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ABSTRACT 

Carbon Monoxide (CO) has become a pressing issue for 
the recreational marine industry. An increasing number 
of boating incidents have been linked to CO poisoning 
caused by emissions from gasoline-powered marina 
engines. Maaswrements by the National Institute for 
Occupational Safety and Health (NIOSH) and the U.S. 
Coast Guard have confirmeel potentially hazaraous co 
concentrations near many of these engines. The 
measurements have also shown much lower co 
concentrations for Evinrude13 two-stroke direct-injected 
engines. 

This paper reviews national and international co 
emission regulations for marine engines and discusses 
CO formation ana reduction mechanisms. The 
differences belw5en homogeneous· and stratified­
charge combustion systems on CO formation, resulting 
from design and calibration criteria, are analyzed . The 
primary driving factors for CO formation under high~load 
homogeneous operation are driven by a desire to 
maximize power output and a necessity to control the 
thermal loading cf internal engine components. Part 
throttle and low-load operation are largely driven by 
emissions and run.quality requirements. 

Several distinct advantages for direct-injected engines 
lead ta the formation of significantly lower CO 
concentrations in the exhaust. The unavoidable over· 
scavenging of air aids in diluting cylinder-out GO levels. 
This, combined with high exha1.1st gas temperatures, can 
generate a significant post·oxidation effect. The post­
oxidation effect was investigated in detail and some 
engine test results are presented. Stratified operation at 
low loads with high air-fuel ratios result in CO 
concentrations up to 100 times less than homageneaus­
r.h:.1rnR RnninP.~ 
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Carbon Monoxide (CO) is a colorless and oqorless gas. 
CO exposure is estimated to be responsible for more 
fatal unintentional poisonings in the United States than 
any other agent [1]. CO poisoning occurs when carbon 
monoxide replaces a~;ygen in the hemoglobin. . 
Hemoglobin is responsible for delivering life-critical 
oxygen to cells in the bo,jy. The affinity of harnoglobin to 
CO is estimated to be 200 to 300 times higher than the 
affinity ta oxygen (2]. As a result, CO can accumulate in 
the blood stream and drastically reduce its capability to 
carry oxygen to the cells. 

CO has become a public issue in recent years after 
bociting-refatad deaths previously thought to be 
drownings were linl<ed to co poisoning. Between 1990 
and 2003 over 503 boating-related co poisonings were 
reported in 26 states, 1011 of the people died, and at least 
107 others lost consci[JUsness [3]. Additionally, it is 
believed that a large number of unexplained drownings 
could be CO related . For example, on Lak:e Powell 
crownings are being 1::arefully investigated for co 
linkage, and the gas w21s found to be a contributor in 
many of the cases. The ~u:tual number of co poisonings 
is expected to be much higher than currently known 
because many minor CO poisonings that do not require 
medical attention go unrnparted, and other incidents are 
never linked to CO as a possible cause. 

The reported work on CO emissions from gasoline 
internal combustion ermines can be divided into two main 
categories-a lower CO procJuction during combustion 
development and a redLtction in CO produceQ through 
after-treatment. 

Several authors have investigated the effect cf oxygen 
enriched intake air on engine performance. The higher 
oxygen content substantially reduced co and 
hydrocarbon (HC) emissions. The reductions, however, 
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came at me pnca OT n,gner em1ss1ons or nitrogen ox1oes 
(N01), resumng from lncreaseQ combustion 
temperatures [5·8]. Instead of adcHng oxygen to the 
intake air, several authors tested oxygenated fuels for 



their effect on emisslons. These fuels were found to 
recuce co ancl increase NOir. emissions. Increasing the 
concentration of oxygenated fuel components produced 
trends similar to those observec:1 under lean operation {9-
13]. Myers et al. investigated the effect of comlJustion 
chamber surface temperature on the emissions of a port 
fuel-injected engine at a wide range of air-fuel ratios and 
found no significant effect on co emissions [14]. Paola 
et al. coatea ths combustion chamber of a single-cylinder 
two-stro!{e engine with a 0.5-mm-thick ceramic layer and 
were able to substantially reduce CO emissions because 
of a leaner calilJration, which was enabled by more 
complete combustion [15]. 

Burrahm et al. showed that air injection into the exhaust, 
exhaust gas recirculation (EGR), and ignition timing 
changes had a positive effect an tile ca emissions of a 
small four-stroke generator engine [16]. Crabtree et al. 
investigated the effect of different catalytic after­
treatment strategies an the emissions of a small air­
cooled four-stroke engine. The stucly showed that over 
95% of the CO and HC emissions could be oxidi2ed with 
a two-way catalyst and a thermal reactor system with 
controlled amounts· of exhaL,jst air [17]. Carlson et al. 
equipped a number of alder model year (1975-1980) 
vehicles with components to upgrade the emissions 
control system and were able to reduce CO emissions 
more than 60% from the l:iaseline. However, after 48,000 
kilometers, the CO reduction had degraded to only 20% 
[19]. Khatri et al. compared the idling performance of a 
three~cylinaer passenger car engine with a carbL,jretor 
and a single point fuel injection system and found that 
the fuel injection system resulted in lower cylinder-to­
cylinder variation in mixture strength and lower levels of 
CO and HC emissions [20] . 

This paper reviews existing emissions regulations with 
respect to CO and presents i;I comparison of CO 
emissions from different outboard engine technologies. 
Formation and reduction mechanisms for CO are also be 
presented and discussed. 

CO EMISSIONS REGULATIONS REVIEW 

UNITED STATES 

Environmental Protection Agency (EPA) regulations for 
recrBational boat propulsion engines and generators 
were Intended to control HC and NO,.. emissions rather 
than CO. ihe EPA estimates that recreational marine 
engines contribute the secon<l highest average quantity 
of HC exhaust emission. only behind that of lawn and 
garden equipment. (EPA 1996) Under the Clean Air Act, 
EPA regulations apply speclfically to newly sold engines 
only. 

EPA regulations for the recreational beating industry can 
be divided into three categories: 

1. Regulations for outboard spark-ignition marine 
engines and personal watercraft 
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2. Regulations for inboard and stern drive engines 
3. Regulations for large (::a 19 Kw) and small (i::; 19 Kw) 

generators 

!=PA regulatlons that apply to outboard spark-ignition 
marine engines and personal watercraft wera passed in 
1996 under 40 CFR, Part 91 . This regulation is currenrly 
being phased in (between 1998 and 2006). It is intended 
to reduce HC and NOx emissions by a fac1or of fol.lr. 
Although this regulation is not directed at CO, the current 
eval\.lation shows that there are ca benefits. The 
primary emission reduction technologies under this 
regulation are replacement of conventional two.stroke 
engines by direct fuel-injected two•stroke engines or 
four-stroke engines. 

The other class of recreational boat drive engines are rhs 
inboard and stern~driva spark-ignition engines. EPA has 
recently published a notice to regulate inboard and stern· 
drive marine engines. These engines are often, but not 
always, larger than outboard engines ~md have a higher 
power output. Many have al.ltomotive origins . Inboard 
and stern drive engines potentially could reduce 
emissions by using a feedback electronic air·f1.1el control, 
an electronically controlled exhaust gas recirculation, and 
a three-way catalytic converter. Southwest Research 
Institute is currently conducting work in this area far tl1e 
EPA. 

A final class of engines used on recreational boats is the 
generator type, which Is not addressed under Marine 
engine rules. Rather. they fall under small equipment and 
large spark•ignition engine rules, depending upon their 
size. Regulations for large generators, classified as 
those producing 25-hp or 19-Kw or more, became 
effective in 2004. These regulations require catalysts to 
control HC and NO,. and a 95% reduction in co by 2007. 
However. most generators on recreational boats are 
smaller than 19-Kw, and, thus, fall under small 
equipment rules, which are directed at residential lawn 
and garden teals. Beca1..1se environmental rules are 
primarily concerned with HC pollutants, CO emissions 
from racreaticnal boats are not currently addressed. 
Ironically, new, large gasoline·powered generators that 
produce 5 grams of co per Kw/hour are regulated in 
comparison with the non-re9ulatad small gasoline­
powered generators, having a mclss CO production rate 
that is 100 times greater (500 grams of CO per Kw/hour). 
The CO cap, which cannot be exceeded for small 
equipment, under J:PA regulations, is 61 D grams of co 
per Kw/hr. These differences in CO emission rates 
between large and small gasollne-powered generators 
ars primarily driven Py economic issues and inaustry 
concerns, rather than by technological ffJasibility or 
health concerns. 

EUROPE 

European emissions le9islcltion is set forth in the 
European Commission (EC) regulations. The EC 
standard uses the International Council of Marine 



Industry Assoc]ations (ICOMIA) cycle and regulates HC, 
NO" and C01 implementing the standard in two stages. 
EC-1 has separate limits for two-stroke and fo1.1r-strol<e 
engines. specifying higher HC and lower NOx and CO 
limits for the two-strol<e engines, as shown in Table 1. 
EC-2, which goes into effect in 2008, is independent of 
engine technology. 

2008 
Area 

HC 9/kWh 

NOx g/kWh 15 15 

co g/l<Wh 154 - 231 153 - 163 69 - 221 

Table 1: European Commission emissions limits for 
marine outbQard engines. 

Within the European Union, the regulatory agency for the 
Bodens~B has developed its own, much more stringent 
emissions limits, similar to the California Air Resources 
Board (CARS) in the United States_ Table 2 shows the 
emissions limits for the Bodensee. The BS0-1 standard 
was used as the basis for the EC-2 limits. The only 
engines ~urrently meeting the 8S0~2 standard are 
inboard diesel engines and gasoline Multi-Port Fuel 
Injection (MPFI} engines with catalytic converters. 
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1i!i~; !1. :i'\k1~,,.~.;1:111 .::8,,,.a.,; .. 11;~:+ 1-ri ,: 
::1 "enAi e .. : .:,, P ~R!ie.e.·. 

1995 1997 
Lakes of Lakes of GER. Area GER1 A and 

A and SW 
SW 

HC g/lcWh 5.2 -15 1.8 - 8.2 
NOx g/kWh 15 5.2 - 7.4 
co g/J<Wh 69 - 221 24 - 109 

Table 2: Bodensee loc::al authority amisslans limits­

The CO limits set forth in the European regulations are a 
function cf power output and are generally higher for 
lower power engines. Figure 1 shows the co limits as a 
f1.mcticn cf engine power output for the EC-1 1 BS0-1, 
and BS0·2 standards. The graph also shows CO 
emissions for various clean technologies (2-strake, direct 
injection; 4-stroke carbureted, and 4-stroke eJectronlc 
fuel injection) based on Madel Year 2004 EPA data. The 
figure illustrates that carbureted four-stroke engines 
proQuce very high CO concentrations at lower engine 
power Ol.ltpi.its. Ths EC-1 standard is met by 94% of 
direct-injl'!ctscl two•stroke engines, but only by around 
18% of fuel-injected four-stroke engines. The only 
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technology currently meeting the more stringent SS0-1 
co standard is the two-stroke direct-injection. 
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Figure 1: European CO limits and outboard engin~ 
CO emissions by technology (MY2004 EPA data) 

CANADA 

250 

l:'.nvironment Canaela wlll adopt EPA-1 regulations in the 
year 2007, which C!.lrrently Claes not include any CO 
limits. 

CO EMISSIONS OATA 

In a study performed under an interagency agreement 
between NJOSH and the United States Coast GL.Jard. 
approximately 25 racreatianal boats of varying ages were 
evaluated fer their risk of CO exposure. The data 
showed that CO concentrations and exposures were 
highest in the vicinity of the engine exhaust and generally 
(lecreased with increasing boat speed [33]. These data 
indicate that the exhaust co concentration at law to 
medium engine speeds plays an important role in 
minimizing exposure and reducing the risk of carbon 
monoxide poisoning. 

The following compares CO emissions data for current 
clean outboard engine technologies. Eval~a(ed engines 
meet the Callfornia Air Resources Board 3·Star 
emissions limits for 2008. The data were independently 
generated according to the ICOMIA cycle in accordance 
with EPA certification test procedures. Figure 2 shows a 
comparison of e~haust CO concentrations for the 
ICOMIA cycle, for different technologies and power 
outputs. The graphs display the emission levers of the DI 
two-stroke engine relative to the four-strol<e ~ngine. The 
d_ata_ lllustrate that DI two-stroke en9ines produce 
significantly rawer co leve1s. The aiffsrence increases 
towards lower engine speetJs_ 
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Comparison of CO Mass Emissions over 
Engine Life 
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Figure 2: Reduction of CO mass emissions from 4S 
to DI 2S technology. 

Figure 3 shows the reduction of CO concentrations from 
four-stroke to two-stroke DI technology for the ICOMIA 
cycle. Emissions were monitored over the useful life of 
two current technology 90-hp outboard engines and 
results for 10, 175, and 300 hrs are presented. The 
graph illustrates that CD emissions are significantly lower 
for ths Dl two-stroke engine at all mode points. wit!, the 
least difference at mode 1 (Wide Open Throttle} and the 
largest difference at mode 5 (Idle). 
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Comparison of Exhaust CO 
Concentrations over Engine Life 
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Figur~ 3: Reduction of exhaL1st CO concentraticms 
from 4S to Pl 2S technology. 

Figura 4 shows the CO concentrations in the exhaust as 
a function of tha specific CO emissions for the same two 
engines, using the data from modes 1 thru 4 (specific 
emissions data cannot be calcL1lated for mads 5 because 
it is an idlfl c.onditicn). The data demcn~trete that there is 
a clear correlation between specific CO emissions and 
CO concentration and. thus, exposure risk. The data for 
the DI two•strol<e engine deviate from the linear 
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relationship due to the effect of the excess oxygen in the 
exhaust, especially under stratified operation. A similar 
cle~r correlation between CO mass emissions and 
concentration at idle are shown in figure 5. 
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Carrelation Between Specific CO 
Emissions and CO Cancentratian 
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Figure 4: Specific CO emissions and CO 
conc:entration 
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Figure 5: Mass CO emissions and co concentration 
at idle. 

Figure 6 shows a comparison of CO concentrations 
during an engine cold start for the two different 
technologies. lt is apparent that transient effects are 
negligible for the direct injected engine and that steady 
state levels are approximate3ly 90 times lower than for the 
four-stroke engine. 
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The data show that the direct injected two-stroke engine 
produces significantly lower CO emissions, b~th in terms 
of mass or specific emissions and concentrat,ons levels. 
The difference between the technologies is largest at idle 
and low engine speeds wnere the risk of CO exposure 1s 
considered to be highest. 

CO FORMATION 

co is formed as a result of incomplete combustion of 
carbon atoms due to lacK of oxygen. S. R. Turns 
characterized the oxidation of higher paraffin in the form 
CnHin .. 2 (n ;:-.. 2) as a three-step process [31]; 

1 . Breakdown of the fuel molecule by O and H atoms 
cind formation of olefins and hydrogen. The hydrogen 
oxic:lizes to water. 

2. unsaturated olefins oxidize to CO and H~. All of the 
H2 is oxidized. 

3. The ca oxidizes via co;, OH-> CO2+ H. 

The less oxygen that is !aft after the first two steps 
results in more CO remaining unoxidized in the third 
step. 

Figura 7 shows general _trenas far_ the em i_ssions 
concentration as a function of air-fuel ratio for 
homogeneously operated four-stroke engines. The graph 
clearly illustrates that ca concentrations increc1se rapidly 
with a decrease in available oxygen (air-fuel ratios lowl:lr 
than stoichiometric) . HC concentrations follow a similar 
trend although at a rate and level that is thrse orders of 
magnitude lower. At the same time, NOx concentratio~s 
decrease with decreasing air-fuel ratio at a rate that 1s 
approximately 30 times higher than that oy H'? increase. 
Hence, in light of the much larger contribution of NO~ 
compared with HC and regulations that limit only the s1.1m 
of HC+N04 .:m~ not co. this relationship clearly pr!a!sents 
a tradeoff. It is biased towards the reduction of NOx. by 
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reduclng the air-fuel ratio at the cost of increased CO 
emissions. 

Other reasons for a rich calibration at Wide Open 
Throttle (WOT) include possible power gains, as 
illustrated by the curve labeled "M" in Figure 7 ~nd 
reduced knocK tendencies from the lower combustion 
temperatures. 
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Figure 7: Influence of air-fuel ratio (relative to 
ste>ichiometric air-fuel ratio) en exhaust emissions 
concentrations [29] ("M" is torque and 11b11 is specific 
fuel consumption.) 

The trends shown in Figure 7 are representative of 
homogeneously operated four-stroke engines. Although 
DI two-stroke engines are quite different, the 
Clependence of ca formation on air-fuel ratio should be 
at feast comparable for local combustion zones. This 
general trend is confirmeci by the Ciata In Fig1.1re a, 
showing results from the ICOMIA test points. However, 
NOx concentrations are generally much lower due to the 
lower affective compression ratio and internal exhaust 
9'1S recirculation and, thus, the calibration tradeoff 
between high CO and low NO" does not apply. 
Additionally, DI two-stroke engines have varying levels of 
excess oxygen rc:sulting from tho unavoidablf:I shon­
circuiting of fresh charge during scavenging. Despite a 
possibly rich combustion, the excess oxygen present in 



the exhaust gas can l:le oxidized by some of the 
remaining CO when ths emissions are sufficiently mixed 
and temperatures high enough, as will bs shown in the 
section on Post Oxidation. 

Campc1risan of Exhaust oxygen Concentrations 
for Various Cluan Outboard Engine:. 
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Figure B: Relation between overall air-fuel ratio and 
exhaust CO concentration from ICOMIA made 
paints. 

CO REDUCTION MECHANISMS 

DISPERSION AND DILUTION 

The molecular weight of CO (28.01 g/mol) is vary similar 
to that of air {2B.97 g/mol). Hence, at similar pressures 
and temperatures, t>uoyancy effects are negligible. ln 
addition, the oifftjsion coefficient of CO in air is fairly low 
[SO] . As a result, the main factor for CO dispersal is 
forced convection. Due to the comparable densities, CO 
concentrations cannot accumulate higher than those cf 
the sol.jrce. This fact leads to the conclusion that the 
most effective way to prevent overexposures is to recjuce 
CO concentrations at the source. 

WATER SCRUBalNG 

Most 0L1fboard engines provide two paths for exhaust 
gas into the atmosphere-through the propeller hub ancJ 
through an above-water idle relief circuit. At idle speed, 
most or all of the exhaust gas is vented through tne iale 
relief circuit, whereas at higher engine speeds, the 
majority is vented through tne propeller hub. Oepending 
on the speec1 of tne boat, the exhaust gas will bubble up 
to the water surface at varying distances behind the boat. 

Mace et al. investigated how mixing the exhaust gas with 
water affected gaseous emissions. Both a four-stroke 
stern-drive engine and a two-stroke outboard engine 
were testeq. The s:xhaust gas was mixed with tap water 
and salinized tap water. The data did not show any 
conclusive evidence that mixing the exhaust gas with 
water reauci::a airborne co em1:.:5iom; [:J2]. 
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Figure 9; Solubility of Various Gases in Wc1ter 

Figure 9 shows that the solubility of CO in water is 
comparable to that cf air; hence, absorption of CO into 
the surrounding water is expectea to be quite small. 

OXIDATION 

Catalysts 

The first emissions control systems for automotive 
engines used a rich calipration far low NO~ and oxioc1tion 
catalysts with secondary air injection for rectuction at co 
and HC. Oxidation catalysts have been used 
successfully on a variety of engines, but they are 
unproven in production marina outboard engines. The 
addition of a catalyst with air pump would significantly 
increase size, weight, and complexity of the engine. 
S1.1rrahm et al. achieved significant CO reductions on a 
4-stroke generator engine by applying oxidation 
catalysts, secondary air injection, exhaL1st gas 
recirculation , and ignition timing changes [16]. 

Three-way catalysts are capable cf reducing HC, NOx, 
and CO simultaneously, but require precise cpntrol of the 
air-fuel ratio near stoichiometry, which can be achieved 
only with closed-loop feedback controls. Challenges for 
ths development and application of catalysts for outboard 
engines include: 

protection from water and thermal shock 

effects of salt water 

space constraints 

thermal management 

r:lurabllity and degradation 

White et al. equipped a stern-drive four~stroke engine 
With a closed loop cooling system, externc:ll exhaust gas 



recirculatlon, closed .loop feedback control, and" three­
way catalyst. Initially, they were able to reduce CO 
emissions by approximately 36%, but more recently have 
achieved 50% CO reductions and more than 80% 
reductions for modes 2 -4 [21 ]. 

Post-Oxidation 

Significant post-oxidation affects can occur in the 
exhaust of DI two-strol<e engines. The occurrence and 
efficiency of this effect is dependent on engine operating 
parameters, such as injection angle antl ignition timing. 
co exhaust reductions of over 50% have been 
observed, Figure 1 o shows the effect of injection angle 
on ca, both with and without post-oxidation at WOT far 
an E-TEC™ cfirect-inJected, two-cylinder, outboard 
engine The injected quantity was adjusted during the test 
to maintain a constant CO concentration without post~ 
oxidation . The data illustrate that redur.;ing the injection 
angle in conjunction with post-oxidation significantly 
reduces exhaust CO concentrations. 
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Figure 1 D: Effect af injection angle on CO r~duction 
with post oxidation. 

Figure 11 sl1ows the i::ffect of injected fuel quantity on 
CO emissions at late injection angle. Although the actual 
f4el ratio was not determined, the data in the graph are 
shown relative to the air-fuel ratio for the lowest injected 
quantity. 
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Figure 11: Effect of air-fuel ratio an co reduction 
with post oxidation. 

Similar to Figure 7, figure 11 shows that CO 
concentrations decraase considerably with ~n increasing 
air·fuel ratio. However, if post·a>cidation effects are 
included, CO concentrations remain constant at a much 
lowBr level, suggesting that the amount of post-oxidation 
increases with decrec1sing air-fuel ratio. Figure 12 
supports this theory,. showing the exhaust gas 
temperature {EGT) for the same air-fuel ratio sweep. The 
EGT receiving post-oxidation increases significantly as 
the air-fuel ratio decreases, compared with a relatively 
constant EGT without post-oxidation. Figure 13 shows 
that the HC emissions before past-oxidatlpn are not 
affected much by the air~fuel rc1tio, while thay are 
reduced significantly as the post-oxidation effect 
increases at lower air-fuel ratios. 

Effect of Air Fual RPtia and Past-Oxidation 
an Exhau1;t Gu Temperatures far E-TEC 
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fig1.1re 12: Effect of air fuel ratio on exhaust gas 
temperatures with and without post-oxirtaJion. 
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Figure 13: Effect of air fuel ratio on hydrocarbon 
emissians with and without past-oxidation. 

The strong dependence of post-oxidation on injection 
angle and air-fuel ratio was investigated in more detail. 
s. R. turns suggests that OH radicals are essential for 
the oxidation of CO. OH r~dicals have been used 
successfully far the experimental detection of the flame 
front because of their sl1ort lifetime and direct 
association. It is believed that OH aces not play a major 
role in post-oxidation, which takes place at significantly 
lower temperatures and pressures than in-cylinder 
combustion. Another mechanism for the oxidation of CO 
is shown in Figure 14 [31]. The reaction rate constants 
were calculated · as a function of temperature, and the 
results are shown in the same figure. Please note that 
the y-axis is logarithmic. 

-
Reaction Rate Constants for CO Mechanism 
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Figure 14: Reaction rates far carbon monoxide 
mechanism 

Figure 14 clearly shows that the reaction step C0+02 = 
COa+O ie by far the slowest. It is. thus. the rate•llmitino 
step for the oxidation of CO. Figure 15 shows that this 
reaction is very sensitive to the exhaust gas 
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temperat1.1res measured in the engine data. The onset of 
post-oxidation is also sensitive to initial exhaust gas 
temperatures_ The increase of post-oxidation activity with 
increasing CO concentrations, as st,awn in Fi9ure 11, 
suggests that this reaction step is one of the determining 
factors for the extent of the post-oxidation effect. Tl'le 
reaction produces an oxygen radical and causes 
subsequent chain-branching, which may aid in the 
oxidation of HC, as well . 
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Figure 15: Effect of temperature an rate limiting step 
far CO oxidation. 

Russ et al. investigated the influence of increasing 
exhaust gas temperature on a single-cylinder, four-strolce 
research engine and observed increased after-burning 
effects. The existence of a premixeCI flame was 
observed at the Ex11eust Vc11ve Openin9, which 
suggested very retarded spark timings. These were 
attributed to late and incomplete combustion that may 
have continued into the exhaust strol<e (24]. 

In light of the Russ results, w~ performed combustion 
analysis on our data. No significant difference for the 
ending of combustion timing was 01:>served between the 
different air-fuel ratios. Hence, it was considered unlikely 
that the observed increase in post-oxif;lation and 
decrease in air-fuel ratio were caused by increasingly 
late combustion that continued into me exl,aust pipe. 
This finding was consistent with the negligible effect of 
air-fuel ratio on exhaust gas temperature that had no 
post-oxioation. 

DILUTION 

Oilution by itself (i.a., without additional oxidation) qoes 
net aid in reducing the amount of CO producect. 
However, the CO concentration can be lowered 
substantially through dilution. Significant Clilwtlon effects 
can be achieved during stratified operation of direct­
injectad anoines PGlc~~se cf the high levels c,f el(eess sir 
surrounding the combustion region. Homogeneo1.1sly 
oper~ted four-stroke engines often have low exhaust 



· oxygen levels, especially under a stoichiometric-rich 
operation. Figure 16 shows exhaust ~xygen 
concentrations far the ICOMIA cycle for different 
technologies ancl power outputs. 
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Figure 16: Exhaust oxygen comparisgn far clean 
engine technologies. 

As figure 17 shows. a direct correlation exists between 
residual oxygen concentration and CO levels. Very high 
oxygen levels, as achieved with the stratified operation, 
result in very low CO concentrations. 

Comparison of Exhaust Oxygan Canc:anuatians 
far Various Clean Outboard l:ngines 
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Figura 17: ICOMIA ca concentration vs. oxygen 
c:oncentration. 

SUMMARY 

2D 

Carbon monoxide exposure is an identified potential 
hazard for lloaters. The ~PA and GARB currently 
regµlate HC+NO" only-not carbon monoxide emissions. 
The European Union legislates CO emissions in various 
steges, but the local autnority of the 8odensee imposes 
the most stringent limits . A comparison or specmc.: co 
emissions from current model year certification data 
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shows that the majority of direct-injected, two-stroke 
engines meet the EC-1 standard, whereas only a fraction 
of four-stroke engines can meet the CO limits. 

CO exposure measurements on recreational boats 
indicate that the risk of exposure is highest in the vicinity 
of the engine, and it increases with decreasing angine 
speed- Emissions data from current model year outboard 
engines, having an ultra-low emissions technology, E­
TEC™ direct-injected two-strol<e engine, ar,d a four­
stroke engine, show that the CO emissions from the DI 
two-stroke engine are drastically lower. CO mass 
emission reduction of up to 86% and rec!uced 
concentrations of up ta 99% have been achieved. 

A l~ck of oxygen results in CO production during the 
combustion process. Analysis of the effect of air-fuel 
ratio an emissions shows a significant tradeoff between 
NOx and CO because a rich operation that produces low 
NO.: does so at the cost of high CO. Since CO emissions 
frcm marine engines have not been regulated by the 
EPA, the hazarQous gas is increased by the process to 
attain low HC+NO •. IJirect-lnjectsd two-stroke engines 
are not subject to this tradeoff due ta the inherently lower 
NO~ emissions as a result of lower compression ratios 
and internal EGR. 

Several mechanisms for CO reduction have been 
discussed in this paper. The main factor in CO 
dispersion and dih.1tion is forcec:l convection, Which 
indicates that a reduced source concentration is an 
excellent way to minimize exposure risk. The solubility of 
CO in water is can,parable to that of air and, thus, water 
scr1.1bbing Claes not result in a reduction of '1irbomB co 
emissions. Catalysts have bet-Jn usad successfully to 
reduce CO emissions, but they require either secondary 
air injection for oxidation catalysts or closed-loop air~fuel 
ratio control for three-way catalysts, bath of which have 
not yet been demonstrated on marine outboard engines. 

Post~oxidation of the exhaust gas was shown to be a 
powerful mechanism for reducing CO emissions of DI 
two-stroke engines. With proper calibration. reductions of 
up to 50% were achieved. Past-axiqation was 
investigated in detail and shown to improve emissions by 
decreasing injection angle, air-fuel r1:1tio, ant:i minimum 
exhaust 9as temperature required to sustain the 
reaction. Significant redwctions in specific HC emissions 
have been observed simultaneously. It is believed that 
the rate limiting reaction step C0+02-C02+0 is essential 
for this process. The inherently high concentrations of 
resiQual oxygi:m, in the engine exhaust, from DI two­
stroke engines contribute to tne low co lsvBls from the 
internal dilutlon and post-oxidation effects. Stratified 
operation at air-fuel ratios of up to 165:1 results Jn 
drastically lower CO emissions compared to four-stroke 
anginas. 

CONCLUSION 



Di'rect~lnjected two-stroke engines have demonstrated 
ttrair ability to meet stringent emission standards. 
Aoditionally, tt,ey cffer much lower carbon monoxide 
emissions than four-stroke engines without aclditional 
controls or aftar-treatment systems. Government 
agencies. marine industry leaders, and ethers interested 
in public health and safety should continue their efforts 
concerning this issue and take the necessary actions to 
adaress it. Development of advanced engineering 
control technologies to limit CO emissions from marine 
engines, such as that described in this paper, is a major 
step forward. 
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DEFINITIONS, ACRONYMS, ABBREVIATIONS 

CO: Carbon Monoxide 
HC: Hydrocarbons 
NOa:: Oxides of Nitrogen 
DI: Direct Injection 
2S: Two•Strolte 
4S; Four•Strol(e 
CARB: California Air Resources Board 
EPA: Environmental Protection Agency 
ICOMIA: International Council of Marine Industry 

Associations 

DISCLAIM~R 
Mention of any company or product does not constitute 
endorsement by the Canters for Disease Control and 
Prevention (CDC), National lnstit1Jte for Occupational 
Safety and H~alth (NIOSH}. 
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