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Concerns as to the adverse effects of diesel engine exhaust on urban air quality have

resulted in increasingly stringent emissions legislation, with the prospect of many major

global cities potentially banning diesel vehicles. Emissions of nitrogen oxides (NOx) and

particulatematter (PM) are linked to increases in prematuremortality, and the simultaneous

control of both pollutants through modified combustion strategies presents a significant

challenge. In this work, the effects of displacing diesel fuel with hydrogen on exhaust

emissions were investigated in both a single cylinder research engine and in a demonstra-

tion vehicle. In the initial stage, tests were undertaken on a supercharged, direct injection,

single cylinder diesel research engine at different engine loads, intake air pressures and EGR

levels. Hydrogen was aspirated with the intake air, and EGRwas simulated by supplying the

intake pipe with compressed nitrogen gas. The results showed a reduction in CO2 and

particulate emissions with increasing H2 addition, and an increase in NOx emissions at H2

levels greater than 10% of the total input energy to the engine. The next stage involved tests

on a chassis dynamometer with a small van equippedwith themulti-cylinder version of the

single cylinder research engine. The van was fitted with a programmable H2 augmentation

system,withH2 addition levels specified by accelerator pedal position. During full drive cycle

tests conducted with and without H2 augmentation up to 10%, an average rate of 1 kW of H2

was supplied to the engine. With H2 augmentation, over the total drive-cycle, reductions in

CO, NOx and particle number were observed, but a higher total PM mass was recorded.

© 2018 The Author(s). Published by Elsevier Ltd on behalf of Hydrogen Energy Publications

LLC. This is an open access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/).
the detrimental impact of such emissions on human health,

Introduction

Concurrent to increasingly stringent legislation restricting

levels of toxic pollutants permitted in exhaust gases from

internal combustion engines utilised for road transport [1],

there has been growing public awareness and concern as to
libi).
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especially in urban areas. In the UK, 29,000 premature deaths

per year have been attributed to anthropogenic emissions of

particulatematter (PM) [2], with 3000 of these in London alone.

Similarly, levels of atmospheric nitrogen dioxide (NO2) as

measured in 2010 are estimated to be responsible for

approximately 5800 premature deaths per year in London [3].
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While emissions of both PM and nitrogen oxides (NOx) arise

from a range of anthropogenic combustion activities, it is

diesel engine powered vehicles that both policy makers and

the mainstream media have focused on in recent years as a

significant contributor to emissions of both [4]. With the

added realisation of the discrepancies between results of

legislative exhaust emissions tests and ‘real-world’ emission

levels [5], several major cities worldwide have announced

plans to ban diesel powered vehicles in the next 15e20 years

[6,7]. However, regardless of the future uptake of zero emis-

sion thermal and electric powertrains so as to address these

concerns, there will likely remain a great number of older

existing diesel fuel powered vehicles in use, with 1.28 million

and 1.06 million new diesel passenger cars registered in the

UK alone in 2016 and 2017 respectively [8].

Many modern diesel passenger cars and light goods vehi-

cles benefit from advanced exhaust after-treatment devices

which are able to significantly reduce tailpipe-out emissions of

both NOx and PM [9,10]. However, the successful imple-

mentation of such devices on older vehicles can be complex

andmight result in insufficient reductions in pollutant species

to allow these vehicles to enter new ultra-low emission zones,

such as those intended to be in operation in London by 2020

[11]. An additional approach to the reduction of diesel engine

exhaust emissions that has received significant attention is

the co-combustion of gaseous and liquid fuels, for example

varying proportions of methane and hydrogen (H2) [12], LPG

reformate products [13], Brown's gas [14,15], and intake aspi-

rated and vaporised short chain alcohols [16], and has been the

subject of several review papers [17,18]. The displacement of

diesel fuel with hydrogen has received particular attention

given the inherent potential for reduction of carbon derived

exhaust pollutants, including direct injection light-duty en-

gines, with previous investigations of effects on exhaust

emissions [19] and the impact of H2 on the formation of NOx

and PM utilising in-cylinder sampling [20], in conjunction with

biodiesel combustion [21e24], and also in heavy duty diesel

engines [25e29]. Various options for the provision of H2 on-

board vehicle for this purpose have been suggested,

including electrolysis of water [26] and catalytic reforming of

diesel fuel utilising energy recovered from engine exhaust, as

suggested in the context of heavy duty diesel engines by

Morgan et al. [30] and with the addition of water to the refor-

mation process for increased H2 production by Tsolakis et al.

[31]. A further option is the storage of hydrogen as a solid in the

form of hydrides which release gaseous H2 on heating [32e35].

Diesel engine tests of fuels containing dissolved sodium

borohydride by Hellier et al. [36] found the presence of the

hydride within the fuel to impede injector function, however,

systems utilising on-board storage of solid hydride materials

for provision of up to 20 KW of energy from H2 for automotive

applications are now being commercially developed [37].

Several previous studies of hydrogen diesel co-combustion

in which reductions in PM emissions have been achieved, due

to the reduction in intake fuel carbon, have also noted in-

creases in exhaust NOx emissions with increasing concen-

trations of H2 [20,38e40]. However, where emission control

techniques, in particular exhaust gas recirculation (EGR), and

conditions representative of modern diesel engines, such as

intake air boosting, have been utilised during engine tests of
hydrogen diesel co-combustion, reductions of PM levels

without concurrent NOx increases have been reported

[24,28,30,41e45]. For example, Shin et al. [41] utilised cooled

and heavy EGR to control NOx emissions from a H2 co-fuelled

diesel engine and observed that at an EGR ratio of 31%, and

when the supplied H2 was equivalent to 10% of the total intake

lower heating valve, the specific NOx emissions reduced by

10%. Talibi et al. [42] observed that up to 10% by energy content

of diesel fuel could be replaced with intake aspirated H2 in a

single cylinder diesel engine without an increase in exhaust

NOx emissions. Roy et al. [44] used charge dilution with N2 gas

to reduce NOx emissions and allow a higher energy contribu-

tion from H2 without H2 autoignition prior to diesel pilot

ignition in a H2 fuelled, supercharged engine. The authors

managed to attain approximately 90% H2 energy contribution

with the engine producing almost no smoke, 5 ppm of CO,

15 ppm of unburned THC and operating at a brake thermal

efficiency of 42% [44]. In tests with a heavy duty CI engine in

which H2 was injected into the intake manifold at levels up to

98% of the total energy supplied to the engine, Dimitriou et al.

[45] found that use of EGR with H2 addition only achieved

simultaneous reductions in both NOx and PM at low load en-

gine operating conditions, with increased combustion tem-

peratures arising from H2 resulting in significantly higher NOx

emissions where EGR was not applied.

While the potential benefits of hydrogen diesel co-

combustion for control of engine exhaust emissions have

been observed in engine dynamometer tests, such experi-

ments have, in the main, been undertaken at steady state

conditions with considerable engine warm-up periods and

precise control of variables such as speed and load. For the

displacement of fossil diesel fuel with hydrogen to make a

meaningful contribution to the control of pollutant emissions

from diesel powered vehicles, there is a need for validation of

these observations at transient engine conditions represen-

tative of on-road driving conditions. This paper therefore

presents results of experiments investigating the effects of

displacing diesel fuel with intake aspirated H2 on exhaust

emissions in a single cylinder research diesel engine operating

with intake boosting and simulated EGR at a range of engine

loads, and from chassis dynamometer vehicle tests operating

on an urban drive cycle.
Experimental setup

The hydrogen-diesel fuel co-combustion tests were carried

out at two different experimental facilities, a single cylinder

diesel research engine facility at UCL and a demonstration

vehicle (with a multi-cylinder version of the single cylinder

engine) on a chassis dynamometer at HORIBA MIRA Ltd.

Single cylinder research engine

At UCL, co-combustion tests were conducted on a four-stroke,

water cooled, single cylinder diesel engine described previ-

ously by the authors [42,46], consisting of a 2.0 L, 4-cylinder

Ford Duratorq cylinder head (including valves, piston and

connecting rod) mounted on a single cylinder Ricardo Hydra

crankcase - Table 1 lists the engine geometry and other
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specifications of the test setup. For the derivation of heat

release rate (utilising a one-dimensional thermodynamic

model) and indicated mean effective pressures (IMEP), the

engine in-cylinder gas pressure was acquired, to a resolution

of 0.2 CAD, using a piezoelectric pressure transducer (Kistler

6056A) coupled to a charge amplifier (Kistler 5018). The

measured in-cylinder pressure was pegged to the inlet mani-

fold pressure at the piston BDC position every engine cycle.

Various other operational pressures and temperatures were

also monitored during the engine experiments and logged on

PCs using National Instruments (NI) data acquisition systems.

A six-hole, servo-hydraulic solenoid valve fuel injector was

used for direct injection of diesel fuel, with the injection

pressure (±1 bar), injection timing (±0.1 CAD) and duration of

injection (±1 ms) controlled using a custom ECU (EmTronix EC-

GEN500). H2 was supplied from a compressed gas cylinder and

fed into the engine intake manifold 350 mm upstream of the

intake valves to be aspirated into the combustion chamber

with the intake air. The flow of H2 (measured in normal l/min)

wasmetered using a thermalmass flow controller (Bronkhorst

F-201AV-70K, accuracy ±0.08 l/min), and a flash back arrestor

and a non-return valve were installed in the H2 supply line for

safety. In-order to simulate EGR-like conditions in the engine

by reducing the amount of O2 in the intake charge, N2 gas was

also fed in the intake manifold, via a separate mass flow

controller, Bronkhorst F-202AV-70K (accuracy ±0.15 l/min).

The intake air pressure was boosted using a supercharger

system, to create in-cylinder conditions that matched a

turbocharged engine. The system consisted of a rotary screw

supercharger (EatonM45), connected to an electricmotor via a

drive belt, with the speed of the motor controlled by means of

a thyristor drive. A heat exchanger was installed downstream

of the supercharger to control the intake air temperature,

while a positive displacement volumetric air-flow meter

(Romet G65) was mounted upstream of the supercharger to

measure the air flow rate. The pressure in the intake air

manifold was measured 160 mm upstream of the inlet valves

using a piezoresistive transducer.

The exhaust gas emissions were measured using an auto-

motive gas analyser rack (Horiba MEXA-9100HEGR) which

housed the following analysers; chemiluminescence analyser

for NOx determination, flame ionization detector for ana-

lysing levels of THC, non-dispersive infrared absorption ana-

lyser for measurement of CO and CO2, and a magneto-
Table 1 e Specifications of the single cylinder engine.

Cylinder bore 86 mm

Crankshaft stroke 86 mm

Swept volume 499.56 cm3

Compression ratio (geometric) 18.3: 1

Maximum in-cylinder pressure 150 bar

Piston design Central u e bowl in piston

Fuel injection pump Delphi single-cam radial-piston

pump

High pressure common rail Delphi solenoid controlled,

1600 bar max.

Diesel fuel injector Delphi DFI 1.3 6-hole solenoid

valve injector

Electronic fuel injection system 1 ms duration control

Crank shaft encoder 1800 ppr, 0.2 CAD resolution
pneumatic analyser for O2 concentrations. Additionally, the

number and size distribution of exhaust gas particulates was

determined using a differential mobility spectrometer (Cam-

bustion DMS500). Exhaust gas samples were collected 300mm

downstream of the exhaust valves and conveyed to the ana-

lysers via heated lines, which were maintained at 190 �C and

80 �C for the measurement of gaseous and particulate emis-

sions, respectively. Fig. 1 shows a schematic of the single

cylinder engine test facility, including the supercharger sys-

tem and intake gas delivery setup.

Chassis dynamometer multi-cylinder vehicle

At Horiba MIRA Ltd., subsequent H2-diesel co-combustion ex-

periments were undertaken with a vehicle mounted on a

chassis dynamometer in the Vehicle Exhaust Emissions Labo-

ratory (VEEL). A 2004 Ford Transit 2.0 Duratorq DI diesel van

with EGR was utilised for the chassis dynamometer tests, as it

had the same head as the single-cylinder research engine at

UCL. Modifications to the vehicle for supply of H2 to the engine

intake manifold were kept to a minimum, to be representative

of a H2 delivery system that could be retrofitted to awide range

of vehicle makes andmodels. The H2 flow rate to themanifold

was based on the accelerator pedal position so that the volume

ofH2 supplied at any given time could bematched to the engine

output load.A replacementacceleratorpedalunitwas installed

on the vehicle and modified to give parallel high impedance

output signals for the new H2 controller unit, without inter-

fering with the base vehicle signals to/from the ECU; hence, no

changes to the engine ECUwere required. The output from the

modified pedal unit was sent to a signal conditioning and

analysis micro-processor in the H2 controller. The pedal posi-

tion was verified against an internal map (profile of H2 flow

against pedal position) to ascertain the desired H2 demand,

which was then fed to the H2 mass flow controller via CAN

communications protocol. The controller unit also checked for

faulty signals from the pedal output, and took corrective

measures (such as, switching off H2 flow) if the pedal position

signal was outside a pre-determined safe range. System signal

conditioning, validation, and mapping with communications

was developed and simulated using auto-coding tools for rapid

development and versatility to changing requirements, for

example, re-mapping of the H2 demand profile.

Exhaust gas emissions were measured using a Horiba

MEXA-7500DEGR analyser rack, which housed detectors for

the measurement of CO, CO2, unburned THC and NOx. The

gaseous exhaust emissions were collected in sampling bags

from the vehicle prior to analysis by the analyser rack. Due to

the capacity of each bag, the emissions were collected in 4

separate bags over the duration of each test. The number of

particles in the exhaust were measured with a Horiba MEXA-

2200SPCS, which was connected directly to the vehicle

exhaust via a dilution tunnel. The instrument utilised the

laser scattering condensation particle counting technique,

and specified a counting efficiency of greater than 90% for

particles larger than 41 nm and about 50% for particles be-

tween 23 nm and 41 nm diameter. This same efficiency profile

was applied in post processing to particle size distribution

results from the particulate spectrometer (DMS500) at UCL, to

allow for a more accurate comparison of particulate results

https://doi.org/10.1016/j.ijhydene.2018.11.092
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Fig. 1 e Schematic showing test engine arrangement including the super charger system and exhaust emissions

instrumentation.
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from both experimental setups. In addition, the exhaust par-

ticle mass was also measured by collecting exhaust particles

on a glass fibre filter paper for the duration of each test. The

gas and particle samples were collected upstream of the

vehicle after-treatment systems to allow for comparison with

the single cylinder engine, which does not have any after-

treatment systems installed. Fig. 2 shows a schematic of the

test setup, while Table 2 lists some specification of the

demonstration vehicle.
Experimental methodology

Single cylinder engine tests

For the single cylinder engine tests, the engine speed, the

diesel fuel injection pressure and diesel fuel injection timing

were kept constant at 1200 rpm, 900 bar and 6 CAD BTDC

respectively. The fuel injection timing of 6 CAD BTDC was

optimised for maximum IMEP for the diesel only tests, and

was fixed so that the effect of H2 addition on the ignition delay

of the in-cylinder charge could be observed. Throughout this

work, the ignition delay has been defined as the time in crank

angle degrees (CAD) between the start of the injection signal
Fig. 2 e Schematic of the demonstration vehicle test

facility.
supplied to the diesel fuel injector (SOI) and the start of

combustion (SOC) as indicated by the first incidence of posi-

tive heat release. The fossil diesel fuel had zero FAME (fatty

acid methyl ester) content, a carbon to hydrogenmass ratio of

6.32:1 and cetane number of 53.2. Compressed H2 gas of purity

99.995% and compressed N2 gas of purity 99.5% were obtained

from a commercial gas supplier (BOC).

Table 3 summarises the conditions used for these tests

showing the various engine load, intake air boost and EGR

combinations e for each test, the amount of diesel fuel was

incrementally reduced and replaced by H2 in sufficient quan-

tities to maintain a constant engine load (IMEP). A wide range

of engine loads were tested on the single cylinder engine

ranging from 4 bar to 11.5 bar IMEP). For the three lowest loads,

4, 5.5 and 7 bar IMEP, the engine was run in a naturally aspi-

rated condition. For the three highest loads, intake air boost

and EGR was applied, as described in Table 3. As mentioned

earlier, N2 gas was used to simulate EGR-like conditions in the

engine, where themeasured flow rates of N2 gas and intake air

were used to determine the reduction in O2 (v/v) in the intake

air because of the aspirated N2. It is pertinent to mention here

that the aspirated H2 also displaced intake air, and therefore,

the flow rates of both H2 and N2 were taken into account when

calculating the reduction in intake O2. The temperature of the

gasmixture in the engine intakemanifoldwas kept at 30± 1 �C
Table 2 e Specifications of the chassis dynamometer test
vehicle.

Vehicle (make, model) Ford Transit Duratorq 2.0 DI

Transmission 5 gear Manual

Inertial weight 1930 kg

Tyre size 195/70 R15

Tyre pressure 4 bar

Oil temperature 80 �C
Coolant temperature 80 �C

https://doi.org/10.1016/j.ijhydene.2018.11.092
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Table 3 e Test operating condition matrix showing
different intake air boost-engine load combinations at
various EGR ratios and engine speed of 1200 rpm, for a
constant intake temperature of 30 �C in the engine intake
manifold.

Engine
load
(bar IMEP)

Indicated
engine

power (kW)

Intake air boost
pressure (bar)

% points O2

reduction
(v/v)

4 2.00 e e

5.5 2.75 e e

7 3.50 e e

8.5 4.25 1.33 1

10 5.00 1.67 1

11.5 5.75 1.99 1

Table 4 e Densities and lower heating values of diesel
fuel and hydrogen at 1 atm and 300 K [14].

Property Density (kg/m3) Lower heating value (MJ/kg)

Diesel fuel 831.9 43.14

Hydrogen 0.0838 120
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for all the tests, measured 200mmupstream of the inlet valve.

It should also be noted that the corresponding engine power

(kW) for each engine load shown in Table 3 is for the half-litre

single cylinder engine used in these tests, and has not been

scaled for the 2-L, 4-cylinder version of the engine. Table 4

shows the density and lower heating values of the diesel fuel

and H2 gas utilised in these experiments [47]. Fig. 3 shows the

percentage ratio of the energy supplied to the engine from H2

relative to the total energy supplied (diesel fuel plus H2); also

shown are the corresponding power content (Fig. 3a) and flow

rates (Fig. 3b) of H2 supplied to the engine.

Chassis dynamometer vehicle tests

The vehicle on the chassis dynamometer was driven on the

PCO-Cenex TfL Taxi Cycle. This drive cycle has been co-

developed by Transport for London's Public Carriage Office

(TfL PCO), which regulates London's taxi and private hire ser-

vices, and Cenex, UK's first Centre of Excellence for low carbon

technologies in automotive applications, and is considered to

be representative of driving conditions for diesel powered ve-

hicles in urban cities. Fig. 4 shows the vehicle speed profile for
Fig. 3 e (a) Power content of H2 (kW) and (b) H2 flow rates (l/min

from H2.
the drive cycle. The 48-min cycle forms a three-phase test plus

3min and 12 s of engine off time between phases 1 and 2. Each

phase represents one of the three London zones, Central, Inner

and Outer. Phase 3 has been weighed by a factor of 0.65 to

retain correct proportionality of a working day.

As described in Section 2.2 earlier, the supply of H2 to the

intake manifold of the test vehicle was based on the acceler-

ator pedal position. Based on tests undertaken on the single

cylinder engine (discussed later in Section 4.1), a profile for H2

flow against pedal position was defined and applied to the

flow controller unit, and is shown in Fig. 5 e the figure also

shows the actual mass flow rate supplied to the engine as

measured by the H2 flow controller. The profile was based on a

maximum of 10% H2 augmentation of energy from diesel fuel.

The value of 10% was selected as a potentially optimised

condition that would significantly reduce PM emissions from

the vehicle, based on the UCL single cylinder engine tests

(presented in Section 4.1). The maximum defined H2 flow rate

of 0.5 l/sec (30 l/min) is equivalent to approximately 4 kW of

applied H2 energy at 10% augmentation of diesel fuel. Fig. 6a

shows the expectedH2 flow rate to the vehicle intakemanifold

during a portion of the PCO-Cenex TfL drive cycle. It was

calculated that 371 L of H2 was required over the entire drive

cycle (average flow rate ¼ 7.5 l/min), which equates to an

average H2 power demand rate of approximately 1 kW over

the whole cycle. Fig. 6b also shows the pedal position for the

same portion of the drive cycle. It can be seen from this figure

that the H2 flow is very responsive to the change in pedal

position, in that after H2 addition there is an easing off of the

throttle pedal due to the immediate change in engine speed

(corresponding to an increasing in engine power).
Results and discussion

Single cylinder engine tests

Fig. 7a shows the apparent net heat release rate curves for two

engine loads, 4 bar and 7 bar IMEP, for different H2 levels.

Fig. 7b also shows heat release rate curves, but for higher loads

of 8.5 bar and 10 bar IMEP, and with intake air boosting

(1.33 bar and 1.67 bar) and a constant 1% reduction in intake O2

level. The heat release rate was derived from themeasured in-

cylinder gas pressure utilising a one dimensional and single
) at constant engine loads and varying percentage energy

https://doi.org/10.1016/j.ijhydene.2018.11.092
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Fig. 5 e Hydrogen flow profile (both defined and actual)

against vehicle pedal position.

Fig. 4 e PCO-Cenex TfL Taxi drive cycle profile.
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zone thermodynamic model and assuming homogenous

conditions and ideal gas behaviour [48]. It is pertinent to

repeat here that the reduction in intake O2 was achieved by

aspirating N2 to simulate EGR-like conditions inside the cyl-

inder. For each intake air boost condition in Fig. 7b, three heat

release rate curves are shown, one for the diesel only tests,

and the other two representing different H2 levels (8% and

28%), while maintaining a constant engine load (which was

achieved by substituting fossil diesel fuel with H2).

First considering the ignition delay, it can be observed from

Fig. 7a that H2 substitution increases the ignition delay at both

4 bar and 7 bar IMEP. This could be attributed to the intake air

being replaced by H2 inside the cylinder resulting in reduced

O2 available for mixing with diesel during the ignition delay

period. Hence the H2 could be acting as a diluent, slowing

down the low temperature diesel fuel breakdown reactions.

However, at higher loads with intake air boosting, no signifi-

cant change in ignition delay occurs when the H2 substitution

levels are changed (Fig. 7b). This could be because intake air

boosting adds a considerable amount of O2 to the in-cylinder

charge, and substitution of air by H2 (at the levels used for
these tests) does not have a significant impact on the fuel

breakdown reactions. Similar findings have been reported in

Ref. [28], whereby the authors compared H2-diesel co-

combustion in light and heavy duty engines. Fig. 7b also

shows that the ignition delay reduces with increasing boost

pressure, which could potentially be due to an increase in the

intake O2 concentration, the increased availability of which

may accelerate the rate of the low temperature fuel break-

down reactions that occur during the ignition delay period.

Furthermore, higher boost pressures result in higher effective

compression ratios, leading to an increase in in-cylinder gas

pressures and temperatures, and hence reduced ignition

delay periods via increased reaction rates [49,50].

Now considering peak heat release rates (pHRRs), it can be

observed from both Fig. 7a and b that for the same engine load

condition, the pHRR increases with increasing percentage

energy from H2. The increase in pHRR could be attributed to

diesel fuel being replaced by a premixed H2-air mixture. For

diesel fuel only tests, post fuel ignition, subsequent combus-

tion relies on the rate of mixing of diesel fuel and air, that is,

diffusion-controlled mixing. On the other hand, for H2ediesel

fuel co-combustion tests, the combustion of the premixed H2-

air, alongwith diesel fuel combustion, results in faster rates of

heat release close to engine TDC, and hence higher peak heat

release rates. An exception is observed at 4 bar IMEP with 21%

H2 addition (Fig. 7a) where a reduction in pHRR can be

observed due to a very long ignition delay period resulting in

the peak heat release occurring further away from TDC.

Fig. 8 shows the specific exhaust emissions of NOx, total

particulatemass, CO2 and unburned total hydrocarbons (THC)

for three engine loadse 4, 5.5 and 7 bar IMEPewith the engine

running in a naturally aspirated mode. Fig. 9 shows the same

emissions, but at the higher loads of 8.5 bar, 10 bar and

11.5 bar, with intake air boosting and a constant 1% reduction

in intake O2. The 1% reduction in intake O2 condition was

selected based on preliminary tests by the authors, whereby it

was observed that any decrease in the intake O2 concentration

beyond 1% resulted in an increase in exhaust unburned

https://doi.org/10.1016/j.ijhydene.2018.11.092
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Fig. 6 e (a) Expected H2 flow (l/min) during part of the PCO-Cenex TfL Taxi drive cycle, (b) pedal position for the same portion

of the drive cycle.
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hydrocarbon emissions, which is undesirable for any practical

combustion application.

First considering NOx emissions (Fig. 8a), it can be observed

that for a load of 4 bar IMEP, NOx emissions tend to decrease as

the percentage energy from H2 is increased (and diesel fuel

energy contribution is reduced). However, for the higher en-

gine load conditions of 5.5 bar and 7 bar, NOx emissions in-

crease with increasing H2 energy. Now considering the NOx

results presented in Fig. 9a, it can be observed that at the

higher loads conditions, at up to about 10% energy from H2,

there is no significant influence of the presence of H2 on NOx

levels as the energy contribution from H2 is increased. How-

ever, beyond 10% H2, exhaust NOx levels rise considerably as

the percentage energy from H2 is increased. These observa-

tions can be explained by considering the conceptual com-

bustion of diesel fuel in a compression ignition engine. Diesel

fuel combustion typically occurs at near-stoichiometric con-

ditions, with the resultant temperatures expected to be high

enough for significant NOx production [51]. As diesel fuel is

progressively replaced by H2, the original source of NOx

emissions, i.e. diesel fuel, is substituted by a leaner H2-air

mixture. It follows that at low H2 levels, this lean H2-air

mixture might not result in sufficiently high local gas tem-

peratures to produce similar levels of NOx to that of diesel fuel,

that the H2 has substituted and, therefore, the overall NOx

emissions reduce (4 bar IMEP in Fig. 8a) or do not show any

considerable increase (for other engine load IMEPs). Beyond

10% energy from H2, the aspirated H2-air mixture becomes

less lean, andH2 addition appears to result in higher peak heat

release rates (as can be seen in Fig. 7), thereby increasing local
temperatures, and increasing thermal NOx production. The

same explanation holds true for the increase in NOx emissions

observed at engine loads of 5.5 bar and 7 bar IMEP with the

engine running in its naturally aspirated condition. The effect

of local temperatures has been previously observed [20]

whereby the H2 flame temperatures correlated well with the

threshold temperature for significant NOx production.

Considering the exhaust emissions of the total particulate

mass (TPM), considerable reductions in TPM levels were

observed at all 3 engine loads for the naturally aspirated tests

(Fig. 8b). Furthermore, a significant reduction in TPM can be

observed at the lowest intake air boost condition of 1.33 bar,

whereby TPM emissions exhibit a reduction of about 50% at

10% energy from H2 relative to diesel-only combustion

(Fig. 9b). This reduction can be attributed to the replacement

of diesel fuel with H2, which does not produce any carbon-

based emissions on combustion. However, similar re-

ductions in TPM levels are not observed in the case of the

other two intake air boost-engine load conditions.

Considering Figs. 8c and 9c, CO2 emissions are observed

to decrease as the percentage energy contribution from H2 is

progressively increased and a linear reduction in CO2 emis-

sions is expected as diesel fuel is substituted by H2. How-

ever, it is interesting to note that at higher levels of

percentage energy from H2 (above 25%), the reduction in CO2

emissions is greater than what can be expected from simple

fuel carbon displacement. This could be due to the aspirated

H2 displacing the intake air and reducing the amount of O2

available for the oxidation of diesel fuel, especially at the

higher H2 flow rates (or higher levels of percentage energy
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Fig. 7 e Apparent net heat release rate curves with varying

energy (%) from H2 at (a) lower load conditions and (b)

higher load conditions with intake air boosting and a

constant intake O2 reduction level of 1%.

Fig. 8 e Specific emissions of (a) NOx, (b) total particulate

mass, (c) CO2 and (d) unburned total hydrocarbons (THC) for

different engine loads and varying % energy from H2, with

the engine running in a naturally aspirated mode.
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from H2), and hence resulting in less CO2 being formed (and

effectively reducing the combustion efficiency of the fossil

diesel). The exhaust emissions of unburned total hydrocar-

bons (THC) in Fig. 9d exhibit a slight increase at the higher H2

energy levels, can similarly be attributed to a reduction in O2

available for carbon oxidation, due to displacement by the

aspirated H2.

Fig. 10 shows the total number of particles in the engine

exhaust gas for the three intake air pressure-engine load

combinations, a constant 1%reduction in intakeO2 andvarying

percentage energy from H2. (It should be noted that the mea-

surement range of the equipmentused tomeasure particle size

and number on the single cylinder engine at UCL is different

from the one use used to measure particle number on the

vehicle at Horiba-MIRA. The equipment used on the vehicle is

specified to measure 90% of the particulate number at 41 nm

and 50% at 23 nm. A roll-off ‘filter’ profile was created by MIRA

and supplied to UCL for their analysis work. This filter was

applied on the data obtained by UCL, to allow reliable com-

parison between the two sets of data, and has been presented

in Fig. 10.) The number of particles in the engine exhaust

increased when the engine load is increased. This is to be ex-

pected, as at higher engine loads the diesel fuel injection

duration is significantly longer and thus the tail-end of the fuel

injection occurs after the start of combustion [48,52]. Thus, the
injected fuel has less opportunity to mix with the intake air,

leading to a greater amount of diffusion rate controlled com-

bustion (Fig. 7) and a longer duration of conditions suited to

pyrolysis and particle formation. Considering the effect of H2
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Fig. 9 e Specific emissions of (a) NOx, (b) total particulate

mass, (c) CO2 and (d) unburned total hydrocarbons (THC) for

different intake air pressure - engine load conditions and

varying % energy from H2, at a constant 1% reduction in

intake O2.

Fig. 10 e Total particulate number emissions (N/kWh) for

different intake air pressure - engine load conditions and

varying % energy from H2, at a constant 1% reduction in

intake O2.
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on thenumber of particles in the engine exhaust, no significant

effect can be observed from Fig. 10, except for a slight increase

in the number of particles for the lowest intake air pressure-

engine load condition of 1.33 bar boost and 8.5 bar IMEP. This

couldpotentially be attributed to a reduction in intakeO2 due to

displacement by the aspirated H2, as discussed earlier. This

effect is not apparent at the higher intake air boost conditions

probably due to an increase in the effective compression ratio,

which would enhance the rate of carbon oxidation.

Fig. 11 shows the size distribution of the number of parti-

cles in the engine exhaust gas at varying percentage energy

from H2, intake air pressure of 1.33 bar, engine load of 8.5 bar

IMEP and a reduction in intake O2 of 1%. To avoid repetition,

the size distribution graphs for the other test conditions are

not shown as they show largely similar trends. A reduction in

the number of particles is observed in Fig. 11 when the per-

centage energy from H2 is increased. This reduction occurs

primarily for particles of diameters ranging between 0.05 mm

and 0.2 mm, which are typically classified as fine (Dp < 2.5 mm,

PM2.5) and ultrafine (Dp < 0.1 mm) particles [53].

Fig. 12 shows the indicated thermal efficiency for different

engine operating conditions and varying levels of H2 addition,

with the engine running in naturally aspirated mode (Fig. 12a)

and with 1% reduction in intake O2 and intake air boosting

(Fig. 12b). The indicated thermal efficiency was calculated as

the ratio of the engine output power to the combined calorific

input from both diesel fuel and hydrogen. It should be noted

that since the intake air was being boosted by a supercharger,

some work was being added to the engine cycle via the

boosting process, and this is reflected in the higher indicated

thermal efficiencies presented in Fig. 12b. Overall it can be

observed that the indicated thermal efficiency reduces with

increasing H2 addition. This is consistent with the results of

CO2 emissions observed in Figs. 8c and 9c, which also showed

a reduction with H2 addition. It is believed that the observed

reduction in thermal efficiency with increasing H2 addition is

due to a proportion of the aspirated H2 not taking part in the

combustion process and being exhausted from the engine
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Fig. 11 e Particulate number distribution for 1.33 bar intake

air pressure e 8.5 bar IMEP engine load, at varying

percentage energy from H2 and a constant 1% reduction in

intake O2.
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unburned. As the amount of H2 in the exhaust was not

measured, it could not be accounted for when calculating the

indicated thermal efficiencies.

Chassis dynamometer vehicle drive cycle tests

Fig. 13 shows the exhaust emissions of CO, CO2 andNOx, while

Fig. 14 shows the exhaust emissions of particulate mass and

the number of particles for both the diesel only and the H2-

diesel co-combustion tests, conducted on the demonstration

vehicle. The results for these tests showing the emission

levels from each stage of the test have been tabulated and

presented in Appendix.

First considering Fig. 13, CO and CO2 exhibit a reduction of

about 13% and 5% respectively, whenH2 is added, which could

be attributed to the carbon-containing diesel being

substituted by H2 at approximately 10% by energy at low en-

gine loads, dependent on the accelerator pedal position

(Fig. 5). NOx emissions also show a reduction of approximately

11%when H2 is added to the engine. The reduction in NOx was

also observed at the low load condition of 4 bar IMEP in the

single cylinder engine tests, and can therefore be similarly

attributed to the replacement of some of the diesel fuel with a

much leaner H2-air mixture. This would result in an overall
Fig. 12 e Indicated thermal efficiency for different engine loads a

naturally aspirated mode and (b) at a constant 1% reduction in
reduction in in-cylinder gas temperatures, and hence a

decrease in NOx formation rates. Some preliminary analysis of

the drive cycle used in these experiments showed that the

vehicle operated at a range of engine power between 1 kW and

7 kW for most part of the cycle (Fig. 15), which is similar to the

loads used for the single cylinder tests. Hence, a similar

behaviour of NOx emissions is likely to be expected.

Another potential reason for this reduction in NOx could be

likely higher EGR flow rates when H2 is added to the engine.

The addition of H2 to the in-cylinder charge would cause the

torque output, and hence the engine speed, to increase. In

turn, the vehicle operator will have to lift off the accelerator

pedal in order to reduce the engine speed to the prescribed

speed of the drive cycle. This could result in an increase in EGR

flow rates, since EGR rates are higher at lower engine loads,

and hence reduced NOx emissions (and potentially increased

particulate emissions e Fig. 14a). There is some evidence for

this in the test data shown in Fig. 6, where the pedal position

seems to correlate well with the H2 flow to the engine

throughout the drive cycle. The addition of H2 could also affect

the response of the exhaust lambda sensor, in that, due to the

displacement of intake air by H2, the exhaust lambda sensor

would detect lower levels of O2 than is expected for a certain

engine load. This could lead to the ECU to reduce diesel fuel

injection in order to optimise the in-cylinder mixture for

maximum power output.

Now considering Fig. 14, the particulate mass emissions

increased by 24%when H2 was added, however the number of

particles reduced by 5.5% with H2 augmentation. The increase

in particulate mass could be attributed to a reduction in O2

available inside the combustion chamber for carbon oxida-

tion, as a result of the displacement of intake air by the aspi-

rated H2, as well as increased rates of EGR (as discussed

earlier) due to H2 being added to the engine. The reduction in

particle number could potentially imply the production of

more of the larger or agglomerated particles, and perhaps less

of the smaller ones that lie in the fine and ultrafine range of

sizes. This reduction was also observed in the single cylinder

tests (Fig. 11), where the number of particles with diameters

between 0.05 mm and 0.2 mm, reduced when the percentage

energy from H2 was increased. It is interesting to note that

while particulate mass increased, CO and CO2 emissions

reduced, with increasing H2 addition. It could be speculated

that this is due to particulates having comparatively smaller
nd varying % energy from H2, with the engine running in (a)

intake O2 with different intake air boost.
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Fig. 13 e Exhaust emissions of (a) CO, (b) CO2 and (c) NOx

from the demonstration vehicle, for both diesel only and

H2-diesel co-combustion tests.

Fig. 14 e Exhaust emissions of (a) particulate mass and (b)

number of particles from the demonstration vehicle, for

both diesel only and H2-diesel co-combustion tests.

Fig. 15 e Engine power and engine speed data points for

the chassis vehicle tests.
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quench limits, and hence are impacted more by the reduction

on oxygen content, relative to CO and CO2.

Potential of low level H2 addition for improving emissions
performance

Based on the work conducted in this study whereby H2-diesel

co-combustion tests were carried out on a single cylinder

engine and in a test vehicle, it could be suggested that the use

of H2 would be favourable below a level of approximately 10%

energy from H2, where a reduction in CO and CO2 emission
was observed, and the NOx emissions either did not change or

exhibited a reduction, depending on the engine running pa-

rameters. In the case of particle number, both test facilities

showed a reduction in the number of particles, but the test
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vehicle showed a considerable increase in particulate mass,

which implied the production of larger sized particles. It is

possible that these larger particles would be captured in a DPF

(diesel particulate filter), not fitted to this test vehicle for these

tests, and therefore an overall reduction in both particulate

mass and particle number could potentially be achieved. For

any practical application, the hydrogen augmentation system

would need to be tested and integrated with other emission

reduction measures employed in vehicles such as after

treatment systems (SCR, EGR, etc.). Additionally, it could also

be suggested that since the supply of on-board H2 available for

use with such aftermarket retro-fit solutions is likely to be

limited in volume, and H2 does not offer any benefits at high

levels of addition (for example, NOx emissions increase at high

H2 addition levels), the use of H2 could be limited to transient

stages of the drive cycle, for example, when the vehicle starts

to move from a complete stop. Under these circumstances,

the engine is relatively cold, and diesel fuel that is injected

tends to pyrolyse more easily to form particulates and there-

fore the part substitution of diesel fuel with H2 at these spe-

cific transients could potentially result in substantial

reductions in exhaust particulate emissions.
Conclusions

The following conclusions can be drawn from the single cyl-

inder engine tests:

1. The peak heat release rates increased with increasing

percentage energy from H2, attributable to H2 ignition

resulting in faster rates of heat release closer to engine TDC

position.

2. Exhaust NOx emissions reduced at low engine load condi-

tions with H2 substitution, and increased only when the
Table Ae Exhaust emission results from (a) diesel only and (b) H
drive cycle on the demonstration vehicle.

CO CO2 THC

(a) Diesel only

Phase 1 g 7.338 1151.4 1.882

Phase 1 g/km 2.112 331.4 0.542

Phase 2 g 2.394 861.4 0.444

Phase 2 g/km 0.796 286.4 0.148

Phase 3 g 1.591 712.6 0.187

Phase 3 g/km 0.565 253.0 0.066

Phase 4 g 1.084 825.3 0.155

Phase 4 g/km 0.272 207.272 0.039

Total Mass g 12.407 3550.7 2.667

Total Mass g/km 0.934 267.4 0.201

(b) Diesel þ Hydrogen

Phase 1 g 7.257 1050.5 1.957

Phase 1 g/km 2.096 303.4 0.565

Phase 2 g 1.652 817.7 0.287

Phase 2 g/km 0.550 272.3 0.096

Phase 3 g 1.200 698.5 0.170

Phase 3 g/km 0.428 249.0 0.061

Phase 4 g 0.694 800.7 0.145

Phase 4 g/km 0.174 200.889 0.036

Total Mass g 10.802 3367.5 2.558

Total Mass g/km 0.815 254.0 0.193
energy from H2 was increased beyond 8e10%, which was

attributed to the H2 resulting in local hotspots, thereby

increasing thermal NOx production.

3. The number of particles, with diameters ranging between

0.05 and 0.2 mm, reduced with increasing percentage en-

ergy from H2.

The following outcomes can be summarised from the

vehicle demonstration tests:

1. 10% hydrogen augmentation in the vehicle reduced the

exhaust emissions of CO, CO2 and NOx by 13%, 5% and 11%

respectively, during the overall drive cycle.

2. An increase in the particulate mass, but a reduction in the

total number of particleswas observedwhenH2was added.
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Appendix

The results of the exhaust emissions from the demonstration

vehicle drive cycle tests, for both the diesel only experiments

and those utilising the H2-diesel fuel co-combustion, have

been summarised in Table A. The tests were divided into 4

phases due the capacity of the sampling bag used for col-

lecting the gaseous emissions, with the table showing the

measured emission concentration for each phase and also the

total masses recorded over the entirety of the drive cycle.
2-diesel fuel co-combustion tests carried out for a complete

NOx PM Particle No.

4.694 0.556 5.191Eþ14 #

1.351 1.494Eþ14 #/km

3.369 1.057 4.177Eþ14 #

1.120 1.389Eþ14 #/km

2.933 1.118 3.052Eþ14 #

1.041 1.083Eþ14 #/km

3.345 2.119 3.746Eþ14 #

0.840 9.407Eþ13 #/km

14.341 4.850 1.617Eþ15 #

1.080 0.365 1.218Eþ14 #/km

3.889 0.710 4.850Eþ14 #

1.123 1.401Eþ14 #/km

3.005 1.377 3.887Eþ14 #

1.001 1.294Eþ14 #/km

2.808 1.355 2.979Eþ14 #

1.001 1.062Eþ14 #/km

3.067 2.567 3.728Eþ14 #

0.769 9.353Eþ13 #/km

12.769 6.009 1.528Eþ15 #

0.963 0.453 1.152Eþ14 #/km
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Nomenclature

ATDC after-top-dead-centre

BTDC before-top-dead-centre

CAD crank angle degree

CI compression ignition

CO carbon monoxide

CO2 carbon dioxide

Dp particle diameter

EGR exhaust gas recirculation

H2 hydrogen

IMEP indicated mean effective pressures

NOx nitrogen oxides

O2 oxygen

PM particulate mass

rpm revolutions per minute

SCR selective catalyst reduction

SOC start of combustion

SOI start of injection

TDC top-dead-centre

THC total hydrocarbons
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