progressed from lower ethanol concentra�ons toward E20, crea�ng a new fuel 
environment for both newly validated vehicles and vehicles already opera�ng in the field. The engineering challenge is not 
adequately represented by a simple division between 'old' and 'new' vehicles. Fuel compa�bility is a system property 
determined by material formula�on, fuel quality, temperature, water exposure, component ageing, injector and pump 
capacity, and electronic control strategy.

The Automo�ve Research Associa�on of India (ARAI) iden�fies E20 assessment of in-use two-wheelers and four-wheelers as 
including tailpipe emissions, fuel economy, durability and material-compa�bility evalua�on. This is important because it 
establishes the need to evaluate the in-use fleet rather than trea�ng E20 solely as a new-vehicle cer�fica�on issue. [1]

Published studies also demonstrate that ethanol-containing fuels can interact differently with elastomers and polymers used 
in fuel systems. A 2014 Indian study examined NBR, HNBR, neoprene, PVC/NBR, Nylon-66 and polyoxymethylene a�er 
controlled exposure to E5 and E10. [2] Other controlled studies have evaluated elastomer behaviour across broader ethanol 
concentra�ons and have shown that swelling and hardness response is strongly material dependent. [3,4]

Accordingly, the objec�ve of this paper is to establish a technically defensible framework for iden�fying possible E20 
compa�bility risks in pre-2023 vehicles and to define mi�ga�on measures that can be implemented without assuming that 
every older vehicle will experience failure.

2. Objec�ves and Research Ques�ons

Ÿ Quan�fy, using a transparent analy�cal model, how increasing ethanol content changes stoichiometric AFR and blend 
energy density.

Ÿ Iden�fy the principal fuel-system material, water/phase-stability, corrosion and fuel-control pathways that may influence 
in-use vehicle behaviour.

Ÿ Separate fuel-related mechanisms from failures caused by ageing, contamina�on or inadequate maintenance.

Ÿ Develop a prac�cal diagnos�c flow from reported symptoms to fuel, component and ECU verifica�on.

Ÿ Recommend a risk-based framework for regulators, OEMs, service organisa�ons and vehicle owners.
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3. Methodology

3.1 Literature and regulatory review

The manuscript uses literature-review and analy�cal-modelling methodology. Published material-compa�bility studies, fuel-
phase studies and Indian vehicle-tes�ng informa�on were used to iden�fy mechanisms. No laboratory experiment is claimed 
as part of the present manuscript.

3.2 Stoichiometric analysis

Iso-octane is used as a simplified gasoline surrogate. Complete combus�on is represented by

2 C₈H₁₈ + 25 O₂  →  16 CO₂ + 18 H₂O

For ethanol: 

C₂H₅OH + 3 O₂  →  2 CO₂ + 3 H₂O

Ethanol contains oxygen within its molecular structure, so the stoichiometric air requirement is lower than that of a 
hydrocarbon gasoline surrogate. For E20, the nominal volumetric composi�on is 20% ethanol and 80% gasoline. Because 
actual gasoline composi�on and density vary, the exact E20 stoichiometric AFR is formula�on dependent.

Figure 1. Calculated trend in stoichiometric AFR with ethanol content. 
Model assump�ons: gasoline AFR 14.7:1, ethanol AFR 9.0:1, densi�es 0.745 and 0.789 kg/L. Values are analy�cal illustra�ons, not vehicle measurements.

3.3 Energy-density analysis

Ethanol has a lower lower-hea�ng value than conven�onal gasoline. Using representa�ve assump�ons of 44.0 MJ/kg for 
gasoline and 26.8 MJ/kg for ethanol, the blend LHV decreases as ethanol content increases. This does not mean that engine 
power must decrease because an electronically controlled engine can increase fuel delivery; it does mean that fuel quan�ty 
and calibra�on margin become relevant.

Figure 2. Calculated blend lower-hea�ng-value index rela�ve to the gasoline reference. 
Model assump�ons are stated above; the figure is not experimental vehicle data.
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4. Principal E20 Compa�bility Pathways

4.1 Elastomer and polymer interac�on

Fuel hoses, seals, O-rings, gaskets and other components may contain NBR, HNBR, FKM, fluorosilicone and other formula�ons. 
Ethanol-containing fuels can alter volume, hardness and mechanical proper�es through solvent interac�on and extrac�on or 
absorp�on of low-molecular-weight cons�tuents. The effect is not uniform across materials. A study covering six elastomer 
families found substan�al differences in swelling behaviour, with fluorocarbon materials generally showing lower swelling 
than several conven�onal elastomers. [3]

An Indian study on E5 and E10 reported measurable changes in physical and mechanical proper�es a�er 500 hours at 55 ± 2°C 
and demonstrated that compa�bility depends on the specific material rather than ethanol percentage alone. [2] A later study 
directly compared E0, E10, E12, E15 and E20 exposure of NBR/PVC and epichlorohydrin materials using a six-week elevated-
temperature protocol, reinforcing the need for component-specific assessment. [4]

4.2 Water absorp�on and phase stability

Ethanol has a strong affinity for water. Water ingress can occur through condensa�on, storage problems, dispensing 
equipment or other contamina�on pathways. Experimental work on gasoline-ethanol-water systems has shown that water 
tolerance and phase behaviour depend on temperature, ethanol concentra�on and the amount of water present. [5]

Phase separa�on can generate an ethanol-rich aqueous phase and a gasoline-rich phase with altered composi�on. The 
resul�ng fuel may produce drivability problems if a substan�al quan�ty of the aqueous phase reaches the engine. A fixed 
universal water threshold should therefore not be used for every E20 formula�on.

4.3 Corrosion pathway

Corrosion in ethanol-containing fuel systems should be treated as a mul�-factor electrochemical process involving water, 
oxygen, fuel chemistry, ionic contaminants, material composi�on and exposure �me. A simplified ethanol-oxida�on pathway 
can be wri�en as

CH₃CH₂OH + O₂  →  CH₃COOH + H₂O

This reac�on is useful for illustra�ng a possible source of organic acidity, but it should not be interpreted as the sole or 
dominant corrosion mechanism in every vehicle. Corrosion-product genera�on and component degrada�on require material- 
and fuel-specific evidence.

4.4 Fuel-pump and injector pathway

Fuel pumps and injectors remain con�nuously exposed to the fuel environment. Poten�al issues include seal degrada�on, 
flow-rate changes, pressure instability, leakage or deposit-related injector restric�on. These symptoms are not unique to 
ethanol and can also result from normal ageing or contaminated fuel. Diagnos�c a�ribu�on should therefore compare 
pressure, flow and injector performance with manufacturer specifica�ons.

5. Engine-Control and Combus�on Implica�ons

The lower stoichiometric AFR of E20 means that a greater fuel quan�ty is required for a given air mass at the same target 
equivalence ra�o. Closed-loop lambda control can compensate when adequate fuel-trim authority is available. The risk is 
therefore a calibra�on-margin problem rather than an automa�c lean-burn condi�on.

Condi�ons requiring par�cular a�en�on include cold start, rapid accelera�on, high-load opera�on, fuel-pressure varia�on, 
injector satura�on and the transi�on between open- and closed-loop control. Ethanol's high octane quality and high latent 
heat of vaporisa�on also mean that combus�on response cannot be reduced to a simple statement that E20 always raises 
temperature or causes knock. Engine calibra�on, compression ra�o, load and igni�on �ming must be considered together.

6. Problem-to-Solu�on Framework
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Figure 3. Proposed diagnos�c pathway linking E20 exposure to fuel quality, materials, fuel delivery and electronic control.

The proposed framework begins with the vehicle and fuel history rather than assuming causa�on. If a symptom appears a�er 
E20 refuelling, the fuel should first be checked for ethanol content, water, par�culate contamina�on and other quality 
indicators. Component inspec�on should then cover hoses, seals, filters, pump assemblies and injector performance. Finally, 
ECU data such as short- and long-term fuel trims, lambda response, misfire counts and fuel pressure should be reviewed.

Table 1: Risk matrix summarising principal pathways and corresponding engineering controls.

8. Recommended Mi�ga�on Measures

Ÿ Vehicle-specific compa�bility classifica�on should replace a blanket assump�on that all pre-2023 vehicles are 
incompa�ble with E20.

Ÿ Service centers should inspect fuel hoses, seals, filters, fuel pressure and injector performance when E20-related 
complaints occur.

Ÿ Replacement components should have documented compa�bility with the intended ethanol concentra�on and 
temperature range.

Ÿ Fuel-quality surveillance should include water contamina�on and storage/dispensing condi�ons because off-specifica�on 
or contaminated fuel can create symptoms that may be incorrectly a�ributed to ethanol itself.
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Ÿ ECU recalibra�on should be considered only a�er diagnos�c evidence demonstrates inadequate fuel-control margin; a 
simple universal injector-dura�on increase is not an adequate engineering solu�on.

Ÿ Regulators should encourage a na�onal field-failure database recording vehicle model, mileage, fuel source, fuel quality, 
component affected and diagnos�c evidence.

9. Experimental Programme Proposed for Future Valida�on

The present paper is designed as an analy�cal review and framework. To convert the framework into a full experimental 
programme, the following tests are recommended.

Ÿ Material ageing: E0/E10/E20 immersion tests of NBR, HNBR, FKM and other representa�ve fuel-system materials at 
controlled temperature, measuring mass, volume, hardness, tensile strength and elonga�on.

Ÿ Fuel-system durability: accelerated pump and injector tes�ng with pressure, delivery rate, current draw, injector flow, 
leakage and spray-pa�ern measurements.

Ÿ Corrosion tes�ng: exposure of representa�ve metallic coupons to controlled fuel-water environments followed by mass-
loss and surface-characterisa�on analysis.

Ÿ Vehicle dynamometer tes�ng: comparison of representa�ve pre-2023 vehicles using specifica�on-compliant fuels under 
steady-state, transient, cold-start and high-load condi�ons.

Ÿ Field monitoring: longitudinal observa�on of representa�ve vehicle models under Indian climate and driving condi�ons.

10. Research Gap and Contribu�on

Exis�ng Indian work has already examined E20 in-use vehicle performance, including tailpipe emissions, fuel economy, 
durability and material compa�bility. The remaining prac�cal gap is the integra�on of these dimensions into a field-oriented 
diagnos�c framework for vehicles that have accumulated mileage under changing fuel condi�ons. This manuscript contributes 
an integrated framework linking fuel proper�es, component condi�on, electronic fuel-control margin, evapora�ve emissions 
and tailpipe emission-control performance. The proposed framework is intended to support model-specific inves�ga�on 
rather than to classify every pre-2023 vehicle as E20-incompa�ble.

11. Emission-Control Implica�ons of E20

E20 compa�bility is directly relevant to emission control because the fuel system, combus�on system and a�er-treatment 
system operate as one integrated chain. In spark-igni�on engines, the three-way catalyst (TWC) achieves high conversion 
efficiency only when the exhaust mixture is held close to stoichiometric condi�ons. Ethanol's oxygen content and different 
physical proper�es change fuel delivery requirements, which makes accurate fuel metering and closed-loop lambda control 
more important, par�cularly during cold start and transient opera�on. Figure X shows the two pathways through which E20 
affects tailpipe and evapora�ve emissions.

Figure 4. Emission-control pathways linking E20 fuel proper�es to (A) tailpipe emissions and (B) evapora�ve emissions in spark-igni�on vehicles.
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The evapora�ve pathway is especially relevant to pre-2023 vehicles, because ethanol blending alters vapour pressure 
behaviour and can increase permea�on through elastomers and polymers not designed for higher ethanol content. ECMA 
technical material iden�fies evapora�ve emissions, EVAP systems, sensors and thermal management as key emission-control 
technologies, which supports trea�ng both pathways as central to an assessment of E20 in the exis�ng fleet.

12. Analy�cal Fuel-Delivery Requirement

For a fixed air mass and a target equivalence ra�o, the lower stoichiometric AFR of ethanol-containing fuel implies a higher fuel 
mass requirement. The following analy�cal illustra�on expresses the theore�cal fuel requirement rela�ve to the gasoline 
reference. It is intended to show the direc�on of the engineering effect and is not a measured injector-duty-cycle result

Figure 5. Analy�cal rela�ve fuel requirement based on the modelled stoichiometric AFR. 
Gasoline AFR = 14.7:1 and ethanol AFR = 9.0:1. The curve is a theore�cal illustra�on, not a vehicle measurement.

13. Problem–Solu�on Framework for ECMA 
Applica�on

The recommended approach is to move 
from anecdotal a�ribu�on to evidence-
based diagnosis. When an E20-related 
complaint is received, the first step should 
be to establish fuel quality and vehicle 
history. The second step should iden�fy 
whether the symptom originates from fuel-
system material degrada�on, pressure/flow 
l i m i t a � o n s ,  e l e c t r o n i c  c o n t r o l  o r 
evapora�ve-emission components. Only 
a�er these checks should a retrofit or 
calibra�on interven�on be considered.

This approach is consistent with ECMA's 
broader posi�on that vehicle technology, 
fuel quality and inspec�on/maintenance 
should be considered together when 
addressing emissions. It also avoids 
unnecessary replacement of components 
that are already suitable for E20.

14. Recommended Valida�on Matrix

15. Conclusion

The engineering issue associated with E20 in the pre-2023 fleet should be framed as a compa�bility-margin and emission-
control ques�on rather than as a universal failure mechanism. Ethanol changes fuel stoichiometry, energy density, material 
exposure and water sensi�vity, while vehicle control systems determine how effec�vely those changes are accommodated. 
The most defensible regulatory response is therefore a model-specific, evidence-based framework combining fuel-quality 
surveillance, material compa�bility assessment, fuel-system diagnos�cs, lambda/fuel-trim monitoring and emission-control 
valida�on.
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For ECMA, the principal opportunity is to establish a common technical protocol that can connect E20 fuel quality with in-use 
vehicle emissions and component durability. Such a protocol would help dis�nguish fuel-related failures from ordinary ageing 
and contamina�on; support validated retrofit decisions and provide regulators with field evidence for future emission-control 
policy.

16. Discussion

The available evidence supports a nuanced posi�on. Ethanol-blended gasoline can alter the physical and chemical 
environment experienced by fuel-system materials, but the magnitude of the effect varies substan�ally with material 
formula�on and test condi�ons. Published work demonstrates both the poten�al for swelling and property change and the 
improved resistance of selected fluorocarbon materials. [2–4]

Water is another important variable. Experimental phase-equilibrium studies show that ethanol-gasoline systems can 
undergo water-induced phase separa�on, while the exact tolerance depends on composi�on and temperature. [5] Therefore, 
fuel-quality control is an essen�al part of any E20 compa�bility policy.

For vehicle control systems, the key issue is the available correc�on range. An older ECU with closed-loop lambda feedback 
may compensate adequately under many condi�ons, while the same vehicle may have less margin during transient or high-
load opera�on. This makes model-specific tes�ng and diagnos�cs more useful than a simple manufacturing-year threshold.

ARAI's stated in-use E20 assessment program, which includes BS III, BS IV and BS VI two- and four-wheelers, durability and 
material compa�bility, provides a suitable ins�tu�onal basis for expanding evidence on the exis�ng fleet. [1]

17. Limita�ons

This paper does not claim original laboratory or dynamometer measurements. The numerical graphs are analy�cal 
illustra�ons based on stated assump�ons. Actual E20 behaviour depends on gasoline composi�on, ethanol purity, water 
content, addi�ve package, vehicle calibra�on, component formula�on, mileage, maintenance and environmental condi�ons. 
The framework should therefore be validated through controlled vehicle and component tes�ng before being converted into 
mandatory retrofit requirements.

18. Policy Recommenda�ons

Ÿ Establish a na�onal E20 compa�bility and field-performance database for in-use vehicles.

Ÿ Use manufacturer/model-specific compa�bility informa�on rather than manufacturing year alone.

Ÿ Create a standard diagnos�c protocol for complaints associated with E20 use.

Ÿ Strengthen surveillance of water and other fuel contaminants at storage and retail stages.

Ÿ Require clear ethanol-compa�bility informa�on for a�ermarket fuel-system components.

Ÿ Support independent durability and material tes�ng through accredited automo�ve laboratories.

Ÿ Use field evidence to dis�nguish genuine E20 effects from normal ageing and contaminated/off-specifica�on fuel.

19. Summary of Technical Findings

E20 represents an important step in India's ethanol-blending and energy-transi�on program, but its long-term 
implementa�on requires evidence-based management of the heterogeneous in-use fleet. The principal compa�bility 
considera�ons include fuel-system materials, water-associated phase stability, corrosion, fuel-delivery capacity and 
electronic-control margin.

The available evidence does not jus�fy classifying every pre-2023 vehicle as inherently incompa�ble with E20. Instead, a risk-
based framework should iden�fy vehicles and components with limited compa�bility margins and provide targeted 
inspec�on, validated replacement, fuel-quality management and diagnos�c support.

The proposed framework provides a prac�cal pathway for regulators and the automo�ve service ecosystem to move from 
anecdotal E20 complaints toward measurable evidence. Future laboratory, dynamometer and field studies can use this 
framework to establish model-specific durability limits and validated mi�ga�on measures for Indian opera�ng condi�ons.
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India's mobility requirements are evolving rapidly. Increasing urbanisa�on, economic growth, rising vehicle ownership, 
expanding logis�cs ac�vity and growing demand for personal mobility are crea�ng a transporta�on ecosystem that is both 
diverse and dynamic. At the same �me, air-quality concerns, climate objec�ves, energy-security considera�ons and resource 
constraints are requiring the automo�ve industry to con�nuously improve environmental performance.

India has already travelled a considerable distance in �ghtening vehicle-emission requirements. The transi�on from earlier 
Bharat Stage regula�ons to BS-VI represented a major technological step for the industry. It brought significant improvements 
in engine and a�er-treatment technologies, fuel quality, electronic controls, diagnos�cs and emission measurement. The next 
stage of evolu�on will need to build on these achievements.

The concept of forthcoming emission regula�on - BS-VII should, therefore, be considered in the context of a broader 
transi�on—from emission compliance to clean mobility performance. The transi�on towards BS-VII represents an important 
opportunity for the Indian automo�ve industry to move beyond conven�onal emission compliance and pursue a broader 
objec�ve of clean, efficient, durable and sustainable mobility. Future emission regula�ons are expected to place increasing 
emphasis not only on laboratory cer�fica�on, but also on real-world emission performance, durability, wider opera�ng 
condi�ons, in-use compliance and the ability of vehicles to maintain their environmental performance throughout their useful 
life.

Engineering clean mobility for BS-VII, therefore, requires a holis�c approach. The objec�ve cannot be achieved by focusing on 
a single component, subsystem or emission-control device. It requires coordinated op�misa�on of the complete vehicle 
system—including powertrain, fuel, combus�on, emission-control systems, thermal management, controls, diagnos�cs, 
vehicle opera�on and maintenance. At the same �me, the engineering approach must recognise the very diverse Indian 
mobility landscape, ranging from two-wheelers and three-wheelers to passenger cars, light commercial vehicles, buses and 
heavy-duty vehicles, together with conven�onal, hybrid, gaseous-fuel and emerging powertrain technologies. 

It is essen�al to examine major engineering challenges and opportuni�es that can shape the next genera�on of clean mobility 
in India. The central proposi�on is that BS-VII should be viewed not simply as another regulatory step, but as an opportunity to 
establish a framework for real-world, life�me and technology-neutral clean mobility. The engineering objec�ve should may 
emerge clearly as vehicles must remain clean not only when tested, but also when driven by customers, on Indian roads, under 
Indian clima�c and opera�ng condi�ons, throughout their useful life.

BS-VII is expected to be viewed as an opportunity to integrate regula�on, engineering, manufacturing, digitalisa�on, durability 
and sustainability into one clean-mobility framework. Future clean-mobility engineering is required to consider following 
aspects of broader engineering challenges:

Ÿ How clean is the vehicle during real-world opera�on?

Ÿ How quickly does it achieve effec�ve emission control a�er star�ng?

Ÿ How does it perform under different loads and speeds?

Ÿ How does emission performance change with temperature and al�tude?

Ÿ Does the vehicle remain clean as it ages?

Ÿ How effec�vely are emissions controlled during transient opera�on?

Ÿ Can the vehicle maintain its environmental performance over its useful life?

Ÿ Are the technologies compa�ble with Indian fuels and opera�ng condi�ons?

Ÿ Can the required performance be achieved at an acceptable cost?
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From Emission Compliance to Clean Mobility

The development philosophy of future vehicle-emission technology should consider the vehicle as an integrated 
environmental-performance system rather than as an isolated single en�ty emission-control system, and is expected to follow 
some of the following stages -

Ÿ Fist stage – focus on reducing emissions from the engine itself through improved combus�on, fuel systems and engine 
controls.

Ÿ Second stage - introduce increasingly sophis�cated emission-control systems to further reduce pollutants a�er 
combus�on.

Ÿ Third stage - strengthen electronic controls, diagnos�cs and monitoring systems, with increasing a�en�on to real-world 
opera�on.

Ÿ Fourth stage - focus widely on the complete environmental performance of the vehicle over its useful life.

A technically advanced emission-control system cannot deliver its intended benefit if it does not reach the appropriate 
opera�ng condi�on. Similarly, excellent engine calibra�on cannot compensate indefinitely for inadequate durability or poor 
system integra�on. Therefore, the objec�ve of BS-VII engineering should be to op�mise the complete system rather than 
individual technologies in isola�on.

What Should BS-VII Engineering Aim to Achieve?

A vehicle that is excep�onally clean under laboratory condi�ons but experiences significant degrada�on in actual use does not 
fully achieve the objec�ve of clean mobility. With this background, while the final regulatory framework will determine specific 
requirements on new regula�ons, the engineering philosophy for BS-VII can be considered around five interconnected broad 
objec�ves-

Ÿ Real-world cleanliness: Vehicles should demonstrate low emissions under representa�ve opera�ng condi�ons rather than 
only under narrow laboratory condi�ons.

Ÿ Life�me performance: Emission performance should remain effec�ve throughout the vehicle's useful life.

Ÿ Technology neutrality: The environmental objec�ve should be clearly defined while allowing different technological 
pathways to achieve it.

Ÿ Indian-condi�on robustness: Technologies should be engineered for India's clima�c, traffic, road, fuel and opera�ng 
condi�ons.

Ÿ Sustainable affordability: Environmental improvement must ul�mately translate into deployable solu�ons across relevant 
vehicle segments and customer groups.

A technology that provides excellent environmental performance but cannot be economically deployed at scale may face 
limita�ons in its contribu�on to fleet-wide emission reduc�on.

Real-World Emissions: The Next Engineering Fron�er

One of the most important developments in emission-control engineering is the growing importance of real-world opera�on. 
Vehicles operate under highly variable condi�ons. Urban traffic may involve frequent accelera�on, decelera�on, idling and 
low-speed opera�on. Highways involve rela�vely stable high-speed opera�on. Hilly areas introduce changes in load and 
al�tude. Hot clima�c condi�ons influence thermal behaviour. Cold condi�ons influence warm-up and fuel behaviour. 
Commercial vehicles may experience substan�al varia�on in payload. Buses can experience repeated stop-and-go opera�on. 
Two-wheelers may operate extensively in congested urban environments. Therefore, the emission-control system must 
func�on effec�vely across a broad opera�ng envelope. Therefore, there is a growing emphasis on -

Ÿ representa�ve driving condi�ons

Ÿ transient opera�on

Ÿ cold-start performance

Ÿ thermal behaviour

Ÿ load varia�on

Ÿ al�tude
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Ÿ ambient temperature

Ÿ vehicle ageing

Ÿ maintenance condi�on

Ÿ real-world driving behaviour

The engineering challenge is consequently shi�ing from designing a system that performs well at a par�cular test point to 
designing one that maintains effec�ve emission control across a wide opera�ng map. This requires a closer integra�on 
between vehicle development, tes�ng, simula�on, calibra�on and field valida�on.

The Importance of the Complete Vehicle System

Future engineering should not be considered solely an engine or a�er-treatment development, however, vehicle is required to 
be considered as an integrated system.

Changes in one subsystem can influence another. For example, changes in powertrain opera�ng strategy can affect exhaust 
temperature. Changes in exhaust condi�ons can influence emission-control performance. Changes in vehicle energy 
management can influence the opera�ng temperature of emission-control systems. The introduc�on of hybridisa�on creates 
new opportuni�es but also introduces new engineering interac�ons between engine opera�on, electric assistance, 
regenera�ve braking and emission-control-system temperature.

Cold Start and Low-Temperature Opera�on

Cold-start emissions remain an important engineering considera�on. Emission-control systems generally require appropriate 
opera�ng condi�ons before achieving their intended effec�veness. Immediately a�er engine start, the exhaust system may 
not yet have reached its effec�ve opera�ng condi�on. This creates a par�cular challenge for vehicles opera�ng in congested 
urban environments, where a significant propor�on of journeys may be short. The engineering response therefore needs to 
focus on reducing the �me between engine start and effec�ve emission control. It involves the interac�on between:

Ÿ engine opera�ng strategy

Ÿ exhaust-system configura�on

Ÿ thermal management

Ÿ control strategy

Ÿ vehicle opera�ng condi�ons

Ÿ ambient environment

The same principle applies to hybrid vehicles. Frequent engine shutdown and restart can change the thermal state of the 
emission-control system. Therefore, hybrid energy management and emission management must be coordinated.

Future clean-mobility engineering should increasingly consider thermal state as an integral part of vehicle control.

Two-Wheelers: A Dis�nct Engineering Challenge

Two-wheelers represent a par�cularly important part of India's mobility ecosystem.

Their engineering characteris�cs are different from those of passenger cars and commercial vehicles. They are generally 
compact, cost-sensi�ve and subject to significant urban use. Their emission-control systems must operate within constrained 
packaging and thermal environments. For BS-VII, the broad engineering priori�es for two-wheelers are likely to include:

Ÿ rapid emission-control effec�veness a�er start

Ÿ effec�ve control of gaseous emissions

Ÿ control of par�culate emissions where applicable

Ÿ evapora�ve-emission management

Ÿ low exhaust-system pressure loss

Ÿ thermal and vibra�on durability

Ÿ compact packaging
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Ÿ reliable sensing and diagnos�cs

Ÿ fuel compa�bility

Ÿ cost-effec�ve solu�ons

The appropriate approach is to define the environmental objec�ve and then develop segment-appropriate engineering 
solu�ons.

Three-Wheelers and Urban Mobility

Three-wheelers perform an important role in passenger and goods transporta�on in India, par�cularly in urban and semi-
urban areas. Their duty cycles can involve:

Ÿ frequent stops

Ÿ low average speeds

Ÿ high u�lisa�on

Ÿ substan�al idling

Ÿ variable loads

Ÿ intensive urban opera�on

These characteris�cs create par�cular requirements for emission-control performance.

For gaseous-fuelled vehicles, fuel-system integrity and control of relevant gaseous emissions become important 
considera�ons. The BS-VII engineering approach for three-wheelers may emphasise on:

Ÿ real-world urban performance

Ÿ robust emission control at low loads and speeds

Ÿ durability under intensive u�lisa�on

Ÿ reliable diagnos�cs

Ÿ fuel-system integrity

Ÿ maintainability

Ÿ overall lifecycle cost

Ÿ compe��on with other powertrain technologies

Passenger Cars

Passenger cars provide an increasingly diverse technology landscape in India. Conven�onal internal-combus�on vehicles, 
hybrids, plug-in hybrids and ba�ery-electric vehicles can all form part of the broader mobility ecosystem.

For combus�on-powered passenger vehicles, future emission-control engineering will need to address:

Ÿ cold-start performance

Ÿ real-world emissions

Ÿ par�culate control

Ÿ evapora�ve emissions

Ÿ transient opera�on

Ÿ high-load opera�on

Ÿ flexible-fuel opera�on

Ÿ fuel economy / CO2 emission

Ÿ durability

Ÿ diagnos�cs.
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For hybrid vehicles, the challenge becomes more integrated. The engine may operate intermi�ently rather than con�nuously. 
Therefore, maintaining effec�ve emission-control-system condi�ons during repeated engine starts and stops becomes an 
important engineering considera�on. Hybridisa�on consequently creates an opportunity to combine efficiency improvement 
with low emissions, provided that energy management and emission management are engineered together.

Commercial Vehicles

Light and medium commercial vehicles operate under highly variable condi�ons. Payload, road gradient, traffic condi�ons, 
driving style and opera�ng schedule can all significantly influence powertrain behaviour. This makes real-world engineering 
par�cularly important. Future commercial-vehicle development is expected to consider:

Ÿ payload-sensi�ve opera�on

Ÿ transient response

Ÿ low-temperature emission control

Ÿ regenera�on or maintenance requirements where applicable

Ÿ robust diagnos�cs

Ÿ long opera�ng hours

Ÿ flexible-fuel opera�on 

Ÿ fuel economy

Ÿ durability

Ÿ total cost of ownership

For commercial customers, environmental performance must coexist with produc�vity.

An emission-control solu�on should, therefore, be evaluated not only on its technical capability but also on its effect on vehicle 
up�me, fuel consump�on, maintenance and opera�ng cost.

Heavy-Duty Vehicles and Buses

Heavy-duty vehicles present a different challenge because of their high annual mileage, high loads and long opera�ng life. A 
small change in emission performance per kilometre can have significant cumula�ve environmental consequences over the 
vehicle's life�me. The engineering priori�es therefore are expected to include:

Ÿ low emissions over a wide load range

Ÿ stable performance at low and high exhaust temperatures

Ÿ effec�ve control during transient opera�on

Ÿ durability over extended mileage

Ÿ reliable diagnos�cs

Ÿ robust thermal management

Ÿ effec�ve par�culate control

Ÿ management of gaseous pollutants

Ÿ high system availability

Ÿ flexible fuel opportunity

Buses deserve par�cular a�en�on. City buses o�en operate under low-speed, stop-and-go condi�ons and may experience 
frequent idling and auxiliary loads. Intercity buses, in contrast, may operate for long periods at rela�vely high loads. Therefore, 
even within the heavy-duty category, a single engineering approach may not be op�mal for every duty cycle. Therefore, the 
importance of duty-cycle-specific op�misa�on is required to be recognised in the forthcoming emission regula�ons.
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Alterna�ve Fuels and Clean Mobility

The future mobility landscape is unlikely to be defined by a single fuel or powertrain.

India has access to a broad energy ecosystem that includes liquid fuels, gaseous fuels, bio-derived fuels and electricity. 
Compressed natural gas, liquefied natural gas, biogas-derived fuels, biomethane, hydrogen and other emerging energy 
carriers may have different applica�ons depending on vehicle category, infrastructure and economics.

The environmental performance of each pathway should be assessed systema�cally.

For gaseous fuels, for example, the engineering focus may include:

Ÿ combus�on efficiency

Ÿ gaseous emissions

Ÿ fuel-system integrity

Ÿ methane management where relevant

Ÿ thermal behaviour

Ÿ durability

Hydrogen-based combus�on pathways can poten�ally reduce carbon-containing exhaust pollutants, but combus�on-related 
nitrogen-oxide forma�on remains an engineering considera�on. 

The broader principle could be that fuel choice and emission-control engineering should be considered together.

Electrifica�on and Clean Mobility

Electrifica�on is an important element of the clean-mobility transi�on. Ba�ery-electric vehicles eliminate tailpipe emissions 
during opera�on and can contribute significantly to urban air-quality improvement. Although clean mobility is a broader 
concept than tailpipe emissions alone, future clean-mobility framework should increasingly consider lifecycle environmental 
performance as an holis�c view. The overall environmental assessment can include:

Ÿ electricity genera�on        

Ÿ ba�ery manufacturing

Ÿ material sourcing

Ÿ vehicle manufacturing

Ÿ ba�ery durability

Ÿ recycling

Ÿ tyre emissions

Ÿ brake-related emissions

Ÿ end-of-life management

Different powertrain technologies may have different strengths in different applica�ons. The engineering objec�ve should be 
to achieve the required environmental outcome using appropriate solu�ons for the relevant duty cycle.

Thermal Management: A Cross-Cu�ng Engineering Priority

Thermal management is likely to become increasingly important as emission requirements become more demanding. 
Emission-control effec�veness depends strongly on opera�ng condi�ons. At the vehicle level, thermal management 
encompasses:

Ÿ engine thermal behaviour

Ÿ exhaust-system temperature

Ÿ heat transfer

Ÿ insula�on

Ÿ cooling

Ÿ hea�ng

Ÿ hybrid opera�ng strategy

Ÿ control-system coordina�on
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The objec�ve is not simply to increase temperature. The engineering requirement is to maintain the appropriate thermal 
environment for effec�ve emission control while minimising fuel or energy penal�es. This creates a mul�disciplinary 
op�misa�on problem. Thermal management will, therefore, increasingly connect powertrain engineering, exhaust-system 
engineering, vehicle controls and energy management.

Sensors, Controls and Diagnos�cs

Modern emission-control systems depend heavily on sensing and electronic control.

As emission requirements become more demanding, the importance of accurate and durable measurement will increase. The 
informa�on should be used to maintain the system within its intended opera�ng range. Diagnos�cs will also become 
increasingly important. A future vehicle should be capable of iden�fying abnormal opera�ng condi�ons and degrada�on that 
could affect environmental performance.

This creates an important transi�on from passive emission control to ac�vely managed emission performance.

Durability: From Compliance at Start of Life to Life�me Cleanliness

A major engineering challenge is ensuring that emission performance does not deteriorate excessively with vehicle age. 
Emission-control systems experience:

Ÿ thermal cycling

Ÿ vibra�on

Ÿ contamina�on

Ÿ chemical exposure

Ÿ mechanical stress

Ÿ repeated start-stop opera�on

Ÿ long-term material ageing

The vehicle therefore needs to be engineered not only for ini�al compliance but also for sustained environmental 
performance. These demands require focused a�en�on to:

Ÿ component durability

Ÿ system ageing

Ÿ control-system adapta�on

Ÿ diagnos�cs

Ÿ maintenance

Ÿ replacement strategy

Ÿ end-of-life performance

The concept of life�me cleanliness is becoming a central engineering principle, emphasising on how clean does the vehicle 
remain throughout its useful life rather than how clean the new vehicle is.

Indian Opera�ng Condi�ons

India presents a par�cularly diverse opera�ng environment. Vehicles may encounter varied opera�ng condi�ons specially 
across the length and breadth of Indian territory. These condi�ons must be incorporated into engineering valida�on:

Ÿ very high ambient temperatures

Ÿ low winter temperatures in northern regions

Ÿ high humidity

Ÿ monsoon condi�ons

Ÿ dust

Ÿ traffic conges�on

Ÿ high-al�tude opera�on
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Ÿ poor road surfaces

Ÿ variable payloads

Ÿ frequent idling

Ÿ different driving pa�erns

A technology that performs well in a controlled environment may behave differently when exposed to prolonged conges�on, 
high ambient temperature or repeated thermal cycling. Therefore, Indian valida�on is progressively moving towards a wider 
range of representa�ve opera�ng condi�ons. This is going to strengthen the confidence that BS-VII vehicles, for example, will 
provide the enhanced intended environmental benefit in actual use.

Fuel Quality and Compa�bility

Fuel characteris�cs have a direct influence on vehicle performance and emissions. India is also undergoing an important 
transi�on in fuel composi�on, including increasing use of bio-derived components and higher ethanol blends in appropriate 
applica�ons. Future vehicles therefore need to be engineered for the fuels that they are expected to encounter over their 
useful life considering:

Ÿ fuel-system compa�bility

Ÿ combus�on behaviour

Ÿ material compa�bility

Ÿ evapora�ve emissions

Ÿ lubricant interac�on

Ÿ emission-control-system compa�bility

Ÿ long-term durability

Digitalisa�on and Intelligent Engineering

Digital engineering is becoming an increasingly important enabler of clean mobility.

Simula�on and virtual development can reduce development �me while allowing engineers to evaluate a much larger range of 
opera�ng condi�ons. Ar�ficial intelligence and machine learning are emerging as addi�onal engineering tools. Their 
applica�on should be viewed as an enabler rather than a replacement for fundamental engineering. The most valuable 
applica�ons are likely to arise where data-driven methods are combined with established physical models and engineering 
knowledge. This combina�on can provide a more robust basis for future emission-control development. The combina�on of 
digitalisa�on and advanced intelligent engineering will open a new chapter of achieving a robust basis for future emission-
control development.

Technology-Neutral Approach

The future mobility landscape is likely to contain mul�ple powertrain pathways.

Internal-combus�on engines, hybrids, ba�ery-electric vehicles, gaseous fuels and emerging technologies may coexist for 
different applica�ons and duty cycles. The environmental objec�ve should therefore be clearly defined while allowing 
engineering solu�ons to evolve. A technology-neutral approach does not mean trea�ng every technology as iden�cal. Rather, 
it means establishing the required environmental outcome and evalua�ng technologies according to their ability to deliver 
that outcome under the relevant opera�ng condi�ons. This approach encourages innova�on and avoids prematurely limi�ng 
engineering pathways.

Beyond Tailpipe Emissions

Clean mobility is increasingly becoming broader than conven�onal exhaust emissions. This broader perspec�ve can encourage 
more sustainable vehicle engineering. For example, lightweigh�ng can improve energy efficiency, but material selec�on and 
recyclability also ma�er. Similarly, electrifica�on can reduce tailpipe emissions, while ba�ery material use and recycling 
become important lifecycle considera�ons.

Clean mobility therefore needs to be viewed as a system-level environmental objec�ve. 
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Future environmental assessment may include:

Ÿ exhaust emissions

Ÿ evapora�ve emissions

Ÿ par�culate emissions

Ÿ tyre-related emissions

Ÿ brake-related emissions

Ÿ energy consump�on

Ÿ greenhouse-gas emissions

Ÿ resource u�lisa�on

Ÿ end-of-life considera�ons

Engineering Collabora�on

The increasing complexity of forthcoming BS-VII indicates that probably no single organisa�on will be able to address all 
challenges independently. Therefore, successful development will require a collabora�ve approach between:

Ÿ vehicle manufacturers

Ÿ component manufacturers

Ÿ emission-control specialists

Ÿ fuel suppliers

Ÿ tes�ng agencies

Ÿ research ins�tu�ons

Ÿ academia

Ÿ regulatory authori�es

Ÿ customers

Industry and component associa�ons can play an important role by crea�ng pla�orms for technical dialogue. Knowledge 
sharing at the system level can accelerate development while allowing individual organisa�ons to retain their proprietary 
intellectual property. Industry collabora�on should focus on common engineering challenges, test methodologies, opera�ng 
condi�ons and environmental objec�ves, rather than disclosure of proprietary designs or technologies.

A Framework for BS-VII Engineering

A prac�cal engineering framework for future clean mobility can be represented through following steps, providing a pathway 
from regulatory requirement to real-world environmental benefit:

Step 1: Define the environmental objec�ve - Establish clear objec�ves for real-world and life�me environmental performance.

Step 2: Understand Indian opera�ng condi�ons - Develop representa�ve opera�ng and environmental envelopes for different 
vehicle segments.

Step 3: Characterise the complete vehicle - Understand the interac�on between fuel, powertrain, emission-control system, 
controls and vehicle opera�on.

Step 4: Iden�fy system-level engineering priori�es - Focus development resources on the condi�ons that have the greatest 
influence on real-world emissions.

Step 5: Op�mise the complete system - Avoid op�mising individual components at the expense of overall vehicle performance.

Step 6: Validate across the opera�ng envelope - Use laboratory, simula�on, proving-ground and real-world data.

Step 7: Validate durability - Confirm that environmental performance remains effec�ve over the intended useful life.

Step 8: Assess lifecycle sustainability - Consider energy, materials, manufacturing, opera�on, maintenance and end-of-life.
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Segment-Specific Priori�es

Although the overall clean-mobility objec�ve should be common, engineering priori�es are likely to vary by vehicle segment. 
The broad principle underlines that one environmental objec�ve may not depend upon one technology solu�on.

Vehicle segment Indica�ve broad BS-VII priori�es

Two-wheelers Cold start, real-world urban emissions, par�culate control, evapora�ve emissions, compactness, durability

Three-wheelers Low-speed opera�on, high u�lisa�on, gaseous emissions, durability, diagnos�cs

Passenger cars Real-world emissions, cold start, par�culate control, hybrid integra�on, evapora�ve emissions

Hybrid vehicles Engine start-stop management, thermal management, energy/emission coordina�on

Light commercial  Load varia�on, transient opera�on, durability, real-world emission control

vehicles 

Heavy-duty Life�me emissions, low-temperature opera�on, high-load opera�on, durability

 vehicles  

City buses Low-speed opera�on, frequent stops, thermal management, high u�lisa�on

Intercity buses High mileage, high-load opera�on, durability and lifecycle performance

Gaseous-fuel  Fuel-system integrity, combus�on op�misa�on, relevant gaseous emissions

vehicles 

Electric vehicles Energy efficiency, ba�ery durability, lifecycle impacts, tyre and brake emissions

The Road Ahead

The transi�on towards BS-VII should be viewed as a journey rather than a single regulatory event, which will require 
con�nuous interac�on between regula�on and engineering.

Ÿ The first priority should be establishing a common understanding of the desired environmental outcome.

Ÿ The second should be developing robust test and valida�on methodologies.

Ÿ The third should be understanding actual Indian opera�ng condi�ons.

Ÿ The fourth should be suppor�ng technology development across different vehicle segments.

Ÿ The fi�h should be ensuring durability and life�me performance.

Ÿ The sixth should be developing a cost-effec�ve and locally sustainable supply chain.

Broad Engineering Priori�es for BS-VII

1. Real-world emission performance - The vehicle should remain clean across representa�ve opera�ng condi�ons.

2. Faster achievement of effec�ve emission control - Cold-start and low-temperature opera�on should receive greater 
engineering a�en�on.

3. Life�me environmental performance - Emission-control effec�veness should remain robust throughout useful life.

4. Integrated thermal management - Powertrain, exhaust and vehicle controls should be coordinated.

5. Advanced sensing and diagnos�cs - Reliable informa�on should support effec�ve emission management.

6. Segment-specific engineering - Solu�ons should reflect the actual duty cycles of different vehicle categories.

7. Fuel and powertrain compa�bility - Vehicles should be designed for the evolving Indian fuel and energy ecosystem.

8. Real-world valida�on - Development should increasingly incorporate actual opera�ng condi�ons.

9. Lifecycle sustainability - Environmental performance should extend beyond tailpipe emissions.

10. Affordability and scalability -  Technologies should be capable of deployment at the scale required by India's mobility 
needs.
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The Role of the Automo�ve Industry

The Indian automo�ve industry has demonstrated its ability to respond to increasingly stringent emission requirements. The 
leap-frogged transi�on to BS-VI demonstrated the importance of collabora�on between vehicle manufacturers, suppliers, 
tes�ng organisa�ons and regulatory ins�tu�ons. The next phase will require an even greater degree of integra�on and 
investments:

Ÿ engineering capability

Ÿ test infrastructure

Ÿ simula�on

Ÿ real-world data

Ÿ durability development

Ÿ local manufacturing

Ÿ skilled manpower

Ÿ research and development

Clean-Mobility Ecosystem

Industry associa�ons such as ECMA can contribute significantly to this transi�on by providing a pla�orm for technical 
collabora�on and knowledge exchange. The emission-control industry encompasses a wide range of capabili�es, including 
system engineering, components, materials, sensors, controls, tes�ng and valida�on. ECMA can facilitate dialogue around 
common challenges. 

ECMA Conferences, such as ECT 2026, provide an opportunity for industry, government, research organisa�ons and technical 
experts to discuss the future direc�on of emission-control engineering. The value of such forums lies not merely in presen�ng 
individual technologies, but also in developing a shared understanding of the engineering challenges ahead.

Conclusion

• The transi�on towards BS-VII represents an opportunity to redefine the meaning of vehicle-emission compliance. 

• The future objec�ve should be broader than achieving a laboratory number.

• It should be about delivering clean, durable, efficient and sustainable mobility under real opera�ng condi�ons.

• This requires a shi� from component-level thinking towards system-level engineering.

• Powertrain efficiency, emission control, thermal management, sensors, controls, diagnos�cs, durability, fuel compa�bility and vehicle opera�on must 
increasingly be considered as interconnected elements.

• At the same �me, the diversity of India's mobility landscape must be recognised.

• The engineering priori�es of a two-wheeler are different from those of a passenger car. A city bus has different opera�ng condi�ons from an intercity bus. 

• A heavy-duty truck has different requirements from a three-wheeler. 

• Hybrid and electric vehicles introduce new system interac�ons.

• Consequently, BS-VII should provide a common environmental objec�ve while allowing segment-specific and technology-neutral engineering solu�ons.

• India also has an opportunity to develop its own clean-mobility engineering capabili�es.

• The combina�on of a large domes�c market, diverse opera�ng condi�ons, strong automo�ve manufacturing capabili�es and a growing engineering 
ecosystem provides a unique environment for innova�on.

• The next genera�on of emission-control development should therefore focus not only on increasingly sophis�cated technologies, but also on be�er 
system integra�on, be�er valida�on, be�er durability and be�er understanding of real-world vehicle opera�on.



150



151



152


	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16
	Page 17
	Page 18
	Page 19
	Page 20
	Page 21
	Page 22
	Page 23
	Page 24
	Page 25
	Page 26
	Page 27
	Page 28
	Page 29
	Page 30
	Page 31
	Page 32
	Page 33
	Page 34
	Page 35
	Page 36
	Page 37
	Page 38
	Page 39
	Page 40
	Page 41
	Page 42
	Page 43
	Page 44
	Page 45
	Page 46
	Page 47
	Page 48
	Page 49
	Page 50
	Page 51
	Page 52
	Page 53
	Page 54
	Page 55
	Page 56
	Page 57
	Page 58
	Page 59
	Page 60
	Page 61
	Page 62
	Page 63
	Page 64
	Page 65
	Page 66
	Page 67
	Page 68
	Page 69
	Page 70
	Page 71
	Page 72
	Page 73
	Page 74
	Page 75
	Page 76
	Page 77
	Page 78
	Page 79
	Page 80
	Page 81
	Page 82
	Page 83
	Page 84
	Page 85
	Page 86
	Page 87
	Page 88
	Page 89
	Page 90
	Page 91
	Page 92
	Page 93
	Page 94
	Page 95
	Page 96
	Page 97
	Page 98
	Page 99
	Page 100
	Page 101
	Page 102
	Page 103
	Page 104
	Page 105
	Page 106
	Page 107
	Page 108
	Page 109
	Page 110
	Page 111
	Page 112
	Page 113
	Page 114
	Page 115
	Page 116
	Page 117
	Page 118
	Page 119
	Page 120
	Page 121
	Page 122
	Page 123
	Page 124
	Page 125
	Page 126
	Page 127
	Page 128
	Page 129
	Page 130
	Page 131
	Page 132
	Page 133
	Page 134
	Page 135
	Page 136
	Page 137
	Page 138
	Page 139
	Page 140
	Page 141
	Page 142
	Page 143
	Page 144
	Page 145
	Page 146
	Page 147
	Page 148
	Page 149
	Page 150
	Page 151
	Page 152

