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Abstract

Background: HHO is a mixture of hydrogen and
oxygen gas produced by water electrolysis that is pur-
ported to increase e�ciency of internal combustion
engines when fed into the air intake. Available data
indicates that this is true. This report attempts to
determine whether HHO gas injection can serve as a
cost-e�ective method for reducing vehicle fuel costs.
Methods: The results of eight investigations are

analyzed. In all studies, the method of determining
the e�ect of HHO on fuel consumption is roughly
the same. Fuel consumption of a Diesel engine on
a dynamometer test stand is measured at di�erent
HHO gas feed rates. In this way, tests are performed
under a relatively controlled set of conditions.
Results: The additional amount of energy pro-

duced per mass units of hydrogen gas was calculated
at various speeds and loads. This determination,
called a yield value, was useful for comparing results
against various thresholds. A yield of approximately
9 megajoules per gram of H2 is needed for cost e�ec-
tive reduction of vehicle fuel costs. Only three of the
eight investigations met this requirement.
Conclusions: A restricted HHO feed rate was one

factor common to the three investigations with higher
yield values. A wet cell reactor of similar design was
also used. The issue of whether there might be some
variability in the composition of the HHO gas itself
is also addressed.
Practical Implications: Yield values for some

of these studies probably do not exceed an economic

break even point. Thus, they should not be used to
indicate that HHO injection can serve as a cost ef-
fective technology for reduction of vehicle fuel costs.
Also, the studies that do indicate a cost e�ective fuel
cost reduction are not found in peer reviewed litera-
ture. The validation and development of HHO tech-
nology requires much more data of better quality. It
also requires better evaluation of this data.
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diesel, fuel e�ciency, fuel consumption

Background.

Because of its energy e�ciency and widespread fuel
availability, Diesel technology serves as the primary
power source used for surface transportation of bulk,
freight and containerized cargo. Therefore, the sur-
face network of the global logistics system is pow-
ered largely by Diesel technology. It also powers the
majority of industrial construction, agricultural and
mining equipment.

HHO gas injection is a a largely undeveloped tech-
nology that could very possibly be used to increase
e�ciency of Diesel technology resulting in billions
of dollars in reduced fuel costs. In this study, we
shall evaluate available data obtained from labora-
tory tests of the e�ect of HHO on Diesel engine ef-
�ciency to determine how e�ective HHO injection
might be for reducing vehicle fuel costs. The appli-
cation used to calculate a performance threshold for
cost e�ectiveness shall be a Class 8 truck or �semi�
traveling over 100,000 miles per year.
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Methods.

Brake-Speci�c Fuel Consumption.

A laboratory evaluation of the e�ect of HHO gas in-
jection on fuel consumption requires a very speci�c
de�nition of fuel consumption. Brake speci�c fuel
consumption (BSFC) is expressed in units of grams
per kilowatt hour (g/kW hr) or in the US, pounds
per horsepower hour (lbs / hp hr). A typical BSFC
value for a Diesel engine is 0.35 lbs / hp hr. [1] As
the name implies, BSFC is speci�c to engine load.
The engine is set on a dynamometer test stand that
applies a load to the engine and regulates the speed.
Engine load in horsepower is given by the equation:

RPM × torque

5252.113
= brake horsepower (1)

where RPM is engine speed in revolutions per
minute and torque is output torque of the engine mea-
sured in foot pounds. The exact value for the denom-
inator of the horsepower equation is 220 × 150 ÷ 2π
which comes from the observation of James Watt that
a mine pony harnessed to a winch could haul 150 lbs.
up a mine shaft at 220 feet per minute.
The quantity of fuel is given as weight as opposed

to volume. The amount of fuel in a unit of volume
varies with density which is a�ected by temperature.
Also, weight can generally be measured more pre-
cisely. A common procedure is to measure the weight
of the fuel container before and after a timed test run
and calculate the di�erence.

Evaluations.

The evaluations analyzed were published either in
peer-review literature or on-line.1 All analysis was
performed using Open O�ce 3.3 spread sheet func-
tions. These spread sheets can be found on-line at
hho-research.org . In some cases, data was given
in tabular form and could be copy/pasted into the

1In the case of the on-line studies, both Univ. of North-

west Ohio and Fox Valley Technical College were contacted by

email and they did con�rm that such evaluations were actually

performed. The Purdue study was a student project and could

not be con�rmed because of privacy policies.

spread sheet. In other cases, data was presented as
a graph, in which case, pixel positions of the data
points were used to calculate the value of the data
point. Modi�ed images can be found on-line at hho-
research.org .

The types of engine and test conditions for each
study are listed as follows:

• Yilmaz [2, 10] Engine: Four-stroke, four cylin-
der, direct injection with glow plug, 3.57 L, HHO
reactor: specially made parallel plate type. Flow
rate: 4 lpm.

• Milen and Kiril Engine: [3] Single cylinder, 98
mm bore, 130 mm stroke, direct injection. HHO
reactor: not speci�ed. Flow rate: 4 lpm.

• Purdue University [4] Engine: 4.5 L John Deere
tractor engine. HHO reactor: Commercially
available SS-20. Flow rate: Approx. 2 lpm.

• Fox Valley Technical College [5] Engine: Cater-
pillar C15 turbocharged truck engine. HHO re-
actor: Commercially available SS-40. Flow rate:
approx. 4 lpm. Estimate based on measured
reactor current and reactor speci�cations.

• Univ. of Northwest Ohio [6] Engine: 2004 De-
troit Diesel 14 L Series 60 truck engine, 515 hp
capacity. HHO reactor; Commercially available
SS-40. Flow rate: Approx. 4 lpm. Estimate
based on 32 amp and 46 amp supplied by a cur-
rent regulator and reactor speci�cations.

• Bari and Esmaeil [7] Engine: Direct injection, 4
cylinder, 4.009 L. HHO reactor: Epoch EP-500.
Flow rate: 10-60 lpm.

• Wang, et. al. [8] Engine: Cummins B5.9-160,
six-cylinder four strokes, direct injection, 5.88
L HHO reactor: Epoch 560A. Flow rate: 10-60
lpm.

• Birtas, et.al., [9] Direct injection, 4 cylinder in
line. 3.76 L tractor engine. HHO reactor: not
speci�ed. Flow rate: 0.111 to 0.153 kg/hr.

http://www.hho-research.org/docs/xls110/
http://www.hho-research.org/docs/png110
http://www.hho-research.org/docs/png110
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Flow Rate Measurement.

Measurement of HHO gas �ow rate is relevant to this
analysis. A mass �ow measurement is preferred since
a volume measurement is a�ected by pressure and
temperature. Mass �ow measurement was used in
only one of the investigations. Grams of hydrogen
were estimated for the other studies assuming 760
mm Hg pressure and 298 degrees Kelvin temperature
using the ideal gas equation and assuming an average
molecular weight of 12 amu. Although this is an ap-
proximation, any error introduced would be compar-
atively small and could not account for the disparity
of results obtained by this analysis. In one investiga-
tion [11] average molecular weight of HHO was found
to be 12.3 amu. The study states that the same value
was obtained for 2 di�erent samples at the Adsorp-
tion Research Laboratory, Dublin Ohio on June 30,
2003 although it does not state the method used to
make the measurements. In future investigations, a
precise measurement of the rate at which water is
used by the HHO reactor as well as measurements of
relatively humidity, pressure, temperature and volu-
metric �ow rate might be used to estimate mass �ow
and the average molecular weight of the gas.

Calculations.

The equation used for the energy yield value when
the dynamometer test stand had a regulated load ca-
pability is given by:

E

mg
[1− r] = energy yield (2)

where E is total energy produced in a unit time
period in mega joules (MJ), mg is grams of hydrogen
(H2) injected during the same time period and r is a
dimensionless ratio equivalent to m1

m2
where m1 is the

mass �ow rate of fuel with gas injection and m2is the
mass �ow rate of fuel without HHO gas injection.
In some cases, the dynamometer load was ad-

justable and measured but it did not have a feedback
loop to regulate it. In that case, yield value is given
as:

Eavg

mg
[1− k r] = energy yield (3)

Study Average Max.
Bari [7] 0.081 0.257
Birtas [9] 0.034 0.042
Milen [3] 0.149 0.233
FVTC [4] 6.545 13.263
Purdue [5] 2.639 12.415
UNOH [6] 6.529 19.797
Wang [8] 0.034 0.044
Yilmaz [10, 2] 0.541 1.054

Table 1: Energy yields (MJ/grams H2)

where k is a dimensionless correction ratio equiva-
lent to E2

E1
where E1 is energy output with gas in-

jection, E2 is energy output without gas injection
and Eavg is the average of E1 and E2 at a given en-
gine speed. This is generally acceptable if E1 and E2

are close enough together. In all cases, engine speed
is regulated by an automatic feedback loop. These
Eqns. 2 and 3 are derived in Appendix A.

Results.

Table 1 gives average and maximum energy yield
value estimates for the various evaluations. Eqn. 3
was used to estimate yields for the Milen, FVTC, and
Yilmaz studies. Eqn. 2 was used for the rest. )

There is an implied protocol here that the test
with and without HHO injection should be run un-
der the same conditions, namely engine speed and
load. If the test conditions are substantially di�er-
ent, then fuel consumption measurements are mean-
ingless since fuel consumption is a�ected mostly by
engine speed and load. In fact, it is common to create
maps of BSFC as a function of engine speed and load.
These diagrams always show a great deal of variation
in the BSFC over the mapped range of speed and
load.

Particularly in the case of the studies done by
Milen and Yilmaz, the authors apparently did not
understand the need for such a protocol. With these
studies, it was necessary to correlate two di�erent �g-
ures, one for speed and one for load. It is not entirely
clear that the �gures were necessarily correspondent.
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However, it had to be assumed that they were in or-
der to do the calculation. Regardless, the yields were
rather meager and there is no reason to suppose that
better testing would have had much of an e�ect on
the results.

Discussion of results.

Break even values.

Yield values can be compared break even values. The
practical break even value is the amount of yield
needed to exceed the total amount of energy needed
to generate a gram of hydrogen. The heat of com-
bustion of hydrogen is 0.118 MJ/gram. The SS-40
HHO reactor used for the FVTC and UNOH stud-
ies is about 70% e�cient. An automotive alternator
is about 55% e�cient. So there is a practical break
even value of 0.31 MJ/gram = 0.118 / (0.7 x 0.55).
An economic break even value is the amount of

yield needed to cost justify use of the HHO injection
technology. This is a more complex value. Cost of
installation of the technology, type of vehicle, fuel
cost, vehicle use conditions and required pay back
period should all be identi�ed. A typical set of inputs
might be:

• Installation cost: High end HHO injection sys-
tem labor and parts = 5,000 USD.

• Vehicle: Class 8 truck. Gross Vehicle Weight
Rating = 33,000 lbs. Typical = 65,000 lbs.

• Use conditions: long haul. 100,000 miles per
year. Typical mileage: 6 mpg or 0.167 gallons
per mile. Average engine load: 200 Hp. or 520.5
MJ/hr. (200 x 723 x 3600)

• Fuel type and cost: No. 2 Diesel. 4.00 USD
per gallon.

• Pay back period: 6 months

Total annual fuel cost would be 100,000 x 0.167 x
4 = 66,800 USD. This requires a 15% reduction in
fuel costs since 0.15 x 66,800 = 10,000. Yield value is
based on a fuel weight ratio so yield needed to achieve
a 15% reduction of 520.5 MJ/hr would be 520.5 x 0.15

= 78 MJ. A feed rate of 8 grams of hydrogen per
hour would require a yield of 9.76 MJ/gram. This is
within the range of the SS-40 used in the FVTC and
UNOH evaluations. It is also helpful that both these
evaluations were performed on Diesel truck engines
typically used in the example given here. This is a
rather approximate estimate. More detailed model-
ing has been done indicating that a 30% reduction in
fuel cost is perhaps possible. [12]

Yield values.

The range in the values listed in Table 1 is notable. A
common characteristic of the high yield evaluations
is a lower feed rate in comparison to the size of the
engine, about 0.5 to 1 lpm per 100 hp of engine ca-
pacity. Such a large e�ect on engine performance in
comparison to the small amount of gas injected sug-
gests a free radical chain reaction mechanism that is
perhaps similar to the e�ect of tetra ethyl lead on
engine knocking in spark ignition engines. See Ap-
pendix B for further discussion of reasons why HHO
increases the e�ciency of Diesel engines.
A commonly held idea is that HHO is in some way

di�erent from a 2 to 1 molar mixture of molecular
hydrogen and oxygen gases. This is suggested by the
appearance of the �ame of HHO [13] versus that of
oxyhydrogen (Fig. 1) [14]. These photos show the
same torch at the same �ow rate with the two di�er-
ent gas mixtures. While a hydrogen �ame is a dull
blue, an HHO �ame is brightly luminous. The di�er-
ence is not easily explained by conventional factors
such as contamination due to sodium or potassium
electrolyte.
The presentation of the �ame is subjective. How-

ever, it can be converted to data by means of a spec-
troscopic measurement which is a plot of light inten-
sity as a function of its wavelength. It is generally
obtained using an electronic spectrophotometer in-
strument. At this time, an HHO spectrograph is not
available. Fig. 2 [15] shows a spectrograh of an oxy-
hydrogen �ame. The HHO �ame has a signi�cant
peak at 600 nm while oxyhydrogen shows very little
emission at this wavelength.
Yield values fall roughly into two groups of mimi-

mal value and signi�cant value. The composition of
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Figure 1: HHO �ame vs. oxyhydrogen �ame

Figure 2: Spectrograph of an oxyhydrogen �ame

electrolytically generated gas mixtures seem to show
at least two di�erent compositions. Therefore, it is
plausible that the di�erence in yield value results
from the two di�erent gas compositions. Character-
ization of gas mixture composition is not mentioned
in any of the reports for these studies.

Conclusion.

This sort of analysis highlights the state of uncer-
tainty regarding laboratory evaluation of the idea of
HHO. To resolve these issues, engine lab evaluations
of HHO might follow these guidelines:

• An investigation should be a diligent attempt
to replicate the best results that have been ob-
tained.

• There is a wide variety of con�gurations of reac-
tors that are purported to produce HHO. If the
e�ect of HHO on engine e�ciency is the result
of some product of the combustion of HHO, it
is possible that this factor can be identi�ed and
quanti�ed by means of �ame spectroscopy. Then
all of the variability associated with reactor op-
eration can be reduced down to a few variables
or perhaps one variable. It would also be impor-
tant that this factor remains constant for each
series of tests.

• Mass �ow rate of HHO should be measured. The
issue of the average molecular weight of HHO
should also be investigated further. For most
types of mass �ow measurement of gas, average
molecular weight is a relevant variable.

• Test conditions include load and speed. Load on
the engine should be regulated by means of a feed
back control loop. E�ective compression ratio
should also be included among test conditions.
Most Diesels for vehicles are turbocharged. By
carefully o�setting the turbocharger waste gate
actuator, e�ective compression ratio can be ad-
justed.

• By means of combustion pressure analysis, engi-
neers can essentially see what is going on inside
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the cylinder through the course of the compres-
sion/power stroke. Almost none of this sort of
work has been done with HHO but it could be
very helpful in developing a mathematical model
of the e�ect of HHO on the Diesel engine cycle.
This could be helpful in improving the perfor-
mance and �exibility of HHO technology.
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Figure A.1: Yield energy

Appendix A

Total energy is given as power multiplied by time,
in this case, the time interval of the test run. With
or without gas injection, the total amount of energy
produced is the same since load and speed should be
the same for both tests. The additional energy pro-
duced is actually the amount produced by a quantity
of fuel. That is de�ned by the equation:

E

m1
− E

m2
(A.1)

where E is the amount of energy produced within
the time interval, m1 is the mass of fuel used with
HHO injection and m2 is the mass of fuel used with-
out HHO injection. The relationship can be visu-
alized in Figure A1. The total area of the circle is
proportional to E

m1
. The blue area is proportional to

E
m2

. Therefore, the area of the red wedge would be

proportional to the di�erence E
m1

− E
m2

which is the
additional amount of energy produced. This de�ni-
tion ful�lls the requirement of comparing the amount
of energy produced with and without HHO injection.
As long as the units are consistent, it should be ade-
quate.

The fraction of the total area that the red wedge
occupies is necessarily the area of the di�erence di-
vided by the total area of the circle. This fraction
would be:

E
m1

− E
m2

E
m1

(A.2)

The E term cancels out of Eqn. A2. Also, the two
terms in the numerator when multiplied by m1 give:

1− m1

m2
(A.3)

The total amount of energy produced per gram of
hydrogen would be E

mg
where mg is grams of hydro-

gen gas injected during the time interval. The ad-
ditional amount of energy produced would be this
quantity times the proportion given by Eqn. A3 thus
giving Eqn. 2:

E

mg

[
1− m1

m2

]
= energy yield (A.4)

In the case where the amount of energy produced
with and without HHO is slightly di�erent, such that
E1is the amount of energy produced with HHO and
E2is the amount of energy produced without HHO,
the values m1and m2should be adjusted to what they
would be if total energy produced is Eavg which
equals (E1+E2) / 2. Assume that the mass of fuel
used is proportional to the energy produced within
the interval between E1and E2. To set the m value
to what it would be if the E value was equal to Eavg,
we would have to increase m if E < Eavg and de-
crease m if E > Eavg . The adjustment would have

to be inversely proportional to E so it would be
Eavg

E .

The adjustment for m1

m2
would be

Eavg

E1
/

Eavg

E2
which

factors out as E2

E1
or the correction factor k given in

Eqn. 3.
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Appendix B.

Various reasons are commonly given as to why HHO
increases Diesel engine e�ciency. In this discus-
sion, an increase in combustion e�ciency shall be
discounted because this explanation is not consistent
with laboratory data.
Combustion e�ciency is sometimes confused with

fuel conversion e�ciency so the �rst task will be to de-
�ne these terms. Combustion e�ciency is the fraction
of energy latent in the fuel that is released by com-
bustion. For Diesel engines, combustion e�ciency is
generally better than 98% as will be calculated below
based on typical emissions data.
Fuel conversion e�ciency is the fraction of energy

latent in the fuel that is converted to useful mechan-
ical output of the engine. It is typically about 35%.
Much of the heat released by combustion is lost by
conduction to the engine block or through the ex-
haust gas. Fuel conversion e�ciency is a subset of
combustion e�ciency.
Table B1 [16] gives values needed to determine

combustion e�ciency. The three emissions compo-
nents found in Diesel exhaust that contain carbon
are particulate carbon (soot), carbon monoxide, and
hydrocarbon (principally methane).
On this table, MJ per MJ of input from fuel is

obtained by multiplying the heat of combustion of
the emissions component (MJ/gram) by grams per
MJ input. These quantities for each component are
summed to obtain the Ec , the amount of energy
contained in emissions components per MJ of fuel
energy. Combustion e�ciency is given by:

ηc = 1− Ec (B.1)

where ηc is combustion e�ciency. This value is

Emissions component MJ/g
per MJ of input
grams MJ

Carbon (soot) 0.032808 0.09 0.00295272
carbon monoxide 0.010112 0.05 0.0005056

Hydrocarbon (methane) 0.050009 0.16 0.00800144

total MJ per MJ input (Ec) 0.01145976

Table B.1: Diesel emissions components

approximately 0.98 or 98%. HHO injection reduces
emissions by about 10% [6]. Even if it reduced them
to nothing, the fuel conversion e�ciency could be in-
creased by no more than 0.6% (2% increase in com-
bustion e�ciency x 0.3 fuel conversion e�ciency).
The �le unoh.xls indicates an average increase in fuel
conversion e�ciency of 11% which could not be ac-
counted for by an increase in combustion e�ciency.
It may be possible to arrive at an explanation for

the HHO e�ect by means of combustion pressure
analysis. Almost no combustion pressure analysis has
been done with HHO. Milen and Kiril [3] obtained a
single plot of pressure versus volume with and with-
out HHO at 1500 RPM.

http://www.hho-research.org/docs/xls110/unoh.xls

