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Abstract - With the increasing awareness of the importance of carbon neutrality in response to global cli-
mate change, the utilization of hydrogen as a carbon-free fuel source is also growing. Hydrogen is commonly
used in fuel cells (FC), but it can also be utilized in internal combustion engines (ICE) that are based on
combustion. Particularly, ICEs that already have established infrastructure for production and supply can
greatly contribute to the expansion of hydrogen energy utilization when it becomes difficult to rely solely on
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fuel cells or expand their infrastructure. However, a disadvantage of utilizing hydrogen through combustion is
the potential generation of nitrogen oxides (NOx), which are harmful emissions formed when nitrogen in the
air reacts with oxygen at high temperatures. In particular, for the EURO-7 exhaust regulation, which includes
cold start operation, efforts to reduce exhaust emissions during the warm-up process are required. Therefore,
in this study, the characteristics of nitrogen oxides and fuel consumption were investigated during the warm-up
process of cooling water from room temperature to 88°C using a 2-liter direct injection spark ignition (SI) en-
gine fueled with hydrogen. One advantage of hydrogen, compared to conventional fuels like gasoline, natural
gas, and liquefied petroleum gas (LPG), is its wide flammable range, which allows for sparser control of the ex-
cessive air ratio. In this study, the excessive air ratio was varied as 1.6/1.8/2.0 during the warm-up process, and
the results were analyzed. The experimental results show that as the excessive air ratio becomes sparser during
warm-up, the emission of nitrogen oxides per unit time decreases, and the thermal efficiency relatively
increases. However, as the time required to reach the final temperature becomes longer, the cumulative emis-

sions and fuel consumption may worsen.

Key words : excessive air ratio, hydrogen), DI, Direct Injection, NOx, Nitrogen Oxides, fuel con-

sumption rate, warm-up
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T. Thermocouple

P. Pressure sensor

1. Hydrogen gas Tank
2. Regulator

3. Safety valve

4. Ar filter

5. Throttle valve

6. Engine control unit
7. Sensor amplifier

8. Lambda meter

®
9. Chiller
E 10. Exhaust gas analyzer

(m
m
L

Fig. 1. Schematic diagram of experimental setup.

Table 1. Engine specifications.

Parameters Specification
Cylinder number [-] 4
Displacement [L] 2
Bore x Stroke [mm] 81 x 97
Compression ratio [-] 10.5

The maximum power output

[kW] (by diesel)

111 @ 6,000 rpm (w/
gasoline)

The maximum torque [Nm]
(by diesel)

188 @ 5,000 rpm (w/
gasoline)

TG o, Y dP oz AH BAV]E o] &
ST 4 A8 &R&9 4L 7A FESA]
(MFM, Emerson)S AF&-3t3 0, 28] el
= ETAS jit 9] LA4 3 AA 7 AL AT DA
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n &
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E21.6/1.82.0 Al 7tA A0 & A F o, Z7
HJEY 24 & 8| 2ZE NE=FE v Ut F
Z1HAE 1.6 0|3t 2N A A A S T A9 4ol
we} Y5 =7 Fof v A4t HAE | = 3HY
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Fig. 3. Cumulative heat loss and averaged heat
loss per time calculated from coolant
temperature during warm-up as varying
excessive air ratios.

Coolant temperature traces as varying excessive air
ratios

®
S & © & © ©

N W oA U @ N

Coolant temperature [°C]

=
o ©

E}

500 1000 1500

Time [sec]

2000 2500 3000

—Lambda 1.6 Lambda 1.8 ——Lambda 2.0

Brake specific fuel consumption traces as varying
excessive air ratios

<
)
o 80 .
5 Averaged brake thermal efficiency
@ 60 A 1.6:262 %
A 1.8:26.6 %
40
A20:27.2 %
20
[
0 500 1000 1500 2000 2500 3000
Time [sec]
—Lambda 1.6 ——Lambda 1.8 ——Lambda 2.0

Fig. 2. Coolant out temperature traces as varying
excessive air ratios.
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Fig. 4. Brake specific fuel consumption rate dur-
ing warm-up as varying excessive air ratios.
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Fig. 7. Cumulative time, NOx and hydrogen con-
sumption during warm-up as varying exce-
ssive air ratios.
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