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FOREWORD

Although a considerable number of preprints for the Third Symposium were
available to meet the requests of those who could not attend the Symposium,
the supply was exhausted within four months. Hence, it was concluded that
the final papers would be published by the U.S. Department of Energy.

At the opening of the Symposium, Dr. Sharrah, Senior Vice President of
Continental 0il Company, addressed the attendees, and his remarks are .
included in this volume.

The Symposium was concluded by workshops which addressed specific topics.
The topical titles and the chairpersons are as follows:

Alcohol Uses Philip S. Meyers

Production T. A. J. Keefer

Environment and Britt Marie Bertilsson
Safety

Socio-Economic Michael W. Grainey

The workshops reflected a growing confidence among the attendees that the
alcohols from coal, remote natural gas and biomass do offer alternatives
to petroleum fuels. Further, they may, in the long run, prove to be equal
or superior to to the petroleum fuels when the aspects of performance,
environment, health and safety are combined with the renewable aspect of
the biomass derived alenhols.

Although considerable activity in the production and use of alcohols is now
appearing in many parts of the world, the absence of strong, broad scale
assessment and support for these fuels by the United States Federal Government
was a noted point of concern by the attendees.

The environmental consequence of using alcohols continues to be more benign

in general than the petroleum based fuels. The exception is the family of
aldehydes. Although the aldehydes are easily suppressed by catalysts, it

is important to understand their production in the combustion process. Pro-
gress is being made in this regard. Of course, the goal is to burn the alcohols
so cleanly that catalytic equipment can be eliminated.

In conclusion, we want to thank the authors of the papers in this document for
their contributions. We also want to thank Faye Guercio of the University of
Santa Clara and Carol Check of the Department of Energy for their secretarial
assistance.

E. Eugene Ecklund, Chief Richard Pefley

Alternative Fuels Utilization Branch Symposium General Chairman
Conservation and Solar Energy University of Santa Clara

Department of Energy
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IT IS WITH A GREAT DEAL OF PLEASURE THAT I RISE TO MAKE THIS KEYNOTE
ADDRESS TO THE THIRD INTERNATIONAL SYMPOSIUM ON ALCOHOL FUELS TECHNOLOGY.
TODAY, ENERGY COMPANIES TEND TO BE DENIGRATED RATHER THAN PRAISED FOR THEIR
EFFORTS, AND T LOOK UPON IT AS AN HONOR TO HAVE BEEN ASKED TO START AND GIVE
A LEAD TO THE DELIBERATIONS OF SUCH AN AUSPICIOUS GROUP.

SINCE THE FIRST SYMPOSIUM IN STOCKHOIM, THE SIZE OF THIS GROUP AND THE
POLITICAL, PUBLIC, AND TECHNICAL INTEREST IN ALCOHOL HAVE GROWN CONSIDER-
ABLY, GIVING PERHAPS A GOOD INDICATION OF THE VALUE OF ALCOHOL AS A FUEL.

BEFORE: MAKING ANY FURTHER REMARKS ON ALCOHOL, HOWEVER, T WOULD LIKE 0
DWELL FOR A FEW MINUTES ON.THE ENERGY SUPPLY AND DEMAND SITUATION. ‘

ENERGY CRISES ARE NOT NEW. PERHAPS THE FIRST, AND SURELY THE FIRST IM-
PORTANT ONE OCCURRED TN BRITAIN IN THE SIXTEENTH CENTURY WHEN THE TRADITIONAL
BIQMASS FUEL - WOOD - EECAME SHORT IN SUPPY BECAUSE QF THE COMPETING DEMANDS
OF URBAN DEVELOPMENT AND WORLD COMMERCE. THAT IS, PEOPLE INCREASINGLY WAN-
TED TO LIVE INCITIES WHERE THEY NEFDED WOOD FOR HOUSES; AND ’I‘HE' SEARCH FOR
NEW LANDS AND RICHES, AND THE WARS WITH OTHER COUNTRIES, MEANT THAT MORE WOODEN

SHIPS HAD TO BE BUILT. |
| AS A RESULT, COAL, WHICH HAD EEEN PREVIOUSLY BURNED IN ONLY SMALL OUAN-
TITIES IN PARTS OF THE WORLD, BECAME A MAJOR SOURCE OF ENERGY. THIS LED
TO NEW METHODS OF MANUFACTURING, TO THE EXPANSION QF INDUSTRY, TO THE EX-
PLOITATION OF UNTAPPED RESOURCES, AND INDIRECTLY TO THE INDUSTRIAL REVOLU-
TON.

THE SPECTACULAR DEVELOPMENT OF CIVILIZATION DURING THE THREE AND A HALF
CENTURIES CF THE. COAL AGE WAS ﬁEPEATEDAGAINIHISCENPURYFOIWINC;!TTHB DIS-
COVERY OF OIL - A FUEL WHICH TS EASY TO PRODUCE, EASY TO PROCESS, EASY TO

DISTRIBUTE, AND EASY TO USE. BECAUSE EVERYTHING WAS SO EASY, IT WAS ALSO

VERYGEAPWIMTTERESULTMTHEEVENPIVETEQNMOFTMCOALAGE'W\S
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FOR SELF DISCIPLINE, AND FORECAST THE RAPID DEMISE OF OIL BECAUSE THE IN-
SATTABIE DEMAND WAS FAR OUTSTRIPPING PROBABLE SUPPLY. |

UNFORTUNATELY, ALTHOUGH THEY WERE UNDOUBTEDLY CORRECT THEIR STATEMENTS
HAVE BEEN LOGKED UPON AS PRESENT DAY MALTHUSIANS, SO THAT NOW IT IS DIFFICULT
TO PERSUADE MANY THAT THE "WOLE" IS REALLY AT THE DOOR.

IN GENERAL ENERGY CONSIDERATIONS HAVE BEEN NATTONAL RATHER THAN INTER-
NATICNAL AND HAVE BEEN MADE TO ENABLE ‘It GOVERQMENTS OF CONCERMED CYYINTRIES
TO EVALUATE THEIR POTENTIAL SOURCES OF FUTURE ENERGY SUPPLIES.

ONE SUCH STV WAS THAT MADE IN 1971 IN THE UNITED STATES AFTER THE U.S.
DEPARIMENT OF THE INTERIOR, ASKED THE NATIONAL PETROLEUM COUNCIL TO UNDER-
TAKE A COMPREHENSIVE STUDY OF THE NATION'S ENERGY OUTLOOK. THE CHAIRMAN
OF THE COMMITTEE SET UP TO DO THIS JOB WAS MR. JOHN MCLEAN, WHO WAS ALSO
THEN CHAIRMAN OF THE BOARD OF CONOCO, AND I WOULD LIKE TO BRIEFLY QUOTE
TO YOU SOME QF THE TESTIMONY HE GAVE TO THE HOUSE WAYS AND MEANS COMMITTEE
IN FEBRUARY GF 1973.

"THE TREND OF RECENT EVENTS PROBIDES PERSUASIVE EVIDENCE THAT ENERGY
PROBLEMS, IN ALL THEIR MANY RAMIFICATIONS, WILL RANK HIGH ON OUR LIST OF
NATTONAL PRIORITIES FOR AT LEAST THE NEXT TWO DECADES".

"THE ESSENTIAL FACTS WITH REGARD TO THE U.S. ENERGY OUTLOOK MAY BE
SUMMARIZED AS FOLLOWS:"

"FIRST, THE U .S. ENERGY PROBLEM IS A MEDIUM-TERM PROBLEM; IT NEED
NOT BE A LONG-TERM PROBLEM. WE HAVE POENTIALLY RECOVERABLE OIL, GAS, COAL,
URANIUM;ANDSHAIEOILSUFFIcmmmMEEframmREQUIMFORAT
LEAST 200 YEARS, AT PRESENT CONSUMPTION RATES. OUR PROBLEM IS TO DEVELOP

OUR POTENTIAL RESOURCES FAST ENOUGH TO MEET OUR GROWING REQUIREMINTS IN THE




MEDIUM-TERM — THE 10-15.YEARS IMMEDIATELY AHEAD."

"SECOND, THE U.S. ENERGY REQUIREMENTS WILL APPROXIMATELY DOUBLE BET-
WEEN NOW AND THE MIDDLE 1980'S. ENERGY CONSERVATION PROGRAMS, VOLUNTARY OR
MANDATORY, ARE NOT LIKELY TO ALTER THE GROWTH PATTERN IN ANY MAJCOR DEGREE.
THIS IS BOTH A POLITICAL AND AN ECONOMIC JUDGEMENT."

“THIRD, TO MEET AT LEAST 90 PERCENT OF THESE REQUIREMENTS, WE SHALL
HAVE TO RELY UPON THE FOUR CONVENTIONAL FUELS -- OIL, GAS, COAL, AND NUCLFAR
POWER -- WHICH TODAY SUPPLIES ABOUT 95 PER CENT OF OUR REQUIREMENTS. TECH-
NOLOGICAL PROBLEMS, TOGETHER WITH THE LONG LEAD TIMES AND MASSIVE CAPITAL
INPUTS REQUIRED FOR NEW PLANT CONSTRUCTION, PRECLUDE ANY MAJOR CONTRIBUTION
FROM THE NEWER ENERGY SOURCES BEFORE THE MIDDLE 1980'S."

"FOURTH, THE FOUR CONVENTIONAL FUELS ARE NOT LIKELY TO BE DEVELOPED
FAST ENOUGH TO MEET OUR ENERGY NEEDS IN THE PERIOD IMMEDIATELY AHEAD. HENCE,
WE SHALL HAVE TO IMPORT A GROWING VOLIME CF OIL AND GAS FROM OVERSEAS."

IN ANOTHER PORTION OF HIS TESTIMONY HE PROPHETICALLY STATED: "THE »
ECONOMIC AND POLITICAL IMPLICATIONS QF OUR FUTURE ENERGY OUTLOOK ARE STAG-

"FIRST, AS OUR IMPORTS OF OIL AND GAS GROW, WE SHALL BECOME INCREASINGLY
DEPENDENT UPON FOREIGN COUNTRIES FOR A VITAL PORTION OF OUR ENERGY SUPPLIES.
OUR DEPENDENCE WILL NOT BE GEOGRAPHICALLY DISPERSED; IT WILL BE HIGHLY CON-
CENTRATED. MOST OF THE OIL WILL HAVE TO COME FROM THE 11 OPEC COUNTRIES."

"SECOND, OUR GROWING RﬁQUIREMENTs FOR OIL AND GAS IMPORTS WILL PROVOKE
A LARGE AND GROWING DEFICIT IN THE UNITED STATES BALANCE OF TRADE IN FUELS.
IN 1970, THIS DEFICIT WAS ABOUT $2 BILLION; IN 1973, IT WILL BE OVER $4
BILLION, AND BY EARLY 1980'S IT COULD EXCEED $20 BILLION. OUR GOODS AND
SERVICES ACCOUNT IN 1972 WAS FOR THE FIRST TIME IN DEFICIT BY ABOUT $5

BILLION. A FUEL DEFICIT OF SQME $20 BILLION WILL IMPOSE A WELL~NIGH IN-

]




TOLERABLE BURDEN ON OUR TRADE POSITION AND MAKE IT INCREASINGLY DIFFICULT -’
TO MAINTAIN STABILITY OF THE DOLLAR IN THE WORLD FINANCIAL MARKETS.

"THIRD, OUR GROWING PURCHASES CF OIL AND GAS, COUPLED WITH THOSE OF
WESTERN EUROPE AND JAPAN, WILL CREATE MAJOR NEW CENTERS OF FINANCIAL POWER.
WE ARE ON THE BRINK OF THE MOST. DRAMATIC EXPANSION .OF WEALTH AND FINANCIAL -
POWER BY A SMALL GROUP OF COUNTRIES THAT THE WORLD HAS EVER KNOWN. BY 1985,
THE OPEC COUNTRIES COULD BE COLIECTING OIL REVENUES AT AN ANNUAL RATE QF .
AIMOST $45 BILLION, EVEN WITHOUT ADDITIONAL PRICE INCREASES AFTER 1975."

"FOURTH,AS WE MOVE FROM A LONG PERIOD OF ABUNDANCE TO A TIME CF GROWING
SCARCITY IN ENERGY MATERIALS, OUR ECONOMY WILL CERTAINLY EXPERIENCE RISING
ENERGY COSTS. BY 1985, U.S. ENERGY COSTS COULD BE 100 PERCENT HIGHER THAN®
THEY ARE TODAY. THESE INCREASES CAN BE ABSORBED IN OUR ECONOMY WITHOUT
SERIOUS DISRUPTIVE EFFECTS. OUR PROBLEM IS ONE OF ADEQUACY AND CONTINUITY
'OF ENERGY SUPPLIES ~ NOT ONE OF ENERGY OOSTS."

THOSE STATEMENTS ARE AS RELEVANT TODAY AS THEY WERE WHEN THEY WERE
MADE SIX YFARS AGO. UNFORTUNATELY, DURING THE INTERVENING YFARS THIS COUNTRY
HAS MADE LITTLE PROGRESS TO AMELIORATE THE POSITION, AND INTERNATIONAL EVENTS
HAVE AGGRAVATED THE SITUATION.

IN FACT, ALTHOUGH THERE HAS BEEN A GREAT AWARENESS OVER THE LAST DECADE
OF THE ENERGY RESOURCE-DEMAND IMBALANCE, THE WORLD CONTINUES TO USE ABOUT
SEVENTY PERCENT OF ITS ENERGY IN THE FORM OF OIL AND GAS. OIL AND GAS,
HOWEVER, REPRESENT LESS THAN THIRTY PERCENT OF THE TOTAL RECOVERABLE FOSSIL
FUEL RESOURCES, AND EVEN LESS WHEN NUCLEAR AND NATURAL RESOURCES SUCH AS
HYDROELECTRICITY ARE COUNTED. |

ALTHOUGH MOST GOVERNMENTS AND MANY PEOPLE ARE AWARE OF THESE FACTS, THE
DEPENDENCE OF OUR WAY OF LIFE ON PETROLEUM MAKES IT DIFFICULT ‘TO CHANGE --

BUT CHANGE WE MUST. IT SEEMS TO ME THAT THE TREMENDOUS INVESTMENT, BOTH IN




CAPTTAL AND EQUIPMENT, AND THE HUGE INERTIA OF HABIT, MAKES IT DIFFICULT
TO GRASP HOW WE CAN MANAGE WITH THE ALTERNATTVES.

THE EASY ALTERNATIVE, APART FROM USING ENERGY MORE EFFICIENTLY, IS SUB-
STITUTION. WE SHOULD QUICKIY REVERSE THE TREND OF USING OIL AND OIL PRO-
DUCTS WHERE COAL, OR NUCLEAR; OR NATURAL ENERGY FORMS SUCH AS HYDROPOWER
CAN BE USED JUST AS WELL -- IN THE GENERATION OF ELECTRICITY, FOR INSTANCE.
BY THIS MEANS WE WITL EXTEND THE LIFE QF OUR OTL AND GAS RESOURCES. |

BUT, MOST OF THE SUPPLY PROBLEM WILL STIIL REMAIN SO THAT IN SOME APPLI-
CATIONS WE MUST ETTHER ABANDON THE ENTRENCEHED METHOD OF USE, AS IN TRANS-
PORTATION, OR WE MUST FIND SOME ALTERNATIVE. SINCE ABANDONMENT SEEMS QUITE
IMPOSSIBLE, CERTAINLY IN THE SHORT TERM WE NEED TO AGGRESSIVELY PURSUE OTHER
ENERGY SUPPLY ALTERNATTVES.

CONOCO MANY YEARS AGO BECAME AWARE OF THE NEED TO CONSIDER NON-CON-
VENTIONAL ENERGY SOURCES, AND MORE THAN A QUARTER OF A CENTURY AGO BECAME
INVOLVED IN THE DEVELGPMENT QF THE NOW WELL-ESTABLISHED, MOVEMENT OF NATURAL
GAS FROM AREAS OF THE WORLD WHERE IT WAS BEING WASTED TO AREAS WHERE IT
OOULD BE USED. WE DID THIS BY PLAYING A MAJOR ROLE IN THE TECHNOLOGICAL
LEVELOPMENT OF IARGE SCALE PRODUCTION AND MOVEMENT OF CRYOGENIC LIQUIDS.

ONE OF THE POSSIBLILITIES WE HAD TO CONSIDER AT THAT TIME WAS THAT OF
MAKING THE GAS TRANSPORTABLE, NOT BY PHYSICALLY LIQUEFYING IT, BUT BY
CHEMICALLY LIQUEFYING IT. THAT IS BY CONVERTING IT INTO METHANOL. AND SO,
WE BECAME INTERESTED IN METHANOL.

" WE ALSO HAD A BACKGROUND OF KNOWLEDGE ON THE PRODUCTION AND USE OF
ENERGY FROM COAL RESULTING FROM THE RESEARCH EFFORTS OF OUR SUBSIDIARY,
CONSOLIDATION COAL, AND WE WERE QUICKLY ABLE TO REALIZE THAT THE MOST FEA-

SIBLE METHOD OF PRODUCING SUBSTITUTE FUELS WAS SYNTHESIS QOF PRODUCTS MADE

BY THE GASIFICATION OF COAL. TO SUBSTANTIATE THIS REALIZATICN, BEGINNING




IN 1972, WE ORGANIZED AND MANAGED TWO PROGRAMS IN ASSOCIATION WITH THE BRI-
TISH GAS CORPORATION, THE FIRST OF WHICH PROVED, IN 1974, THAT CQMMERCIAL
SCALE METHANATION OF COAL GAS WAS POSSIBIE. WE THERFCSRE, HAVE NO TECHNI-
CAL RESERVATIONS WHAT-SO-EVER AS TO THE COMMERCIAL FEASIBILITY QF PRODUCTING
IARGE QUANTITIES OF METHANE OR METHANOL FROM COAL. WITHIN THE SAME PERIOD
WE BEGAN TO EVALUTATE THE POSSIBLILITY OF CONVERTING REMOTE GAS RESERVES
INTO METHANOL. |

WE SATISFIED OURSELVES ON THIS POSSIBLITY, AS YOU HEARD AT THE LAST
CONFERENCE IN WOLFSBURG, BUT WE ALSO CONVINCED OURSELVES THAT IN PRINCIPLE,
IF METHANOL WAS A WORTHWHILE PRODUCT QF REMOTE GAS, IT WAS ALSO A WORTHWHILE
PRODUCT BY SYNTHESIS FROM COAL. | .

THUS, WE HAVE SUPPORTED THIS AND OTHER SERIES OF CONFERENCES AND SYM-
POSIA, AND I AM HERE TODAY TO PROVIDE ENCOURAGEMENT IN THE RAPID DEVELOP-

' MENT OF ALCCHOL AS AN ALTERNATIVE ENERGY FRORM.

THE STATEMENTS MR. MCLEAN MADE IN 1973 ABOUT U.S. ENERGY SUPPLIES ARE
FOUALLY RELEVANT TO MANY OTHER COUNTRIES IN THE WORLD. IT WAS THE AWARENESS
OF THE SAME FACTS BY THE SWEDISH GOVERNMENT WHICH LED TO THEIR SETTING UP,
IN 1975, IN ASSOCIATION WITH THE VOLVO CAR CORPORATION, THE SWEDISH METHANOL
COMPANY. THAT CQOMPANY HAD THE DUTY OF FINDING SOME INDEPENDENCE FROM IM-
PORTED OIL, AND LOOKED TOWARDS THE POSSIBILITY OF CONVERTING, INTO METHANOL,
THE OIL SHALE AND PEAT WHICH EXIST IN LARGE QUANTITIES IN SWEDEN. THOSE
ACTIONS ALSO IED TO THE CALLING OF THE FIRST INTERNATIONAL SYMPOSIUM ON
ALCOHOL FUELS.

THE WEST GERMAN GOVERNMENT SUPPORTED IN 1974, A STUDY BY FIFTEEN COMPAN-
IES ON ALTERNATIVE FUELS FOR MOTOR VEHICLES, WHICH CONCLUDED THAT METHANOL
COULD PROVIDE, IN THE SHORT AND MEDIUM TERM , A FUEL WHICH COULD BE INDEPEN-

DENT OF CRUDE OIL. FURTHER SUPPORT FOLLOWING THAT STUDY LED TO THE EXTENSIVE




ROAD TESTING PROGRAM (N METHANOL~GASOLINE BLENS, IN WHICH VOLKSWAGEN,

DEUTSCHE-SHELL, AND OTHERS, HAVE PIAYED SUCH AN IMPORTANT PART AND, OF
COURSE, MADE WEST GERVANY THE LOGICAL HOST FOR THE SECOND SYMPOSIUM.

FOLLOWING THAT LOGIC, BRAZIL, WHO HAS CERTAINLY MADE THE MOST PROGRESS
IN THE USE OF ALCOHOLS AS A FUEL, SHOULD HAVE BEEN THE HOST FOR THIS THIRD
SYMPOSTUM, 'BUT WHEN THE SELECTION WAS MADE THE INTERNATIONAL COMMITTEE WAS
SUFFICIENTLY IMPRESSED WITH THE EFFORTS OF THE UNITED STATES TO INVITE THEM
T0 BE HOST. FOR MYSELF, T WOULD LIKE TODAY TO CONGRATULATE BRAZTL ON THE
EFFORTS THEY ARE MAKING TO PROVIDE THEMSELVES WITH SOME DEGREE OF INDEPEN-
DENCE FROM IMPORTED OIL.

AS THE CONFERENCE UNFOLDS, YOUWI‘ILHEARHOW'NEW ZEALAND AND CANADA
ARE' ALSO MAKING PLANS TO USE INDIGENOUS NON-CRUDE OIL SOURCES, EITHER IN
THE FORM OF BIOMASS OR NATURAL GAS, TO PROVIDE A RESOURCE FOR ALCOHOL MANU-
FACURE.

BECAUSE OF THIS WIDESPREAD INTEREST IT IS NOT SURPRISING TIAT TIIIS SYM-
POSIUM WILL, PRESENT THE VIEWS OF AUTHORS OF 69 PAPERS FROM ELEVEN COUNTRIES:
THE CONTENTS OF THOSE PAPERS WILL FIND -YOU DISCUSSING A WIDE RANGE OF TOPICS
ON ALOOHOL TECHNOLOGY.

FORTY-TWO OF THE PAPERS REFER TO ALCOHOL IN THE FORM QOF METHANOL, AND
SIXTEEN IN THE FORM OF ETHANOL, WHILE A FURTHER EVELEVEN REFER TO ALCOHOLS
IN GENERAL. '

THE SOURCE OF THE ALCOHOL IS USUALLY BY SYNTHESTS FROM SOME OTHER FOSSIL
FUEL IN THE CASE OF METHANOL, AND BY FERMENTATION FROM AGRICULTURAL PRODUCTS
IN THE CASE OF ETHANOL.

THE BATANCE OR EMPHASIS OF THESE PAPERS IS PERHAPS AS IT SHOULD BE BE-
CAUSE THE POTENTIAL AVATLABILITY ON A WORLD-WIDE SCALE QF AGRICULTURAL PRO-

DUCTS IS QUITE SMALL AFTER ALL FOOD DEMANDS HAVE BEEN SATISFIED. SOME




7 " QOUNTRIES LIKE BRAZIL ARE FORTUNATE IN-HAVING LARGE UNCULTIVATED AREAS OF -

LAND IN A VERY GOOD CLIMATE, BUT OTHER COUNTRIES WITH ENERGY PROBLEMS ARE
HARD PRESSED TO EVEN GROW THE FOOD THEY NEED FOR THEMSELVES--MUCH LESS GROWING
’I}IEIRENERGYSUPPLY. ’

OUR ‘ANALYSES HAVE SHOWN THAT THERE ARE, THROUGHOUT THE WORLD, MSWE

RESOURCES OF RAW MATERTALS WHICH CAN BE CONVERTED INTO METHANOL ON A LARGE

SCALE USING COMMERCTALLY PROVEN TECHNOLOGY. THE MAJOR RESCURCE IS COAL, BUT.

SOME COUNTRIES WITH LARGE AREAS CAN PRODUCE SIGNIFICANT QUANTITIES OF TIMBER,
AND IN ALL COUNTRIES THERE ARE OPPORTUNITIES TO USE ORGANIC WASTES FROM
LARGE URBAN AREAS.

ETHANOL ON THE OTHER HAND, USING EXISTING NORMAL TECHNOLOGY, -IS PRO-
DUCED BY THE FERVENTATION OF SEASONAL CROP MATERIAL, AND THEN ONLY ON A SMALL
SCALE AS COMPARED TO METHANCL.

AS A "HAS BEEN" ORGANIC CHEMIST, I AM ALSO EXCITED BY THE UTILIZATION
OF METHNAOL AS A FUEL IN THE FORM OF MIBE (METHYL TERTIARY BUTYL ETHER). THE
REACTION OF METHANOL WITH ISOBUTYLINE CAN BE PERFORVED AIMOST QUANITIVELY TN
ORDINARY EQUIPMENT EVEN IN THE PRESENCE OF OTHER C4 OLEFINS -- IT IS AIMOST |
BEAUTTFUL IN ITS SIMPLICITY. THE RESULTING MIBE HAS AN ENERGY CONTENT ONLY
SLIGHTLY LESS THAN GASOLINE, A BLENDING OCTANE NUMBER ABOUT 20 POINTS HIGHER
THAN THAT OF THE NORMAL GASOLINE POOL, AND IS WIDELY MISCIBLE WITH GASULLNE
REGARDLESS OF HUMIDITY CONDITIONS.. I THINK IT REPRESENTS AN ELEGANT AND
BOONOMICALLY VIABLE APPROACH TO BURNING METHANOL. AND, BEST OF ALL, THE
MWALPROIECPIONAGENCYHASAPPKWEDIHEUSEOFUPTO?% MTBE IN
GASOLINE.

THUS, WE HAVE INEVITABLE COME TO THE CONCLUSION THAT ALCOHOL caNoT
HAVE ANY MAJOR IMPACT ON THE ENERGY SUPPLY SITUATION IN THE SHORT TERM,

OTHER THAN IN EXCEPTIONAL CIRCUMSTANCES SUCH AS EXIST IN BRAZIL OR AS MTBE.




INTHEMEDI[MTE.RMWEBELIEVECNLYMEIHANOLFR(MCOAL, OR REMOTE NATURAL

GAS, CAN MAKE A SIGNIFICANT CONTRIBUTION, BUT WE ARE CONCERNED BECAUSE SOCIC-
BCONOMIC FACTORS .APPEAR TO BE OVERWHELMING ALL OUR EFFORTS TO DEVELOP METHANOL
AS A FUEL.

THIS IS LARGELY DUE TO THE DIFFICULTY IN DEFINING THE VAIUE OF METHANOL
RELATIVE TO THE CONVENTIONAL LIQUID HYDROCARBON FUEL IT CAN REPLACE. METHANOL
IS NO DOUBT CLEANER, CAN BE BURNED WITH A HIGHER EFFICIENCY, CAN BE WIDELY
USED, AND CAN, IN AIMOST ANY COUNTRY, PROVIDE A MEASURE OF ENERGY INDEPEN-
DENCE. THESE ATI‘RIBUTES,I HOWEVER, MUST BE GIVEN A VALUE, AND I HOPE YOUR
DELTBERATIONS THIS WEEK WILL GIVE SOME GUIDANCE, NOT ONLY TO ENERGY COMPAN-
IES LIKE CONOCO, BUT ALSO TO LEGISLATORS AND THE CITIZENS THEY REPRESENT.

THE USE OF GOVERNMENT DIRECTIVES, SUBSIDIES, OR TAX RELIEF IS PRO-
MOTING THE USE OF ETHANOL INHTRANSPORI‘ATION IN THE UNITED STATES, BUT I
BELIEVE YOUR DELIBERATIONS THIS WEEK WILL SHOW THIS USE TO BE TOO SMALL AND
TOO UNECONOMIC TO HAVE A MAJOR IMPACT. IT IS HOWEVER APPARENT TO ME THAT
THESE SAME INCENTIVES COULD BE USED MUCH MORE EFFECTIVELY TO ENCOURAGE METH-
ANOL "PRODUCTION. T

THIS THIRD SYMPOSIUM ON ALCOHOL FUELS TECHNOLOGY IS BEING HEID AT A TIME
WHEN THE WHOLE WORLD IS ACUTELY AWAREAOF THE NEED FOR A CHANGE QF DIRECTION.
THE GROWTH IN ATTENDANCE AND THE INCREASED INTEREST SHOWN IN ALCOHOL FUELS
SINCE THE FIRST .SYPOSIUM INDICATES THAT YOU HAVE AN QPPORTUNITY TO MAKE A
POSITIVE CONTRIBUTION TO THAT CHANGE.

THE LAST SESSIONS OF YOUR CONFERENCE WILL BE DEVOTED TO TRANSITION
SCENARIOS AND FORECASTS, AND SOCIO-ECCNCMIC AND GOVERNMENTATL CONCERNS. I
HOPE AND TRUST THAT YOU MAY COME OUT COF THESE LAST SESSIONS WITH CLEAR IN-
DICATIONS OF HOW ALOOHOL CAN BECQME A VIABLE LIQUID FUEL IN THE NEXT DECADE
AND EVEN RECOMMENDATIONS FOR SPECIFIC SIGNIFICANT PROJECTS. THE WHOLE
WORLD NEES ALL THE ENRGY HELP IT CAN GET, AND IT NEEDS THAT HELP NOW!

GOOD LUCK TO ALL OF YCOU.




ALCOHOL FUELS FROM BIOMASS IN NEW ZEALAND -
THE ENERGETICS AND ECONOMICS OF PRODUCTION AND PROCESSING

by

W.B. Earl, Department of Chemical Engineering
University of Canterbury, Christchurch, New Zealand

W.A.N. Brown, Agricultural Economics Research Unit,
Lincoln College, Canterbury, N.Z.

This paper summarises the current state of the on--going research
programme on the economics and energy balance associated with the
production and processing of alcohol fuels from biomass in New
Zealand. Detailed analysis is given on three biomass alternatives,
fodder beet (Beta wulgaris), straw residue and trees (PZinus radiata)
- and two processing routes - ethanol by fermentation and methanol
by gasification, since each highlights different and important
aspects of the production and processinag system framework from
farm/forest to final product. Current indications are that alcohol
fuels can be produced in New 2ealand at a price close to that of
imported, refined motor spirit, and future relative price movements
will probably favour the indigenous alcohol fuel. The next stage
in the New Zealand programme is pilot plant production systems,

and this should commence within the next 2-3 years.

ENERGY SUPPLY AND DEMAND IN NEW ZEALAND

New Zealand is well endowed with most primary energy sources,
having large reserves of coal, natural gas and hydro-electricity.
It has, however, yet to discover any significant sources of
indigenous liquid petroleum which means that in total, the country
has a very high dependence on imported energy, all of which is
petroleum. Table 1 shows the relative proportion of primary energy
consumption in New Zealand compared with the U.S.A. and highlights
the fact that in 1977, imported oil formed over 48 percent of all
primary energy used in the country.

Table 1
Relative Proportion of Primary Energy Consumption

U.S.A. N.Z.

Energy Source (1973) (1977)
% 3
Coal 17.8 12.8
Petroleum 43.3 57 8(48.8 imported
*"( 9.0 indigenous
Hydroelectricity 4.0 11.5
Natural gas. 33.7 17.9
Nuclear 1.2 : -

Source: References (1)*and (2).
*Numbers in brackets (1) designate References at end of paper.
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The cost of this imported oil has escalated dramatically since 1970,
when it required $75 million or eight percent of the value of all
imports. Now the cost exceeds $500 million or over 15 percent of
all import payments. For economic and strategic reasons, therefore,
the Government is encouraging the development and use of indigenous
alternatives(2). There is a rapid movement away from imported oil
to gas and coal for non-transport uses but because over 90 percent
of transport fuel is currently imported, it will require much time
and effort to have a large impact on this sector - indeed, a 1977
scenario study by the New Zealand Energy Research and Development
Committee (3) concluded that provision of transport fuels is by far
the most significant energy problem faced by New Zealand. Total
domestic transport fuel use in New Zealand approximates 100 PJ(4).

The large Maui natural gas field which is due to come on stream
later this year has an estimated capacity of over 6000 PJ. This
is capable of meeting all the expected non-transport demands and
fifty percent of the transport demands for at least 40 years. The
use of CNG (compressed natural gas) and LPC (liquified petroleum
gas) in fleet vehicles appears economically attractive and very
much in the nation's interest. Proposals are being investigated
for the production of methanol from natural gas for blending
with gasoline to about the 15 percent level. Trials have been
underway in N.Z. for over five years(5). If these measures were
used to the maximum extent with no insoluble problems arising,
approximately 50 percent of the imported transport fuels could be
replaced from indigenous sources. The life of the natural gas
field is of course finite and it is expected that less than

50 percent of the field will remain at the turn of the century.
In the longer term N.Z. could manufacture methanol or synthetic
gasoline from coal for transport uses, and/or turn to biomass.

In 1977 the New Zealand Energy Research and Development Committee
established the Energy Farming Research Group to examine the
potential of N.Z. to produce transport fuels from specifically

grown biomass. Three of the options discussed in their report(6)

are summarised in this paper. As background, however, an overview
of New Zealand agriculture and forestry is given in the next section.

AGRICULTURE & FORESTRY IN NEW ZEALAND

New Zealand has nearly 27 million hectares of land and a population
of 3.1 million. Fifty percent of the land is classifiable as_ flat,
rolling or moderately steep, and with mean temperatures of 15°C in
the north to 9°C in the south and the majority of the country
receiving an annual rainfall between 600-1500 mm, conditions for
temperate zone agriculture are very favourable. In fact, agricul-
ture is the industry in which New Zealand's prosperity depends.

There are 60,000 farm holdings in New Zealand covering 21.2 million
ha. 1Individual ownership is the predominant organisation type.
Crops grown in New Zealand are generally sufficient to meet '
domestic needs. except for some overseas trade in specialist
products, so it is the pastoral sector (meat, wool and dairy) whix«
dominates the agricultural scene. Exports of pastoral products



contribute around 70 percent of total export receipts. In total,
agriculture generates 10 percent of the national income and employs
11 percent of the work force.

The majority of the 7 million ha of forested land in New Zealand

is unmerchantable because of topography or conservation reasons.
Plantings of exotic pines totalling 0.7 million ha form the main-
stay of the forest industry., and with a current rate of annual
planting of 40,000 ha, this pattern will continue. The sector
contributes around eight percent of export receipts, mainly in
pulp and pulp products, and employs four percent of the work force.

New Zealand farming and foresty has established expertise in the
production of low cost biomass. The next sections discuss the
implication of diversification from traditional products to energy
farming. '

ETHANOL FROM FODDER BEET (Beta vulgaris)

Fodder beet is a very high yielding forage crop obtained by
crossing two other beet species, sugar beet and mangolds. It
combines the high yields and varied growth habit of mangolds with
the high dry matter content of sugar beet. Susceptibility to beet
cyst nematode (Heterodera schachtii) may restrict plantings to a
one in five year rotation.

The attraction of fodder beet as a feedstock for energy farming

is its high yield of fermentable sugars on a per hectare basis (7).
Sugar yields of 64-70% root DM (dry matter) have been recorded,

and with root yields of 15-20 ODT ha (oven dry tonnes per hectare)
dryland or up to 30 ODT ha irrigated, sugar yields can be very
high - for this analysis an irrjgated root yield of 120 t ha is
asgfmed, equivalent to 15 t ha sugar, or ovex 9000 litres ethanol
ha . This compares with_yields of 4000 £ ha from sugar cane

and sugar_?eet, 2300 & ha from cassava and eucalyptus, and

1000 2 ha from wheat (8).

Further trials are needed to isolate the growth, harvest and
storage conditions that will maximise the yield of fermentable
sugars on a per hectare basis. For instance, fodder beet storage
may be much more flexible than for sugar beet since the creation
of inert sugars and/or oligosaccharides does not impair the value
of this feedstock for alcohol fermentation. Current indications
are, however, that this species of beet will provide a high yield-
ing feedstock which will be energetically and economically
attractive for energy farming.

Feedstock Supply

It is envisaged that fodder beet grown specifically for energy
processing would all be supplied in a free market situation with
contracts between the factory and individual farmers. This contrasts
*ith the situation where the processing factory owns the land used

or biomass supply, but reflects the existing New Zealand farm land




ownership pattern which is predominated by small-medium sized
individual holdings. The raw material supply function would depend
on the comparative profitability ‘of fodder beet and traditional
enterprises on particular farm types, but since irrigated Class 1
soils are preferred, proven relatively high net returns would be
essential to guarantee concentrated planting densities. Beet
production would integrate well with the existing rotational crop
farming pattern on the better soils in New Zealand, and complement
the current product mix. It is an already established crop and

its incorporation into an energy cropping system would be an
extension of existing expertise and technology. Plantings would
probably vary between 10-40 ha per unit, with seeding in September-
October and harvesting from May-August. Beet storage could extend
the feedstock supply period for up to eight months.

Beet Processing

The processing scheme used for beet is relatively simple requiring
no high pressure or high temperature technology. The beet, either
from the storage heap or freshly delivered, starts its proc¢essing
as does sugar beet for sugar producltion by being washed, sliced
into cossettes, and the sugar exlracted in a countercurrent cooker/
extractor which produces an 8-10% sugar solution. The extracted
beet can be either pressed and sold for stockfood, or sent to the
methane digesters. ‘

The continuous fermenters work on the sugar solution and produce a
4-5% alcohol solution which is centrifuged from the yeasts. The
bulk of the yeast is recycled to the fermenters, and the alcohol
distilled in a single still to produce 94.5% wt ethanol.

Evaporation to concentrate the sugar solution is not attractive
energetically or economically. It also leads to some degradation
of sugars and more importantly the degradation products inhibit
fermentation. The stillage is mixed with any waste yeast or beet
residues not used for stock food and anaerobically fermented to
produce a C02, methane gas mixture used as boiler fuel.

All processing steps used in the costings are conventionally and
well developed. The only movel features are in the integration
of the individual steps to produce the overall package. When all
residues are fed to the methane digesters the plant is self-
sufficient in thermal energy. An overall energetics analysis of
the plant shows that it is capable of yielding more than 54% of
the energy contained in-the beet fed as energy in the product
ethanol.

Economics

Details of a hypothetical 200 ODTPD (oven dry tonne per day) beet
ethanol prgiessing factory are shown in Table 2. An average figure
of $40 ODT for the delivered cost of beet is made up of net return
to the farmer (35%), input costs (19%), harvesting (19%), and
assembly 14 km to the plant (27%). This generates a final product
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price of $6.80 GJ_l.

Since the delivered cost of feedstock

represents approximately 70 percent of the final product price,
the magnitude of this cost factor is very important. A low rate
of farmer uptake, for instance, will increase assembly distance
and markedly affect final product price. Fig. 1 graphically
depicts this relationship, and shows that if uptake is only one
percent (i.e. one ha in every 100 ha planted in beet), average
assembly_iistances increase to 32 km and final product price to
$7.50 GJ 7. Clearly there is a minimum cost tradeoff between
the net return paid to the farmer and planting densities , since
high returns will lead to concentrated planting and low assembly

costs.
"Table 2
Ethanol Plant Statistics
Feedstock: Fodder beet

Plant size:

Capital Cost?:

Operating period™ :

Raw material requirement:
Crop yield: '
Planted area:

Planting Density:
Collection Area:

200 ODTPD (oven dry tonnes per day)
$6.3 million  _
8000 hours year

370,500 glyear‘l (66,700 ODT)
120 t ha * @ 18% DM (irrigated)
3100 ha

5% (5 ha in every 100 ha)
From 14 km circular area adjacent.

to factory, or from 62,000 ha.‘

Conversion: 0.35 t ethanol per ODT beet_;l
Production: 23,170 topnes ethanol year ~
29.6 x 10" litres pure ethanol_l
-1 year =
Delivered cost of feedstock: $40 ODT 1
Product Price: $6.80 GJ ~_
(ex factory 10% DCF 15 yrs) $184 tonne

15¢/% petrol equivalent in blend
. 19¢/2 petrol equivalent pure
Delivered cost of feedstock as a
proportion of product price:
Employment:

70 percent
28 shift workers
5 permanent staff

At the time of writing, February 1979, NZ$1.00 = USS$1.05

Although costings assume an 8000 hour annual operating period,
respiration of sugars with storage will probably restrict the
operation to 6-8 months (4000-5000 hours). Since the raw
material cost constitutes 70 percent of the final produce price
however a reduced operating period does not change the product
prices significantly.

Energetics

The energy balance associated with fodder beet-—ethanol looks very
attractive. The total direct and indirect energy requirements




for delivery to,the factory are estimated at 19.6 GJ_]ia_l year—l,

or 0.91 GJ ODT ~. With a plant,yield of 21.6 ODT ha and
calorific values of ;1.7 MJ_Eg , the net energy yield into the
factory is 362 GJ ha year =, or an energy ratio of 19:1.

The overall energy ratio ex factory is estimated at 10:1%*.
METHANOL FROM STRAW RESIDUE/WOOD

2An alternative alcohol fueld option is the production of methanol
from straw or.wood. The next section discusses these two routes.

Straw Residue Feedstock

Straw residue as a feedstock for energy farming has formed the
basis for much of the research in Europe, England, Canada, the
U.5.A., and Austtralia. The mailn reasou fur Lhis emphasis ia the
low opportunity costs associated with most straws because they
have little alternative use. In addition since they are commonly
regarded as a byproduct of grain production, the costs and energy
requirement of production are totally attributed to the principal
crop of grain, and therefore straw represents a cheap source of
cellulose. ‘ '

Approximately 210,000 ha of white straw crops (wheat, barley and
oats) are grown in New Zealand, sufficient for domestic require-
ments only. The plantings are concentrated in the Canterbury
region of the South Island, and since wheat and barley straw have
little alternative use, they provide a readily available supply
of biomass - indeed, it has been estimated that 99 percent of
wheat straw and 90 percent of barley straw is either discarded

or burnt.

Wheat and barley grain yields of 3.5 and 3.3 t ha_l are estimated
to yield 3.1 and 1.95 t ha collectable straw residue respective-
ly, or -a total collectable biomass of 196,000 tonnes (at 85% DM)
from a collection radius of 90 km within the Canterbury region(9).

Woud Feedsluck

New Zealand exotic forestry is dominated by plantings of Pinus -1
radiata (Monterey pine) which achieves growth rates of 11 ODT ha
year on an 18 year rotation. The plantings have, however, been
concentrated in the periods 1925-36 and 1965+, so there is a large
imbalance in the age structure of the forest estabe. Current
harvesting is largely from stands planted during the depression
but timber supply is expected to increase dramatically after 1990
as the later plantings come on stream.

* Defined as the ratio of energy in the product at the plant

battery limits over the total energy in production, assembly and
processing. Lower calorific wvalues used.r
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State exotic forests are concentrated in the Rotorua region of
the North Island which contains 332,000 ha of net productive
stocked area, or over half of the New Zealand total. This
includes the Kaingaroa State;gorest of 108,950 ha, which produces
an estimated 300-400 ODT day of radiata pine residues from
current clearfelling operations.

Research on wood as a source of biomass for energy farming has
therefore initially concentrated on utilisation of the existing
residue and the potential timber surplus from 1990, although

more analysis is needed on the hardwood options, especially short
rotation coppiced stands. " ‘

Processing of Straw or Wood

The most economical method of processing cellulose and lignin

is gasification (12), which involves the construction of large
plants incorporating high pressures (up to 10 MPa) and high
temperatures (up to 1.000°C). The initial processing ‘step involves
gasification of the feedstocki with oxygen. This process is
commonly ‘done with coal but is as yet unproven on a large scale
with straw or wood. This produces a gas which is predominantly
CO, H, and CO,, but does contain four percent methane which
justi%ies reforming to CO and H,. The H, to CO ratio is too low
for methanol manufacture. The ﬁ to CO ratio at 1:3 is well below
the stoichiometric requirements %or methanol synthesis so that

a significant CO shift is required, viz.

CO + H,0 > CO, + H,

to produce more HZ'
Most of the original CO, present plus the CO., produced in the
shift reaction is then Yemoved by absorbtion”in propylene
carbonate or N methyl pyrolidene before compression and methanol
synthesis over a copper, chrome, zinc catalyvst. The synthesis
is gone at between 5 MPa and 10 MPa depending on plant size at
260°C. ~

co + 2H2 - CHZOH

CO2 + 3H2: > CHBOH + HZO

The methanol and water is condensed from the recycle gases from
which the purge is taken for reforming of the methane.

CH4 + HZO > CO ‘+ 3H2

Some og the purge gases are used to fire the reformer which runs
at 9207¢C.

The gasification, clean up, shift, CO, removal and synthesis
sections of the plant are overall sel%-sufficient in steam and
it is only the oxygen plant which uses significant electrical
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energy for compression. Further engineering design optimisation
could well produce much of this energy. The overall processing
energy efficiency is about 48%; that is the energy in the product
methanol is 48% of the total energy into the plant including

the raw material.

Within the gasification technology used for the costing the only
processing step which required proving on a large scale is that
of the primary gasification of the raw material. Subsequent
processing is conventional technology and well developed.

Economics ,
The data on methanol plants using alternative feedstocks is
summarised in Table 3. Each ot the alternatives is discussed
below:~-
N et

Straw residue: It is estimated that the average cost of
straw residue collected from the Canterbury region and dgiivered
to a centrally located processing plant would be $40 ODT ~. This
estimate is based on ngesston.4800 Big Bagle system, with farmers
being paid_i18.40 ODT for the straw and a roadside cost of
$28.50 ODT ~. Although these costs are higher than U.S. estimates,
they reflect relatively higher opportunity costs for the straw
and smaller paddock sizes_jin the N.Z. situation. The final
product price at $9.60 GJ is equivalent to the energy forest -1
option where the higher delivered cost of the feedstock ($55 ODT ™)
is matched by the scale economies in the larger processing plant
(2500 ODTPD as against 500 ODTPD).

Forest residuest Forest logaing residues currently have
no alternative use, and their oppor*unity cost is therefore
minimal compared with other forestry options. The estimated
cost of harvesting, chipping and transport vary widely however,
mainly because of fluctuations in the moisture content of the
residues (from 5% - 60%) depending on weather conditions at -1
harvest and storagc. The delivered feedstnck cost of $30 ODT
used here is made up from $16 for recovery, $6 for chipping
and transport over 20 km at §§. This could range in particular
sigiations by up to $7-8 ODT ~, but the product price of $8.60
GJ indicates the need for further detailed research into this
option.

Energy forests: There are five cost components in using
exotic forest estate as a feedstock for an alcohol fuels programme
- opportunity cost (net return foregone by diverting resources
from alternative use), and the costs of production, harvesting,
chipping and transport. Clearly, if the existing forest estate
has potential use for log or chip export, or new energy forests
are planned, all five costs are involved. At the other extreme
however, if the wood is totally surplus to requirements, only the
last three cost components are relevant. Delivered costs therefore

* Data on the production economics and energetics of the forestry
option is drawn from (10).




vary widely but the $55 ODT 1 assumed here reflects the present
value of all the costs and pétential returns attributable to an

18 year rotation P. radiata forest, and is made up of opportunity
cost ($5), growing ($20), harvesting ($13), chipping ($10) and
transport ($7). This assumes total harvesting of above ground
biomass using a feller-buncher and fertiliser application to
maintain nutrient balance. The costs are dominated by the growing
component which represents 36 percent of the feedstock price, so
it is clear why the forest residues option appears so compara-
tively attractive. '

Indeed, the final product price of $9.60 GJ—1 is significantly
above that using a feedstock of logging residues, but if substan-
tial substitution of methanol is required in the New Zealand
vehicle fleet, large resource shifts to energy forests may be
essential.

Table 3
Methanol Plant Statistics

Feedstock: Wheat & Barley Forest Residue Energy Forest
straw

Plant size: 500 ODTPD 500 ODTPD -1 2500 ODTPD
Operating period: 8000 hrs year

Capital cost: $NZ 35 milliop $NZ 35 million $NZ 110 million
Raw material 196,100 t yr 166,700 -0ODT 833,300 ODT
requirement:

Conversion: 0.47 t mcthanol

per ODT wood
Production: \ 78,767 t methanol -
) 99.7 x 10" 1 pure
_ -1 methanoll -1

Delivered cost of $40 ODT $30 ODT $55 ODT

raw material:

Product price: -1

$GJ_1 $9.60 $8.60 . ‘ $9.60
$tonne $192 $172 $192
Petrol equiv. -
¢/1 blend 27 24 27
¢/1 pure 17 15 17

Delivered cost of

feedstock as a pro-

portion of final

product price: 40% 35% . 50%
" Employment: 40 shift 40 shift 60 shift

18 permanent 18 permanent 25 permanent

Energetics

The energetics of the straw and forest options are presented below.




Straw residues: All energy inputs associated with growing
the grain crop are debited to the primary crop. The direct and
indirect energy expended in windrowing, baling,(log?ing and
assembly is estimated at 1.8 GJ ha ™, or_0.65 GJ t . At an
average weighted straw yield of 2.8 t ha ~, and average calorific
value of 17.8 MJ kg ~, the net energy gain at the factory gate
is estimated at 40 GJ ha ~, or an energy ratio of 23:1. On an
ex-factory basis, the energy ratio is 11:1.

Energy forest: The direct and indirect energy inputs to
growing, management, harvesting, chipping and assembly of wood
from an energy forest are estimated at 0.9 GJ tonne ~. This
assumes an 18 year rotation untended energy forest with total
chipping of above ground biomass and fertiliser application_for
nutrgint replacement. With an average yield of 10.6 ODT,ha
year ~, this implies a’'net eneryy gain_ff 18.2 GJ fonne of
chips delivered to the mill (193 GJ ha ), or an energy ratio of
21:1. The overall eneray ratio ex factory is 10:1.

IMPI.TCATIONS

1. The economics of alcohol fuel extenders at ethanol/methanol
prices of 15-17 ¢/1 petrol equivalent in blend compares well with
the current prices of imported premium motor spirit of 14.7 ¢/1.

2. The net balance on foreign exchange indicates a substantial
benefit in favour of ethanol_from agricultural crops - import
savings of $1160 to $1330 ha - more than offset ;Ee lost export
income from traditional exports of $450 to $660 -ha

3. Energy farming could significantly affect regional develop-
ment in N.Z.

4, The strategic implications of energy farming are significant.
Currently N.Z. is reliant on overseas suppliers for 90 percent of
her transport fuel requirements and recent events in Iran under-
score the vulnerability of such a dependence.

SUMMARY

New Zealand has many similarities with Brazil when an alcohol
fuels programme is considered - a large proportion of export
earnings are currently allocated to the import of transport fuels,
yet there is an abundance of temperate zone agricultural land for
biomass production. The economicsand energetics of both beet-
ethanol fermentation and straw/wood-gasification look attractive
with high alcohol yields and product prices comparable with
imported refined motor spirit. Pilot plant production systems
should commence within three years, and it is probable that
alcohol fuels from biomass will contribute a significant
proportion of the motor spirit pool by the end of this century.
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THE GROWING OF SUGAR CANE FOR ENERGY

By
Dr. Roger P. Humbert
15555 Glen Una Drive
Los Gatos, CA 95030

INTRODUCTION

In April, 1975 Dr. Melvin Calvin, Nobel-prize winning chemist from the
University of California, Berkeley and the autﬁor were invited to  Brasil = -
(PLANALSUCAR) to discuss with their technologists the potential of}growingid;
sugarcane for energy on a large scale. A green light was giveh to their

‘programs. President Geisel announced on Oct. 9, 1975 that a National Alcohol
Commission would be created permitting the use of alcohol as a fuel, with up
to 20% mixtures with gasoline, to reduce costly petroleum importéi Their
National Alcohol Commission was established in November, 1975. . By July,

1976 they had 14 new distilleries in operation. By August, 1977 they had 51
new distilleries producing at an annual rate of 3.65 billion lite}s. - By
September, 1978 they had 74 new distilleries producing at an annual rate of
4.5 billion liters. Brasil has not achieved these annual goals, as-many
distilleries have not produced coﬁtinuously at. their rated capacities for
entire seasons, but their production is ciimbing dramatically. ﬂ

The author is a consultant to many Usinas in Brésii, increasing sugar-
cane production per hectare and thus lowering the cost per liter of alcohol
produced. Brasil averages 50 tons'cane/hq., while the Usinas in the State of
Sao Paulo average 65 tons cane/ha. Usina.da Barra, for éxampie, now has
70% of their acréage averaging 90 tons cane/ha.” They produce 3 million tons
of cane per year, with one million tons cane processed directly into alcohdl.
All of the molasses produced from the two million tons cane for sugar is
upgraded into alcohol. Usina da Barra is currently producing over 500,000
liters alcohol per day. A h

Doubling sugarcane production per hectare tﬁrough improved cultural
practices and varieties selected for their capabilities of ""'total sugars'
production, rather than sucrose alone, result in approximately 30% reduction
in costs per liter of alcohol produced. In this period of increasing costs
of fossil fuels, sugarcane production for energy is certain to gain promi-

nence in supplying a part of the energy needs of many developing countries
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of the Tropics that are now forced to import fossil fuels at ever-increasing

prices.

VARIETIES SELECTED FOR TOTAL SUGARS PRODUCTION

Sugar cane varieties are being selected, not for their sucrose pro-
duction, but for their ''total sugars' production. Glucose and other reducing
sugars are nearly equal to sucrose in fermentation into alcohols. In fact,
sucrose reverts to glucose prior to its conversion into alcohol, as shown in

the following formula:

L12H22011 + H20 - 2 C6H1206

Sucrose Glucose

C6H1206 - ZCZHSOH + 2C02 .
Glucose Alcohol Carbon dioxide

180 grams 92 grams
672 KCal 655 KCal

Varieties in order to be selected for alcohol production must have
a high stalk population. High stooling varieties, such as NCo376 that have
up to 160,000 stalks per hectare, are desirable. The variety must be
fertilizer responsive and be able to use supplementary applications of fer-
tilizer to continue its ”booﬁ stage'" of growth until near harvest time.
Variety L60-14, for example, in replicated variety trials at Hda. San
Francisco, Tambo Valley, Peru produced 391 tons cane/ha. for alcohol in 26
months vs other varieties that produced as little as 128 TCH in Lhe same
period. Varieties are now available that can produce 200 TCIl per ycar for
alcohol!

The varieties selected for alcohol should be responsive to the
chemical ripeners such as POLARIS and ETHREL, so that vegetative growth can
be curtailed very quickly, and the sugars stored in the stalks--not used as
energy for continued vegetative growth.

The varieties'selected will have a full canopy of green leaves six
weeks prior to harvest when the chemical ripeners are flown on. Desiccants
such as.Gramoxone (Paraquat) are then flown on ten days prior to harvest to

improve the burns and reduce the trash-in-cane taken to the mill.




SUPPLEMENTARY APPLICATIONS OF FERTILIZER

Multiple supplementary applications of fertilizer, usually nitrogen
(urea) and potash (muriate of potaéh) are applied at 5, 7, and 9 months of
age to keep the cane growing at optimum }ates. With 14 or 15 green leaves
in the canopy, less than 5% of the foot candles of energy falling on the
upper leaves ever reach the soil.  With stalk populations up to 160,000
stalks/ha. there is no light at the base of the stools to encourage sucker
growth, unless lodging has occurred. | .

Application rates range from 50 to 100kg/ha. of urea and 50 to 100
. kg/ha. of muriate of potash per application. Heavy phosphate fertilization
has been applied with the seed at planting time to encourage rapid root and
shoot development. ‘lotal NPK application rates range from 200 to 300kg N/ha;
P205 ranges from 100 to 200kg/ha; and K20 ranges from 200 to 400kg/ha.

Continued feeding results in extended periods of ''boom stage'" of
growth, in large diameter stalks with.long internodes continuing until the
chemical ripeners are applied. Balanced feeding is absolutely essential to
keep the sugar cane”plant‘growing at or near optimum rates. Tablevl shows

(5)

data from Hawaii stressing the fact that potassium deficiencies retard

the conversion of reducing sugars into sucrose in the cane plant.

. . TABLE 1
PREHARVEST ANALYSES OF VARIETY H37-1933 AT LIHUE, HAWAII

F?eld %8-10 %8-10 %8-10 % Reducing % Tons Tons
Yields Stalk HZO Stalk N Stalk K Sugars Sucrose Cane/ha. Cane/TS
17 TS/ha - 80.7 0.42 -0.68 11.8° 37.5 "178 10.62
17-25TSH 77.1 0.25 T 1,22 6.4 41,7 215 \ 9.64

25-32TSH 75.3 0.19 1.47 5.7 46.2 197 7.13

o

These data show marked differences in sugar yieldé because of potassium
deficiencies. The same cane produced for alcohol would show smaller dif-
ferences, but still in favor of balanced nutrition for higher cane yields

and higher total sugars production.

OPTIMUM MOISTURE CONDITIONS

The supplementary fertilizer applications are timed when optimum
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moisture conditions exist. Supplementary.irrigations are applied to prevent
moisture from becoming a limiting factor of growth. At Usina Sao Luiz (Didini,
Brasil) large block tests with multiple applications of fertilizer by airplane,
with a new variety Co775 and supplementary sprinkler irrigation, increased
cane yields from 80 tons cane/ha. to 177 tons cane/ha. pef year with signifi-
cant reductions in costs per liter of alcohol produced.

The record yields of sugar cane production are now being produced
where daily water balance charts are kept, considering the water storage
capacities of the soils in the depth of rooting, pan evaporation from a free
water surface, and water supplied either as rainfall or in irrigations.
Tambankulu Estates in Swaziland, Africa grow up to 235 tons cane/ha. in 13
months of growth, which is 18 tons cane per hectare per month. During the
""boom stage" of growth, after full canopy has developed, they apply 27mm of
water every 3 days in solid set sprinkler irrigation. Their 1977 blocks
treated with extra nitrogen and potash applications by airplane costing

R157/ha. produced 27 tons cane/ha. extra, worth R280/ha. for a 78% profit.

RIPENING PRIOR TO HARVEST

In the growing of sugarcane for sugar, it has been necessary to pre-
cede harvest with a ripening period of several weeks to several months in
order to dehydrate the reducing sugafs to recoverable sucrose. The formula
is as follows: v

1,0

2 G120 = Hy0 —= C1oflho0py

61276

Glucose Sucrose

In the growing of sugarcane for alcohols and cellulose it is not necessary to
ripen the cane and convert most of the sugars to sucrose. The reducing sugars
are equally as important as sucroselin the fermentation processes.

Chemical ripcners and plant growth regulators are now being used com-
mercially to convert the cane growing luxuriently to a éycie of sugar storage.
In 1977, seventy-five percent of the acreage of cane harvested in Hawaii used
POLARIS to reduce the time required for ripening from as long as 7 months to
8 weeks, with approximately two tons sugar/ha. more '"in the bag'.

POLARIS is being used commercially in some 15 countries, with con-
sistently good results, now that the varieties have been identified that
respond to POLARIS. ETHREL is being used commercially in four countries on
sugarcane, largely in Southern Africa. Other chemical ripeners have not
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given consistently good results in replicated trials with POLARIS and ETHREL

in many countries.

USE OF VINACA FOR SOIL IMPROVEMENT

The remainder of the fermented juice after alcohols have been dis-~
tilled off, vinaca, is hauled or pumped back on the fields near the mill.
Vinaca is acid and corrosive, so is usually hauled back to nearby fields in
stainless steel tank trucks and trailers. Where irrigation is practiced, the
vinaca is applied in the mill water to fields below the mill. If necessary,
the vinaca and mill water are pumped to higher elevations to spread the large
quantities of vinaca over larger areas so as not to build up excessively high
levels of potash in the soils; Vinaca is usuaily applied at rates of 30'to
50m3/ha. Vinaca is high in organic matter, and high in potash, particularly
if molasses from sugar prodﬁction is upgraded into alcohol along with juice

from cane. Typical formulas of vinaca are shown in Table 2.

TABLE 2

CHEMICAL COMPOSITION OF "VINACA' (BRASIL)

From Molasses . From Cane Juice
Total Solids 6.4 - 6.7 6.5 - 6.7
Organic Matter 4.6 - 5.0 4.8 - 5.2
Mineral Matter 1.9 - 2.1 1.4 - 1.6
N . 0.04 - 0.05 0.01 - 0.0z
P 0.01 - 0.02 0.01 - 0.02
K 0.4 - 0.7 0.1 - 0.2
Ca 0.07 - 0.10 0.04 - 0.06
Mg 0.02 - 0.03" 0.01 - 0.02
PH 4.2 - 4.8 4.2 - 4.6

In Hawaii, with continuous applications of irrigation water high in
potassium, 1,000kg/ha. K20 were applied per year, causing KCl to crystalize
out in the cane‘juice; Application rates of SOmS/ha. of vinaca means up to
350kg/ha. KZO applied with the vinaca comes from molasses, per application.

As cane yields are increased, potassium removed from the soils will
mean higher potash fertilization requirements on 80 to 90% of the acreage in
cane. Two million acres per year are now being planted to cane in Brasil
for alcohol and cellulose production. A 100 ton crop of cane removes about

250kg K20, which must be replaced in fertilizers if continued high yields are

-5-

I-2




expected. The 10 to 20% of the area that receives vinaca will receive no
potash fertilizers. In the 80 to 90% of the acreage producing heavy cane
tonnages (120-200TC/ha./year) fertilizer formulas ranging from 2-1-2 to

2-1-4 are expected to be used in the future.

ENERGY OUTPUT/ENERGY INPUT FOR SUGARCANE

Sugar cane is the world's most efficient plant, on an annual basis,
in the converting of sunlight energy into stored energy. Many plants actu-
ally have a negative energy balance of inputs to energy output. Detailed
studies by .the author have shown up to five times the energy stored as the
total of energy inputs in seedbed preparation, fertilization, cultivation
and herbicide usage, harvesting and cane transpbrt. A part of the favorable
energy balance is due to the long cyéle.of plant and many ratoon crops where
high energy costs of planting occur only once in ten or more years. The
ratoon crops have a much higher energy stored/energy inputs ratio than plant
cane. They start faster, develop a full canopy of green leaves sooner, and
store more total sugars per hectare per annum than plant cane.

Since energy is such an important factor in food, fiber and energy
production, it is interesting ta compare the energy expended to produce dif-
ferent crops. Table 3 compares the energy produced vs input energy for many
cTops.

TABLE 3 |
ENERGY CONTLNT VS ENERGY INPUTS FOR FOOD CROPS

Calorie Content ber

Food Crop Calorie Input
Barley 6.6
Wheat . 5.4
Sugarcane 5.0
Sweet sorghum: Grain & Stems 3.39
Stems only .2.27
Corn 3.3
" Rice ‘ 2.6
Potatoes 2.1
Cassava 1.7
Apples 1.3
Dry beans 1.2
Grapes 1.1
Tomatoes 0.76
Peaches 0.73
Green beans 0.55
Oranges 0.43
Lettuce 0.34
Cauliflower 0.25




Even though barley and wheat have a higher energy output vs input ratio, the
much higher total energy production per hectare per year for sugarcane places
~ this crop in a class by itself. The harvesting of sugarcane can be completely

mechanized at a cost often lower than manual operations.

VALUE OF SUGAR -CANE BAGASSE CLIMBING

Sugarcane bagasse, the fibrous material from which the juices and
sugars have been extracted, is rapidly becoming as valuable as sugar or
alcohol. Thirty-three countries now have cellulose plants using bagasse as

~the raw material, from which many pulp and paper products are produced.
Cellulose from bagasse now has a Value of US $270 per metric Eon, and is
climbing steadily. Brasil, for example, now imports 300,000 tons of pulp

and paper products per year. By the mid 1980's they expect to export 2,000,000
tons of cellulose from sugarcane bagasse, eucalyptus and pine fibers to

Europe and‘the United States. In processing sugarcane for alcohol, approxi-
mately 40% excess bagasse is not needed for processing the cane and for al-

cohol production, and can be used in cellulose plants.

FUTURE FOR ALCOHOL FUELS FROM SUGAR CANE BRIGHT

All sugarcane growing, petroleum importing countries in the Tropics
have a potential of producing a part of their energy needs as alcohols from
cane. Equipment costs are relatively cheap, when compared to the costs of
sugar mills. Smaller sugar mills, no longer economic for sugar production,
can be economic for alcohol production. 100,000 liters/day distilleries re-
quire only 60 tons cane pef hour, or a relatively low milling capacity.

Since the juices are not converted into sugar, the power and energy
requirements of the -alcohol plants are far less than that for sugar mills.
Consequently, capital investments are far less than those for sugar mills.

The costs of anhydrous alcohol production in a number of consulting
mills of the author in Brasil average in a range of US $0.21 to $0.24 per
liter. Average cane yields per hectare in Brasil are only 50 tons/ha., with
the Sao Paulo mills averaging 65 tons cane/ha. As yields climb, first to
100 TCH and later to 150 and even 200 TCH, costs per liter of alcohol pro-
duced will decline. This will be in a period of ever-increasing costs of
fossil fuels, so alcohol production for fuel from sugarcane has a bright

future!!!
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ECONOMIC FEASIBILITY STUDIES -

Economic feasibility studies have been completed by your author for
private sectors in Panama, South Africa, Costa Rica and The Philippines in
the growing of sugarcane for energy--alcohliol, cellulose, and animal feeds.
Contracts have already been signed for Brazilian distilleries in Costa Rica.

Other contracts are certain to be signed in the near future.
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ASPECTS OF ENERGY CONVERSION IN THE
PRODUCTION OF METHANOL FROM COAL

by

E. Nitschke and J. Keller
Uhde GmbH, Dortmund, Germany

METHANOL PRODUCTION METHODS

In the methanol plants constructed in recent years with a
capacity of 1.000 t/day and more, natural gas is used
exclusively as feedstock for synthesis gas production.

The energy requirement for the production of one ton of

methanol on the basis of natural gas is at present approx. 32 =
34 GJ. The net calorific value of methanol being 20 GJ/t,. this
corresponds to an efficiency of about 60 9%. At present,

methanol plants are designed for the production of hlgh-purlty .
methanol. When producing methanol for use as a fuel, the purity
requirements may be reduced, thus resulting in sav1ngs in the
synthesis and distillation units.

A methanol plant on the basis of natural gas comprises
relatively few plant sections. Synthesis gas 'is supplied from
the steam reforming plant at required composition and can be
fed d1rect1y to the methanol synthesis unit after 1ntermed1ate
compression without any other treatment. : -

The production of methanol from coal requires an extensive
plant complex, see Fig. 1. The energy conversion rate in the
individual process stages is of considerable importance for
assessing the feasibility of the process.

ENERGY CONVERSION IN THE PRODUCTION OF METHANOL FROM COAL

PRELIMINARY REMARKS

The energy yield in the individual process stages in the
production of methanol from coal has been examined and its effect
on the overall efficiency, which is found by multiplying the
partial efficiencies of the individual steps, will be discussed.

Autothermic gasification of coal has been taken as a basis,
that is, gasification with the aid of oxygen, to which steam is
added, depending on the special conditions of the process.

The coal gasification process is assumed to operate in co-

© Tcyrrent or quasi co-current (fluidized bed). The

characteristics of such a coal gasification process are of
minor importance for the efficiency of coal gasification. In
coal gasification, the gas composition will in any case be such
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as to necessitate gas treatment (CO shift conversion, CO2/H2S
removal).

The question as to whether the coal requires special
preparation, particularly drying, as is usually the case with
lignite, is of great significance for the energy balance. This
has several interesting effects on the process configuration.

INFLUENCE OF INDIVIDUAL PROCESS STEPS ON THE ENERGY CONVERSION

Gasification unit-

Coal is gasified with steam and oxygen in the gasifier under
adiabatic conditions.

The energy of the feedstock coal is found again in the chemical
energy and sensible heat of the raw gas produced. The sénsible
heat can be utilized in the waste heat boiler downstream of the
gasifier. Energy losses in the gasifier are therefore
restricted to heat losses due to radiation, losses to cooling
water and the energy content of dust and ash. Heat losses due
to radiation can be minimized by the appropriate selection and
sizing of the brick-lining. The cooling of items that are
sensitive to heat, such as nozzles, is reduced as much as
possible and thus kept to a minimum by using high-temperature
and corrosion-resistant materials. Energy losses through the
ash or slag discharge are more serious, as this can also entail
the loss of unconverted carbon. However, efforts are being made
to achieve a high coal conversion rate by selecting the
appropriate process conditions (temperature or retention time)
or by choosing a process configuration such that the carbon-
rich ash fraction can be returned to the process or used as an
energy carrier at another point (steam generator).

Synthesis gas compression

The synthesis gas must be pressurized before it is fed to the
methanol synthesis unit. )

The specific compression energy requirement per ton of methanol
calculated for a final synthesis pressure of approx. 60 bar is
shown in fig. 2. It should be noted that the specific figures
given in this paper for the compression energy requirement
refer to a methanol plant with a capacity of 2.000 t.p.d.

when gasifying at atmospheric pressure the raw gas has to be
cooled before being fed to the compression unit. Heat is
dissipated to the cooling water, because its temperature level
is too low to be utilized, in other words, it is lost. At the
same time, process condensate must be withdrawn. Consequently
the gas must be humidified before entering the CO shift
conversion unit. '




I1f gasification is effected under pressure, compression prior
to conversion can be dispensed with and the CO shift conversion
can be coupled with the gasification. The consequences of this
will be dealt with later. When compressing the gas to the final
pressure of the methanol synthesis, a higher initial pressure
can be used and the energy required.for the compression
decreases accordingly (fig. .2). The necessity to compress the
oxygen partly off-sets the saving in the synthesis gas
compression unit.

It should also be pointed out that, if the gasification
pressure is increased, the CH4 content in the process gas also
increases, and this may involve disadvantages in the downstream
process steps.

CO shift conversion

Due to the elemental analysis of the feedstock, coal, the CO/H2
ratio in the synthesis gas is usually greater than 1, whereas
the methanol synthesis process requires a CO/H2 ratio of
approx. 0.5.

Excess CO can be converted to hydrogen by means of the water
gas shift reaction. The reaction is exothermic and proceeds at
a temperature between 200 and 500 oC, i.e. it is possible to
utilize the liberated heat. :

The incoming process gas must contain a certain amount of
steam, the amount being greater than that calculated from the
stoichiometric ratio. The steam excess prior to the CO shift
conversion should be kept as low as possible. This is because
the energy required for producing the excess steam is available
again downstream of the conversion unit, but at a low
temperature level, so that recovery and utilization,
particularly at moderate operating pressure, requires
considerable effort. _ ,

If the CO shift conversion unit is directly coupled with the
gas generation unit, this water vapour can be introduced into
the gas by the evaporation of quench water. The temperature
conditions of the quench should be selected such that the
required water quantity will evaporate. Particulate impurities
are removed from the gas in the quench stage by the scrubbing
effect, but gaseous impurities, particularly hydrogen sulphide,
remain in the gas. When using this scheme, the conversion
catalyst employed must be sulphur-resistant.

The sulphur content of the coal is usually high enough for the
minimum H2S content required for these catalysts. Another
advantage of this design principle is that gas impurities, such
as COS and HCN, are converted or decomposed in the CO shift
conversion unit, which might result in a simplified design of
gas purification process with lower heat consumption.

-3 -
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Gas purification (CO2/H2S removal)

The gas purification unit operates at a relatively low
temperature and, consequently, utilization of the heat fed to
the CO2/H2S removal unit and which is obtained again in the
form of waste heat, is only possible to a limited extent. The
heat produced in the C0O2 vapour .cooler and in the liquor

. coolers is either dissipated to the air or the cooling water
and is thus lost. The energy requirement for the scrubbing
process is determined by three factors:

- quantity of matter to be removed

- pressure of the gas to be treated

- required final purity.

In the case of gasification at medium pressure and gasification
at atmospheric pressure with upstream intermediate compression,
it would be desirable to perform the gas purification at as low
a pressure as possible in order to save compression energy that
would otherwise be required for the carbon dioxide. On the
other hand, at a higher pressure level in the C02/H2S removal
unit, the regeneration energy is lower because of the higher
partial pressure of the CO2. The ligquor cycle in the CO2/H2S
removal unit can also be reduced. The increased consumption of
compression energy (electric power or high-pressure steam)
should be compared with the decreased consumption of
regeneration energy, while the overall energy balance of the
plant might also have to be taken into consideration.

No high demands are made on the gas purity with regard to the
CO2 content, as it is permissible for a certain residual CO2
content to remain in the synthesis gas. The regeneration
requirement is determined more by the specified max. H2S
content, particularly when absorption takes place at relatively
low pressure.

To operate a chemical C02/H2S scrubbing unit (e.g. Benfield),
low-pressure steam will be sufficient, the temperature of which
is adequate for liquor regeneration. In the case of a physical
process (e.g. Rectisol), the process gas must be cooled down.
The refrigeration unit required for this purpose is driven by
high-pressure steam or electric power, whereas high-purity
nitrogen, for example, is used for regenerating the liquor
because of the low temperature. The consumption figures depend
to a certain extent on the pressure of the CO2/H2S removal
unit.

Which type of scrubbing and which process are finally selected
greatly depends on the process parameters in the plant. Here,
the treatment of the sour gas obtained must also be considered.
Since the H2S/CO2 ratio is low in coal gasification selective
removal of the H2S is not to be recommended at this stage. The
use of a Claus plant for treating the sour gas would result -
at least in theory - in utilization of the chemical energy




present in the hydrogen sulphide. This only seems to be
feasible in the case of a relatively high sulphur content in
the coal. The separation of H2S from CO2 by means of downstream
scrubbing facilities in order to obtain an enriched sour gas
has hardly any advantages with regard to the energy balance,
because the energy required for the separation process is
higher than the benefit obtained in the Claus plant.

Methanol synthesis unit

The methanol synthesis reaction is an exothermic process. The
heat of reaction is generated at a medium temperature level and
can be used for generating steam or preheating the boiler
feedwater. '

Methanol synthesis is a recycle process..In order to limit the
inerts in the cycle, a certain amount of purge gas must be
removed. The recycle rate and the purge gas rate depend on the
inerts content in the feed gas as well as on the reaction
pressure (see fig. 3). The inerts content in the coal
gasification process is determined in particular by the
residual methane content. The energy required for the recycle
compressor must be considered as lost energy within the
synthesis gas unit. The purge gas would not figure as a loss 1in
the balance for the synthesis unit as its energy content would
appear on the credit side. ,

However, the purge gas should not be used for underfiring
purposes, but returned to the gasification process at a
suitable point or further processed to SNG.

Methanol distillation unit

The water formed during the synthesis process as well as the
by-products must be removed by distillation in order to obtain
the required product specification. Similar to the CO2 removal
process, the energy fed to the distillation unit is obtained
again at a low temperature level and it usually cannot be
utilized. One possibility of utilizing this heat is to use an
absorber type refrigeration unit which provides the cold
requirement for a physical removal process and thus enables HP
steam to be saved. The high capital expenditure is only
justified if the ratio of energy costs to capital investment
costs is appropriate.

The energy consumption depends on the selectivity of the
distillation process. If a higher content of other impurities
in the product methanol is permissible, as 1s the case when
using methanol as a carburettor fuel, a lower energy .
consumption can be expected (see fig. 4). In the Mobil process,
which is based on crude methanol, the distillation unit can be
omitted. The energy otherwise necessary for distillation can be
credited to the Mobil plant.
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Coal preparation

In many cases the coal must be prepared, for example, dried and
ground. The energy requirement for the grinding unit is
relatively low. The energy requirement for the drying unit is
significant if moist raw materials such as raw lignite, peat or
wood are to be gasified.

In relation to the utilizable synthesis gas quantity (H2 and CO),
larger quantities of oxygen as gasification agent and more feed-
stocks are required when moist material is used. More energy is
then needed for the production and compression of the oxygen.

On the other hand, a higher moisture content also means a
higher raw gas rate, in other words more utilizable steam can
be produced in the waste heat section which fact can be
regarded as a credit. The resulting consumption of high-
pressure steam only increases relatively slowly with the
moisture content (see fig. 5).

I1f back-pressure turbines are used for driving the compressors
in the plant, back=-pressure steam can be used as the source of
heat for the drying process.

The following consideration shows in simplified from what
aspects are to be borne in mind for the optimization of plant
sections and of the entire process. To simplify matters, it was
assumed that high-pressure steam is only required in the air
separation unit and as process .Steam in the gasification unit, -
and low-pressure steam is only required in the drying unit. (In
fact, high-pressure and low-pressure steam are also requlred
for other plant sections.)

Based on this assumption, the ‘drying steam requirement and
production of back-pressure steam was plotted against the
moisture content of the feedstock (fig. 5). It was assumed that
the initial moisture content is approx. 60 % by weight. The
comparison of the drying steam and back-pressure steam shows
that for a certain operating point (at approx. 35 % moisture .by
weight) the steam production and consumption are balanced.

ENERGY SUPPLY FOR THE PLANT

If it is assumed that the only energy supplied to the plant is
the feedstock, all the other energy requlred (electric power
and driving steam) must be generated in the plant itself. In
accordance with common practice in commercial plants, all large
compressors and also pumps, if appropriate, are driven by steam
turbines.

The following major items of equipment require driving energy:

- air separation unit
- synthesis gas compression unit
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- recycle compressor for the methanol synthesis unit
- boiler feedwater pump
- electricity generator for supplying minor
consumers within the complex

LP steam is mainly required by:

- gas purification unit

- - methanol distillation unit

- coal drying unit (if any)

- boiler feedwater deaeration section

Process heat is used in various parts of the plant for
generating steam or preheating the boiler feedwater. This
mainly applies to the following plant sections:’

- waste-heat boiler downstream of the gasification

- CO shift conversion unit

- methanol synthesis unit

Another possible steam consumer is the gasifier (process steam).

The overall balance shows that make-up steam must be generated
in a separate steam boiler in order to cover the energy balance.

In the process units, only high-pressure saturated steam is
generated and must be superheated in the steam boiler. The
pressure and the superheating temperature of the high-pressure
steam should be selected such that the amount of HP steam
required for the driving turbines corresponds to the total
amount of LP steam, required (back-pressure steam).

Fig. 6 shows the water and steam balance of the plant as
designed on such a basis. Thus, when such a scheme is put into
practice, there will be an interrelationship between the power
and the heat required, which is a prerequisite for a high
energy efficiency of the steam system, as no heat of
condensation has to be dissipated to the environment.

By-products which cannot be used directly in the process are
incinerated in the steam generator in order to recover energy.

OVERALL ENERGY BALANCE FOR THE PLANT

The energy losses in a plant for the production of methanol
from coal are tabulated in fig. 7 and 8. Fig. 7 shows how the
lost energy is dissipated to the environment. In fig. 8, the
energy loss is broken down by individual plant sections. The
efficiency for the entire plant is over 50 ¥%.

The tables show that the main sources of loss are the plant
sections in which mixtures are separated into their components,
namely the gas purification unit, the methanol distillation
unit and the coal drying unit.




The use of dry feedstock, which means that the drying unit can
be dispensed with, increases the efficiency. However, the
increase in efficiency in this case would not correspond to the
loss shown in fig. 8 for the coal drying unit, as the LP steam
used for the drying process is of relatively low quality. If
the drying unit were to be omitted, the plant's LP steam demand
would decrease considerably, so that, instead of back-pressure
turbines, condensation turbines would have to be used in some
cases and with these, the heat of condensation of the steam is
dissipated to the environment as lost heat.

The conditions are similar in the C0O2/H2S removal unit if a
scrubbing process with a lower total energy demand is used, for
example if a physical removal process is used instead of
chemical scrubbing. In view of the facl thal a chemical
scrubbing process primarily requires low-grade LP steam only
and a physical scrubbing process requires higher-grade energy,
the same considerations apply here as for the drying process.
Moreover, the different capital investment costs for a physical
and chemical scrubbing processes including the necessary
auxiliary facilities must be taken into accounl.

Finally, the question raises how the thermal efficiency can be
raised further. The points already mentioned regarding the
raising of the gasification pressure, the improvement of the
gas quality and the treatment of purge gas are important.
Another point worth considering is an increased utilization of
the waste heat, particularly the wvapours from the CO2 removal
unit and the methanol distillation unit.

CONCLUSION

The energy conversion rate attained in a process, and which is
characterized by the total efficiency, is an essential
criterion for assessing the feasibility. However, it is not
only the energy conversion rate or efficiency that is decisive
for the feasibility of the process, but the capital investment
costs are also important.

This aspect is emphasized by the compilation of the methanol
price on the basis of individual cost factors. A plant for the
production of 2.000 tpd methanol from lignite in the Federal
Republic of Germany was taken as a basis. The individual cost
factors account for the following percentages of the total
methanol price:

cost of coal and other utilities .......... approx. 35 %
capital-related costs .........citien... approx. 55 %
personnel qosts ........................... approx. 10 %

Factors such as local conditions or statutory requirements may
also have an influence on the process configuration.
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ALCOHOL FUEL TECHNOLOGY AND THE NATIONAL ENERGY ACT

by
Michael W. Grainey, Special Assistant to the Director*

Oregon Department of Energy

I. Introduction:

Alcohol fuels, as alternatives to or as supplements to petroleum fuels,

of fer many potential benefits. These include economic, environmental
(both in terms of auto emissions and in recycling farm or wood waste for
the production of alcohol) and energy policy benefits. To the extent that
alcohol fuel, either in pure form or as a mixture with gasoline (gasohol)
replaces petroleum fuel, it constitytes a ‘contribution to the goals of the
nation's energy policy as formulated -in the National Energy Act.

The Carter Administration, recognizing the importance of gasohol in
particular, provided some significant incentives in the National Energy
Act to encourage its widespread use in transportation and other sectors.
This paper will examine these incentives and their relationship to the
entire energy pricing scheme established by the National Energy Act. In
particular, the interplay of the gasohol incentives with the competing
pricing systems for oil and natural gas will be examined.

4

II. The National Energy Act -- An Overview:

President Carter made the establishment of a coherent, systematic,
national energy policy one of the earliest and highest priorities of his
Administration. The formation of a cabinet level Department of Energy,
which consolidated all or part of more than ten previous federal energy
agencies, symbolized the Carter Administration's commitment to one federal
focus for a unified energy policy. The Department of Energy Organization
Act passed Congress fairly rapidly and was operational on October 1, 1977,
the target date established by President Carter.

*Member of the Bar of the District of Columbia and the State of Washing-
ton, J. D. New York University 1972; B. A. Gonzaga University 1969.
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While the Department of Energy would be the primary implementer of federal
policy, what that policy would be was contained in the National Energy
Act. Whereas the Department of Energy Organization Act received quick
Congressional action, the fate of the National Energy Act was a different
story. The National Energy Act was offered to Congress on April 20, 1977
but did not pass until a year and a half later, on October 15, 1978.

Unlike the Department of Energy Organization Act which passed Congress in
substantially the same form.in which it was introduced, the National
Energy Act underwent substantial and drastic revisions before final
passage. Whereas the National Energy Act as introduced was estimated to
result in savings of froum 4.5 million to 6 million harrels of oil per day
(42 gallon harrels), the estimate of oil savings from the bill enacted by
Congress is only 2.5 million barrels per day. Major proyrams for fuel
pricing were substantially altered or omitted entirely by Congress. The
most important of these were: (a) the mandatory provisions which required
state public utility commissions to impose certain rate formulas on
electric and gas utilities in order to conserve energy were modified to
require the commissions to merely consider such rate proposals and (b) the
entire petroleum taxing-pricing program was omitted. The omission of the
petroleum pricing system, in particular, may have significant impact on
the effectiveness of the alcohol fuel incentives contained in other
provisions of the Act.

IIT. Summary of the Act:

The program as designed by President Carter to create an effective energy
policy contained three major objectives:

a. As an immediate objective that would become even more important in the
future, to reduce dependence on foreign oil and vulnerability to
supply interruptions;

b. In the medium term, to keep U.S. imports sufficiently low to weather
the period when world 0i1 production approaches its capacity
limitation; and

c. In the long term, to have renewable and essentially inexhaustible
sources of energy for sustained economic growth.

The importance of reducing oil consumption in the President's energy
program is graphically illustrated by the following statistics:

a. 041 constituted 27% of American energy consumption in 1976;

b. At the time of the 1973-74 o0il embargo, the United States imported 37%
of the total oil consumed.

c. Total U.S. imports of oil had risen by February 1977 to nine million

barrels per day, half of total American consumption.
-2-
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The Act as proposed by President Carter set a target of reducing oil
imports to 6.5 million barrels per day by 1985. The goal is not to
achieve total energy independence through a crash program. Rather, the
President's program attempts to reduce oil imports to a manageable level
and thereby reduce the United States' vulnerability to supply -
interruptions and to achieve a state of relative invulnerability. In
order to not deplete America's own resources, the program includes the
continued importation of foreign 0il for a number of years though at a
reduced level. To accomplish this goal, the Act contains a series of tax
credits, penalties, incentives and prohibitions to encourage conservation
of energy generally (the program calls for a reduced annual energy growth
rate of no more than 2% per year) and to encourage the replacement of
petroleum-based energy sources by other resources. The National Energy
Act, as passed by Congress, consisted of five separate acts which are
summarized briefly below.

A. Energy Tax Act of 1978 -- HR 5263:

This act contains tax credits for residential installation of insulation
and other weatherization materials (15% of all expenditures up to $2,000
for a maximum credit of $300) and for renewable resource equipment (solar,
wind, or geothermal energy -- the tax credit is 30% of the first $2,000
expended and 20% of the next $8,000 for a total credit of $2,200). The
act also contains tax’ 1ncent1ves to encourage the use of buses,

vanpooling, and recycling of lubricating oil.

This bill contains additional tax incentives for industry and business to
finance equipment in order to minimize or replace petroleum fuels with
geothermal, solar, wind, farm waste and other non-petroleum fuels. The
0il depletion a]]owance and similar tax advantages previously afforded to
the petroleum industry are now also available to geothermal energy and
natural gas developed from geopressurized gas.

Of particular interest to the Alcohol Fuels Technology Symposium are the
following provisions:

1. The elimination of the federal excise tax on the sale of gasoline
which is a mixture containing at least 10% alcohol;

2. The-U.S. Department of Energy must provide an annual report to
Congress on the use of alcohol in fuel.

3. Business and industry are provided an additional investment tax credit
of 10% for equipment which uses a fuel or feedstock (including
alcohol) other than 0il or gas.

The Energy Tax Act also contains the "gas guzzler tax" which taxes
inefficient automobiles. The tax is a sliding scale, with a gradually
increasing tax and gradually decreasing miles per gallon target for each
model year. For example, the tax in 1980 ranges from $200 for cars with
less than 15 miles per gallon to $550 for cars with less than 13 miles per

-3-
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gallon, while the 1986 tax is $500 for cars with less than 22.5 miles per
gallon and $3,850 for cars with less than 12.5 miles per gallon. This was
the only major o0il tax to survive. The petroleum pricing scheme was
omitted in its entirety. :

The Energy Tax Act is as interesting for what it excludes as for what is
contained in the bill. The House version of the bill contained numerous
other provisions, many of which were major components of the President's
original program, which did not survive the joint Senate-House
conference. These included:

1.

~ (o] [84) E-]
. . . -

10.

11.
12.

13.
14,

Repeal of personal income tax deduction.fd? state and local taxes on
gasoline,

Crude oil equa]izgtion tax,

Natural gas liquids equalization tax,

Heating o0il refund and other home heating tax credits,
Crude oil equalization tax rebates,

Energy cost credit for the elderly,

Expanding the definition of stripper wells which are exempt from price
controls,

The establishment of an energy production, conservation and conversion
trust fund from the revenues generated from new taxes imposed by this
bill, )

Payments‘tq states up to $400 million each‘year for 1978-1981 for
repair of federal aid highways, with payment derived from the crude
oil equalization tax,

Excise tax on business and industrial use of o0il and natural gas with

a system of offsetting tax credit for certain energy equipment
expenditures,

Investment tax credit for business insulation,

Exemption from federal taxation for the interest on certain industrial
development bonds used for coal gasification, liquefaction, '
bioconversion and for certain state and local bonds to provide
electricity which are not now exempt,

Percentage depletion allowance for peat,

Tax credits for the production of non-conventional oil and gas, such
as shale oil, tar sands, geopressured natural gas and tight rock
formation gas,

—4-

I-4




Page 5

15. Presidential authority to adjust petroleum impokts, import quotas,
duties, and tariffs,

16. A refundable tax credit fbr the purchase of petroleum products for use
in tax exempt residences, hospitals, churches and schools,

17. Suspension of import duties on insulation materials,
18. A Tow-income energy stamp program similar to the food stamp program,

19, Expedited consideration of federal authorizations for proposed U.S.
pipeline systems to carry crude oil supplies inland from the West
Coast.

B. Power Plant and Industrial Fuel Use Act of 1978 -- HR 5146:

The purpose of this bill is to encourage the use of coal and (for electric
generation) nuclear fuel for future large baseload generating plants and
large industrial users instead of oil or natural gas. The bill prohibits
the use of 0il or natural gas in new electric generating stations and
industrial facilities, and prohibits the use of 0il or gas in existing
facilities after January 1, 1990. Exemptions may be granted by the
Secretary of Energy on a case-by-case basis. One of the exemptions
explicitly available is for a fuel mixture containing oil or natural gas
with another substance (such as alcohol), so long as only the minimum
percentage of oil or gas necessary to maintain efficient operation is
used. This may result in a substantial incentive to spur the use of
alcohol both as a direct fuel and in combination with oil for fuel.

C. Public Utility Regulatory Policy Act of 1978 -- HR 5037:

This bilT requires that each state utility commission consider the
imposition of certain rate standards for electric and gas utilities in
order to conserve energy. Among others, the standards include
cost-of-service declining block, time-of-day, and lifeline rates.

The bill also provides the Federal Energy Regulatory Commission with broad
authority to order interconnections, wheeling, and pooling in order to
promote energy conservation or promote the efficient use of energy
resources. The Commission also has authority to facilitate the
development and sale of electricity from small (less than 30 megawatts)
power production facilities. (If alcohol is used to fuel small electric
generating facilities, this bill could provide significant incentives for
its development.) The Commission must issue rules which require electric
utilities to sell to and pourchase electric energy from small power
production facilities at "just and reasonable rates". The Commission may
also exempt small power production facilities in whole or in part from
various federal and state regulatory requirements, including the Federal
Power Act, the Public Utility Holding Company Act, state laws and
regulations respecting the rates or the financial or organizational
structure of electric utilities, if necessary to encourage small power
production.

-5-
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D. National Energy Conservation Policy Act -- HR 5037:
This bill, building upon existing legislation, expands the state
conservation programs into the following areas:

1. Residential weatherization programs with certain assistance provided
by the utilities,

2. MWeatherization grants for low income families,

. 3. Weatherization programs for schools, hospitals, and local government
buildings.

In addition, federal secondary financing and loan insurance are available
for energy conserving improvements and solar energy systems. The
Secretary of Energy must also issue energy efficiency standards for
automobiles and other products.

E. The Natural Gas Policy Act of 1978 -- HR 5289:

This bill, along with the petroleum pricing provisions which were not
enacted, was the most controversial aspect of the entire National Energy
Act and was primarily responsible for the lengthy period required for its
enactment. The Natural Gas Policy Act is a complex bill which allows the
price of natural gas to rise substantially over that authorized by
existing law, and eventually results in the decontrol of natural gas
pricing entirely. The bill was heavily criticized both at its
introduction and in its final amended form by two oppos1ng groups:
producer interests who thought that decontrol was com1ng too slowly and
consumer groups who thought the bill went too far in dramatically raising
prices and increasing producer profits.

The bill raises the price of natural gas to accomplish three purposes:
(1) to dissuade its use when more plentiful fuels are available, (2) to
spur further exploration and development of natural gas, and (3) provide
price incentives for intrastate natural gas (which is sold at a much
higher price than interstate gas) to enter the interstate market. To
accomplish this, the bill contains the following provisions:

1. Pricing formulas with escalator clauses for a number of different
categories of natural gas -- of pr1nc1pa1 importance is that new
natural gas (produced from new reservoirs after April 20, 1977) may be
sold at a maximum price of $1.75 per million Btus.

2. On January 1, 1985, all new naturé1 gas and existing yas previously
sold by intrastate will no longer be subject to price controls.

3. Existing interstate gas may be sold at a maximum price of $1.45 per
million Btus (with,escalator clauses), but only subject to Federal
Energy Regulatory Commission approval under the "just and reasonable"
standard of the existing Natural Gas Act. Existing interstate gas
prices will not be decontrolled.

—6-
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4. The President is given broad emergency powers to declare a natural gas
supply emergency and to order allocations. The emergency period
expires after 120 days unless extended by the President.

IV. The Petroleum Pricing Formula that was Omitted from the National
Energy Act:

The taxing scheme proposed by the Carter Administration for petroleum
pricing was perhaps the single most important factor for directly reducing
petroleum imports. The petroleum taxes alone were estimated to result in
a savings of 2 to 3 million barrels of o0il per day. The importance of the
petroleum pricing formula, however, is not limited to its direct savings
of 0il. The absence of such a formula for 0il but the inclusion of a
comparable formula for natural gas affects the demand for petroleum versus
natural gas and other fuels which compete with petroleum. That impact is
sufficiently 1mportant to merit a brief out]1ne of what the proposed
petroleum pricing formula contained.

Under existing Taw, domestic oil producers are subject to a price ceiling
- of $11.28 per barrel for "new" oil and $5.25 per barrel for "old" oil
compared to the world price in 1977 of $13.50 per barrel. A major
assumption underlying the President's .proposed energy policy was that
federal pricing policy encourages over-consumption of the scarcest fuels
by artificially holding down prices, and that the pricing of oil and
natural gas should reflect the economic fact that the true value of a
depletable resource is the cost of replacing it, i.e. the new free market
price (subject to certain restrictions).

This rationale, along with the desire to spur the production of new
natural gas, was the basis for the Administration's natural gas pricing
scheme (a]though the eventual decontrol enacted by Congress was different
from the price-raising formula proposed by the President). A similar
rationale ex1sted with respect to the proposed crude equalization tax on
petroleum.

Under the Administration's proposal, the price of newly discovered oil
would be allowed to rise over a three-year period to the 1977 world oil
price, with subsequent adjustments based upon inflation, providing a
domestic incentive price for new oil. The ceiling on old 0il would rise
with inflation. In order to ensure that the market decisions made by
consumers are based on the real value of oil, all domestic oil would be
subject at the wellhead to the crude oil equalization tax equal to the
difference between its controlled price and the world price. The tax
would be added in three steps between 1978 and 1980 and would subsequently
increase with world price. Net reserves from this tax would be returned
to the consumers through a per capita energy credit against other taxes or
through other refund mechanisms. The proposed tax attempted to both
establish a more realistic energy pricing system and to prevent windfall
profits to the oil producers.

-7-
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The Administration's proposal also included other petroleum taxes,
including a standby gasoline tax on excess fuel consumption. The heart of
the petroleum pricing proposal, however, was the crude oil equalization
tax.

V. Impact of the Natural Gas Pricing Scheme and Lack of a Petroleum
~ Pricing Scheme on Other Energqy Sources:

The petroleum pricing scheme and the natural gas pricing formulas were an
integral part of the entire energy plan prepared hy the President. As
noted above, the two were somewhat parallel in approach, although for
different reasons. The absence of a petroleum pricing scheme may
undermine the goals of the National Energy Act in more ways than simply
the loss of 2-3 million barrels of o0il per day which might have been
saved.

One of the controls by which the Administration's energy plan proposes to
emphasize the replacement of petroleum with other energy sources is by.
placing these other resources on a relatively equal competitive level with
0il and natural gas. This would be accomplished in a number of ways,
principally including the following:

a. Extending the depletion allowance currently allowed for o0il and
natural gas to geothermal development and to the development of
natural gas from geopressurized brine; similarly intangible drilling
costs and other deductible expenses would be made equally available to
geothermal development as they are to o0il and natural gas.

b. The series of tax incentives, inciuding personal income tax credits
and investment tax credits for weatherization, solar, geothermal,
wind, and other non-petroleum energy sources (including
alcohol-gachol) were designed not only to ease the economic cost of
the major capital expenditures often required for these resources but -
also to make the cost-comparison more favorable when compared to
continued use of petroleum or natural gas.

c. The petroleum and natural gas pricing schemes would have removed many
of the existing governmental pricing policies which maintain oil and
natural gas prices below the current world market (and perhaps free
market) costs.

Absent an absolute prohibition of the use of 0il and natural gas (which is
the approach of the Power Plant and Industrial Fuel Use Act of 1978),
American dependence on petroleum fuels will only be reduced most directly
when other competing energy resources are either cost-competitive or very
nearly so. The tax incentives provided in the Energy Tax Act of 1978
attempt to bridge the economic gap between non-petroleum replacements and
the established oil and natural gas markets. The proposed oil and natural

-8-
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gas pricing schemes would have done that further, by removing the previous
government policies which kept o0il and gas prices lower than the market
would bear, policies which resulted in both excessive use by consumers and
the resulting possibility of shortages.

(As the crude oil equalization tax provisions recognized, however, we are
not in a strictly free market situation, but are subject to foreign
cartels and other pricing policies on the international level which can
defeat free market supply-demand equations and unjustly enrich energy
suppliers. The crude o0il equalization tax provisions recognized this fact
and included refunds to consumers. The natural gas pricing scheme
included ?o such refund, which resulted in major consumer opposition to
the bill.

The inclusion of a pricing formula for natural gas but the lack of one for
petroleum means that, at least with regard to economic incentives and the
stimulus of the marketplace, the replacement of petroleum by other sources
will be retarded. Given the pervasive nature of the use of petroleum in
the American economy, both as a direct fuel and as converted to other
energy forms, other energy sources must inevitably be compared by
consumers with petroleum prices as the choices of energy sources are
individually made.

To the extent that alcohol fuels, or for that matter, solar, wind, or
geothermal energy sources reflect incremental replacement pricing, while
petroleum does not, the Administration's energy policy of reducing
reliance on petroleum imports and encouraging replacement of petroleum by
other energy sources will be frustrated. The carefully balanced scheme
developed by the Administration in its original energy proposal has been
tilted by the inclusion of natural gas pricing and the exclusion of
petroleum pricing from the National Energy Act. It is unclear how much
this balance has been tilted, but until an o0il pricing program is included
in subsequent amendments to the National Energy Act, the effectiveness of
the economic incentives contained in the Act will be hindered.

Alcohol fuels, as well as other fuel technologies, are fast becoming
viable alternatives and, perhaps, necessary alternatives, to petroleum and
natural gas. Programs in the states, as well as by the federal
government, are hastening this day. For example, in my own State of
Oregon the 1977 Legislature pased one of the most comprehensive
legisiative packages in the nation to encourage both energy conservation
and renewable resource development through the use of tax incentives,
Tow-interest loans, grants, and other incentives. The Chairman of the
House Energy and Environment Committee has continued this trend by
introducing a package of six bills in the 1979 Legislature to encourage
widespread alcohol fuel use in Oregon. These bills include tax and loan
financing incentives for alcohol producing facilities, state motor pool
requirements for gasohol use, and other state actions to generate alcohol
fuel use. The package emphasizes the derivation of alcohol from farm and
wood waste, thereby assisting a pollution problem as well as an energy

-9-
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problem. While it is not clear how many of these bills on alcohol will be
passed, it is 1likely that some legislation will emerge from the Oregon
Legislature this session to encourage alcohol fuel use.

The activities that the State of Oregon and other states and industries
are undertaking to promote alcohol fuels and other petroleum replacements
are vitally important, and the federal government took a major step twoard
establishing a rational nationwide energy policy with the passage of the
National Energy Act. Yet so long as no modern oil pricing formula exists,
the work of the National Energy Act is incomplete, and the activities of
both the federal government and the states to promote oil replacement
energy sources will continue to face a major roadblock.

MG:sj 1834A
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THE SWEDISH OIL AND FUEL POLICY IN THE 1980°s

by
Lars A. Bern
Swedish Methanol Development Co, Sweden

In March 1979 the Swedish government presented a bill concerning
the Swedish energy policy for the 1980”s. In this context I will
touch upon the proposed o0il policy and give a more detailed
statement on the policy on alternative fuels for transports.

" The main goals for the Swedish energy policy is to establish
a good supply security, minimize the effects on the environment
and maximize the freedom of action in the future.

Despite the fact that large investments are already being made
or planned in Sweden in order to lessen the increase in energy
requirements as well as develop new sources of energy, crude
mineral oil will still at the end of the century be the domi-
nating source of energy. It can at the same time be stated

that mineral oil is an exhaustable raw material. In order to
avoid a more or less permanent shortage towards the end of this
century it is of utmost importance for Sweden to develop addi-
tional and alternative forms of energy. Already before an ex-
haustion of the world”s mineral o0il resources starts to cause
obvious shortage, disturbances caused by for example interna-
tional political crises or decided limitations of production
will at least tcmporarily create problems for Sweden”s supply
of oils and motor fuels. Thus the most important goal for
Sweden is to reduce the dependence on mineral oil. Sweden is
more dependent on mineral oil for its supply of energy than
most other industrialized states. Furthermore, as Sweden comp-
letely lacks own sources of mineral oil, as well as natural gas
and coal, it is natural for us to concentrate on different al-
ternative sources of energy in order to reach our goal to re-
duce the dependence on o0il. The supply of motor fuels is
probably the sector of the energy field which in the long run
is mot vulnerable due to the extreme dependence on oil. In view
of both the long-teringeneral development and for emergency
reasons it is then of great importance to Sweden to find alter-
natives to the present suppply of motor fuels. These alterna-
tive motor fuels shculd be possible to manufacture from
domestic, replenishable raw materials.

ALTERNATIVE MOTOR FUELS

The Swedish policy.on alternative motor fuels in the future can
be summarized as follows. Our transport systems is- except
trackbound vehicles - at present essentially dependent on
imported crude oil or imported petroleum products. Gasoline as
well as diesel powered vehicles utilize the light petroleum
fractions which are in particular demand. Due to this, it is
essential to create conditions in order to utilize alternative
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motor fuels within the transport sector. Fuels produced
synthetically, primarily methanol and ethanol or synthetic

fluid hydrocarbons are of interest in this context. Also gaseous
fuels, primarily liquified petroleum gas, LPG, obtained from
petroleum have been discussed. LPG is suitable where environ-
mental aspects are concerned. The introduction of motor gas fuel
contributes to a widening of the fuel base,, but does not lessen
the dependance on o0il. With regard to long-term energy policies
the introduction of gas is a measure active, in a relatively
short-term view and only for limited car fleets. Measures should
be taken as early as possible to create condltlons for other al-
ternative motor fuels, and these measures should be taken succes-
sively. A guiding aspect should then be to avoid unnecessary uni-
lateral Swedish measures in the form of extensive special pro-
visions, design criteria and similar requirements resulting in
the isolation of Sweden from the transport systeme and energy
supply of its neighbors where the motor market, the use of fuel
as well as supply of fuel raw materials during emergencies are
concerned.

A governmental energy commission emphasizes that continued re-
search and development work should be performed in order to find
a suitable technology for gasification of domestic fuels parti-
cularly as a raw material for a domestic production of synthetic
motor fuels. The Commission also regards it as desirable that
such a production during the 1980°s and -907s from coal and
vacuum residual oils of high sulphur content should be prepared,
and also that the possibilities for the import of motor fuels
not based on crude o0il as well as fuel components should be
studied.

Advisory bodies, to whome the matter has been referred, con-
sider it of considerable importance that various kinds of mea-
sures are taken now in order to make possible an introduction

of synthetic mntor fuels. Individual bodies are however scepti-
cal of the possibilities to accomplish about 1990 the introduc-
tion and domestic production of methanol to the extent the
energy commission has proposcd.

Svensk Metanolutveckling AB (SMAB) was formed in 1975 as a
development company jointly owned by the govelnment owned com-
pany Berol Kemi AB and AB Volvo. The purpose of the company

was to investigate the possibilities to utilize methanol as a
motor fuel during normal conditions as well as during supply
emergencies in the motor fuel field. During the years 1975-1978
the company has performed development and investigation work
for the Swedish government concerning the utilization of
methanol as a motor fuel, primarily by mixing it into gasoline
free of lead additives, but also for operation on pure methanol
in otto engines as well as diesel engines. The work has been
financed primarily by the governmental Energy Research Programme
and by AB Volvo.
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In the 1978 Annual Report of SMAB to the government reporting
on efforts during the years 1975-1978, it is stated that the
company”s investigation and development work up to now has indi-
cated that future liberty of action in the motor fuel field can
be created by measures aiming at adaptation of the fuel distri-
bution system and the fleet of vehicles to the use of alcohols
as well as fuels containing alcohol. We state that proposals
should be prepared for specifications for new vehicles as well
as regulations for the conversion of older vehicles for the
operation on such fuels. Furthermore, we state that the work
involving the development and selection of a suitable gasifi-
cation technology where domestic raw materials are concerned
should be given high priority in the Energy Research Programme.
We also emphasize the need of stimulating an early conversion
to alternative fuels within individual fleets of vehicles. To
this purpose, abolished or reduced taxation on alcohol-based
fuels is proposed.

SMAB, at present owned to 80 per cent by Studsvik Energiteknik
AB, has in January 1979 submitted a proposal to the Ministry
of Industry for the activities during 1979-1981. The plan in-
cludes basic activities as well as considerable project acti-
vities. After receipt of replies from consulted bodies, the
Government on March 1, 1979 approved of a budget for the basic
activities during the three-year period. A minor part of the
work will be financed to equal shares by AB Volvo and Stats-
f6retag AB (the government companies group), which own 10 per
cent each of the company.

In accordance with indications in the Government”™s proposition
to Parliament regarding energy research etc SMAB~ s
activities will be aimed at research and development of long-
term supply of motor fuels utilizing primarily domestic raw
materials, the intention being to comprise both research and
development concerning production and distribution of synthetic
motor fuels in the form of alcohols or synthetic gasoline as
well as efforts clarifying the conditions required for the
adaptation of otto and diesel engines to alternative motor fuels.
Such research and development including studies of environ-
mental effects required as a base for decisions on production
and distribution of synthetic motor fuels based primarily on
domestic raw materials will also be included in our activities.
An important aspect din this connection is that this work will
also be of benefit to the planning of the supply preparedness
in case of an international crisis, blockade or war.

Where the production of synthetic motor fuels are concerned
considerable efforts .are being made within the Energy Research
Programme. It can be anticipated that the construction of a
larger test and demonstration plant will be required in order
to carry out tests concerning the production of synthesis gas
based on domestic raw materials.

I-5




A delegation for solar energy and oil substitute fuel, which
has been appointed by the Government, has been assigned the
task to study questions of control measures, provisions and
introductory strategies for the introduction of synthetic
motor fuels further to the work financed by the Energy Re-
search Programme.

Furthermore, it is important to establish as soon as possible
comparatively large-scale test and demonstration activities
concerning synthetic fuel operation in various forms. Such
tests will also provide opportunities to study and possibly
take measures where components of the fuel or the exhaust
gases harmful to the environment are concerned. In order to
simplify introduction of methanol on the motor fuel market
motor fuel taxes on methanol and other motor alcohols will

be reduced with 50 per cent.

Negotiations are in progress concerning the utilization of

the car fleets of some national authorities in order to try

to create further possibilities to carry out operational tests
as well as obtain a base for the increased use of primarily
methanol, and in this way successively build up a market for
synthetic motor fuels. The Telegraph Board has in its reply

to the report of the energy commission stated that the Board
to a certain extent is prepared to participate in practical
tests of alternative motor fuels.

It is of great importance that activities of this kind can
commence and provide further information as a base for a deci-
sion in the beginning of the 1980"s on the strategy for the
introduction of synthetic motor fuels. It is then of great im-
portance that interested parties within the chemical and petro-
chemical industries as well as future producers of raw materials
within e.g. the forest industry are also committed alL an early
stage.

The work carried out by SMAB has proven that the use of gaso-
line with methanol additives cannot he assumed to require any
more important modifications of present otto engines and fuel
systems of the vehicles. It is thus desirable that the manu-
facturers of cars as soon as possible try to fit out new cars
for operation on gasoline having alcoholic additives. The
Swedish Minister of Agriculture has appointed a special working
group assigned to propose measures to simplify the introduc-
tion of motor fuels free of lead additives etc. One of the
tasks of the group is then to submit proposals for regulations
that new cars shall be designed in such a way that they without
the risk of damages to engines and fuel systems can be operated
on gasoline free of lead additives as well as fuel containing
methanol or some other alcohol.

The international development, where synthetic motor fuels are
concerned, has been much faster than expected. Therefore, it is

also possible that opportunities will appear fairly soon where
several countries co-ordinate their work in this respect.

4
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SOME IMPLICATIONS OF LARGE-SCALE METHANOL PRODUCTION
FROM CANADIAN FOREST BIOMASS*

by

‘Dr. T.A.J. Keefer, Department of the Environment
Government of Canada, CANADA

THE CANADIAN LIQUID FUEL PICTURE

Crude 0il Imports

Canada is highly dependent on imported crude oil, and. has
recently moved from being a net exporter of o0il to a net"
importer. In early 1977, the National Energy Board forecast an
expected shortfall of domestic o0il supply relative to
requirements of more than a million barrels per day in 1985,
although later forecasts present a somewhat more optimistic
picture.

In February 1978, the Government of Canada and the provincial
governments agreed to a 1985 target for crude o0il imports of
800,000 barrels/day, or one-third of consumption, whichever is
less. Achieving this target requires continued conservation to
keep a low growth of energy demand; in addition, expectations of
new supplies from frontier areas, and increased production of
synthetic crude o0il from tar sands and heavy o0il deposits, must
materialize.

Even with these measures pursued, a requirement to import up to
800,000 barrels/day has continuing implications for Canada's
strategic security of supply, balance of payments, and domestic
inflation, all of which are matters of considerable concern.

To illustrate: the expected annual import liability for 800,000
barrels/day in 1985 would be $5-7 billion (in 1977 Canadian
dollars), depending upon future world oil prices. This is
comparable to the export earnings of the forest products
industry, Canada's largest export sector. As it will be
difficult to increase exports dramatically, with other countries
also trying to do the same, import substitution possibilities
become particularly significant.

Alternatives

Fortunately, Canada is reasonably well-endowed with alternative
energy sources. As world oil prices escalate, conservation,
interfuel substitution and increased efficiency in fuel use

* The opinions expressed in this paper are those of the author,
and do not necessarily represent those of the Government of
Canada or the Department of the Environment.
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become increasingly attractive, as do development of alternative
energy sources such as tar sands, heavy oils and frontier
reserves. In addition, new types of fuels derived from non-
petroleum feedstocks can become economically justifiable.

In the transportation sector, interfuel substitution
possibilities are very limited. Only liquid fuels presently
exhibit the mobility and storability features required in many
transportation applications. Alcohols in particular stand out
as versatile and clean-burning alternative liquid fuels which
could be brought on stream in significant quantities in the near
to medium term future.

METHANOL AS AN ALTERNATIVE LIQUID FUEL

Recognizing the advantages of alcohols, several comprehensive
government-sponsored studies have been undertaken in Canada
during the past eighteen months, to consider the technical and
economic feasibility ol larye-scale alcohol production and use
in Canada. The studies focussed on the production of methanol
from renewable resources, and its use in the transportation
sector. As feasibility studies, they did not really address the
major energy policy issues involved.

This paper highlights the findings of a consultant study
recently undertaken for Canada's Departments of the Environment;
Energy, Mines and Resources; and Agriculture (l1). The major
conclusions of this and another recent Canadian study (2) are
summarized, along with some of their implications.

Economic Féasibility of Methanol

The feasibility studies incorporated the following basic
elements:

a) Calculations were in constant 1977 Canadian dollars (i.e.
considering increasing real oil prices);

b) Opportunity values in direct combustion (which generally
rise as oil prices increase) were used for feedstocks:

¢) Production plants were assumed to be large-scale for coal
and natural gas feedstocks, smaller for biomass:

d) 10% real (net of inflation) rate of return over a 20 year
plant life was used;

e) Allowances were included for both the advantages (eg.
increased fuel efficiencies in straight methanol engines)

and disadvantages (eg. vehicle adjustment and fuel
distribution costs) of methanol;

2
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f)

g)

Customers were .assumed to pay costs equivalent to those
for petroleum products; and

The same general levels of tax receipts were assumed for
government.

Using these assumptions, the conclusions of the feasibility
studies were generally as follows:

a)

b)

c)

d)

Al though a number of technical problems relating to
methanol production and use were identified, these are
expected to be relatively straightforwardly solvable.
Methanol could be an attractive substitute for gasoline
and diesel fuel in Canadian transport sector applications,
and would become competitive with petroleum products as
world oil prices rise. Methanol could have high values,
in blend uses, because of its octane boost
characleristi¢c.s However, with the relatively low volumes
of methanol involved, blend use is only seen as one
possible transition phase towards methanol use as a
straight transportation fuel. Methanol would be less
competitive in‘stationary applications, such as home
heating or electricity peak load shaving.

Methanol produced using combined feedstocks (the methane
in natural gas as the primary feedstock; with forest
biomass, straw, or municipal solid waste as the secondary
feedstock) could be economical as a straight
transportation fuel when o0il prices reach about
$20/barrel. The relatively low production cost results
from efficient balancing of the different H,:CO ratios

of the synthesis gas streams involved. This combined
feedstock production process is very sensitive to the cost
of natural gas, but relatively insensitive to the cost of
the secondary feedstock. If sufficient natural gas were
available, very large-scale production of methanol could
result; this possibility raises significant energy policy
guestions. i

Methanol produced from western Canadian coal could be
economical as d straight transportation fuel when .0il
prices reach about $22/barrel. Use of coal is, however,
likely to be limited by environmental considerations,
including water supply availability.

Methanol produced using forest biomass alone as the
feedstock could be economical as a straight transportation
fuel when 0il prices reach about $25/barrel and higher.
The feasibility of using biomass as the feedstock is
highly dependent upon its cost, which is generally
expressed in $/oven dry ton (ODT). The price of oil at
which methanol from forest biomass would become
competitive rises approximately as follows:




Feedstock price : $l0/0DT $20/0DT $30/0DT $40/0DT

Methanol competitive
at oil price of : $24/bbl $28/bbl $32/bbl $36/bbl

As world oil prices increase in real terms, methanol could be
produced from a variety of feedstocks in different regions of
Canada, these feedstocks changing with time. Initially,
methanol production would probably be from the combined
feedstock process and from coal. As oil prices rise, the cost
advantages of these feedstocks in comparison with forest biomass
would diminish, and might eventually disappear. Thus, while it
is unlikely that forest biomass alone would initially be used in
any large scale production of methanol, it could have a major
toule if world oil prices escalate dramatically. Use of forest
biomass as a feedstock would be especially promising wherever
large quantities of luw=cust biomacc are availahle, and in the
combined feedstock process.

Canadian Markets for Methanol

The potential markets for methanol in Canada are large. While
various assumptions can be made about market growth and
penetration rates, it is significant that if the Canadian” road
transportation market were to be fully penetrated by methanol as
a straight transportation fuel by 2005, displacing gasoline and
diesel fuel, it would require about 11 billion Imperial gallons
of methanol per year. This amount of methanol is roughly
equivalent to the displacement of 600,000 barrels of oil per
day. (The question of displacing the various fractions produced
from crude o0il is not addressed here.)

Such a large-scale development of methanol as a fuel for the
transportation sector could offer Canada significant industrial
and regional development benefits, employment and environmental
benefits, in addition to the benefits of security of supply and
improved balance of payments which would result from any
domestically produced alternative liquid fuel.

Department of the Environment Interests

The Department of the Environment has several specific interests
in possible large-scale methanol use in the transportation
sector. As nearly half of Canada's air pollution problems come
from vehicle emissions, our interest in potentially lower
emissions from methanol-fueled vehicles is obvious. And the
environmental effects of alcohol fuel spills and leaks are
likely to be less severe than those resulting from oil spills or
leaks.

With this Department including the Canadian Forestry Service, we
are particularly excited by the possible new opportunities for
further development of the forest industry, which could be
assocliated with large-scale methanol production from forest
biomass.




USE OF FOREST BIOMASS FEEDSTOCKS

What then is the potential for forest biomass in methanol
production? Forest biomass represents the major renewable
feedstock capable of supporting very large-scale methanol
production in Canada. Considerable debate is, however, underway
regarding how much forest biomass could actually be made
available, and at what price. As indicated above, this is key
to determining when methanol production from forest biomass
could develop in Canada. There are also some concerns that a
methanol industry might displace traditional sources of wood
supply to the forest industry.

The sources of forest biomass envisaged for methanol production
are:

- surplus mill residues (bark, sawdust, shavings, chips) which
in some areas now constitute a disposal problem;

- logging residuals (branches, twigs, slash) presently left
scattered at harvesting sites;

- economically accessible surplus stands, especially hardwoods;
- degraded, infested, diseased or over-mature stands;

- surplus reserves economically inaccessible for conventional
forest products alone; and

— energy plantations (of short and mini-rotation hybrids).

Use of these sources of biomass would mean that methanol
production would not have to displace any traditional sources of
wood supply to the forest industry. Indeed, this use would be
highly compatible with the movement towards more intensive
management of Canadian forests. '

The Canadian forest sector now harvests about 60 million ODT
each year, and leaves a similar amount of biomass behind as
logging residuals. Moveover, this 60 million ODT harvest
includes what normally ends up as mill residues. The Canadian
forest sector harvest is expected to rise to some 100 million
ODT per year by the end of the century. Major reforestation and
silviculture programs are currently underway to ensure that
Canada's forests can supply this fibre demand by the traditional
forest sector.




The volumes of forest biomass that could potentially be involved
in large-scale methanol production are significant in comparison
with these present and forecast harvests. For example,
production of 11 billion Imperial gallons of methanol per year
from forest biomass would require about 100 million ODT of wood
feedstock per year. Even using natural gas and biomass as
combined feedstocks, 11 billion Imperial gallons of methanol
would require at least 16 million ODT of wood biomass, plus one
Tcf of natural gas - about one-half of Canada's current domestic
consumption.

The following biomass supplies are forecast to be available
after meeting the fibre demands of the forest sector. At
$20/0DT and below, some 8 million ODT of mill residues and
logging residuals will be available in 1985, largely in interior
British Columbia. At $30/0DT, over 30 million ODT of these
residues and residuals could be available annually from 1985 to
2025 throughout Canada. However, there ils likely Lo be
considerable competition for these residues, as lumber and pulp
and paper mills turn to burning them for on-site steam and heat
generation to replace increasingly expensive oil and gas. At
higher prices, up to $40/0DT, volumes of over 100 million ODT
per year could become available annually from 1985 to 2025
throughout Canada, from all of the forest biomass sources listed
above,

While Canadian forest products companies do not presently think
of themselves as potential liquid fuel energy producers,
development of a methanol industry could offer major
opportunities involving: new markets for forest biomass, more
efficient utilization of the forest resource, manufacturing of
new harvesting equipment, and employment generation across the
country. The latter would be particularly significant, as this
new employment would largely be in Canada's slow-growth areas.

INSTITUTIONAL SITUATION

There is, of course, considerable interest in using coal,

biomass or other feedstocks to produce a synthetic gasoline

directly, rather than methanol, for use in existing vehicle

fleets and fuel distribution systems. Unless a technological
breakthrough emerges, however, methanol used as a straight
transportation fuel currently appears more economic than |
synthetic gasoline. ' %

The "chicken and egg" problem remains: fuel companies are
reluctant to produce new fuels until the engines exist to use
them, just as engine manufacturers are reluctant to develop and
produce new engines until appropriate fuels are widely
available. A related institutional problem for Canada is the
pan—-continental nature of the North American fuel and vehicle
markets, although this could be overcome by flexible-fuel or
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dual-fuel vehicles. Moreover, the Canadian market is about the
same size as California's, for which special vehicles are
presently manufactured.

COMPARISON WITH TAR SANDS DEVELOPMENT

An interesting comparison can be made between large-scale
methanol development and tar sands development in Canada. It is
important to recognize that these are not currently competing
alternatives. The forecast shortfalls in liquid fuel supplies
relative to domestic consumption already assume maximum
development of tar sands plants. To increase its energy
self-sufficiency, Canada thus needs to explore all opportunities
based on domestic resources.

For roughly equivalent output energy, 11 hillion Impcrial
gallons of methanol per year or 600,000 barrels of oil per day,
the following table shows that capital costs are estimated to be
of the same order of magnitude. The continuing employment in
forest-based methanol production would, however, be about three
times that of tar sands, and could be throughout Canada (rather
than in only one province) in areas characterized by slower
economic growth. This raises the difficult policy issue for
government: more Jjobs in less developed regions, versus the
institutional difficulties associated with introducing a new
fuel.

Comparison of Methanol Development and Tar Sands DevelopmentA

Methanol Plants Tar
and Biomass Harvesting Sands Plants
Number of Plants up to 120 (depending on 5
scale)
Output energy 11 billion gallons 600,000 barrels
methanol /year crude oil/day
Capital cost $11*-22 billion about $15
billion
Construction 82*-165,000 man-years 100,000 man-
employment © years
Continuing 50-60,000 man-years 15-20,000 man-
employment annually years annually

* The lower end of these ranges assume use of the combined
feedstock process (natural gas and forest biomass), rather
than forest biomass used alone as the feedstock.
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STATE OF METHANOL DEVELOPMENT IN CANADA

Technical Questions

A number of technical questions still remain to be resolved,
relating to biomass production and harvesting, gasification
technology and methanol production, and end use performance of
methanol.

While the overall volumes of available forest biomass appear
adequate to support large-scale use of forest biomass for
methanol production, regional and site-specific work is needed
to establish precise amounts, locations and delivered prices.
The technologies of collecting residuals from logging sites,
optimized harvesting systems, and energy plantation operation,
have yet to be determined. Delailed analyeis is alsn required
of the on-site environmental effects of more extensive biomass
removal.

Although the various technologies involved in methanol
production from both coal and biomass feedstocks are reasonably
well understood, extensive operational expericnce is lacking and
optimal processes are not yet clearly defined, particularly for
large-scale medium-BTU wood gasification. The use of natural
gas and biomass as combined feedstocks, which is expected to
produce cost savings, has not yet been tested.

At the user end, there are environmental and engineering
questions regarding the effects of methanol spills and leaks,
engine emissions, fuel performance under Canadian driving
conditions, handling procedures and distribution costs, and the
costs of modifying vehicles to run on methanol fuels.

Work Underway in Canada

Investigation into several of these matters is currently
underway in Canada, partly under a research, development and
demonstration program on energy from the forests (the ENFOR
Program) launched by the Canadian Forestry Service. This $30
million, 6-year program broadly addresses the contribution that
forests can make to Canada's overall energy picture, by
examining the areas of biomass growth and production, biomass
harvesting, and subsequent conversion and gasification.

The possibility of large-scale methanol production and use in
Canada raises a number of important issues of energy policy,
relating to both feedstocks and displacement of present fuels.
In light of these issues, the technical questions outstanding,
the economics of methanol production from biomass, and the
variety of other alternatives open to Canada, there is a clear
need to proceed with our investigations on a number of fronts.
Thus the Government of Canada is also studying the full range of
alternatives, including other fuel options, appropriate for the
latter part of this century and beyond.
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ETHANOL/GASOLINE BLENDS AS AUTOMOTIVE FUELS

by

Jerry R. Allsup, Department of Energy, USA
Dennis B. Eccleston, Department of Energy, USA

ABSTRACT

An experimental study of gasoline and 10% ethano1/90% gasoline blends
was made using five late-model vehicles operated on a climate-controlled
chassis dynamometer. Data were obtained to permit comparisons of fuel
economy, emissions, and other significant operational characteristics
observed in tests with the two fuels. :

Volumetric fuel economy was shown to be slightly decreased while
energy economy was slightly increased using the ethanol/gasoline blend.

Compared with the results using base gasoline, the use of the ethanol/
gasoline blend had no adverse effect upon regulated emissions at test
temperatures within the range 20° to 75° F; at 100° F there were minor
increases in emissions using the ethanol/gasoline blends.

Addition of ethanol at 10%¥ concentration generally either had no
effect or only slight effect on unburned hydrocarbon; an exception was
noted for 100° F at which temperature unburned hydrocarbon from the blend
was increased significantly over that found with the base fuel.

Road octane quality of the ethanol/gasoiine blend was increased by
about 3.5 numbers over the base fuel.

INTRODUCTION

Ethanol has been used in internal combustion engines for many years
both in pure form and mixed with gasoline. Both beneficial and detrimental
characteristics of ethanol as motor fuel have long been noted and widely
recognized. The present situation is complex, however, and there are many
factors that should be considered before ethanol/gasoline blends are widely
marketed in the United States. Some of the questions that should be answered
before such a move is made are: (1) What effect will the use of ethanol
have on. exhaust emissions of current and future production vehicles which
must meet governmentally-improved emissions standards?, (2) What effect
will the use of ethanol have on meeting federally-mandated fuel economy
standards of present and future vehicles?, (3) What effect will ethanol
have on life expectancy of current and future emission control systems
which are currently mandated to control emissions for 50,000 miles?, and
finally, (4) What are the economics of ethanol compared with other attrac-
tive alternative fuel options?

In an effort to provide information concerning some of the above
questions, the Bartlesville (Okla.) Energy Technology Center, in cooperation
with the Division of Transportation Energy Conservation of the Department
of Energy, undertook a program of research to investigate the effect of

1
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using a 10% ethano1/90% gasoline fuel mixture on vehicle emissions and fuel
economy using late-model vehicles with current and advanced emission control
systems. . :

EQUIPMENT AND PROCEDURES

Emission and fuel economy data were generated on a chassis dynamometer
“in an enclosed facility capable of maintaining ambient temperature from 20°
to 100° F. The chassis dynamometer, constant volume sampling (CVS) system,
and emission measuring equipment are those specified in the federal emission
test procedure [1]J*. 1In addition to "bag measurements" as specified by the
federal test procedure (FTP), the regulated emissions plus carbon dioxide
(COz) and exhaust flow and dilution air flow were measured continuously.
The real time measurement provided an internal check of the bag measurements
and aided in detailed modal analysis during and subsequent to the test.

In addition to the regulated emissions measurements, aldehyde and
alcohol content of the exhaust were also measured. Aldehydes were measured
by the 3-methylbenzothiazolone hydrazone (MBTH) method [2]. A procedure
utilizing gas chromatography for determining unburned ethanol was developed
as part of Lhe overall project and is described in a separate publication
[3]. Hydrocarbon character of the exhaust was determined by gas chromato-
graphy [4].

The five vehicles used in the test are described in table 1. Two of
the vehicles utilized 3-way catalyst systems for emission control with
closed loop feedback from exhaust oxygen sensors for air-fuel (A/F) mixture
control. The vehicles had accumulated 3,000 to 10,000 miles using unleaded
gasolines prior to tests conducted with the alcohol-blended fuels.

The vehicle's engines were adjusted to manufacturers' specifications
at the start of the test and not readjusted during the program.

Emissions and fuel economy were measured at ambient temperatures of
20, 45°, 75°, and 100° F to determine influence of temperature on exhaust
characteristics. At each temperature condition, emissions were measured
using a hase gasoline and a blend of 90 vol-pct gasoline base/10 vol-pct
anhydrous ethanol. In the following discussion the latter fuel will be
referred to as "ethanol blend". Analyses of the test fuels are reported in
table 2. Triplicate tests were conducted at each temperature/ test fuel
condition and results averaged to insure data reliability. Exhaust hydro-
carbon (HC) composition was determined in only two of the triplicate tests
(for four of the vehicles).

The evaporative emissions were not determined on the vehicle tests and
the vehicles were not subjected to a "heat build" soak period prior to
emissions testing. The vehicles were conditioned by operation through an
LA-4 cycle with the test fuel in the vehicle's fuel tank and allowed to

*Numbers in brackets designate References at the end of paper.
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soak at the specified test temperature for 12 to 18 hours prior to emissions
testing. Ambient temperature was maintained in the test facility within
+2° F at 45°, 75°, and 100° F. While at the 20° F test condition, the
tests were started at about 18° F with the temperature rising to about
30° F during the highway fuel economy portion of the test cycle.

EMISSIONS/FUEL ECONOMY

A comparison of exhaust emission data between the base gasoline and
the ethanol blend at 75° F ambient temperature is presented in Fig. 1. The
results indicate reductions in all regulated emissions using the ethanol
blend compared to gasoline. Carbon monoxide (CO) emissions were reduced
approximately 25%, unburned hydrocarbons approximately 14%,. and oxides of
nitrogen (NOx) were decreased approximately 6% by the use of the ethanol
blend compared to the base fuel. However, aldehyde emissions were increased
by approximately 25% Fuel economy results (Fig. 2) show that at 75° F, base
gasoline attained slightly greater volumetric fuel economy (mpg), and the
ethanol blend attained s1ightly greater fuel energy economy (mi/105 Btu).
However, the differences in fuel economy between the two fuels are less
than 2.5% expressed either on a volumetric or an energy basis. Therefore,
a much larger sampling of vehicles is necessary before a statistically
meaningful number can be attributed to the fuel economy effect of large-
scale usage of ethanol blended with gasoline.

Temperature Effect

Alcohols, when added to gasoline, have been shown by other researchers
to sometimes markedly affect the fuel's vapor pressure and distillation
characteristics [5] which may, depending upon ambient temperatures, affect
engine operation. Some researchers have also suggested significant fuel
economy differences exist between. using gasoline and gasoline/alcohol mix-
tures at ambient temperatures lower than the federal test specifications [6].
Therefore, in addition to testing the vehicles at the federal specified
temperature of 68° to 86° F, the vehicles were also tested for exhaust
emissions and fuel economy at 20°, 45°, and 100° F.

Emissions data show minimum CO emissions (Fig. 3) occur at 75° F using
both fuels; however, the ethanol blend generally produced less CO than the
base gasoline, For- example, at the 20°, 45°, and 75° F test conditions,
the use of the ethanol blend produced about 20% less CO than the base fuel;
however, at the 100° F condition, CO emissions were essentially equivalent
for both fuels.

Modal analyses suggest that a large part of the CO differences between
the two fuels occur during cold engine operation in which A/F mixture is
generally rich. However, at the 100° F condition the "hot start" CO emis-
sions are higher with the ethanol blend compared to gasoline.

. Hydrocarbon emissions trends (Fig. 4) are very similiar to CO emis-
sions described above in that hydrocarbons are essentially doubled by opera-




tion at 20° F compared to 75° F using either fuel. Between fuels, however,
the ethanol blend showed HC reduced approximately 10% at 20°, 45°, and
75° F; at the 100° F condition, hydrocarbons were increased about 15% with
the use of the ethanol blend as compared to gasoline.

Oxides of nitrogen emissions (Fig. 5) were only slightly affected by
temperature. An NOx reduction of about 7 percent was apparent at the 20°
and 45° F condition by the use of the ethanol blend compared to the base
gasoline; however, at 75° F the difference is essentially nil, and at
100° F the use of ethanol blend produced about 5% more NOx than using the
base fuel.

Exhaust aldehydes (Fig. 6) were also only moderately affected by
ambient temperature. The use of the ethanol blend fuel produced approxi-
mately 25% more aldehydes than the base fuel at all temperatures except at
45° F where the emissiuons levels from both fuels are similar.

The unburned ethanol Tlevel (Fig. 7) was shown to be dependent upon
ambient temperature with the minimum levels occurring at 75° F. The amount
of ethanol in the exhaust using the ethanol blend fuel ranged from 2.5 to
3% of the amount of total unburned hydrocarbons in the exhaust at each test
temperature. Essentially no ethanol was detected in the exhaust of the
vehicles operating on the base fuel.

. Fuel econemy was affected by ambient temperature using both fuels with
approximately 2 miles/gallon improved fuel economy attained by operation at
100° F compared to 20° F. In comparing fuels, volumetric fuel economy
(Fig. 8) for both urban and highway portions of the test cycle was shown to
be decreased using the ethanol blend at all temperature conditions. A
comparison of the difference in composite fuel economy (weighted urban/
highway) between the base and ethanol blend fuel is shown in Fig. 9. The
data show the volumetric fuel economy of the ethanol blend fuel to be about
2.5% lower than the base fuel which closely corresponds to the 3.4% Tower
energy content of the ethanol hlend fuel.

Advanced Emission Control Systems

Some advanced emission control systems utilize exhaust oxygen sensors
to feed back a signal to the fuel induction system for precise A/F mixture
control. The system's primary function is to maintain the A/F ratio near
stoichiometric conditions, which is necessary for 3-way catalyst operation
for effective control of CO, HC, and NOx. A side bonus from the exhaust
feedback systems 1is the potential of the hardware to maintain the same
stoichiometric A/F ratio while using either straight gasoline or alcohol/
gasoline blends.

Two vehicles in the test fleet utilized 3-way catalysts with closed
loop A/F control systems. Test data from these systems and comparable data
from systems utilizing straight oxidation catalyst suggest the following:

The influence of temperature (Figs. 10 and 11) in CO and HC emissions
shows similiar effects and trends for 3-way and for oxidation catalyst;
these effects and trends are essentially alike for the base gasoline and
ethanol blend.
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Carbon monoxide emissions are primarily a function of A/F; therefore, any
emission control system that allows fuel rich operation is expected to
produce significant CO emissions, and fuels that effectively "lean" A/F
mixtures condition are expected to reduce CO emissions. The majority of CO
and HC emissions from the 3-way catalyst systems is produced during cold
start (rich A/F) operation in which the exhaust oxygen sensor signal is
overridden. As a result, Tower CO and HC emissions can be expected frdm
ethanol blends compared to gasoline using both 3- way and oxidation catalyst
systems provided a significant portion of the emissions is produced during
cold start (rich A/F) operation. Unburned HC emissions are significantly
lower from the 3-way catalyst systems at all temperatures and both fuels
compared to the oxidation catalyst systems.

Oxides of nitrogen emissions from the vehicles equipped with 3-way
catalysts were significantly reduced compared to the other systems, using
both test fuels and at all temperatures (Fig. 12). Oxides of nitrogen
emissions were essentially unaffected by the use of the ethanol blend in
the vehicles equipped with 3-way catalyst systems.

Exhaust aldehydes were found to be lower (by a factor of approximately
4) from the vehicles with the 3-way catalyst systems compared to the vehi-
cles with oxidation catalyst systems (Fig. 13) at all temperatures and with
both test fuels. However, aldehydes were generally increased by use of the
ethanol blend fuel compared to the base gasoline in both types of catalyst
systems.

. In using the ethanol blend fuel, the 3-way catalyst equ1pped vehicles
produced about one-half the amount of unburned ethanal 1n the exhaust as
vehicles equipped with oxidation catalysts. \

Hydrocarbon Character1zat1on

Detailed exhaust hydrocarbon analyses were conducted to determine the
effect of using the ethanol blend fuel on the. exhaust hydrocarbon composi-
tion. These data were obtained for four of the test vehicles (two vehicles
with oxidation catalyst and two vehicles with 3-way catalyst) at 20°, 45°,
75°, and 100° F ambient temperatures using both fuels.

Hydrocarbon compositional data are presented by classes of hydrocarbons
calculated on a mass basis (gm/mile) considering the weighted contribution
of the three phases of the test cycle. The data are presented in Fig. 14
through 17. Fig. 14 presents the total paraffins, aromatics, and olefins
at the various temperatures. The results suggest the ethanol blend fuel
produces either the same as, or slightly less, total paraffins, aromatics,
and olefins than the base fuel at all temperatures using both catalyst
systems--a single exception being at 100° F in which the 3-way catalyst
system produced more paraffins using the ethanol blend fuel than the base
fuel. Closer examination of the exhaust paraffins at 100° F test tempera-
ture with the 3-way cata]yst system (Fig. 15) suggests also that the amount
of normal, iso, and C,, paraffins are all increased using the ethanol blend
fuel compared to hLasze Fuel. At all other test conditions the ethanol blend
fuel produced the same or lower levels of paraffins than did the base fuel.




The amount of benzene as well as C;, aromatics (Fig. 16) in the exhaust
of the oxidation catalyst vehicles was reduced by the use of the ethanol
blend compared to the base fuel; however, using the 3-way catalyst systems,
the exhaust aromatics were essentially unaffected by the ethanol blend
fuel. The amount of acetylene (Fig. 16) in the exhaust is essentially
unaffected by use of the ethanol blend fuel.

Examination of the olefin classes in the exhaust (figure 17) suggests
reductions of ethylene and alkenes due to the use of the ethanol blend fuel
compared to the base fuel in the oxidation-catalyst-equipped vehicles at
all test temperatures except 100° F. The internal alkenes and diolefins in
the exhaust are unaffected by the ethanol blend fue] at all temperatures
using both catalyst systems.

The hydrocarbon characterization results show that (a) ambient test
temperature and type of emission control system affects the hydrocarhon
distribution to a much greater extent than does using the ethanol blend
fuel compared to the base gasoline, and (b) the use of the ethanol blend
generally had either no effect on or reduced the exhaust HC components
except at the higher temperature test condition.

ROAD OCTANE RESPONSE

The road octane rating of ethanol/gasoline mixtures was determined on
four of the test vehicles. Octane determinations were not conducted on the
Volvo due to inability to change fuels quickly while using the fuel-in-
jection system. Road octane determinations were conducted using three base
fuels of 81, 86, and 91 research octane number (RON), each with 0, 5, and
10% anhydrous ethanol added. A modified Uniontown road octane technique
was used, except the tests were conducted on a chassis dynamometer. Rela-
tively constant ambient temperature conditions were attained by operation
only during morning hours. A single test consisted of comparing the refer-
ence fuels and all test fuels in one vehicle without interruptions. Tripli-
cate tests were conducted for each vehicle/fuel combination.

The data (Fig. 18) show that addition of 10% ethanol increases the
road octane value of an 81 RON base fuel by about 4.5 numbers and a 91 RON
base fuel by about 3 octane numbers. The octane increase due to ethanol
was found to be relatively linear within the range tested.

The average road octane blending value of ethanol ranged from 122 for
the 81 RON fuel to 117 for the 91 RON base fuel.




SUMMARY
Vehicle tests were conducted to determine the effects on fuel economy

and emissions in adding 10 vol-pct ethanol to a base gasoline. Comparative
road octane values were also determined for the base fuel and blend.
Results show that compared to the base gasoline the addition of ethanol at
10% concentration results in the following:

-Decreased volumetric fuel economy.

*Increased fuel energy economy.

*Reduced CO, HC, and NOx emissions at 20°, 45°, and 75° F.

*Increased HC and NOx emissions at 100° F.

?Aldehyde emissions increased by about 25% at 20°, 75°, and 100° F.

+Exhaust HC distribution not materially affected.

Road octane quality of an 81 RON fuel increased by 4.5 numbers and
a 91 RON fuel by 3 numbers.
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TABLE 1. - Description of test vehicles

Transmission

Type emission control

Engine, cu-in.
Year Make/Model displacement
1975 Dodge Colt 98
1976 Chevrolet Impala 350
1977 Pontiac Astre 151
1977 Volvo 242 130
1978 Ford Pinto 140

Auto/3-speed
Auto/3-speed
Manual/5-speed
Auto/3-speed
Auto/3-speed

~Air injection/EGR

Oxidation catalyst/EGR
Oxidation catalyst/EGR
3-way catalyst!

3-way catalyst/EGR?

1 Systems 1nclude closed loop feedback for A/F control.

TABLE 2. - Fuel specifications

Base fuel +
Base fuel 10 pct ethanol
FIA, analysis pct:
Aromatic.................... 28 -
Olefin.........c.coiviiiis, 8 -
Saturates................... 64 -
Distillation, ASTM D86:
IBP. e 90 90
Pct evaporated:
T 111 108
10 oo 124 118
, 20 o e 151 135
30 ..... e e, 184 148
40 ... 210 162
B0 L 233 217
B0 o 25h 244
10 282 272
80 .. 312 301
90 .. 347 338
95 480 373
EP. 416 410
Specific gravity.............. 0.746 0.751
s Reid vapor pressure, psi...... 9.7 10.9
8
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EXPERIENCES WITH THE UTILIZATION OF ETHANOL/GASOLINE
AND PURE ETHANOL IN BRAZILIAN PASSENGER CARS

by

G. Pischinger - VWB
K.L.M. Pinto - VWB

PREFACE :

For the better understanding of Brazil's energy problems, we
feel it convenient to go into some preliminary explanations.

Brazil currently imports about 807 of its petrolcum needs,at
prices five times as high as those before the 1973 crisis.
The ‘outgo of US $ 4 billion a year for oil imports, 507 of
which for use in vehicles, has rendered necessary revision
to the country's energy policies, some of the steps taken be
ing as follows: -
a) Incentives to prospecting for oil

b) Limiting of highway speeds to 80 km/h (50 mph)

¢) Closing of gas stations on Sundays and Holidays

d) Raising of the prices of petroleum products and of high-

way toll charges
e) Development of a NATIONAL ALCOHOL PROGRAMME,

In Figure 1, it will be seen that although the country's de-
velopment results in a continuing growth in the consumption
of petroleum products, the rate of growth for gasoline has
dropped. On the other hand, the rate of growth for diesel
0oil has risen, The desired over-all reduction - or, rather,
limitation - has not been obtained, but the general public
has been rendered conscious of the problem.

EARLIER APPLICATIONS OF ALCOHOL AS AN AUTOMOTIVE FUEL:

In Brazil, the addition of alcohol to gasoline - and even
"the use of straight alcohol - for vehicle use goes back to
1923, It was only from 1967 on, however, that alcohol-gaso-
line mixtures came into relatively general use and, even
then, the purpose of such additions was not the saving of
petroleum but rather the using up of excess alcohol from
sugar mills, This rendered the problem both regional and
seasonal,and alcohol percentagens in the mixtured varied all
the way from 0 to 30Z,.

NATIONAL ALCOHOL PROGRAMME:

This programme was brought into being to help meet the pe-




troleum crisis, and ethyl alcohol was chosen as the country's
best option for the following reasons:

- Previous experience of its application to vehicles.
- Production technology already available.

- Favorable climate and terrain for growing the raw
materials.

It could also be mentioned that any biomass-based fuel will
provide a very welcome number of jobs on the land and thus
contribute to stemming the tide towards the cities,

With this plan, the country s agriecultural frontiers. are be-
ing. pushed out and there is a, corre5pond1ng expansion of ex-
isting alcohol plants and 1nsta11at10n of new distilleries
Such activities are being financed by the Federal Government
at low rates of interest and over periods of 15 years.

The plan itself was divided into two distinct phases, The
first phase aims at providing enough alcohol to garantee a
nation-wide and constant-percentage mix of 20%Z by volume,
Begining in 1974 and on a regional basis, increasing propor-
tions of alcohol have been mixed into the gasoline and the
forecast is that 1979 will see the attainment of the 207
target. This, be it said, is to a great extent the result of
sugar being available because of a 90%Z drop in world sugar
prices.

At present, use of alcohol-gasoline mixture is limited to the
larger consumer centers, but it is planned to make such usage
uniform across the nation by 1980 or -1981. This initial
availability of the alcohol mix on a regional basis was adop-
ted for three reasons:

1 - Use of existing blending facilities during build-up
of nation-wide facilities,

2 - Concentration of blend-using vehicles in areas accesi-
ble for observation and action,

3 - Ouicker reduction of automotive pollution in the larger
cities,

The picture of alcohol additions is given in Figure 2,

Regional availability, however, has worked against the intro-
duction by VWB of engine modifications (higher compression-
ratio) to offset the fuel consumption increase (4 to 67) re-
sulting from alcohol's lower heat content, But at least rea-
son 3, above, is valid. Figure 3 shows how alcohol mixes re-
duce the majority of vehicle pollutants, The aldehyde emis-
sions are bheing studied by VWB and PETROBRAS together,




The second phase of the programme consists of the develop-
ment and production of cars and utilities running on ethyl
alcohol hydrated to 4 or 5%. Production of such vehicles is
scheduled to start in 1981. Reporting of results thus far
obtained by VWB with alcohol-fueled vehicles will be under-
taken in the second half of this paper.

As for methyl alcohol, its production in Brazil is still lim
ited , although there are several projects under way for
producing it from eucalyptus trees,which do well in poor soil]
or from local coal, :

Nevertheless, we are investigating its mixture with gasoline
(15%) and also gasoline~-ethanol-methanol mixes. These three-
way mixes ‘are still under study, but it is interesting to
note that methanol- gasoline mixes are satisfactory up to 67
of methanol; above this, separation occurs unless prevented
by the addition of 27 anhydrous ethanol.

Another point worthy of note is the addition of ethyl alco-
hol to diesel oil, The Government has decided that, before
end of 1979, diesel fuels shall have a 4%Z-by—volume mix of
ethanol. The specific object of this decision is to offset
the unbalance between diesel 011 and gasoline from local re-
fining operatlons

ALCOHOL PRODUCTION:

‘It is undeniable that Brazil is in a privileged position to
substitute alcohol for gasoline and diesel o0il. To satisfy
1985 fuel needs, it would be enough to plant 27 of its land
area in sugar-cane and cassava. See Figure 4,

0

TECHNICAL ASPECTS

In Brazil, alcohol-gasoline blends are a familiar matter,
with no major effects on the functioning of the existing cars
For this reason, we would like, in the technical part of our
paper, to step right into our experiences with straight alco-
hol as a fuel. We want to describe the work we have done and
some of the experiences and results obtained with the 4-cyl-
inder in-line engine of the Passat (Dasher, in the US) which,
in Brazil, has .a displacement of 1500 cc.

CONCEPT:

The usual steps, such as compression-raising and carburettor
and ingnition adjustments, were taken. In the interest of
fuel economy, the leanest possible mixture was sought, In
gasoline engines, this trend is well established, but in al-
cohol-burning versions serious difficulties are encountered,
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A relatively high boiling point together with vaporization
heat 3.5 times higher than for gasoline render the attaining
of a lean-mixture engine extremely difficult. The mixture
formation along the way to the combustion chamber is hampered
by these characteristics, even in warmed-up alcohol-engines,
in the same way that it is affected in gasoline engines un-
der cold running conditiomns., This means that the alcohol en-
gine never warms up properly -in the carburation area, so

that the operation of a car so equipped always requires a
rich mixture, as is the case with gasoline engines during

the warm-up period. As a result, both the fuel consumption
and .the emissions of CO and unburant fractions become complete
ly unacceptable, : . -
To get the required "warm" operation of alcohol engines, it
is necessary to take all the steps that would be taken to
improve consumption, emisSions and driveablility iu Lhe gasu-
line cngines during their warm-up periods.

At VW Brazil we have effected substantial pre-heating of the
air (to 909C) as well as heating of the walls of the inlet
manifold, to whi¢h engine heat radiation contributes, Fortu-
nately, this heating not only can, but must be, continuous,
so there is no need for complicated controls to interrupt it.
An additional advantage of this is that the possibility of
overcooling the mixture-conducting parts is eliminated dur-
ing the periods whén the heating would be disconnected, e.g.
under conditions of full load. On the other hand maintaining
the heat makes it necessary to keep the compression ratio a
little lower in order to avoid knocking. Our alcohol engine
has a compression ratio of 10.5, which has proved to be a
good compromise for all factors 1nc1ud1ng durability. The
power output of 53 kW.thus reached is actually 103 hlgher
than the 48 kW produced by the equivalent gasoline engine,

CARRYING-OUT OF ADJUSTMENTS

As is well known, only a few optimizations of the gasoline
engine under cold-running conditions can be carried out sat-
isfactorily on a test bench:

much more 1mportant is the adJustment of the engine, after
installation in the vehicle, aiming at driveability. This is
obviously true for alcohol engines too. Back on the dynamo-
meter you can then perform the finer adjustments based on

" the application of heat to the intake manifold and stream.
With this in mind, we developed, in vehicle operation, the
combined heating and leaning-out of the mixture. A closer
look at the results obtained by each step was given by meas-
urements of the emissions and consumption in the CVS cycle
and other simulations on the chassis dyhamomecter,




CONSUMPTION RESULTS

At VW Brazil, we carry out a consumption test on the chassis

dynamometer which assumably corresponds to the average traf-
fic conditions in the most densely populated areas of Erazil,
It combines the City-Driving Cycle (CDC), but starting with

a warm engine, and the Highway-Driving Cycle (HDC), The over-
all fuel consumption is calculated by the formula:

0,7 €DC + 0.3 HDC

The load on the rollers is adjusted to the actual rolling-re-
sistance curve obtained by means of the torque observed on
the road. The foliowing is a comparison between the alcohol
and gasoline engines in the Passat:

A

" CDC HDC Total
consumpflon Cco NOx consumption | consumption
1/100 km g/mi g/mi 1/100 km 1/100 km
gasoline 11,33 44 9 2,1 8,13 10,37
ethanol 13,82 9,0 3,2 10,01 12,68
percent- )
age bas- 222 807 527 237 22,37
ed on more less more more more
gasoline

We believe that these results are very positive and show that
the theoretically higher consumption of roughly 457 ,stemming

from the properties of the fuels under consideration, can be

substantially diminished. We also find that the results in

CO emissions show that we could well achieve a lean operation
still using a simple single-stage carburettor. The NOx-emis-

sions reflect the fact that we both operate the engine with

a higher compression ratio and also introduce additional heat
into the charge,

TEST RESULTS

In extremely severe road-tests covering more than 100,000 km,
no damage whatsoever was observed in the engines that could
be blamed on the use of alcohol. In cooperation with Texaco,
the quality of the HD-30 engine o0il was checked constantly
and it was established that, at least under these conditions,
the oil-change intervals could have been raised, from the
7,500 km now in force for the gasoline-engined cars, to
10,000 km. Other tests are still being carried out on the
vehicles in the factory fleet, in ordinary every-day use.

4
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There could, however, be considerable surprises in the pos-
sibly critical reactions of some materials on coming into
contact with ethanol. All vehicles are subject to the need
for changes in some materials used in them. As an example,
PVC will, in time, be rendered brittle by ethanol, so it
should be substituted, Also, we had inconvenient deposits,
formed in the carburettor, of an ochre-colored powder which
resulted from an acid reaction with the epoxy coating of
the fuel tank,

OUALITY OF THE ALCOHOL &

Close attention should bhe paid to the quality of the alcohol,
especially its acid content., Up till now, ethanol has been a .
by-product of the sugar refineries. Its quality can vary con-
siderably, from batch to batch, because of inadequate control
during the manufacturing process, There should be closer con-
trol of the temperature during the fermentation, so as to
obtain a low acid content, Care should also he taken in stock-
ing and distribution. In this area, there is a great need for
research and development aimed at obtaining a fuel of constant
quality. The substantial investments required should not be
underestimated. >

15.03,79
Pi/mdb
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x1.000 m3 _ unit:1.000 m3

*
18.000 4 Consumption of automotive fuels
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14.000 - gasolines 1 ¥ / 1
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2 / // 1971 [ 10617 7,158
1972 | 12,004 8178
10.000 - / // 0
/ Y 1973 {13,329 9,712
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Z 38 1975 [ 14,619 11,996
. -~
-~ i i . 1976 | 14,724 13,797
6.000 - /// diesel oil . y
A7 1977 | 14,703 14,807. .
b . s
4.000 1978 15,100 16,444
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Brazil currently consumes 32,000,000 m3 a year of gaso-
line and diesel oil. Allowing 309% more to cover its
lower heat content, 42,000,000 m3 of ethano! would be
needed to substitute the petroleum fuels.

Assuming that the consumption of vehicle fuels will rise
by 10 % a year, we would need about 75,000,000 m3
of alcohol in 1985,

Based on the production of 72.5 liters of alcohol per ton
of sugar-cane , requirements would be:

75,000,000.000

75 5 = 1.03 billion tons of cane

With cane production of 60 tons per hectare,K we would
need:

1.03 billion
60

=17.2 million hectares = 172,000 km?2

Brazil's land area being 8,511,965 km?2, we would have
to cultivate about 2 % of it to produce sufficient alco

hol to cover automotive needs in 1985.

ALCOHOL PRODUCTION FIGURE 4
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50,000 MILE METHANOL/GASOLINE BLEND FLEET STUDY
--A PROGRESS REPORT--

by
Ken R. Stamper, U.S. Department of Energy, USA

ABSTRACT

Seven current production automobiles are being used in a fleet study
to obtain operational experience in using 10% methano1/90% gasoline blends
as an automotive fuel. Data from chassis dynamometer tests (run according
to the 1975-78 Federal test procedure) have been obtained, showing fuel
economy and exhaust emissions of carbon monoxide, oxides of nitrogen,
unburned fuel, methanol, and aldehydes. These data are shown for each of
the vehicles when operated on the 10% methanol blend, and on unleaded low
octane Indolene. Chassis dynamometer tests were run at 5,000-mile intervals
during the 35,000 miles accumulated on each of the four 1977 model-year
vehicles and at 5,000 and 10,000 mile accumulation levels for each of the
three 1978 model-year vehicles. These data show an average decrease in
volumetric fuel economy (= 5%) and a reduction in carbon monoxide emissions
associated with the use of the 10% methanol blend. Exhaust emission dete-
rioration factors are projected from the Federal test procedure urban cycle
data. The most severe driveability problems that have been encountered
thus far into the program are related to operating on a phase separated
fuel and materials compatibility problems with an elastomer in the air-fuel
control hardware of one vehicle.

INTRODUCTION

In .an effort to provide information concerning the use of methanol/
gasoline blends as a fuel for the transporation sector, a fleet study is
being conducted at'the Department of Energy's Bartlesville (0Okla.) Energy
Technology Center. The study involves seven 1977 and 1978 model-year (MY)
automobiles operating on a 10% methano1/90% gasoline blend. The objective
of this investigation is to provide information on the driveability, fuel
economy, exhaust emissions, and component deterioration associated with the
Tong-term use of methanol/gasoline blends in current-production automobiles.
Vehicles in this study are not altered, inasmuch as one objective of the
study is to determine the nature and severity of any problems that might
arise should alcohol fuels be used as a direct replacement for, or supple-
ment to, traditional fuels, with no opportunity to modify the vehicles.

FLEET OPERATION

1

The seven vehicles involved in the fleet study are described in Table 1.

The four 1977 MY vehicles have been used in the fleet study since its
beginning in July, 1977, and have accumulated over 35,000 miles on a 10%
methano1/90% gasoline blend. The 1977 MY vehicles are forty-nine states
production automobiles and are equipped with oxidation catalysts. The
three 1978 MY vehicles entered the program at a later date and each has
accumulated 10,000 to 15,000 miles on the methanol blend. The Volvo and
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Ford Pinto are equipped with threé-way catalytic converters and closed-Toop
air-fuel (A/F) control systems. Each of the 1978 MY vehicles are California
production automobiles.

The vehicles in the fleet are operated for approximately three hours
each day over a fixed route covering approximately 100 miles. The route is
comprised of approximately a 30% city/70% highway-type driving mixture.
The automobiles are operated by non-professional drivers six days/week,
road conditions permitting. During each mileage accumulation cycle the
driver evaluates the vehicle's performance during cold and hot-start opera-
tions as well as routine urban and highway operation on the 10% methanol
blend. .

Chassis dynamometer tests are made at 5,000-mile intervals to acquire
fuel economy and exhaust emissions data. The tests are run according to
the 1975-78 Federal test procedure (FTP) for the urban cycle and highway
tuel economy test (HFE1). Duplicate runs are made for each vehicle oper-
ating both on the 10% methanol blend and an unleaded low octane Indolene.

The 10% methanol blend is batch mixed and stored in an underground
tank having a 4,000 gallon capacity. Water concentration in the underground
tank has ranged from 229 to 1040 ppm in the four batches of blend used to
date. The base gasoline used for the blend is made from hydrocarbon stocks
so that the vapor pressure, aromatic content, and octane number of the
- alcohol/gasoline blend approximate an unleaded regular grade gasoline.
Analyses of the test fuels used in this program are shown in Table 2.

The vehicles in the fleet study are not protected from weather extremes.
Temperatures encountered thus far in the test program have ranged from -5°
to 107° F. Temperatures during the mileage accumulation cycles have ranged
from 4° to 105° F.

1975-78 FEDERAL TEST PROCEDURE RESULTS

Fuel Economy

The fuel economy data for the fleet (from chassis dynamometer tests
run over the 1975-78 FTP urban and HFET cycles using unleaded Indolene and
the 10% methano1/90% gasoline blend) are shown in Fig. 1. The results from
the urban cycle tests show an average volumetric fuel economy penalty of
about 5% associated with the fleet operating on the methanol blend compared
to results from the fleet operating on Indolene for both the 1977 and 1978
MY vehicles. The HFET test results show an average 6% and 4.5% decrease in
volumetric fuel economy associated with operating on the 10% methanol blend
for the 1977 and 1978 MY vehicles, respectively. The energy economy
(mi/100,000 Btu) of both sets of vehicles in the fleet is roughly equivalent
for the two fuels. ' '

Regulated Emissions

~ The emission rate of carbon monoxide (CO) from the 1975-78 FTP chassis
dynamometer tests shows consistent reduction with the methanol blend compared
to test results from operating on Indolene (Fig. 2). This reduction in the
CO emission rate is believed to result from the methanol blend's leaning
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effect on the stoichiometry of the air-fuel mixture. The overall reduction
on the CO emissions achieved by the methanol blend is not as great with the
1978 MY vehicles as with the 1977 MY vehicles. This would appear to be due -
primarily to the dominance in the 1978 MY fleet of vehicles using closed-1oop
A/F control systems which function to maintain a constant oxygen concentra-
tion in the exhaust gas stream by adjusting A/F.

The emission rates of oxides of nitrogen (NOx) from the test fleet are
shown in Fig. 3 as a function of mileage accumulation. The individual test
vehicles do not show a consistent effect of operating on the 10% methanol
blend compared to results from operating on Indolene. However, the leaning
effect of the blend on A/F (for those vehicles not equipped with closed-Tloop
A/F control) could be expected to increase or decrease the NOY emission
rate, depending upon the original A/F adjustment of a particular vehicle.
On the average, the 10% methanol blend shows slight reductions in NOx -for
the 1977 MY fleet and slight increases for the 1978 MY fleets, compared to -
test results from operating on Indolene.

The emission rates of unburned fuel (UBF) from the test fleet show
slight increases associated with the use of the 10% methanol blend over the
test results from the fleet operating on Indolene (Fig. 4). The UBF emis-
sions from the tests using the 10% blend are not corrected for the low
flame ijonization detector response for methanol (response factor 2 0.73)
[1]*; correction would still further increase the measured UBF emissions
for the blend. Some of the increase in UBF emissions could be attributed
to the fact that the vapor pressure of the blend ranges from 1 to 3.5 psi
higher than that of Indolene. Generally, UBF emissions during the cold
transient and stabilized phases of the FTP urban cycle are lower when
operating on the methanol blend. During the hot transient phase, however,
the vehicles -operating on the methanol blend show a marked increase over
UBF emissions measured when operating on Indolene. Similar observations
were made in a previous study [2] with the suggestion that the UBF emissions
increase in the hot transient phase was a result of the higher volatility
of the blend. The only notable exception to this trend was found in vehicle
#176, which showed comparable but slightly lower UBF emissions for all
three phases when operating on the methanol blend. This fuel-volatility
explanation would tend to be supported by the fact that vehicle #176 is the
only fuel injected vehicle in either fleet.

Unregulated Exhaust Emissions

In addition to the regulated exhaust emissions, measurements of exhaust
emission rates of methanol and aldehyde were made for each dynamometer
test.

The methanol exhaust emissions were measured by taking a constant
volume sample and determining the methanol content using gas chromatography
[1]. The emission rates of methanol from the individual vehicles equipped
with an oxidation catalyst and operating on the methanol biend ranged from
0.013 to 0.106 gm/mile over the 1975-78 FTP urban cycle (Fig. 5). The
average methanol emission rate from the vehicles equipped with three-way

*Numbers in brackets designate References at end of paper.
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catalysts was 0.023 gm/mile when operating on the methanol blend. The
emission rates of methanol from 1977 and 1978 MY vehicles operating on
Indolene was an order of magnitude lower than when operating on the blend.

Aldehydes were measured using the methyl benzothiazolone hydrozone
(MBTH) technique for measuring total aldehydes [3]. Previous studies have
suggested that the predominant aldehyde specie associated with the combus-
tion of methanol in spark-ignition engines is formaldehyde [4]. The emis-
sion rates of aldehydes are expressed as formaldehyde. The 1977 MY fleet
operating on the 10% methanol blend shows aldehyde emission rates to in-
crease an average of 75% over the results from tests of the same vehicles
operating on Indolene (Fig. 6). Aldehyde emissions from the individual
vehicles in the 1978 MY fleet operating on the 10% methanol blend are
considerably lower than the emission rates from the 1977 MY fleet operating
on Indolene. The 10% methanol content of the blend does not appear to have
any significant impact on the emission rates of aldehydes from the vehicles
in the 1Y/8 MY tleet.

Deterioration Factors

Generally, as the emission control components and engines age they
might be expected to lose their capacity to control exhaust emissions. The
Environmental Protection Agency (EPA) requires that each automobile manufac-
turer establish the durability of the emission control components for each
engine family used in new motor vehicles to establish their conformity to
exhaust emission standards. These durability data are generated in a well
established and controlled series of fleet tests [5] in which the vehicles
are driven for 50,000 miles and tested at 5,000-mile accumulation intervals.

The deterioration factor is determined for each regulated exhaust
emission by using a least-squares linear regression fit to the FTP data
generated at each 5,000 mile interval, from the 5,000 mile through to the
50,000 mile test points. The equation of this 1ine is used to interpolate
values at 50,000 miles and 4,000 miles; the deterioration factor is then
computed by dividing the 50,000-mile data point by the 4,000 mile data
point. These data have been published by EPA [6,7] for the engine families
represented in the 1977 and 1978 MY fleets.

Although the EPA certification data are generated on prototype vehicles
operating under tightly controlled maintenance and mileage accumulation
schedules, it is assumed that vehicles of the same engine family can be
expected to exhibit "similar emissions characteristics throughout their
useful 1ife" [5]. Based on this assumption, a comparison was made of
durability data reported on vehicles representing the same engine families
as those vehicles that are being used in the methanol blend fleet study.
The results of the least squares fit applied to data from the individual
test vehicles are shown in Table 3, with the corresponding values of inter-
polated and projected emissions results at the 4,000 and 50,000-mile test
points. Deterioration factors projected from the 1977 MY fleet vehicle
tests and deterioration factors from the EPA certification tests show the
greatest disparity when the deterioration factors associated with CO emis-
sions are compared. Yet when the deterioration factors are applied to the
mass pollutant emission data from the 1977 MY fleet vehicles and from'the
EPA certification vehicles [8] the projection suggests that while the




deterioration rate of CO emissions from the 1977 MY methanol fleet is
greater, the overall effects show the CO emission rates from this fleet to
be comparable to those projected from EPA certification vehicles (Fig. 7).
The deterioration factors from the 1977 MY methanol fleet and the corre-
sponding EPA certification vehicles for UBF and NOx are comparable, but
there is some disparity in the levels of pollutant emissions at any one
point in the life of the fleet. The difference in the projected levels of
NOx emissions (0.3 gm/mile) is apparently associated with the difference in
original calibration of vehicle #163 between the certification vehicle and
the corresponding vehicle in the fleet study. The UBF emission rates
appear to be on the order of 0.35 gm/ mile higher in the fleet than projected
from EPA certification data. A portion of this difference can be attributed
to the higher vapor pressure of the methanol blend used in the fleet study
as was described earlier in this report.

The 1978 MY fleet deterioraiton factors were computed based on informa-
tion from 5,000 and 10,000 mile runs--considerably less than was used in
the 1977 MY fleet and EPA certification computations; and, therefore, has a
more limited statistical credibility. The average fleet test results show
UBF deterioration factors to be tomparable; but this is not the case with
NOx and CO emissions (Fig. 8). The average CO emissions from the fleet at
any particular point in the life of this fleet is estimated to be consid-
erably Tlower when operating on the methanol blend. The deterioration
factor for NOY emissions for the methanol blend fleet, shows a much more
rapid increase in mass emissions with fleet life, due primarily to the
influence of car #176. The rate of increase in NOy emissions and the
higher base in NOx emissions from this particular vehicle deviates signifi-
cantly from the levels projected by EPA [7,9]. A component failure in the
fuel injection distributor of vehicle #176 is associated with (but not
totally responsible for) an NOx increase from 0.40 gm/mile NOy to 1.10 gm/
mile NOx, over a period of 8,000 miles of operation.

DRIVEABILITY

The term of this project provided an opportunity to develop in-use
driveability data on the 10% methano1/90% gasoline blends. As the vehicles
are operated over the 100-mile mileage-accumulation route the driver evalu-
ates the vehicle's performance on the blend by responding to a series of
questions. These questions are separated into three parts; the first
series is concerned with identifying cold-start difficulties, the second
concerns operating malfunctions associated with vehicle operation with a
fully-warmed engine, and the third with hot-start difficulties. Each
malfunction that the driver identifies is assigned a demerit value; the
frequency with which the malfunction occurs determines the weighting factor.
The weighting factor is multiplied by the demerit, and the sum of the
weighted demerits for each 100-mile run gives the driveability demerits
that are associated with that particular run.

The time required to start the vehicle in both the cold and hot-start
operations is also a factor in determining driveability. In order to
account for this factor, a starting time of 2 seconds received no demerits;
a starting time of 2 to 10 seconds received 6 demerits; and a starting time
for over 10 seconds received 11 demerits. The driveability demerit system
used in this series of tests is illustrated in Table 4.
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This driveability rating system bears some resemblance to the drive-
ability system adopted by the Coordinating Research Council (CRC) and the
general definition of the malfunctions described by CRC do apply. However,
due to the difference in the driving cycle, driveability demerits developed
in this series of tests are not comparable to those from CRC driveability
tests.

The average driveability demerits generated by the fleet of seven
vehicles as of January 31, 1979 are shown in Fig. 9 along with the average
driveability demerits generated for the month of January, 1979. The most
pronounced driveability problems associated with operating these vehicles
on a 10% methanol blend have developed in car #164. The majority of these
problems are associated with the vehicle hesitating on accelerations and
stalling before the engine is fully warmed. These problems seem to be
related to a materials compatibility problem with the accelerator pump cup
in the carburetor; this will be discussed more fully later in this report.
Vehicle #176 shows the smallest effect of the blend on driveability. This
is probably due to the action of the closed-loop A/F system maintaining a
stoichiometric A/F mixture in the engine and thus minimizing the blend
leaning effect. This vehicle was not operating the month of January 1979.

During the month of January 1979, the National Weather Service recorded
a high temperature of 47° F in the Bartlesville area. The water concentra-
tion in the fuel stored in the underground tank was approximately 740 ppm,
which caused the fuel to separate into two phases at 50.5° F. Thus, the
driveability data for the month of January represent data from the fleet
operating on a phase separated fuel. Comparing these data to the average
driveability demerits generated on each of the vehicles over their entire
life in the project as of January 31, 1979, gives an indication of the
relative difficulty of operating the vehicles on a separated fuel. Four of
the six vehicles operated during this month showed an increase in drive-
ability demerits over their average. Of these four vehicles only car #164
showed an increase in driveability demerits beyond one standard deviation
from the average driveability demerits generated as of January 31, 1979.

Operating the vehicles on the phase separated fuel was probably not as
difficult as one would have expected due in part to the properties of the
lower phase. The vapor pressure of the lower phase was only one psi lower
than that of the blend (methanol blend #4). Gasoline components comprised
about 45% (liquid volume) of the lower phase.

MATERIAL COMPATIBILITY

Since the beginning of the fleet operation in July, 1977, two vehicles
~ have developed materials compatibility problems. The accelerator pump cup
in the carburetor of car #164, originally a Buna-N material, was the subject
of a recall and was replaced with a Viton pump cup. The Buna-N material
was replaced because the manufacturer found that the material, when exposed
to gasolines with an aromatic content on the order of 30% or more, hardened
and became embrittled when the plasticizers in the material were removed by
the gasoline. The black pump cup (Buna-N) shown in Fig. 10 failed while in
service. The Tlighter colored pump cups (shown in the upper portion of the
figure) are the Viton replacements. The Viton pump cup on the right was
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exposed to the 10% methanol blend; the Viton pump cup on the left was

exposed to the base fuel used in the blend. The resulting increase (2 8%)

in the outside diameter of the pump cup when exposed to the methanol blend

is believed to have resulted in continued driveability problems (discussed

in the previous section). The pump cup tended to stick or hang to the

cylinder wall. Based on our experience with this vehicle, neither pump cup

would give acceptable driveability on the long-term with a methanol/gasoline
blend.

The second materials compatibility problem was also associated with a
Viton elastomer. The o-ring used in the line pr.ssure regulator of vehicle
#176 (illustrated in Fig. 11) is made of Viton. The o-ring on the left
failed in service while the vehicle was operating on the 10% methanol
blend; the o-ring on the right was used as the replacement for the failed
o-ring and had not been exposed to any fuel at the time this photograph was
taken. The increase in outside diameter (= 10%, half of which is a result
of exposure to the methanol in the blend) is believed to have contributed
to the o-ring failure, although the manufacturer indicates that similar
failures have occurred in the field with the vehicles operating on gasoline.
There are a number of Viton o-rings located in the fuel distributor. Other
instances of inspecting the 1line pressure regulator (located in the fuel
distributor) have led to the discovery that while other o-rings are not
cut, they do tend to slip out of place. These o-rings seal against pressures
in the fuel metering system which control A/F, which in turn influences
both the production of NOx and the efficiency of the three-way catalyst in
reducing NOx. The change in the fuel pressure control characteristics of
the line pressure regulator is believed to have been partially responsible
for the high NOx deterioration factor of car #176 described in the previous
section of this report. However, this materials problem cannot account
fully for 0.7 gm/mile NOY emission increase in car #176.

SUMMARY AND CONCLUSIONS

Based on the information generated thus far into the project, it
appears that long term use of methanol/gasoline blend will reduce volumetric
fuel economy on the order of 5%. Provided.the manufacturer's A/F adjustment
remains unchanged from that of the vehicles used in this study, emissions
rates of CO can be expected to decrease substantially due to the blend
leaning effect on fuel/engine systems that are not equipped with closed-loop
A/F feedback control. Smaller reductions in CO emissions can be expected
from those vehicles equipped with closed loop A/F control systems. The UBF
emissions will change in character, in that = 7% of the pollutant will be
unburned methanol. Aldehyde emissions are shown to increase over those
generated from operating on straight gasoline in vehicles with conventional
carburetor/oxidation catalyst systems; however, no significant increase in
aldehyde emissions is expected from vehicles with closed-loop A/F control/
three-way catalyst systems.

Projections based on deterioration factors suggest, that long-term use
of 10% methanol blends will not adversely affect emission rates of CO and
NOx, barring complications resulting from materials compatibility problems.
Increases of UBF emissions can be expected if the vapor pressure of the
blend cannot be limited to levels comparable to those found in commercial
gasolines.
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The vehicles used in this study will start and operate in cold weather
on phase separated fuel due in part to the properties of the lower phase.
However, most of the vehicles show an increase in driveability problems
associated with operating on a phase separated fuel. Materials compatibil-
ity problems can have a serious adverse -impact on driveability, whether
operating on a separated fuel or on a siigle phase 10% methanol blend.
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TABLE 1. - Description of methanol biend fleet

Engine Test
Disp., I.W.,
Vehicle # Vehicle Description CID Carb. 1b

161 1977 Chevrolet Impala 305 2V 4,000
162 1977 Buick Skylark 231 2V 3,500
163 1977 Ford LTD II 302 2V 4,500
164 1977 Plymouth Fury 225 2V 4,000
176 1978 Volvo 242 DL* 130 FI 3,000
175 1978 Ford Pinto* 140 2V 2,750
190 1978 Ford tairmont , 200 1w 3,000

*Vehicles are equ1pped with 3-way catalytic converters
and closed-loop A/F control.

TABLE 2. - Analyses of fuels used in methanol fleet studies !

Indo]éneA Indolene 'Methano] Methanol Methanol Methanol

#1 #2 Blend #1 Blend #2 Blend #3 Blend #4
FIA analysis, %:
Aromatics................ 22 28 26 14 14 20
Olefins.................. 11 8 2 9 9 8
Saturates................ 67 64 72 77 77 72
Distillation, ASTM D86, °F: .
IBP. 89 88 102 96 98 92
Pct evaporated
D e 116 112 114 108 108 102
10, e e 129 126 117 112 112 108
20, . e 155 154 122 118 116 116
30, e 182 181 128 124 123 124
40, .. 206 208 148 131 129 129
50. i 225 233 203 187 189 130
60. ... e, 243 256 224 207 210 215
70..... e 265 282 228 224 . 226 236
80... ..ot 294 309 256 244 246 264
90. .. e 338 346 300 292 296 313
9. e 376 380 362 351 350 355
EP............ e 411 418 371 404 398 394
Specific gravity........... 0.734 0.749 0.736 0.728 0.730 0.730
Equivalent Reid vapor : ,
pressure psi*............. 10.1 9.5 10.6 12.2 11.7 13.2

Note: Fuel numbers 1, 2, 3, and 4 indicate the chrono]og1cal order in which the fuels
were used. Thus far into the program two batches of Indolene and four batches
of the methanol blend have been used in the fleet operation and testing.

*Reid vapor pressure from micro vapor pressure test.

13
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TABLE 3. - Deterioration factors and projected emission levels
Deterioration Projected emission levels, Deterioration

Projected emissions

Vehicle # levels, ?Unlmile'
2 es N iles

factor from mile from Ret. 8 and 9 factor from
MeOH fleet g,éﬁﬁ MiTes 50,000 Miles Ref. 6 and 7

Car 161:
5.12 5.57 1.089 3.3 1.50 .455
7 .99 1.395 .35 .30 .87
1.78 1.74 .978 1.63 1.38 .845
1.93 8.66 4.483 3.7 5.32 1.440
.41 1.09 2.690 .35 .65 1.853
1.47 1.79 1.220 1.76 1.81 1.028
1.26 2.57 2.04 6.1 5.03 824
1.50 1.16 776 68 .79 1.168
2.38 2.47 1.037 1.70 1.55 912
3.40 6.47 1.902 8.7 9.03 1.038
.89 .96 1.078 69 .69 1.005
2.08 1.72 .826 1.33 1.45 1.092
nverane: '
2.93 5.82 5.45 5.22
.88 1.05 52 .61
1.93 1.93 1.61 1,55
4.50 6.89 1.532 2.4 2.81 1.171
.40 1.08 2.769 17 .18 - 1.060
.69 1.38 1.996 .75 .85 1.134
1.70 1.15 .676 6.9 6.18 .896
By .08 .465 .49 .40 .824
1.07 2.713 2.542 22 25 1.138
2.63 4.20 1.594 3.5 4.96 " o1.418
1.04 72 .60 .34 .46 1.347
1.14 .31 .210 1.27 1.26 .930 _
average:
2.94 408 .27 a.98
.53 .63 A3 .35
.97 1.47 .75 .79

*The emission levels are projected from a least squares linear regression of 1975-78 FTP test results
from vehicles operating on the 10% methanol blend.

TABLE 4. - Driveability demerit system

Weighting factor
Tequenty over tarting time, Weighted

Demerit Demerit®

Phase of operation Malfunction value "hf cyclse':f"a T2 ;efonds over 10 eme

starting time 1 - - [} 6 11
Cold-start

Stall 20 2 4 - - -

stall 32 2 4 - - oo
Fully-warmed

operation Hesitation 6 2 4 - - -

Surge 4 2 q - - -

Starting time 1 - - 0 3 1
Hot-start

Stall 32 2 4 - - -

*The weighted demerits are compute

factor.

Total demerits = X of Weighted Demerits =

d by muitiplying the demerit value by the appropriate weighting

14




METHANOL/GASOLINE MIXTURES IN FOUR STROKE OTTO ENGINES
by
L.G. Gdran Svahn, The Swedish Methanol Development
Company, Sweden.

INTRODUCTION

The Swedish Methanol Development Company (SMAB) has since its es-
tablishment in March 1975 done development work on mixed fuels
applications in four stroke otto engines.

The application studies have been aimed at carrying out the tech-

nological and economical consequences of introducing a grade of ga-

soline on the Swedish market with a 15-20% methanol content. A num-

ber of technical problems were identified before the start of our

tests:

- Methanol/gasoline mixtures are sensitive to water, with rlsk for
phase separation.

~ Methanol in gasoline reduces the energycontent by volume of the
fuel due to the lower thermal value of methanol.

- Materialé used today in the fuel distribution network as well as
in the fuel systems of automobiles are not sufficiently resistant
to methanol.

- A content of methanol in the fuel alters the digtillation curve
and vapour pressure of the fuel, with risk of starting diffi-
culties and running difficulties.

- Methanol has an influence on the octane properties of the mix-
ture. ' ‘

- The engine lubricating oils of today are not formulated for
fuels containing methanol.

From the analyses made by the ccmpany s own research and other
published research it was evident that the composition of the ba-
se gasoline with regard to the various hydrocarbons has & very
significant importance for the possibilities of solving ‘a number
of problems. We have therefore made great efforts in defining a
gasoline base which will reduce the technical problems. In addi-
tion it must be economically feasible to achieve during the 1980s
and 1990s.

FUEL IFORMULATION
Forecasts for the refinery configuration in Sweden and West Euro-
pe in the 1980s and 1990s as well as for the product mix and the

availability of hydrocarbons for gasoline production have been
analysed.
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The refinery configuration and choice of crude o0il control the
product division, and together with the demand of the market tho-
se components are controlled which will be available for the pro-
duction of gasoline. Sweden imports large quantities of gasoline
from Western Europe, which also results in dependance on the Wes-
tern European refining industry.

The product division in Western European refineries differs from
that of the American ones. Most American refineries convert heavy
0ils by cracking them into light gasoline components, and in this
way they produce large quantities of gasoline and small quantities
of heavy o0ils in comparison with the Western European refineries,
see table 1. :

The conversion capacity of Europe and Sweden is low in comparison
with USA which is illustrated in table 2.

The present lack of balance between European demand for heavy oil
middle distillates and gasoline points to continued low demand for
heavy 0ils and increased demand for naphta and gasoline, which
fits the prognosis made for the future. A prognosis for 1990 com-
pared with 1976 in Western Europe indicates that the trend in Wes-
tern Europe will be towards adoption of the American production
division up to 1990 resulting in increased output of light pro-
ducts at the expense of the heavier products. Increased conversion
capacity from heavy to light products will be required, see table

The various conversion methods provide different hydrocarbon com-
binations in the gasoline pool. In this way, the gasoline proper-
ties are influenced as well as the portion of the components that
can be used for gasoline and the need of additives.

The average gasoline produced in Sweden today has a high content
of aromatics and a low content of olefins, while the average W.
European gasoline has a somewhat lower content of aromatics and

higher content of olefins.

In the future we have to expect an extension of the European con-
verting plants in the form of cracking and isomerization plants.
This will result in an average increase in olefine and isoparaf-
fine contents as well as an average decrease of aromatic contents.
A decrease of the latter will be accentuated as demand from the
chemical industry for these will increase.

Various fuel formulations have been studied in SMAB”s laboratory
tests and field tests, but for the extensive field test in opera-
tion since the company was formed in 1975 fuels have been formu-
lated from components typical of present Swedish refinery products.
Table 4 illustrates the specifications for these fuels, designa-
ted M1 and M2 respectively.

FUEL PROPERTIES OF METHANOL/GASOLINE MIXTURES

The fuel properties are related to:



- Phase separation and water tolerance
- Knocking properties
- Driveability
In general
In cold climate, with cold starts and warmlng up period
In warm climate, vapour lock
- Fuel consumption
- Power output
- Emissions
~ Materials
- Engine lubricating oils -

Phase separation and water tolerance

Gasoline containing methanol is subject to risk of phase separa-
tion between gasoline base and methanol/water due to infiltrated
water during distribution or consumption of the fuel. The formu-
lation must be carried out in such a way that a safe water
tolerance is obtained.

Water tolerance increases with

- increased temperature

- increased content of methanol

- increased content of aromatics

- additives of higher alcohols

Laboratory test have been executed at BP Research Centre, Sun-
bury and at Berol Kemi, Stenungsund in order to survey at which
contents of water and at which temperatures various mixtures of

methanol/gasoline are subject to phase separation.

Aromatic content

Table 5 illustrates how water tolerance improves with increased
content of aromatics in the fuel.

Admixture of higher alcohols

Fuel water tolerance can ke improved by .addition of higher alco-
hols. Investigations carried out by us indicate that several ad-
mixtures provide a good result, but the best results were obtai-
ned from isobutanol. The field test fuels, M1l and M2 respectively,
that was used, can manage 0,3% and 0,2% respectively of water at

a temperature of -15°C (+5°F). Table 6 illustrates at which con-
tent of water fuels having a content of 20 per cent of alcohol are
sggje§t to phase separation at 00C, -150C and -30°C (320F, 5°F and
-220F) .,

3
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Knocking propcrties

In co-operation with BP Research Centre, Sunbury a number of fuel
formulations with and without methanol having different contents oi
lead (from 0 to 0,4 grammes per litre) have been investigated. If
methanol is added to the gasoline, the octane number improves,

this particularly applies to the research and front octane numbers,
while the motor octane number is less influenced. The octane impro-
ving properties of the methanol varies with the hydrocarbon combi-
nations of the basic fuel. The methanol together with high contents
of olefins and/or isoparaffins, which also have high research
and front octane numbers, means risk of overestimation for these
while the motor octane number remains low. For the typical present
Swedish gasoline, however, where the front octane number is the
most critical, an addition of methanol is .of great importance. The
decrease of lead content from 0,4 g/l to 0,15 g/l decided on

in Sweden will also increasge the mix=in value of mcthanol,

and this will be even more accentuated when the decision is

taken to completely abolish lead as an additive to gasoline.

The methods of measuring the octane number are adapted to petroleum
products, and due to this they are not quite reliable when metha=
nol is added. The method of measuriny the research octane number,
where the temperature of the intake air is determined to +20°C
(68°F), results in an octane number that is too high where metha-
nol is present. We consider, however, that methanol as an octane
number improving agent is of great importance, but the method of
measuring the research octane number should be modified when tes-
ting methancl/gasoline mixtures in order to avoid overestimation

of the octane number improving effect of methanol.

In order to investigate possible differences in octane number va-
riations with methanol/gasoline mixtures and gasoline, tests have
been run at BP Research Centre at Sunbury. The results of these
tests - where six Volvo cars were tested -do not indicate any sig-
nificant differences for methanol/gasoline mixtures in comparison
with pure gasoline.

As the research and motor octane numbers are determined in a one-
cylinder engine in a laboratory (CFR-motor), they cannot easily be
correlated to the performance of gasoline in a multicylinder en-
gine under road conditions.

A study to obtain the road octane number according to "Modified
uniontown road rating test" has been performed with Gulf Techno-
logy Europe in Rotterdam using four cars of different makes in or-
der to study the road octane number for a methanol/gasoline mix-
ture without lead additives, methanol/gasoline mixtures having va-
rious lead additives as well as compare these results with a pre-
mium gasoline having lead additives and a series of reference fuels.

The results of the road octane number tests indicate that the met-
hanol/gasoline mixture has lower interpolated road octane numbers
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than those of conventional gasolines. When lead (0,15 g/1) was
added to methanol/gasoline mixtures, the road octane numbers were
improved - particularly with TEL. The investigation, which had a
limited extent, indicates however that further investigations are
required in order to make possible optimization of methanol/gaso-
line mixtures which do not cause knocking and at the same time do
not provide unnecessarily high anti-knock properties.

DRIVEABILITY

In general

Fuel density, distillation curve, octane number, vapour pressure,
vaporization heat and formulation as well as additive of met-

hanol all have influence on the driveability performance.

From SMAB”s long-term test, which has been in operation for 4 years
using about 50 cars with a total of more than 1,5 million kilomet-
res, certain driveability problems have been reported as a result
of the methanol additive. The field test has mainly proved, how-
ever, that if the carburetter or injection system is adjusted in
order to partly equalize the leaning effect, it is at normal dri-
ving in the Swedish climate hardly possible to observe any diffe-
rence when switching over to the methanol/gasoline mixture. The
fact that almost only Volvo cars have been used for the tests exe-
cuted by SMAB means, however, a- certain limitation.

Cold climate and cold starts

Road and chassis dynamometer tests have been carried out, in co-
operation with Deutsche Shell AG, in order to determine the cold
start and driveability performance of gasoline/methyl fuel blends
in passenger cars under extreme winter conditions.

Conventional gasolines, covering a wide range of volatility, and
blends of these gasolines together with metyl fuel (9:1 methanol:
isobutanol) up to 20% by volume were used in the test programme.
These fuels were evaluated in six cars with carburetter engines
of various makes representing the majority of the current Swedish
car population.

The test criteria were cold starting, driveability and-warm-up per-
formance of the cold engine. The environmental conditions (very

low ambient temperatures) and the test procedure made the test pro-
gramme severe.

The following conclusion can be summarlzed from the results of the
test programme:

In most of the cars the addition of methyl fuel causes deteriora-
tion in the cold start, driveability and warm-up performances com-
pared with conventional gasolines. The extent of deterioration va-
ries from very small to very large in the car fleet used and the
size of deterioration tends to vary exponentially with increasing
amounts of methyl fuel.
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Generally the test programme showed that with the current car po-
pulation and the current emission legislation the use of methyl
fuel as a fuel component at concentrations of 10% and above will
cause unacceptable cold weather driving at low ambient temperatu-
res (below -150C). However, the large variation in driveability
performance between engine types suggest that improvements can be
achieved by modification to engine hardware.

The great differences between different typés of cars and results
0f tested motor adjustments indicate that problems with methanol
fuels can be solved using simple adaption measures.

Warm climate, vapour lock

Two summer tests have been performed:

- 1976 in the Swiss Alps and on Corsica, where we used 3 Volvo
cars fitted with injection engines. The results indicate that
the methanol/gasoline mixture is more liable to cause vapour
locks than pure gasoline, but this will not cause any great prob-
lem to these cars in the Swedish climate. v

- 1978 in Sierra Nevada, Spain, in co-operatiun with Volkswagen
Research, Aral, Veba Chemie, and Deutsche Shell a test was exe-
cuted in order to test driveability in a warm climate using dif-
ferent kinds of gasoline as well as gasolines containing va-
rious proportions of methanol. Seven cars were included in this
test. Volkswagen provided one VW Golf and one VW Rabbit, Aral
one Opel Ascona and one Mercedes Benz 280. Veba Chemie one Opel
Manta, and SMAB one Volvo 244 and one Saab 99.

This test has not yet been evaluated.

Fuel consumption

SMAB”s comparisons are based on engines where the fuel and air in-
take systems have been adapted to the fuel mix.

The decrease of temperature caused in the intake mixture due to the
high vapourization heat . has ‘a tendency to improve the wvolu-’
metric efficiency of the engine. Furthermore, with some engines a
decreased formation of nitrous oxide should provide a more favour-
able point of ignition as well as possibly lessen the need for ex-
haust recycle (EGR). ’

These factors improve engine efficiency. It might, however, be more
difficult when using mixed fuels to obtain optimal distribution of

the fuel to the individual engine cylinders. This has influence on

deterioration of fuel economy if compensation in the form of "ric-

her" adjustment must be applied.

It is obvious that some modifications should be expected where the
Swedish car populatjon is concerned. Based on our own exXperience
and results reported, SMAB considers it reasonable to reckon with
an average unchanged fuel consumption in the beginning as measured
on an enerdy basis at a switch-over to mixed fuels. As the engine
manufacturers will have the opportunity to carefully adapt and op-




timize their products to the new fuel, it should be possible to
anticipate a small efficiency improvement.

Powet output

The specific energy content of a mixture of air/mixed fuel and
air/gasoline respectively have only marginal differences at sui-
table air ratios. As the differences in efficiency furthermore are
small at the methanol contents in question, the differences in
specified maximum power output should be insignificant, which is
also*confirmed in' the report documentation available.

Emissions

Fuels containing methanol have been considered as being positive
for the environment due to the content of harmful components of
the exhaust gases being much less than for pure gasoline operation
The observatlons are: usually based .on tests of older cars, where
the engines have been adjusted, for a rich alr/fuel mixture to pro-
vide.good driveablllty at the .most:differing operational condi-
tions and where very little cons;deratlon was taken to exhaust gas
emissions or fuel costs. Due to the leaning effect of the mixed
fuel, considerable reductions. primarily of CO and HC emissions ha-
ve been achieved under these condltlons. ‘

As a result of strlngent leglslatlon regardlng exhaust gases from

newer cars these are, however,: adjusted to such lean mixtures that .

they need adjustment to richer mixtures at a switch-over to mixed
fuel if an acceptable drlveablllty is to be maintained. Thus the
greater portion of the reported improvement fails to appear.

The great advantage of fuels containing methanol is that the octa-
ne number improving properties of methanol provide a possibility
to abolish octane improving lead and so called scavengers in the
fuel. Further conditions:-are created, when required, to accomplish
considerable reductions of harmful emissions by aid of exhaust
purification equipment.

Materials

Those cars that have participated in SMAB”s field tests have been
entirely of standard type where materials in fuel system compo-
nents are concerned.

At the contemporary laboratory tests of corresponding material
qualities (polymer materials) increased or heavily increased swel-
ling. due to the methanol content of the test fuel has been deter-
mined. Despite the increased tendency for swelling only a few ca-
ses of leakage have occurred and then to a small extent, in the
fuel systems of the test cars.

No problems due to deteriorated durability have been determined.
The cases of leakage refer to the fuel pump in the carburetter en-

gines where a deformed gasket has been the faulty detail. Inciden=-

tally, the fuel pumps together with the fuel filters of the injec-
tion systems have formed the most faulty components of the test.




Where the pumps are concerned, deteriorated function of valves
due to fuel contamination has dominated as type of failure,
while with the filters a sealing and fixing adhesive has been
influenced in such a way that fuel has by-passed the filter
insert (however, without leaking). Contamination in the fuel
system has, however, been present in the test cars to a greater
extent than usual. Partly, this has probably been due to the
fact that only one filling station has been available and that
filling up from cans has been common. A problem concerning ma-
terials determined during the winding-up of the field test is
that lead has been released out of the fuel tank coating in
cars fitted with injection engines, and deposited elsewhere in
the fuel system. This problem should be further investigated.

Supported by results obtained up to the present date it can be sta-
ted that:

— modification will be required for most cars
- the extent of Cthis varies between the car models

- measures required should not necessarily be technically difficult
or economically unacceptable.

Engine lubricating oils

No lubricating problems have occurred during the tests, which indi-
cates that no essentially different properties are required for
methanol/gasoline mixtures than those for pure gasoline.

The last field test certainly have not yet been fully evaluated,
but analyses of lubricating o0ils and the absence of engine damages
as well as the results of the first field test confirm this conclu-
sion.

The motor oils subjected to testing have been partly specially for-
mulated, and partly such oils at present available on the market.
As only certain oils have been tested, it cannot be excluded that
commercial oils do exist which would create difficult problems whe-
re deposits, wear or chemical corrosion are concerned.

SMAB”s judgement is that motor oils can be produced meeting the re-
quirements for operation on methanol/gasoline mixtures. Further to
the tests being executed at present on the commercial motor oils,
tests must be performed concerning the properties of lubricating
0ils when used with methanol/gasoline mixtures.

GENERAL CONCLUSIONS

Five areas of problems have been identified by our own test activi=
ties and various external information. These are:

- water tolerance problems
- material problems

- cold start problems
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- vapour lock problems
- driveability problems

The conclusion of SMAB”s work is that all problems can be solved
at a cost that is not too deterrent. .

The water tolerance problems can be solved by adding e.g. isobuta-
nol to the fuel in combination with certain measures to lessen the
risk of water infiltration into the distribution system. The ex-
tent of the measures that must be taken will finally be determined
by another distribution field test using a suitable methanol/gaso-
line mixture. In the light of experience gained at present it can,
however, be determined that possible problems can be solved with-
out economically unacceptable modification of the distribution net-
work.

Problems concerning malerials occurring because of the fuel
can be solved by adapting the vehicles. ‘

Testing of the cold start performance of various cars indicates
that the differences between individual cars of the same type and
different types of cars often are greater than the differences bet-
ween various fuels, with or without methanol. The cold start prob-
lems are, however, generally more accentuated when fuel containing
methanol is used. The great difference between different types of
cars and the results of minor engine adjustments have indicated
that cold start problems when using methanol fuel can be solved by
fairly simple measures concerning adaption of the vehicles. The

aim should, however, be to maintain thc light gasoline components
present in conventional gasolines in the methanol/gasoline mixtures.

Increased tendencies of vapour lock have appeared when testing met-
hanol/gasoline mixtures under extreme conditions (high altitudes

and high temperatures). Great differences between individual cars
and types of vehicles indicates, however, that the problem is rela-
ted to the vehicles. The conclusion from the performed tests is that
vapour locks will not create any problem when using methanol/gaso-
line mixtures in the Swedish climate.

Driveability problems at operation on methanol/gasoline mixtures re-
gistered or reported from other tests are mainly of the same pattern
as the cold start and vapour lock problems. Variations between va-
rious individual vehicles and types of vehicles are greater than the
differences between tested fuels. Problems registered when using
methanol fuels depénd on the leaning effect of methanol. The prob-
lems can usually be solved by simple adaption of the cars”air/fuel
ratio.

No problems as regards meeting emission legislation in Sweden have
been identified. The addition of methanol makes possible a trouble-
free switch-over to gasoline free of lead, which in its turn opens
the possibility to introduce considerably more stringent emission
legislation by utilizing catalytic exhaust gas purification. :

Where octane number properties and other quality specifications are
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concerned, these should be subject of more penetrating studies
aiming at proposals for new norms and quality specifications as

a preparation for an introduction on the market.

lisomerization

TABLE 1
Product-division for petroleum products in W. Europe and USA 1976
f
iDivision W. Europe 1976 USA 1976
i .
{Naphta + gasoline 19,6% ; 52,7%

. !
jMiddle distillate ; 36,8% { 27,0%
iFuel Oils o 37,7% g 9,8% !
. ’ : !
‘All others ! 5,9% 10,5% i
| |
TABLE 2
Conversion capacity in USA, W. Europe and Sweden 1978
Refinery units UsA W.Europe Sweden
Distillation capacity % 100 100 100 ]
Conversion in % by volume ;
of distillation capacity I i
Reforming 18,0 10,8 L 14,3 ;
Catalytic cracking 27,0 5,3 - ?
Hydrocracking % 5,1 ' 0,7 - ;
Thermal cracking, visbreaking § 8,7 é 3,8 7,6 ﬁ
‘Alkylation, polymerization, . 5,1 0,7 - E
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TABLE 3

Division of petroleum

prbducts in W. Europe 1976 and 1990

Division

-
W. Europe 1976 (7 W. Europe 1990

Naphta + gasoline 19,6% 22,6%
Middle distillate .36,8% i 35,9%
Fuel 0il 37,7% ? . 34,5%
All others ) 5,9% I 7,0%
TABLE 4

Fuel specification of the methanol/gasoline mixtures M1 and M2

|

H H
i

. _ . . Value ;
Determination ‘Denomination M1 i M2 ~Method
Octane RON min 97 %97-100 ASTM D 2698
number - MON o min 87 . 85-89 ASTM D 2700
RON 100°C ASTM D 2699

Vapour pressure
V/L ratio (36/1)
Total lead alkyl
Total sulphur

Distillation test IBP

10
50% evaporated

oo

evaporated

90% evaporated
FBP
Residue
Composition aromatics
bensene
olefins
methanol

isobutanol

kp/cm2 max 0,90:max 0,90 ASTM D 323

°c 50
PPM max 2

% wt max 0,10
©c 35
°c 70

°c 110

°c max 180
°c 205
gvol max 2
%vol 25-40
gvol max 5
gvol max 5
gvol 16
gvol 4

11
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estimated
max 2
max 0,10° SIS 150216
max 35
max 70
max 110
max 180
max 205
max 2
25-35 ASTM D 1319,
max 5
max 10 ASTM D 1319
18
2




TABLE 5

Water tolerance on gasoline basis W75/l902, W76/182A and
W75/2005

i ‘ ]

gGasoline base n:o | W75/1902 ° W76/182A | W75/2005
i ; .
Catalytic reform 97 ON % 100

E neoo . 95 ON % "72

éStraight run gasoline % 28

EFullrange catalytically

.cracked gasoline W75/2005 % 100
Aromatics $ by volume 54,6 35,2 15,5
‘Olefins oo ' - - 46,0
Naphtenes and paraffine 4 '

. % by volume 45,4 - 64,8 38,5
‘Water tolerance at 0°C % 0,03 0,02 0,01
TABLE 6

Water tolerance % by weight for fuels containing 20% alcohol

_ - Heavy gasoline
Percentage FM 6 ‘

iMethanol/isobulancl

1
7

. _base :
0°c  -15% -30% . 0°% -15°%¢ -30%"

16/4 field test fuel M1| 0,50 0,30 0,30 0,40 0,40 0,20
18/2 field test fuel M2| 0,40 0,20 0,10 0,30 0,20 0,10
19/1 } 0,30 0,20 0,10 0,20 0,10 0,10
119,5/0,5 0,20 0,10 0,10 0,20 0,10 0,10
f ¢

+
: i

FM 6 = 85% 96 RON catalytically reformed
15% straight run gasoline

Heavy gasoline base = 75% 98 RON catalytically reformed
25% 40 RON SRB :

12
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IMPROVEMENT OF THE WATER TOLERABILITY
OF METHANOL~-GASOLINE BLENDS
by: G.Terzoni, R,Pea, F.Ancillotti "

ASSORENI - Association for Scientific Research of
ENI Group Companies - S.Donato Milanese - Italy

ABSTRACT

The study reported in this paper is part of a project on energy
saving sponsored by the Italian State Research Council.

The behaviour of blends of hydrocarbons and Methanol has been exa
mined at different temperatures, with and without water in the
system. The solubilizing efficiency of oxygenated compounds has
been evaluated, with special regard to the C2_C8 alcohols,

PHASE SEPARATION OF METHANOL CONTAINING FUELS

The use of Methanol in gasoline blends can raise phase separation
problems which, in dry conditions, are due to its partial solubi-
lity in saturated hydrocarbons, while, in the presence of water,
depend on the unfavourable distribution factor between the aque-
ous and the hydrocarbon phase. In a previous paper, (1)* we have
reported the results of a study on the solubility of Methanol in
hydrocarbon fuels, which was based on the simplified experimen-
tal approach of considering the phase equilibrium of the Metha-
nol-Isooctane-Toluene-Water systems., The simplification applied,
together with the disregard of the effects of the naphtenes and
olefins, certainly limit the validity of the quantitative results
obtained from such a model. The comparison with the solubilityda
ta of blends of Methanol in non-olefinic refinery streams has sho
wn that, in dry conditions, our model differs to a certain ex-
tent from that based on the behaviour of commercial fuels; con-
versely, our model gives a satisfactory match of the experimen-
tal data obtained with commercial fuels in the presence of wa-
ter (2). :

In spite of the limitations outlined, our model is a valuable
tool for homogeneously exploring a complete range of concentra-
tions to identify the most critical areas. The complete illustra
tion of the solubility limits is given in the ternary diagrams
in Fig. 1, in which four isowater tolerance lines are reported
at three temperatures: the tolerance line corresponding to a wa
ter content of less than 0.02 wt% represents the dry condition.
The area on the right of the isowater tolerance lines defines

*Numbers in brackets (1) designate References at end of paper.
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the partial solubility conditions, while on the left there is the
total solubility area. The diagramsin Fig.l show that, in thedry
condition, the aromatic hydrocarbons act as a solvent of the Me-~
thanol-saturated hydrocarbons system; as a consequence, the limi
ted solubility of Methanol in fuel should not create any problem,
because the aromatic content of the commercial fuels is such as
to allow the addition of up to 15 to 20 wt% of Methanol without
incurring in phase separation down to -10°C (2). When water is
present, the two phase areas open and increase with an increase
in water concentration. For a given Methanol content, an increa-
se in aromatics enhances the water tolerability, however this po
sitive effect, which is very sensible at low aromatic concentra-
tions, decreases at higher levels., Fig.l shows that at 0°C phase
separation occurs in fuels containing 10 wt% of Methanol in pre-
sence of 0.5 wt% water whatever the hydrocarbon composition is,
while,with 0.3 wt% water present,it only occurs when the aromatic
content of the hydrocarbon phase is lower than 70 wt%. The depen
dance of the water tolerability on the Methanol concentration is
also illustrated in Fig.l: starting from high aromatic gasolines
(e.g. 50 wt%) the water tolerability monotonically rises with an
increase in Methanol concentration, whilst starting from low aro
matic gasolines (e.g. 30 wt% at -18°C) an increase in Methanol
concentration reduces the water tolerance to zero when the compo
sitions reach the miscibility line of the anhydrous condition.
Besides the water tolerability, it is interesting to investigate
the behaviour of Methanol containing gasolines when the amount of
water present exceeds the tolerance limits. Table 1 shows the pha
se partition when two compounded fuels, containing about 10 wt%
of Methanol, are treated at -18°C with an excess of water. The
Methanol losses rise with an increase of the excess water; howe
ver, an increase in the aromatic content seems to reduce these
losses, The fuel type B in the right column gives a homogeneous
blend at 0°C with 0.3 wt% water present; when lowering the tem-
perature down to -18°C, phase separation occurs and the loss of
Methanol can be estimated to be 27 wt%.

SOLUBILIZING EFFECT OF HIGHER ALCOHOLS

Instability towards water negatively affects the performance of

Methanol containing gasolines; the addition of suitable solubili
zing agents seems to be the most appropriate approach to this pro
blem. Previous work (3-4) has indicated that none of the various
compounds examined appeared to be more effective than higher al-
cohols in the range C ~Cg However, there are very few detailed

studies available on ghe dependance of the required amount of so
lubilizing agent on the concentration of Methanol and aromatics,

2
I-11




the temperature and the water level. In an effort to gain more
knowledge in this area we have examined the solubilizing effect
of several alcohols following a simple experimental design based
on the determination of the minimum amount of the agent required
to homogenize a Methanol-Isooctane-Toluene blend at a given water
content and test temperature. A modified Aniline Point apparatus
(IP 2/61, method D) was used: the temperature, measured by means
of a resistance thermometer, was kept constant in a thermostatic
bath within + 0.1°C and recorded. A weighed amount of hazy Metha
nol-Hydrocarbons-Water blend is introduced in the glass U-tube
and the solubilizing agent is added, under stirring, from an au-
tomatic microburette until the turbidity disappears. In order to
avoid a decrease of the water concentration during the addition,
solubilizing agents containing the same water concentration as
the hazy blend were employed. The results are reported on the ter
nary diagrams Methanol-Isooctane-Toluene showing the cosolvent i-
socontent lines, which indicate the minimum amount of solubili-
zing agent required to obtain homogeneous blends in the presence
of the given amount of water at the test temperature. The Fig.
2-3-4 show the behaviour of Isobutanol at three temperatures and
three water levels, Other alcohols have been tested in the same
way at 20°C and in the presence of 0.5 wt?% water, these being
Ethanol, n-Propanol, n-sec-iso and ter-Butanol, n-Amyl, n-Hexyl
and n-Octyl alcohols, Other different functional compounds, such
as Methyl-ter-Butyl Ether (MTBE), Methyl Acetate and Monoethyle-
ne Glycol Mono-ter-Butyl Ether (MEGTBE) have also been tested.
The qualitative behaviour of the various alcohols is the same,
but quantitatively they differ to a certain extent. The efficien
cy of the various compounds tested was evaluated by comparing the
amounts of the different solubilizing agents required to homoge-
nize a blend of Methanol (15 wt%) Isooctane (63.7 wt%) Toluene
(21.3 wt%), at 20°C and in the presence of 0.5 wt% water. The re
sults are reported in Fig.6 as grams of solubilizing agent for
100 grams of initial blend versus the number of carbon atoms: the
linear alcohols show a higher solubilizing efficiency compared
to the branched ones, The efficiency of Butanols, for instance
follows the order: n-Butanol > Isobutanol = sec-Butanol >ter-Buta
nol. The chain length improves the solubilizing efficiency of the
linear alcohols up to five carbon atoms, while a very small ef-
fect is shown in the range C.-C,. The comparison between alcohols
and other functional compounds confirms the findings of previous
researchers (3-4) relative to the higher efficiency of the hydro
xylic function compared to the ethereal and the estereal ones,
as shown in table 2. The ternary diagrams in Fig. 2-3-4 show that
the required Isobutanol concentration increases with decreasing
temperature and increasing water content and that at higher tem

3
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peratures (20°C) the quantity of solubilizing agent required de-
creases with increasing Methanol and aromatics content. These
diagrams also show that at lower temperatures (-18°C) there is a
more complex relationship between the relative amounts of solubi
lizing agent and Methanol; as a matter of fact with increasing
Methanol content the required amount of solubilizing agent rea-
ches a minimum value. The fairly comprehensive picture offered by
the results of our experimental model enables to understand some
aspects not yet clarified, like the different requirements posed
by the Methanol content and the hydrocarbon phase composition.
At low Methanol content (up to about 10 wt%) the required amount
of solubilizing agent strongly depends on the Methanol concentra
tion, whilst at high concentration it is almost independent of
it. For a Methanol content lower than 5-7 wt%, the required amo-
unt of solubilizing agent is almost independent of the hydrocar-
bon composition which, on the contrary, plays an important role
when the Methanol content is high (> 20 wt%). Before examining
the practical implications of our results, consideration should
be given to the solubilizing effect offered by Isobutanol towards
the Methanol-Isooctane-Toluene and the Methanol-Aromatics-Satura
ted hydrocarbons systems, with the hydrocarbon compositions in
the last system being obtained by blending two refinery streams
(alkylate and reformate). The results, reported in Fig.5, show
that there are no major differences among the two systems, howe-
ver our model could be too optimistic.

PRACTICAL IMPLICATIONS SUGGESTED BY THE RESULTS

The results of our study suggest that the phase separation pro-
blems in Methanol containing blends can be minimized by the use
of higher alcohols; this can be accomplished in practice by u-
sing the so called Methyl Fuel, which is a blend of higher alco-
hols (mainly Isobutanol) and Methanol obtained in the production
of Methanol with a low selectivity process (5-6). Another feasi-
ble solution envisaged is the addition to the blend of sec-Buta-
nol obtained by hydration of linear olefins. It has already been
shown that Isobutanol and sec-Butanol have almost the same solu-
bilizing efficiency (Fig.6). The results of this work help to op
timize the alcoholic mixture with regard to temperature, water
content, hydrocarbon phase composition and ratio between alcoho-
lic and hydrocarbon phase., Fig.7 shows the minimum Isobutanol con
centration required in the alcoholic blend versus the total a-
mount of alcoholic components added to the hydrocarbon phase. The
diagrams in Fig.7 clearly indicate that the Isobutanol concentra
tion is higher the lower is the alcoholic content of the fuel and
that this quantity is strongly influenced by the temperature, the




water level and the hydrocarbon phase composition. According to
literature, the maximum concentration of higher alcohols in the
Methyl Fuel does not exceed 20 wt%, because higher concentra-
tions would induce difficulties in the production process (5).
Supposing optimistically that the total higher alcohol content
of the Methyl Fuel consists of Isobutanol, the data in Fig. 7
show the applicability limits of a Methyl Fuel with that compo-
sition. As an example, for a minimum attainable temperature of
0°C and a maximum water content of 0.3 wt%, the Methyl Fuel must
be blended with the hydrocarbon phase in an amount not lower than
19.5 g/100g of hydrocarbons with an aromatic content of 35 wt%,
and not lower than 23.5 g/100g of hydrocarbons with an aromatic
content of 30 wt%. For lower temperatures and/or higher water le
vels, the Methyl Fuel to hydrocarbon ratios required are bigger.
At -18°C and 0.5 wt% water content, the uec of Methyl Fuel docs
not solve the solubility problems any more.
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- TABLE 1

Fuel Composition

A B
Isooctane wt% 54.0 44,6
Toluene " 36.3 44,5
Methanol " 9.7 10.9
Calculated water
tolerability
2/100g ~ 0,08 ~0,11
Phase Separation
Water added
2/100g 0.10 0.48 0.14 0.63
Phase parti- Upper |Lower |Upper |Lower|Upper {Lower |Upper |Lower]
tion g 96.0 4,0 {89.0 [11.0 }98.5 1.5 {89.3 [10.7
Phase compo-
sition
Isooctane wt% 55.4 |23.3 |59.6 6.7 |45.0 {21.3 (48.7 7.0
Toluene " 36.6 |27.7 |38.6 |15.6 [44.3 |33.5 |47.3 |20.5
Methanol " 8.0 [48.2 1.7 [73.9 |10.6 144.2 4,0 167.1
Water " 0.07} 0.82] 0.06f 3.81] 0.13| 1.00| 0.06} 5.38
Losses in the lower phase
Isooctane wt% 1.7 1.4 0.7 1.7
Toluene " 3.1 4.7 1.1 4.9
Methanol " 20.0 83.7 6.1 65.8
TABLE 2
: Required amount of so
Compounds Carbon Atoms lubilizing agent to ho-
P number mogenize the blend repor
ted in Fig.6
n-Propanol 3 4.9
Methyl Acetate 3 10.8
n~-Amyl alcohol 5 3.9
MTBE 5 10.3
n-Hexyl alcohol 6 4.1
MEGTBE 6 7.5
6
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MODELING OF FLAME PROPERTIES OF METHAMOL

Charles K. Westbrook, Lawrence Livermore Laboratory, USA
Frederick L. Dryer, Princeton University, USA

INTRODUCTION

Methanol is considered to be a more practical transport fuel than
methane for large scale uses, yet in comparison with methane little is known
about its fundamental flame properties. Several experimental studies have
been made of the flame speed of stoichiometric methanol-air mixtures at
atmospheric pressure and unburned gas temperature (Tu) of 298 K [1,2,3]*.
In addition, deWilde and van Tiggelen [4] have examined the variation of the
laminar flame speed in methanol-air over a range of equivalence ratios at
somewhat elevated initial temperatures (TuE:390 K), and Metghalchi and
Keck [3] have briefly examined some of the effects of unburned gas temper-
ature, equivalence ratio, and pressure on flame speed.

Laminar flame speed data are extremely useful tools for studying
such fundamental processes as ignition, NOX formation, and flame quenching.
In addition, many turbulent flame models prescribe the turbulent flame
speed as a function of the laminar parameters. Thus, detailed information
describing the dependence of flame speed on various flame parameters can
be a valuable diagnostic and design aid. However, even for methane, a fuel
for which considerable theoretical and experimental work has been done,
there is a considerable disparity among the values quoted for the laminar
flame properties. For example, in a recent review paper Andrews and
Bradley [5] determined the flame speed for stoichiometric methane-air at
atmospheric pressure, with Tu=298 K, as 43 cm/sec, while under identical
physical conditions Garforth and Rallis [6] found a value of 34 cm/sec.

The magnitude of this discrepancy gives an indication of the difficulties

A

and uncertainties of experimental determinations of flame properties. The

* Numbers in brackets [1] designate References @t end of paper.
1
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use of computer modeling techniques provides an alternative method of
obtaining this type of information. A recent paper by Tsatsaronis [7] has
used this approach for studying methane-air flames, and in this paper we
apply the same type of modeling technique to the prediction of properties
of methanol-air flames. '

In a recent study of the detailed chemical kinetic reaction mechanism
for methandl oxidation, the authors [8] included initial computational
results for the flame properties of a stoichiometric methanol-air mixture
at atmospheric pressure and 298 K. Those model calculations predict a value
for the laminar flame speed Su of 44 cm/sec, in excellent agreement with
experimental measurements. In the present paper additional computations
are reported which describe the dependence of flame speed on pressure (P),
unburned gas temperature (Tu), and equivalence ratio (§). In addition, the
mechanistic details which are responsible for .these effects are identified

and discussed.
'REACTION MECHANISM AND NUMERICAL MODEL

The detailed reaction mechanism reported in Reference [8] has been
used in this study without modification, and fhe reader is referred to that
paper for the reaction rate coefficients and further details on the
‘ elementary reactions involved. The model was composed of 84 elementary
forward and reverse reactions between 26 differvent chemical species.
Reactions involving NOX apeciee are not inacluded in the present results. The
detailed kinetic model was validated by comparison with a variety of
different experimental results, covering wide ranges in operating conditions,
The final mechanism, used in this paper, reproduéed experimental data for
methanol oxidation in reflected shock waves and in the turbulent flow reactor,
over a combined temperature range of 1000-2180 K, for equivalence ratios
betweeﬁ 0.05 and 3.0 and for pressures between 1 and 5 atmospheres.

The key reactions involving CH3OH consumption in most flames include

CH3OH + OH = CHQOH + Hzo , (3)

CH30H + H. = CHQOH + H2 (5)

CH30H + H = CH3 + H20 (6)
2
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with a considerably smaller contribution from

CH30H + 0 =CH OH + OH . (W)
Reaction numbers refer to the reactlon mechanism, Table I in Reference [8].
The hydroxymethyl radical (CHQOH) is then consumed by

CHQOH +M = CH2O +H+M (9)

CH OH + O2 = CH o+ HO2 (10)
Many of the propertles of methanol oxidation are the result of the varying

]

contributions of these reactions. Under fuel-lean conditions, Reactions 3
and 10 dominate, while Reactions 5, 6, and 9 are most important in rich
conditions. Each elementary reaction has a distinct temperature dependence,
so that different reactions dominate in different regions of the same flame.
The flame models predict that relatively few methyl radicals (CH3) are
produced in methanol oxidation, so only small quantities of methane, ethane,
and ethylene are formed. Most of the fuel consumption occurs by way of the
hydroxymethyl radical and then formaldehyde, consistent with experimental
observations [2,4,9].

Using a numerical approach developed by Lund [10], three series of
flame models were computed, and the results of these calculations are
summarized in Table T. The unburned gas temperature T 0’ the pressure P, the
' initial fuel-air equivalence ratio @ and the computed laminar flame speed S
are shown. In addition the peak species concentrations, expressed as mole
fractions, of many of the species in the flame region itself are also given.
Finally, the flame thickness & is shown. The flame thickness has been
défined here as the region over which the total energy release rate due to
chemical reactions is at least 1% of the peak value. This peak value occurs
in each flame model near a temperature of 1700 K, and the flame thickness
typically includes the temperature range 900-2000 K, although in the low
pressure and non-stoichiometric flames the upper temperature limit is closer
to 1900 K. The flame thicknesses defined in this manner are somewhat larger
than those derived from other definitions, but almost any definition of flame

thickness is somewhat arbitrary, and the values in Table I should be viewed
as indications of trends.




EFFECT OF UNBURNED GAS TEMPERATURE

The dependence of Su on unburned gas temperature was determined for
stoichiometric methanol-air at atmospheric pressure, based on calculations
for Tu: 300, 400, and 600 K. The results are shown graphically in Figure la
and are well represented by the expression

S, = 12.3 + 0.000352 Tu2 cm/sec.

The quadratic dependence on Tu agrees well with measurements of Metghalchi
and Keck [3], and a similar temperature exponent has been reported for
methane-air mixtures [5,6]1. The large effect of variation in Tu is due to
two principal elffects. The thermal! conductivity and species transport
coefficients are proportiocnal to TO'S, so the unburned fuel in the induction
region ahead of the flame is heated more rapidly as Tu increases. In addition,
the overall fuel reaction time depends strongly on the initial fuel-air
temperature [8,11,12]. Nearly all of the elementary reaction rates increase
with temperature, accelerating the fuel consumption and thermal energy
release. Species concentrations in Table I for Models A, B, and C show a
consistent trend as Tu increases, with the radical species mole fractions
increasing monotonically. The mole fractions of the relatively stable
intermediate species (CH20, Hy» CH,,, C2H6), and the flame thickness show
very little variation with Tu' Increasing the unburned gas temperature
allows the flame to maintain higher radical concentrations which are then

responsible for the higher rate of fuel consumption and flame propagation.
EFFECT OF PRESSURE

Models A, D, and E were computed with Tu=300 K, ®=l.0, and pressures
of 1, 10, and 1/10 atmospheres respectively. The low pressure flame
conditions are very close to those considered by Akrich et al. [13], and
the computed results for Model E agree very well with the measured data of
Akrich et al. The computed values for the flame speed are plotted in
Figure 1b, showing that a single expression of the form Su= yy P~¥ cannot
be fit to the results. The same qualitative dependence of flame speed on
pressure has been observed many times for methane-air flames [5,6,14]. Both
computed and experimental results suggest that the pressure variation of
flame speed for both methane and methanol at elevated (P> 1 atm) pressures

mn
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is essentially different from its dependence at lower pressures. The
computed models indicate strongly that there are in fact two distinct factors
which are determining this behavior. The first of these involves the
variation of thermal and molecular diffusivity with density. As discussed
in previous work [8], the numerical model assumes that these transport
coefficients are inversely proportional to density. As a result, the low
pressure Model E, with a correspondingly lower density, has a higher rate
of heat and species diffusion, leading to a higher flame speed that the
reference Model A at atmospheric pressure. The lower density and higher
diffusivities also produce a considerably greater flame thickness for
Model E as noted in Table I. The high pressure Model D has a conversely
thinner flame and lower flame speed than the reference Model A.

Analysis of the kinetic details in each of these flames provides
additional information on the pressure dependence of flame speed. The same
elementary reactions are important, at about the same relative locations
in the flame, in the low pressure and atmospheric pressure flames. The
effect of changes in thermal diffusivity are reasonable small, resulting in
the computed change in Su from 50 an/sec to 44 cm/sec with a pressure
increase of an order of magnitude. However, the calculations indicate that
as the pressure is further increased, the effects of certain radical
recombination reactions become much more pronounced. The rates of these
recombination reactions are pressure dependent, and pressure increases
eventually cause a qualitative change in the structure of the laminar flame.
Radical species, particularly the lighter species H, 0, and OH diffuse out
of the main flame zone into the induction region ahead of the flame. At
lower pressures these species react primarily with fuel and oxygen molecules.
In contrast, at high pressures a larger fraction of these radicals

recombine. Reaction 46 is particularly effective in reducing the flame speed

H+0,+M = HO, +M (46)
since it competes with one of the key chain branching reactions, Reaction 40.
H+0, = 0+OH (40)

The authors have previously discussed [15] the importance of pressure
variation on the competition between Reactions 40 and 46 in detailed reaction
mechanisms. In the present flame models the radical recombination reactions,

primarily Reaction 46, affect the flame speed and structure very little for |

5
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pressures at or below atmospheric pressure, and Reaction 46 is nearly
unimportant in Models A and E. The gradual increase in the rate of
Reaction 46 with increasing pressure becomes significant above atmospheric
pressure and is responsible for the qualitatively different pressure
dependence of the laminar flame speed in the two pressure regimes. The
same competition between Reactions 40 and 46 is also responsible for the
observed [5,6,14] and computed [7] dependence of flame speed on pressure

for methane-air flames.
EFFECT OF EQUIVALENCE RATIO

Variation of fuel/air equivalencé ratioc in Models A, .F, G, and H
predicted the flame speeds summarized in Figure lc. The shape of the curve,
with the peak near ¢ = 1.1, is similar to those for methane-air [5,7], .
and the numcrical values dl Q = 0.8 and § = 1.0 agree well with thosc
reported by Metghalchi and Keck [3]. Values at d=1.2and & = 1.5 are
slightly higher than those reported by Metghalchi and Keck. Examination of
species concentrations in Table I indicates that levels of CH, and C,
species (C,H,, C,H,, C,H) are considerably higher in Model H (¢ =1.5)
than in the stoichiometric Model A, by factors of between 3 and 15. Methane
in particular exceeds 1200 ppm in the richest flame. The importance of
C2H6 (300 ppm), C,H, (250 ppm), and,C2H2 (600 ppm) in the richest case
indicates that the detailed reaction mechanism musl-accurately describe the
oxidation of C2 species as well as the oxidation of methanol. The
authors have noted previously [8] that the present mechanism eventually
becomes inaccurate for very rich methanol oxidation ( § > 3.0) in shock tube
simulations, also due to the difficulties associated- with modeling C2
species oxidation. Further mechanism development is needed in this area,
and detailed measurements for rich methanol-air flames would also be

extremely useful.
SUMMARY

The detailed reaction mechanism and flame model have been used to

predict various properties' of methanol-air laminar flames. The predicted
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values agree well with expérimentally determined properties in those cases
where data are available, and the predicted trends are consistent with
measured data for other fuels in those cases where'methanol—air flame data
are not available. It is important to emphasize that this is a purely
predictive study, with no adjustments made to reaction rate data or transport
properties to improve agreement with experiment.

The model prediction of the pressure dependence of flame speed and
structure has shown that the increased dependence of flame speed on pressure
above 1 atmosphere is due to competition between radical recombination
reactions and chain branching reactions. This result provides a detailed
interpretation of a great deal of experimental flame speed data for
methanol-air flames and for methane-air flames as well.

Fromthe point of view of bractiéal applications for the model, the
excellent agreement between these calculated flame parameters and previously
measured data indicate that the model is correctly predicting most of the
> significant properties of these flames. As a result it should be
expected that the model could be used reliably in the interpretation of
most methanol-air experimental data and as a practical aid in a design

capacity
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FIGURE CAPTIONS

Figure la. Predicted laminar flame velocities for stoichiometric mixtures

of methanol and air at one atmosphere pressure, as a function
ol unburned gas temperature. Open circles répresent results
for Models A, B, and C.

Figure 1b. Predicted laminar flame velocities for stoichiometric mixtures

of methanol and air, with unburned gas temperature of 300 K,
as a function of pressure. Open circles represent results for
Models E, A, and D. Dashed lines represent linear fits to

adjacent data points, attempting to fit S = 4 P * am/sec.

Figure lc. Predicted laminar flame velocities for mixtures of methanol and

air at one atmosphere pressure and Tu:300 K, as a function of
equivalence ratio. Open circles represent results for
Models F, A, G, and H.
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¢1-1

Model 7, ¢ P S, S H H, 0 OH co HCO

A 300 1.0 1.0 4b 3,40 5.73=3 1.31-2 2.65=3 7.34=3 5.14=2 1,574

B  400- 1,0 1.0 68 2.90 6.38=3 1.,37=2 3.00=3 B8,18=3 5,26=2 1,66l

C 600 1,0 1.0 139 2.85 7.81=3 1.49=2 3.88-3 1,02=2 5,63=2 2,17=4

D 300 1.0 10.0 29 0.43 2.29-3 9.55-3 1.34-3 5.57=3 4.40-2 8,92-5

E 300 1.0 0.1 50 15.30 8.27=3 1.49-2 3.33=3 7.98=3 5.,33=2 1.78-4

F 300 0.8 1,0 30 4,36 2.55-3 6.27=3 2,46<3 5.88=3 3.27=2 9,45-5

G 300 1.2 1.0 48 2,47 7.63=3 2.56=2 1.51-3 5.68=3 6.73=2 1.83=4

H 300 1.5 1.0 30 2.36 3.75-3 6.00=2 1.79-4 1,11=3 9,35-2 9,64=5
Model CEy - CHy HO,, H,0, CH,0 C,Hg CoH, C,H,  CH,OH

A 2.61-4 2.28-4 5.70=4  1.23=3 Lo36=3 B.99=5- 4,21-5 3,80-5 5,66=3
2.66=4 2,344 6,224 1,22-3 hob6-3" 9¢17=5  3486=5 4,04-5 6,343
3.76=U 2.37-4  8,04-4L 1,16-3 bobh=3 - 8.83-5 3.93-5 4,80-5 7.83-3
1,284 1,48-4 5,744 1,02-3 3.46-3 3.49-5 1.51=5 1.59=5 3,78-=3
3.09-4 2,56=-4  6,12-4 1,26-3 4,61-3 1.,09=-4 5.02=5 3,93=5 6.42=3
1.46-4 1.30=-4 4,324 9.91=-4 2.93=3 4,6bl4=s 2.13=5 2.34-5 2,26-3
bo7b4-ly 4,274 7.02=-4  1,43=3 5¢63=3 1.49-4 1.03-4 1.31-4 6.89-3
6.88-4 1.28-3 5.05=4 1.30-3 6¢20=3 3.05-4 2,59-L  6,12-4 5,153

Q9" MU Qw

Table I Summary of flame properties. T 1is in Kelvins, 0 is-equivalence ratio,
pressure P is in atmospheres, flame speed S  is in cm/sec, flame thick-
ness § is in mm. Species represent peak mole fractions in the flame zone
with the number after the (-) giving the power of 10,
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FLAME QUENCHING AND EXHAUST HYDROCARBONS IN A COMBUSTION BOMB
AS A FUNCTION OF PRESSURE, TEMPERATURE AND EQUIVALENCE RATIO
FOR METHANOL AND OTHER ALCOHOLS?Y

by

) P. Bergner, H. Eberius and H. Pokorny
DFVLR-Institut fir Phys. Chemie der Verbrennung, Stuttgart, Germany

- o ——"

ABSTRACT

The influence of pressure, temperature and air/fuel ratio on the
content of unburnt hydrocarbons in flame gases has been investi-
gated in a combustion bomb. Fuels have been propane, methanol and
ethanol. The results show very small HC-concentrations in contrast
to previous investigations, a temperature dependence proportional
T-1.3, a linear pressure dependence with 1/p, and a dependence

of the air/fuel ratio proportional 1/)x. In addition the compo-
sition of the exhaust gases has been investigated and the inter-
action wall-flame, especially the behaviour of an artificial
crevice at various pressures.

INTRODUCTION

Considerations about new fuels for automobiles nowadays include
not only price, availability, and economy but also the problems
of air pollution which arises by the combustion of new fuels as
well as by the combustion of the traditional gasolines. From the
exhaust gases not only the pollutants CO and NOy but also con-
siderable amounts of unburnt fuel and partially burnt fuel enter
the atmosphere. In addition to the hydrocarbons in the exhaust
gases the fuel tank and the crankcase contribute to the hydro-
carbon emission. In the latter cases, the source can be localized
and reduced rather well by special constructions. In the case of
the exhaust hydrocarbons the different sources are not completely
clear and consequently there is no direct way to attack the
problem. Daniel [ 1] ** showed, that one of the numerous sources
of the hydrocarbons in the exhaust gases is the incomplete
combustion of the fuel/air mixture in the combustion boundary
layer near to the walls. A second source is the flame quenching
in crevices and small orifices [2] . Wentworth for example showed

+ This work is part of a research project of the DAIMLER-
BENZ AG, Stuttgart, with the DFVLR concerning the re-
duction of hydrocarbon-emissions of spark-ignition
engines.

++ Number in brackets designate References at end of paper.
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the importance of the crevice between the piston and the
cylinder [3]. There are also investigations of the hydrocarbon
contents in the burnt gases of a combustion bomb [4,5].

The aim of the present work is to investigate, how far these
results can be transferred from one combustion bomb to another,
what is the influence of walls, of the pressure, the temperature
and the equivalence ratio on the hydrocarbon emission of a
combustion bomb. To begin with these problems have been in-
vestigated with a constant volume bomb for pure hydrocarbons [Q).
In further measurements the influence of wall structures and
dead volumes will be investigated and at 'which time scale the
combustion boundary layer will be reduced. There should also be a
detailed analysis of the hydrocarbons contained in the burnt gas.
These considerations apply also to alcohols as fuel and should
also be investigated. Additionally there may arise problems
Specitic to alcohols due to condensation, quench distances and
pollutions.

EXPERIMENTAL WORK

The design of the combustion vessel was guided by two consider-
ations: The vessel should be geometrically similar to an engine
cylinder but without the typical shortcomings of a conventional
cylinder such as leakages etc. The other strong constraint was to
minimize crevices and deadspaces 0of sealings and valves as much
as possible. The result was a cylindrical combustion bomb of 6 cm
diameter and variable length. For the present investigations the
length was 14,3 cm corresponding to a volume of 400 cm3. The
bottom and the top flange were sealed with gold wire gaskets in
order to obtain a minimum of deadspace. The valve for charging
and decharging the bomb was also vacuum tight and had no dead-
space. The bomb was designed for pressures up to 200 bar at
temperatures up to 700 K, which allowed initial pressures up to
20 bar. The temperature across the vessel could be kept uniform
within 10 K and constant within 1 K.

The fuel/air mixture was ignited by a spark between a needle and
a small plate in the middlec of thc bomb: Thc ifniter system was
a Bosch HKZ type. The gap between the electrodes must be varied
between 0.4 and 2.0 mm in order to get ignition at the different
pressures.

The air/fuel mixtures were prepared in a mixing vessel of 3.5 1
volume. Propane and air were measured manometrically. The mix-
tures with liquid fuels were prepared by injecting a known volume
of the fuel into the heated vessel, which was then pressurised
with the air. The methanol and the ethanol were of analytical
grade, the air was synthetic air with a hydrocarbon content of
less than 1 ppm.

The exhaust gases were analyzed gaschromatographically. Two in-
struments were used, a BeckmanGC4 with a Porapak Q column and a
Perkin Elmer 3920 with a Marlophen 87 column. Both instruments

were equipped with a thermal conductivity (TCD) and a flame
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ionization detector (FID). The tubings and valves between the
combustion bomb and the gaschromatograph were kept at 150 C
and could be evacuated to a pressure of less than 1073 torr.

After the desired fuel/air mixture had been prepared in the
mixing vessel, the previously evacuated bomb was charged with
the fuel/air mixture. Then the valves of the bomb and of the
mixing vessel were closed and the interface system evacuated

to a pressure of less than 1073 torr in order to avoid conta-
mination of the tubes with residual unburnt gases. The mixture
in the bomb was then ignited and the burnt gases were expanded
into a heated storage vessel. A membrane vacuum bump evacuated
the bomb down to a pressure of several torr in order to sample
the whole gas of the bomb volume. For the experiments with pure
hydrocarbons the burnt gases were fed directly to the FID mea-
suring the total hydrocarbon emission. The signal of the FID

was then calibrated against a hexane standard. In the experi-
ments with alcohols the gas samples were fed to the columns
mentioned above and the signals of the alcohols (and also of

the other components) were calibrated against the appropriate
standards. Thus the two values are not exactly comparable, but
the discrepancy was normally within 15 percent and could be
specified, as the other hydrocarbons were also measured besides
the alcohols. The only species neglected is the formaldehyde due
to the insensitivities of the FID and TCD. The concentrations in
the burnt gases are expressed in parts per million as carbon (ppm).

Besides the previous experiments with propane and gasoline as
fuels [GJ most experiments were made with methanol as fuel. At
an initial pressure of 2 har the temperature was varied between
350 K and 600 K at air/fuel ratios of x = 0.8; 1.0 and 1.2.
Further the initial pressure was varied between 1 and 3 bar at
an initial temperature of 350 K and at A = 1.0. Further experi-
ments were made with an artificial crevice 0.2 mm thick, 40 mm
in height and 70.4 mm in length which was inserted into the bomb.
With this setup measurements were made at pressures P, between
2 bar and 9 bar at T, = 400 K and x» = 1,2. These latter experi-
ments were repeated with ethanol as fuel (A = 1.0). The experi-
ments with higher alcohols have been omitted, as the higher
alcohols are rather similar to the paraffinic fuels and thus no
greater deviations in their behaviour are to be expected.

RESULTS

Variation of Pressure, Temperature and Equivalence Ratio

Figure 1 shows the variation of the methanol concentrations as
a function of the initial pressure in the combustion bomb for
an air/fuel ratio X = 1 at the initial temperature To = 350 K
at initial pressures up to 3 bar. The appropriate values for
propane/air mixtures are also shown for comparison, which show
a similar behaviour as the m ethanol values. The propane values
are total hydrocarbon values as seen by the FID. They contain
not only the unburnt fuel but also the small amounts of inter-"
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mediate products as CHgq e.g., which give an increase of a few
percent. The total concentrations of the residual hydrocarbons
(1nclud1ng also oxygen containing compounds but not formaldehyvde
in the exhaust gases are found to be very small and are in the
order of only 100 to 300 ppm as carbon. This is more than one
order of magnitude lower than concentrations measured by Pandu-
ranga [4], which means that the deadspaces of the combustion
bomb are very small. Thus the contributions of the walls to the
hydrocarbon emission seem to be very small. If the measured
hydrocarbons would be attributed to a combustion boundary layer
a quench distance of only about 0.001 mm would be calculated.
At pressures above 5 bar only a small decrease with pressure
is found. If the amount of unburnt hydrocarbons at high
pressures is considered as a constant contribution the addi-
tional amount at pressures Po below 5 bar is proportional to
1/Po. In the case of the methanol, the residual methanol
[Meth)r can he expressed as [Meth] = a/Py + b, a = 164Lppm-baﬂ ,
b [641 ppm , as represented by the dotted line. This also
applies vather well to the propane. It should be noted, that the
methanol measurements were made at pressures up to 3 bar and
that at higher pressures effects could accur due to conden-
sation e.g. which are not found for propane.

Figure 2 shows the temperature dependence of the residual fuel
between 350 K and 600 K. The emission decreaseswith increasing
temperature and is approximately proportional to T—1-3.

Figure 3 shows the dependence of the hydrocarbon emission from
the air/fuel ratio A for propane as fuel. As for the methanol
experiments the scatter of the concentrations is larger than
the changes with ) these values have been omitted. Near ) = 1
the concentration of the hydrocarbons are proportional to 1/A
(dotted line).

Crevices

For a series of experiments an artificial crevice of 0.2 mm
width, 40 mm height and 70.4 mm length with a volume of 0.56 cm3
has been incorporated into the combustion bomb, which has a
volume of 400 cm3. Figure 4 shows the results for propane/air
mixtures for various pressures at X = 1.0 and the initial
temperature of 300 K. First consider the pressure regime below
4 bar. The exhaust hydrocarbon concentrations are higher due

to the contribution of the crevice, which contains the unburnt
gas at a pressure Pq somewhat higher than the initial pressure
P,. Pq is about the pressure in the bomb at the time where the
flame front passes the crevice. At increasing initial pressure
the quench distance reduces and at a pressure of about 5 bar
flame can enter into the crevice, thus reducing the hydrocarbon
emission. A comparison of fig.1 and fig. 4 shows that the
Crevice was not completely "cleaned" by the flame, possibly a
consequence of the nonuniform seize of the crevice.




The experiments with methanol (x = 1.2, To = 400 K) show similar
results, figure 5. Thus as some corrosion occurred in the bomb

at the end of the experiments especially at high pressure runs
the effect is somewhat masked due to detoriation of the wall
which gives larger contributions of the walls to the exhaust

fuel concentration. In contrast to the propane results an
increase of the exhaust methanol concentrations is found at the
higher pressures. This result is surprising at the first glance,
but it could be interpreted as condensation effect. Due to the
increasing pressure during combustion, the partial pressure of
the methanol in the not yet burnt gas can exceed the local
boiling pressure and condensation can occur, predominantly near
the wall. Two consequences are possible: The methanol condenses
on the surface of the wall and evaporates with a time delay, which
results in an increase of the unburnt fuel. The other consequence
is, that the mixture become leaner with increasing condensations,
and this in turn increases the thickness of the combustion
boundary layer and in the same manner the unburnt fuel concen-
tration. Yet as the repeatibility of the alcohol measurements is
not as high as that of the propane measurements the correctness
of these considerations should be confirmed by further experiments.
Figure 5 shows also some results for ethanol which are of similar
magnitude as the methanol values. It should be noted that the
ethanol experiments were made at » = 1.0 and the methanol ex-
periments at A = 1.2.

Exhaust Hydrocarbons

The major part of the total hydrocarbons in the exhaust gases is
the fuel itself at least in the experiments with the artificial
crevice. Formaldehyde has not been measured in these experiments
and shall not be discussed now. This problem will be in vesti-
gated in later experiments. Previous measurements in methanol
flames showed a formaldehyde concentration in the exhaust gases
of less than 1 ppm [7]. Measurements in the exhaust gases of a
methanol fueled engine showed in accordance with the results of
Bernhardt and Lee 8] formaldehyde concentrations of 200 ppm. In
this regime one would expect these formaldehyde concentrations.
Acetaldehyde was found in the order of 1 ppm either for the
methanol and the ethanol experiment with respect to total hydro-
carbons emission. :

In the methanol -experiments the main portion of the hydrocarbons
as measured by the FID was about 90% methanol besides about 2%
methane and ethylene together and 5% of a compound which is
probably dimethylether. Trace compounds were acetyldehyde, formic
acide, acetone and ethanol. the latter due to impurities of the
methanol.

In the ethanol experiments 80 - 95% of the total hydrocarbons
measured by the FID were ethanol, besides 1 - 5% methanol,

1% acetone and 2% methane, ethylene, acetylene together.




CONCLUSIONS
The following conclusions may be drawn from the present results:

1. Polished walls of a combustion bomb give only a small contri-
bution to the unburnt fuel in the exhaust gases. A small
roughness of the surface increases the emission.

2. The hydrocarbon emissions normally decrease with increasing
pressure and temperature (but see also top 5).

3. Crevices may enclose unburnt gas. At sufficient high pressures
the flame can penetrate into the crevice and burn the gas.
Thus the crevice should be very small or of such a magnitude,
that the flame can burn int& the crevice.

4. The contribution of crevices can be reduced in some cases by
increasing the pressure.

5. Alcohols show emissions similar to those of pure hydrocar-
bons. Problems may arise at high pressure and low wall
temperatures, where condensation may occur.

6. It would be desirable to investigate the time dependence of
the residual hydrocarbons in a combustion bomb in order to
get some information about the time in which the combustion
boundary layer decreases. .
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Figure 1:
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Unburnt fuel in the exhaust gases as a function of the
initial pressure Py for propane/air and methanol/air
mixtures. Concentrations are expressed in parts per
million as carbon. The propane values represent total
hydrocarbon concentrations, the methanol values are
the methanol concentrations in the exhaust gases.

To = 350 XK, » = 1,0 for methanol. T = 300 K, »=1,0

for propane. The dotted line respresents the 1/P, de-
pendence.
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Unburnt fuel (specified as in fig. 1) in the exhaust
gases as a function of the initial temperature Tg
for propane/air and methanol/air mixtures. Initial

pressure = 2 bar, air/fuel ratio » = 1,0.
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Unburnt fuel (specified as in fig. 1) in the exhaust
gases as a function of the air/fuel ratio 1. A is
referred to the stochiometric mixture (» =1).

Fuel = propane. Initial pressure Po = 2 bar, initial
Temperature T, = 300 K. The dotted line represents a
dependence proportional to 1/A.
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Unburnt hydrocarbons (specified as in fig. 1) in the
exhaust gases as a function of the initial pressure
po, for propane as fuel. Tg = 300 K, A = 1.0.. Volume

of the artificial crevice 0.56 cmd. Volume of the

bomb 400 cm3.
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" Figure 5: Unburnt alcohol in the exhaust gases as a function of

the initial pressure pgo. Volume of the artificial
crevice 0.56 cm3 . To = 400 K.A = 1.2 for methanol,
> = 1.0 for ethanol. :
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FACTORS INFLUENCING COLD STARTING OF ENGINES OPERATING ON ALCOHOL FUEL
by
S. Rajan
Southern I1linois University - Carbondale

ABSTRACT

A common difficulty experienced with the use of pure alcohols or alcohol-
gasoline blends in engines is their poor cold starting and warm up driveability
characteristics. Thispaper examines the various fuel, engine and ignition
system parameters that influence the problem. In particular, the cold starting
problem with alcohol fuel is investigated using a theoretical approach, by
examining the sequence of events taking place in a closed volume from the
instant of deposition of a given quantity of ignition energy to the establish-
ment of a-stable flame.

INTRODUCTION

The use of ethanol and methanol either blended with gasoline or by them-
selves in automotive engines for transportation purposes appears attractive
at the present time for a variety of reasons, some of which are:

1. feasibility of operating current automotive engines on alcohol fuels

with a minimum of design modifications

2. possibility of attaining modest improvements in engine performance and

exhaust emissions

3. capability of manufacture from replenishable raw material such as

coal or agricultural feedstocks.

However, the most frequently encountered difficulty associated with the
use of alcohol fuels and alcohol-gasoline blends, for which no satisfactory
solutions exist at the current time, is their poor cold starting and warm up
driveability performance [1]. This problem is particularly severe at or
below temperatures of 50°F. or 10°C. The same fuel characteristics that con-
tribute to the severe cold starting difficulties are also responsible for the
high value of the total weighted demerits assigned to engines running on these
fuels during warm up and driveability tests. With the use of alcohol-gasoline
blends, as with straight alcohol fuels, the unsatisfactory cold start, warm up
and driveability trends are present in various degrees of severity depending
on the blend level. | '




FACTORS INFLUENCING COLD START AND WARM UP PERFORMANCE

Fuel Characteristics

The two most significant fuel properties that strongly influence the
cold start and warm up driveabi]ity characteristics of alcohols and alcohol-
gasoline blends are the fuel volatility and heat release. The common practice
with present day gasoline engines is to supply an excess quantity of fuel
via the carburettor, such that at colder ambient and engine temperatures,
enough fuel will vaporize to give the proper air-fuel vapor mixture con-
ducive to cold starting. For engines operating on pure gasoline the air-
vapor ratio for cold starting is about 13:1. The cold start problem intro-
duced with alcohol fuels is in part the outcome of the high vapor pressure
exerted by these fuels [ 2,3 ]. With carburettors unmodified for alcohol
operation, this leads to a larger percentage of alcohol vapor present in
the fuel-air mixture entering the engine. The ignition and heat release
characteristics of this fuel=air mixture with a higher concentration of
alcohol vapor than gasoline vapor are markedly different than the pure
gasoline-air mixture because of the lower heat of combustion of the alcohol
fuel. Hence there are two combining factors which aggravate the cold start
problem with stock carburettors - the blend leaning effect and the lower
heat release effect, volume for volume of fuel. This is demonstrated in
tests by Brinkman [4] where the total weighted demerits for cold start
driveability increased with leaner mixtures. The problem is alleviated
by using injection systems where the fuel volatility effects are not
encountered [5]. That the poor cold start and warm up driveability charac-
teristics of alcohol fuels is not solely the resu]f of their higher volatility
is shown from the fact that the addition of butane and pentane to an alcohol-
gasoline mixture improves cold starting. These additives are also highly
volatile, however they have high heats of combustion. This indicates that
the cold starting difficulties with alcohol fuels are intimately connected
with the ignition, heat release and flame propagations characteristics of
these fuels, and are closely allied to the misfire phenomenon encountered
with lean 1imit operation with gasoline.

Engine Charateristics

Among the engine variables that bear upon the cold start and warm up
driveability performance of alcohol fuels are the metering and induction
system characteristics, engine compression ratio and the ignition system.

2
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Preheating the incoming fresh charge, either by directly heating the com-
bustion air or by utilizing the exhaust gases to heat the induction gases

is- shown to improve the cold start and warm up driveability characteristics[4].
- The effects of incoming charge preheat are two fold: greater vaporization

of the relatively low volatile (compared to the alcohol fuel) gasoline and
higher compressed charge temperature leading to better ignition and flame
propagation characteristics. Similarly higher compression ratios should

give better cold start and warm up characteristics with alcohol fuels,

because of better ignition and flame propagation.

That the ignition system plays an important role in the cold start and
warm up characteristics is indicated by the improved cold start and warm up
driveability performance obtained by using higher ignition voltages and
longer spark duration [6]. Thus studies in a four stroke ASTM-CFR engine
by Topham, Sny and Clements [12] have shown that the use of a coaxial spark
igniter producing a small jet of plasma extends the lean limit of operation !
and enhances engine performance with gasoline fuels. As mentioned before |
the cold start problems with alcohol fuels is similar to lean 1imit operation
with gasoline insofar as the initial ignition and flame propagation phenomenon
occur under similar conditions. In the case of lean 1limit operation with
gasoline, the ignition and flame propayalion is influenced by thc low heat
release rates because of the low stoichiometric ratio; in the case of cold
starting with alcohols the combingd effects of blend leaning and high con-
centrations of low heating value alcohol fuel render the initiation and

stable propagation of a flame with the requisite burning velocity quite
difficult.

Thus the failure to obtain satisfactory cold start performance is
influenced by a combination of fuel and engine characteristics which are
not adequately understood at the present time. The work reported in this
paper is the first phase of a combined theoretical-experimentalinvestigation
of the cold start probiem with alcohol fuels. This first phase takes a close
look at the factors controlling the initial ignition and flame propagation
sequence with alcohol fuel. Based on the results of the first phase of the
work, the second phase experimentally investigates the different combinations
of fuel and engine parameters which will provide satisfactory cold start and
warm up performance. Initial results of the first phase are reported here.
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IGNITION CHARACTERISTICS OF ALCOHOL FUEL

The failure of engines operating on alcohol fuels to start under cold
ambient conditions is a direct consequence of the inability of the initial-
spark ignition energy to produce a self propagating flame with the required
mass burning velocity. For a given alcohol fuel, this ignition process is
influenced by:

1. the delivery ot a suitable combustible mixture to the engine
cylinder by the metering carburetor/injector via the intake
manifold system, :

2. the rate and strength of discharge of spark energy into an initi-
ating kernel of gas, with temperatures in the kernel reaching
values of the order of 2 X 10° to 10* °K,

3. the transport of energy from the initial kernel to the combustible
mixture, which is affected by the heat conduction to the electrodes,
and to the adjacent fuel-air mixture, as well as diffusion and
convection process [7], and

4. the initiation of exothermic kinetic processes in the combustible

gas, and the establishment of a flame kernel of critical volume.

These four related steps determine whether the fuel-air mixture burns
properly and the engine starts, or if the flame dies out. Thus a knowledge
of the different engine, fuel and igniter characteristics which would ensure
the propagation of a stable flame would be of assistance in providing the
proper conditions for cold starting.

To best investigate the above combination of relevant criteria, a
numerical modeling approach is adopted similar to that employed by Dixon-Lewis
and Shepard [8]. The study follows the individual combustion events of the
ignition - flame propagation process from the initial deposition of spark
energy till the establishment of a self propagating flame. This is done by
the formulation of appropriate non-steady partial differential equations
describing the various physical - chemical processes occuring in the engine
cylinder. The fuel used in the present study is methanol, since its kinetic
combustion characteristics are well known [9]. '

THE MODEL

The model used to study the ignition characteristics of methanol is
shown conceptually in Figure 1. The initiation of combustion and the
development of a flame is examined from the deposition of a specified quantity
of ignition energy into a central kernel of gas. Thé rate of deposition of
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this ignition energy is controlled by varying the rate of specified temperature

rise in the hot ignition core. This simplified approach is adopted in order to
keep the calculation time within reasonable limits.

The physical processes taking place during ignition are illustrated in
Figure 1. As energy is deposited into the hot central core, reaction occurs
releasing additional amounts of heat in this region. This energy is trans-
ported by conduction and diffusion to the gas in the neighborhood of the
ignition core. This adjacent gas then begins to react and further release
heat energy. If this rate of heat release is higher than the losses by
conduction and convection to the neighboring gases, then a stable flame is
established. If the losses are greater than the chemical energy release,
the flame is extinguished and a misfire results. The laws governing the
physical processes occuring during the ignition process are the conservation
equations for mass, momentum and energy and the spec1es cont1nu1ty equations
and are given in reference 10. Diffusion and thermal conduction processes
are estimated on the basis of the Chapman-Enskog theory. A simplified
reaction scheme for methanol oxidation is employed to calculate .the effects
of chemical reaction and is given in Table 1. The ignition process is
studied using a Lax-Wendroff finite difference technique with the appropriate
boundary conditions as given in [10].

RESULTS AND DISCUSSION

The details of the ignition process occuring when the temperature of the
central ignition core is raised rapidly to 3000 °K in 0.1 microseconds has
been investigated for a hethanol-air mixture in stoichiometric proportions.
The initial pressure and temperature for this case are one atmosphere and
298 °K respectively. The container is taken to be a cylindrical vessel
with a maximum radius of three cm. The ignition core radius is 0.4 cm. Using
a finite difference numerical technique marching forward in time the processes
occuring during the ignition sequence are investigated.

Figure 2 shows the temperature profiles existing in the combustion |
volume as a function of cylinder radius. The temperature profile existing
at t = 0.1 X 10-6 seconds is the initial profile. The temperature profiles at
0.723 X 10_6 seconds and 0.196 X 10_5 seconds are also shown in the figure.
Since the temperatures at increasing radii continue to increase with time,
this is a case of successful ignition with flame establishment. Successful
ignition occurs when the losses by conduction and convection can be -adequately




compensated by the chemical energy release through combustion, This is an
important criterion eépecia11y in the ignition core. When the temperature
in the ignition kernel is raised by the introduction of ignition or spark
energy, a consequent pressure increase occurs in this region as seen in
Figure 3, establishing steep pressure gradients in the immediate viscinity
of the core. This leads to fairly high gas flow velocities of the order of
10,000 cm/sec or more. Hence convection losses from the ignition kernel
are especially steep in the early part of the ignition process as seen
from Figure 4. When turbulence and swirl are present, as in the engine
cylinder, these losses: increase further, increasing the value of the
requisite minimum ignition energy.
The velocity profiles presented in Figure 4 indicate the possibility

of steep gradients existing in the flow. These steep gradients often lead to
the formation of shock waves which can develop into detonation waves if the
conditions are suitable. Because of the lower heating value of methanol as

compared to gasoline, the heat release rates during combustion are lower
" and the tendency for extremely steep gradients to develop in the flow is
not present. Hence the higher octane rating of methanol and methanol gasoline
blends. On the other hand, with hydrogen fuel, the fast burning velocities
and high heat release rates increase the possibility of detonative combustion
as shown by similar calculations on the hydrogen-air system [10].

Figure 5 shows the variation of temperature with time at two locations
in the cylinder. The temperature at a point of radius 0.2 cm lying within the
ignition core is assumed to be raised rapidly to.1700 °K in 0.1 micro seconds
by the input ignition source such as a spark. It is seen that immediately
following the cut off of external ignition energy, the heat losses are qufte
predominant and for a short period of time of about 3 microseconds chemical
heat release and thermal losses are almost balanced. With higher convective,
conductive and diffusional losses, the flame can be quenched. That this is
not the case is shown by the steady increase in the temperature profile at
0.5 cm radius.

The computed mass fraction of methanol in the mixture at times of
0.723 X 107® seconds and 0.195 X 107 seconds are shown in Figure 6. As
the flame propagates, the methanol is consumed as shown by the steadily
increasing methanol mass fraction with increésing radius. On the other hand
the mass fraction of the specie CHZOH exhibits a. peak whose maximum value
is dependent on the temperature history of the specie. A similar peak is
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exhibited by the formaldehyde mass fraction shown in Figure 7. Here it is
seen that the peak formaldehyde concentration at 0.723 X 10—6 seconds is
higher than the peak value at 0.195 X 107> seconds. This is again a function
of local time variant conditions. Studies such as the present one will help-
us to find the proper ignition conditions for minimum production of formal-
dehyde consistent with engine operation criteria such as cold starting and
road load performance.

CONCLUSIONS

This preliminary investigation of the details of the ignition of a
stoichiometric methanol-air mixture shows that the initiation and propagation
of stable combustion is dependent on a combination of the chemical reaction
characteristics of the fuel interacting with the conduction,gconvection and
diffusional processes produced as a result of the deposition of the ignition
energy into the mixture. The study leads to‘investigation of the syné}gistic
effects of fuel and engine variables during the ignition process. Further
study of this. ignition phenomenon is being conducted to determine the best
combination of fuel, ignition energy and engine characteristics which will
lead to satisfactory cold starting and road load operating performance.
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TABLE 1
REACTION - RATE COEFFICIENT
1. Hy + OH > H)0 + H ‘ 11.4434 % 108 13 exp (-1825/7)
2. O +H,>OH+H 1.807 X 10'° T exp (-4480/T)
3. H+0,>0H+0 14.45 X 10'3 exp (-8250/T)
4. OH + OH > Hy + 0 6.023 X 10'2 exp (-550/T)
5. H+HO, > OH + OH 2.4092 X 10'% exp (-950/T)
6. H+ 0y + M HO, + N . 7.2545 X 10'° exp (-500/T)
7. N0+ NO > N, + 0 13.2506 X 10" exp (-32100/T)
8. N,0 + H o N+ OH 7.83 X 105 exp (-7600/T)
9. Ny 0> NO + N 1.3%10'3 exp (~38000/T)
10. N+0,>N0+0 6.6253 X 10° T exp (-3150/T)
1. CO+O0H>CO, + H 1.6864 X 10’ TT'3 exp (330/T)
12. CHO + OH > CO + H0 6.023 X 10'2
13. CH,0 + OH - CHO + H,0 6.023 X 10'3 exp (-500/T)
14, CHy + 0 > CHO + H 6.023 X 1013 exp (-500/T)
15. CHy + OH > CHy + H,0 3.0115 X 10'3 exp (-2500/T)
16. CHy0 + M > CHO + H + M 1.0 X 10'* exp (-18500/T)
17. CHyO0H > CHy0 + H 3%X10° exp (~14600/T)
18. OH + CHOH > CHOH + H)0 3.0 X 10'3 exp (-3000/T)
19. H + CHyOH > CHy + H,0 C1.3%10' exp (-2670/T)
20. 0 + CHyO0H - CH,0H + OH 1.7 X 10'2 exp (-1150/T)
21. CHyOH + M > CHy + OH + M 4.0 X 10" exp (-34200/T)
22. CHO + M > CO + H + M 5X.10'% exp (-9570/T)

Units: cc, mole, sec

Rate coefficients for equations 1-15 are from [11] and those for equations
16-22 are from [9]. '




REFERENCES

1.

10.

11.

12.

- Propulsion Systmes (NATO/CCMS), Washington, D.C., April 18-33, 1977.

Pefley, R.K., et al, "Characterization and Research Investigation of
Methanol and Methyl Fuels," Final Report (ME 77-1), EPA Grant No.
R803548-01, The University of Santa Clara, Santa Clara, CA, November,
1977. (Also issused as DOE Progress Report CONS/1258-1 and re-issued as
C00/W1258-01)

Furey, R.L. and M.W. Jackson, "Exhaust and Evaporative Emissions from
a Brazilian Chevrolet Fueled with Ethanol-Gasoline Blends," General
Motors Corp., Warren, MI, 1976.

Scheller, W.A., Chairman, Department of Chemical Engineering, University,
of Nebraska (Lincoln), "The Use of Ethanol-Gasoline Mixtures for Automotive
Fuels," Symposium on Clean Fuels from Biomass and Wastes (LGT), Orlando,
Fl., January 26-38, 1977,

Brinkman, N.D., "Vehicle Evaluation of Neat Methanol-Compromises among
Exhaust Emissions, Fuel Economy, and Driveability," General Motors
Research Laboratories, Fourth International Symposium on Automotive

"Methanol as a Fuel," Seminar Papers, Swedish Methanol Development Co.
and participating organizations, Stockholm, Sweden, March, 1976.

Bernhardt, W.E., et al, "Recent Progress in Automotive Alcohol Fuel
Application, Volkswagenwerk AG, Wolfsburg, FRG, Fourth International
Symposium on Automotive Propulsion Systems (NATO/CCMS), Washington,
D.C., April 1977.

Barnard, J.A., and Harwood, B.A.,, and Harwood, B;A., Physical Factors
in the Study of the Spontaneous Ignition of Hydrocarbons in Static
Systems, Combustion and Flame, Vol. 26, 343, 1975,

Dixon-Lewis, G. and I.G. Sheperd. Some Aspects of Ignition by Localized
Sources and of Cylindrical and Spherical Flames. Fifteenth Symposium
(Intl) on Combustion, Tokyo, Japan, 1974. :

Bowman, C.T., A Shock Tube Investigation of the High Temperalure
Oxidation of Methanol, Combustion and Flame, Vol. 25, 343, 1975,

Rajan, S. The Influence of Physical and Chemical Factors on the
Ignition Process in Engines. Central States Section, The Combustion
Institute, Columbus, Indiana, April 1979.

Jensen, D.E. and Jones G.A. Reaction Rate Coefficients for Flame
Calculations. Combustion and Flame 32, 1-34, 1978.

Topham, D.R., Smy, P.R. and Clements, R.M. an Investigation uf a
Coaxial Spark Igniter with Emphasis on 1ts Practical Use. Combustion
and Flame 25, 187, 1975,

12

I-14




MODIFICATION OF A FORD PINTO FOR OPERATION ON METHANOL
by
Roberta J. Nichols, Consultant, State of California, USA
INTRODUCTION

In January of 1978 a program was initiated by the Legis-
lature of the State of California to demonstrate that a conven-
tional automobile can be operated on 100 percent synthetic fuel
and synthetic lubricating oils. Methanol was the synthetic fuel
of choice since it is well-established as an internal combustion
(IC) engine fuel in high performance applications, and it has the
potential of being manufactured from a wide variety of renewable
resources which are totally independent of the availability of
petroleum crude oil and natural gas. Methanol has also shown
the potential for low emission levels of pollutants and high en-
gine efficiency, both of which result in additional energy sav-
ings. PFinally, substitution of a liquid synthetic fuel in energy
systems presently dependent on liquid fossil fuels, such as the
IC engine, offers minimal disruption of the distribution network
and transportation sector.

Since technology presently exists for the synthesis of
methanol from coal, and recognizing the favorable economics if
the small percentage of higher order alcohols produced in this
synthesis process do not need to be removed, an alcohol mixture
that was primarily methanol (90%) was used as the engine fuel in
this program. It is referred to as methanol-X. '

VEHICLE SELECTION/SPECIFICATIONS

A 1978 Ford Pinto was chosen for this demonstration pro-
gram because it is considered to be a typical example of a high-
volume production, low-priced, American-made vehicle, and repre-
sentative of the car and engine of the near future as each year's
models shrink in sige. The reliability of its 2.3-liter engine
had been well demonstrated by virtue of the number in service
for several years already. Confidence in its ruggedness was
further reinforced. when it was learned that this engine was soon
to be available in a turbocharged version. The selection was
further biased by the fact that researchers at the University of
Santa Clara were also working with this engine, and some of the
design modifications and components selected could be shared.

The station wagon model was selected, primarily because
it provided additional space for carrying test equipment. The
vehicle was ordered fully equipped, with air-conditioning and
automatic transmission, even though such options tend to lower
performance. These options are very popular with the car-buying
public, and one of the goals of the program was to demonstrate
that a methanol-fueled vehicle would have better driveability
than the equivalent gasoline version while still meeting the




emission and fuel economy requirements. To better illustrate
this point, two identical vehicles were ordered, with one modi-
fied to operate on methanol, while the other one remained as
delivered from the factory.

Because less than two months was allowed between date of
delivery of the new vehicles and the date specified for delivery
of a fully-operational methanol version back to Sacramento (June
1, 1978), a short block and complete cylinder head were ordered
from the factory also. This shortened the "down-time" of the
vehicle considerably. Some of the major component changes were
made to this short/block cylinder head assembly prior to dis-
mantling the vehicle. The vehicle engine was then removed and
replaced with the previously prepared assembly, along with the
necessary accessories such as starter, distributor, etc. from
the original engine.

MAJOR ENGINE CHANGES

Three major engine changes were made: the compression
ratio was increased, the peak engine torque was shifted, and the
fuel feed system was optimized for use with methanol.

Compression Ratio Increase

Since the efficiency of an engine increases with in-
crease in compression ratio, and methanol has a high octane rat-
ing, being about 109 (1)*, which allows knock-free operation
even at high compression pressures, the compression ratio (CR)
of the engine was increased from its stock configuration of 9:1
to almost 14:1, which theoretically yields an efficiency in-
crease of about 7% based on CR changes alone.

Some consideration was given to milling the cylinder
head in order to increase the compression ratio, but the most
that could be taken off without compromising the structural in-
tegrity was about 0.060 inches, which only increases the CR to
10:1., Also, at high CR, valve to piston clearance becomes a
problem and Ford engineers did not recommend "pocketing" the pro-
duction pistons to provide valve relief as they felt it could
impair the dome thickness.

Previous studies have shown that increases in NO_ emis-
sions with increase in CR can be avoided if the proper slirface
to volume ratio (S/V) of the combustion chamber is maintained(2).
Therefore, it was decided to increase the CR with a piston
change, where the S/V ratio could be controlled and valve clear-
ance provided for by having the pistons custom-made. The speci-
fications for the piston design were provided by the University
of Santa Clara based on their engine modeling studies, and the
camshaft timing and l1ift. The maximum CR that could be achieved,
based on these specifications, was 13.9:1.

The pistons were made by a company that specializes in
high performance racing pistons and therefore they were designed

*Numbers in brackets (1) designate References at end of paper.




to accommodate a full floating wrist pin. The stock Ford config-
uration for the rod placement on the pin was maintained, however.
Also, the pistons do not have an off-set pin, since racers are
not concerned with piston "slap". The aluminum alloy used to
make the forging required a piston to cylinder wall clearance of
0.005 inches, which is more than the production piston require-
ment, but neither of these deviations caused any discernible
problems.
: ~-Phe pistons as delivered by the manufacturer were con-
sidered to have too many sharp edges from the extensive machin-
ing required to produce them, so they were smoothed with a
grinder. Otherwise these would have been ideal sites for the
inducement of pre-ignition. The amount of material that had to
be removed was not sufficient to have any real effect on the CR,
however.

The piston rings used included a "gapless" ring in the
second compression groove. This ring is really a two-piece ring;
one ring is machined with a step to accommodate a thin "rail"
whose gap is placed 180 degrees from that of the primary ring.
Unfortunately, no quantitative data are available showing the
increase, if any, in compression pressure since these pistons
have not been used with conventional rings. In fact, it proved
to be impossible to measure the compression pressure at all be-
cause the highest available compression gage had a maximum read-
ing of 300 psi and it showed that the final engine configuration
had a compression pressure higher than this. A diesel engine
compression gage could be used, however, if the engine/gage
coupling were properly modified.

At the same time that the short block was fitted with
the new pistons and rings, it was completely "blueprinted"* and
balanced by a shop specializing in machining for racing applica-
tions. This brings everything within much closer tolerances
than a production item can be. This was done primarily to insure
that if any problems developed at a later time, they could be
identified as attributable to the modifications made and not
production deviations.

The stock head gasket (0.043 in.) was replaced with a
custom-made, high-performance, copper gasket (0.030 in.). The
cylinder head bolts were torqued to 105 1lb-ft.

Engine Peak Torque Shift

A camshaft was installed which had a profile that shift-
ed the peak torque of the engine to a lower engine speed (~2300
rpm) which falls on the torque converter stall curve. The net
torque increase (at the flywheel) resulting from the change in
CR and shift in peak torque to the stall curve was estimated to
be about 18%. These changes resulted in an increase in perfor-
mance at low speed without sacrificing top end power. Figure 1
shows the estimated change in torque due to the increase in CR

Check and adjustment if required of all clearances for bearings,
-rankshaft, rods, pistons, etc.

2
S I1-15




and change in camshaft.

The net valve 1ift of the camshaft is 0.3%86 inches, the
valve duration is 280° (crank angle) and the valve overlap is
60°. The camshaft was timed with solid lifters in #1 cylinder,
using a dial indicator to measure the 1lift, as shown in Figure
2(a). A specially-manufactured, multiple-piece cam sprochet was
used, which provided infinitely variable camshaft timing by the
use of slotted holes and set screws, as shown in Figure 2(b).

The final cam timing was just slightly in advance of the manu-
facturer's specifications. For example, at 0.005 inches of 1lift
on the intake valve, the crank angle was 9.5°BTC instead of 8°.
At 59°BBC, the exhaust valve 1ift was measured to be 0.0016 inch-
es instead of the 0.001 inches specified in the cam profile data.
Table I gives the 1lift as a function of crank angle, as measured
with the dial indicator, for both the intake and exhaust valve.

TABLE I
Valve Lift as a Function of Crank Angle
érénk Angle Intake Valve Lift Crank Angle Exhaust Valve Litt
°BTC; (inches) (°BBC) (inches)
29 0 62 0.0004
24 0.0002 59 0.0016
15 0.0030 19 0.0744
12 0.0040 '
9.5 0.0050
TDC 0.0126

Fuel Feed System

Methanol has a high latent heat of vaporization which
makes it more difficult to vaporize in an engine than gasoline.
Theretore, it was decided to use a fuel injection system which
provides fine atomization of the fuel. A six-cylinder, in-line
fuel injection pump (Robert Bosch) was modified to four-cylinder
operation by installation of a custom-made injection pump cam-
shaft with four lobes, instead of six, with the two center ele-
ments inoperative. The camshaft timing in the pump is 1-2-4-3,
while the engine firing order is 1-3-4-2. The pump elements
were changed from 7 mm to 9 mm units in order to provide the
volume of flow required for operation on methanol.

This is a timed fuel injection system with the pump tim-
ing set at 60°ATC on the intake stroke; i.e., the fuel flow
shuts off at 60°ATC. The pump is synchronized with the crank-
shaft and camshaft by driving it off the engine with a timing
belt (345L075).

An intake manifold was fabricated to accommodate the in-
jection of fuel at the valve. The basic design of the manifold
is a large plenum chamber, or log, common to four individual
pipes leading to the intake ports. The injection nozzles were
positioned in the pipes to spray on the valves. The nozzle
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opening pressure is 250 psi which results in fine atomization of

- the fuel.

The air intake is through a filter at the opening of the
mixture controller (which houses the throttle plate), which is
fitted to one end of the intake manifold log. These components
can be partially seen in Figure 2(a). The jets in the mixture
controller are changeable for both the idle and partial 1load,
while full load is controlled by the setting of the fuel inject-
ion pump "rack". Calibration of the pump was accomplished on a
Bosch test bench, which can be seen in Figure 2(c). Note the
caps on the two center elements that are inoperative.

Initially, the jets in the mixture controller were 240
and 260 for idle and partial load, respectively, but they have
since been changed several times to progressively leaner mixtures
in order to bring the hydrocarbons (HC) and carbon monoxide (CO)
emissions into the desired range, and to improve fuel consump-
tion. The current configuration is operating successfully with
jets of 100 and 130 for idle and partial load, respectively.

In order to calibrate the fuel injection pump for the
modified engine configuration, an engine map of intake manifold
pressure versus engine speed and load was required. Therefore,
when all of the hardware changes had been made, except for the
fuel system, the engine was refitted with the stock intake mani-
fold and carburetor and the vehicle was operated on methanol -
while taking manifold pressure readings at different engine
speeds and loads. The loads were varied by driving up and down
hills, or on level road. The approach was rather '"crude", but
the data thus obtained were sufficient for pump calibration.

The carburetor was modified to operate on methanol by
changing the jets to larger sizes. Table II gives the jet sizes
used for methanol operation. : '

TABLE II
Jets for Methanol Operation of Pinto with OEM Carburetor

. - Primary Secondar
Circuit ‘(inches) (inches¥'
Main ‘ 0.074 0.066
Idle 0.070 0.041
Air Bleed blocked off 0.066.

After calibration of the pump, the fuel injection system
was installed. The fuel pump opening at the engine block was
closed with a plate. An electric fuel pump was installed at the
tank, with a fuel filter placed between the electric pump and the
injection pump. The line that originally had been used to return
the vapors from the carburetor to the fuel tank was used for the
fuel injection system return line.




OTHER HARDWARE MODIFICATIONS/INSTRUMENTATION

Spark plugs with a colder heat range (Champion BN-6Y)
were installed. The vacuum advance on the distributor was dis-
connected and the ignition timing set at 25°BTC maximum. Ini-
tially, the ignition timing was set at %0°, but this resulted in
engine knock under load. The distributor was determined to have
19 degrees of centrifugal advance so the idle setting is 6°BTC.

The alternator had to be moved to the right side of the
engine in order to make room for the fuel injection pump on the
left side. Brackets to mount the alternator were bolted to the
engine block at the air conditioning unit. The modified position
requires an alternator belt 47-3/4 inches in length. The com-
pleted engine installation can be seen from both sides in
Figures 2(d) and 2(e).

The stoc¢k exhaust manifold was replaced with four ex-
haust pipes leading to one collector. Thermocéuples were ifi-
stalled in each exhaust pipe, with four pyrometers installed in
the dash for exhaust temperature readout. (Pyrometer #2 was ob-
served to read 50°F higher at ambient temperature than the other
three.) The bosses used for the thermocouples can also be used
for exhaust emission probes if readings from each cylinder are
desired.

Other instrumentation included an electric tachometer
and an onboard exhaust gas analyzer for CO and HC. A locking
gas cap completed the initial hardware changes.

PERFORMANCE

Driveability

The overall performance of the methanol car has been
rated as excellent, with smooth idle and quick throttle response
in comparison to the gasoline version. The increase in horse-
power is quite evident, with a marked difference in the accel-
eration rate between the two vehicles. The methanol car did de-
velop & problem almost immediately, however, where periodically
it would act as if the fuel pump were failing. Investigation
revealed that the terne plate from the fuel tank was dissolving
and clogging up the filter screen in the tank, the internal
filter in the electric pump and the primary in-line fuel filter.
In fact, the pump had to be replaced when the key for the pump
impeller sheared because of the heavy "lead" build-up in the
pump which caused a great deal of "drag". Eventually the prob-
lem resolved itself when the terne plating was in essence gone.

Since the lubrication quality of methanol is poor, even
though the fuel injection pump has its own o0il sump, there was a
noticeable "tappet-like" noise emitted by the injection pump.
Therefore, one percent of diesel fuel was added to the methanol-
X in order to protect the fuel injection pump. It subsequently
operated much quieter.

For engine break-in and seating of the rings, a

\
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non-detergent lubricating oil was used in the engine. After de-
livery of the vehicle to Sacramento (~500 miles), it was drained
and replaced with a synthetic motor oil.

Cold Start

The initial testing of the vehicle began in June of 1978
so no cold start problems were encountered until the following
winter. Between temperatures of 40°F to 110°F, cold start would
require about 10 to 20 seconds. Once the engine had been start-
ed, restart only required 1 to 2 seconds. These cold start tests
were conducted from sea level to 8,000 feet. When winter arriv-
ed, however, the time required for cold start when the tempera-
ture was below freezing was considered unacceptable, so a small
propane tank was added to the system. A small amount of propane
could be released into the manifold with a switch installed in
the driver's compartment. With this system the engine fires
easily. In fact, the starting time is actually less than that
of the gasoline-burning vehicle at the same ambient temperature.

Fuel Economy

The initial fuel consumption was quite high since the
mixture controller was jetted for a fuel-rich mixture. With the
240 and 260 jets, the mileage was slightly less than ‘9 mpg. The
fuel consumption was reduced considerably when smaller jets were
installed, and yet there was no noticeable loss in performance.
The present air-fuel ratio gives excellent fuel economy, ranging
between 14 and 15 mpg, which is about 28 to 30 mpg gasoline
equivalent. The fuel economy of the gasoline version is quite a
bit lower, being about 21 mpg. To date, no FTP mileage figures.
are available.

Emissions

The methanol vehicle was tested for emissions at the
University of Santa Clara shortly after delivery to Sacramento.
Since the air-fuel ratio was quite fuel-rich, the HC and CO were
much higher than desirable, being 1.03 and 25 gms/mi, respective-~
ly, but the oxides of nitrogen were extremely low, at 0.28 gms/
mi. These initial emission tests showed that some compromises
in performance and NOX emission levels would have to be made in
order to bring the HC"and CO within the 1980 standards. The NO
emissions were so low, however, that large changes in the air-
fuel ratio could be made, to leaner mixtures, without exceeding
the 1980 NO_ standard.

' Sinfe the initial testing at the University of Santa
Clara, the emission levels have been measured with the onboard
exhaust gas analyzer. Some typical emission levels for CO and
HC obtained while driving down the road are given in Table III.
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PABLE III

Enission Levels for Methanol Vehicle .

Driving Mode | Co (%) HC (ppm)

acceleration 0.1-0.4 0-200
cruise 0.2 . 150-500
50-60 mph cruise 0-0.01 50

While these results cannot be considered to be very pre-
cise, they do show that the emissions from methanol combustion
in an IC engine can be quite low, even without any external con-
trol devices. The high compression ratio, combined with the
ability of methanol to burn successfully at an equivalence ratio
leaner than that of gasoline, resulis in low emiocsion levels for -
the CO quite ‘analogous to those found in diesel engines. The HC
emissions are the most difficult to control when operating on
methanol. If a catalytic converter were used, however, the HC
emissions would be quite low also. The NO_ emissions from meth-
anol combustion are well-known to be low 3.

10,000 MILE ENGINE INSPECTION . -

At about 10,000 miles, a coolant hose burst and the en-
gine was severely overheated when driven for about 20 minutes
without any coolant. This resulted in some problems that would
not have occurred otherwise, but the same conditions probably
would have completely destroyed a gasoline-burning engine.
Fortunately, methanol engines tend to operate cooler, so that
the resulting damage was really quite minimal.

The extreme heat caused the head gasket to leak, allow-
ing coolant to pass into the cylinders. This resulted in hy-
draulic hammering on the tops of the pistons. The high tempera-
ture and hammering made the pistons start to "sag". #1 cylinder
was the worse, with the top ring land collapsed on the ring in
two places. There was some deposition of piston material on the
cylinder wall at these locations, but no actual scoring of the
cylinder wall was found. There was some piston skirt scuffing,
but it was quite minimal. '

All of the bearings were still in excellent condition in
spite of the fact that the engine o0il seemed to be diluted with
coolant and/or fuel, and was severely "burnt". It was quite
thin and had an odor like gun cleaner. It has been sent out to
be analyzed. The degradation in the quality of the lubricant
was most evident on the camshaft lobes and bearings, but not
severe enough to require replacement of these parts.

The pistons and rings were the only components replaced,
primarily because of the collapsed ring land and the water ham-
mer marks. The latter had sharp edges which could have resulte’




in pre-ignition problems.

The thin copper head gasket was replaced with a stock
Ford head gasket produced for the turbocharged version of the
2.3-1liter engine, since it is designed for high cylinder pres-
sures also.

It is believed that if the engine had not lost its cool-
ant, it would have been found to be in excellent condition.
Performance had been extremely good and consistent up to this
point. Hopefully, the next inspection will be made under more
favorable conditions so that a proper evaluation can be made.

POSSIBLE DESIGN CHANGES FOR THE FUTURE

Vehicles modified to operate on methanol in the future
should have their fuel tank removed and stripped of the terne
plating. There are alternative coatings for protecting the in-
side of the tank, such as epoxies, which would not be dissolved
by the methanol. Or the tank itself could be fabricated out of
a material impervious to methanol.

The fuel injection system used for this demonstration
vehicle provided excellent performance and low emissions, but it
is no longer in production and has a relatively high cost.
Therefore, the next fuel injection system w#ll be a current pro-
duction model. Since today's systems all inject at relatively
low pressures, some loss in performance may result, especially
for cold start, although other researchers have not found marked
improvements in cold start behaviour with fully atomized fuel(4).
Since the cold start problem has to be addressed for temperatures
below freezing regardless, lower pressure injection should not
be a serious compromise. The need for add1ng one percent diesel
fuel would be eliminated also.

Rather than using a propane system for cold start, it is
proposed to use heaters to evaporate a small quantity of the
methanol instead. PFor extremely cold climates, a block heater
is available for this engine.

While the internal parts of the electric fuel pump that
were aluminum showed only slight corrosion after several thou-
sand miles of operation, it is believed that the lifetime of
this pump would be increased if the aluminum parts were anodized.

Further evaluation of the suitability of synthetic oil
for use with methanol is being made. With some injection sys-
tems, dilution of the o0il with fuel could exclude the advantage
of increased mileage between oil drains. While methanol is not
supposed to be miscible with engine o0il, there is some evidence
that it does mix with synthetic o0il, at least under high temper-
ature conditions.

Several different mixtures of methanol-X were tested,
using ethanol, iso-butanol and n-propanol in varying amounts,
but in all cases the methanol content was at least 90% by vol-
ume. No problems were observed with these various fuel formula-
tions, so it was concluded that fuel-grade methanol is a
)ractical fuel for IC engines of the future.
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FIGURE 2(a). Timing the Camshaft by Measuring Valve Lift
as Function of Crank Angle
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FIGURE 2(b). Cam Sprochet with Infinitely Variable Timing
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FIGURE 2(d). Completed
Engine Installation; Left

FIGURE 2(e). Completed
Engine Installation; Right




THERMOKINETIC MODELING OF METHANOL COMBUSTION
PHENOMENA WITH APPLICATION TO SPARK IGNITION ENGINES

by

L.H. Browning and R.K. Pefley
University of Santa Clara, CA USA

ABSTRACT

Two variations of a thermokinetic computer model were used to
investigate the flame quenching and surface ignition phenomena
occurring in methanol fueled-SI engines. Both model variations
produce reasonable trends when compared to the literature. Use

of a detailed reaction mechanism in the quench zone model has shown
aldehydes to increase an order of magnitude over bulk gas concen-
trations as the flame quenches, but this concentration is insufficient
to account for measured exhaust aldehydes. A flow reactor study has
shown additional aldehydes being formed from the unburned quench
layer when it mixes with the hot exhaust gases during the expansion
and exhaust strokes.

Quenching distance was found to decrease for increasing pressure

and increasing wall temperature, while it increased for lean and very
rich equivalence ratios and increasing EGR. Water addition showed
only a slight increase in quenching distance for up to 30% of the
fuel by volume.

Use of the detailed kinetic mechanism in the surface ignition model
showed that methanol is dissociated at hot surfaces through formal-
dehyde to carbon monoxide and hydrogen. The hydrogen then dissociates
into various radical species which trigger preignition and early
combustion. Sensitivity studies show that hot surface temperature,
assumed to be at the spark plug center electrode, is the most dominant
physical parameter in the surface ignition process, while cylinder
pressure and spark plug tip cooling played somewhat weaker roles.
Equivalence ratio-and. use of diluents such as EGR and water addition
had only slight effects on the 1likelihood of surface ignition.

INTRODUCTION

Methanol -has been shown to increase thermal efficiency and power while
reducing harmful exhaust emissions, with the exception of aldehydes,
in spark ignition (SI) engines [1,2]*. Although aldehydes are classed
as unregulated emissions, methanol fueled SI engines produce 2 to 10
times higher aldehyde emissions than a gasoline fueled SI engine [1].
Hence it is desirable to suppress their output from an otherwise

relatively clean exhaust.

Earlier computer studies [3,4] have shown practically no formaldehyde
present in the bulk combusted gases. Since formaldehyde is a product
of slow oxidation of methanol, it is expected that formaldehyde

*Hlumbers im brackets designate Referénces at end of paper.
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emissions are formed as the flame extinguishes against the cool cylinder
walls and from the unburned quench gases as they are removed from the
cylinder walls and mixed with the hot exhaust gases during the expansion
and exhaust strokes. Study of aldehyde formation and flame quenching
processes in methanol fueled SI engines is accomplished through the use
of a detailed kinetic reaction mechanism and quench zone conservation
equations. The concept and results are summerized in this paper.

Anothercombustion phenomenon summerized in this paper is the ignition

of methanol-air mixtures at hot surfaces. While methanol has a high
octane rating making it applicable to high compression ratio engines,

high load conditions may heat the center electrode of the spark plug
sufficiently to cause preignition (ignition of the unburned mixture

prior to spark firing). Experimental engine studies in our laboratory
have shown methanol to be more resistant than gasoline to knocking,

yet it has preignited by what arebelieved to be Tower surface temperatures
than gasoline. Literature sources also show methanol to have a comparatively
lower surface ignition temperature than gasoline [5,6]. While methanol's
relatively longer ignition delay, lower flame temperature and faster
burning -velocity [6] are known to reduce the probability of autoignition
(knocking), the details of surface ignition of methanol are not as well
understood. In order to study the surface ignition process for methanol
and find methods of controlling it, a detailed chemical reaction mechanism
has been coupled with the surface ignition conservation equations.

I. QUENCH ZONE MODEL

The quench zone model, described in detail in Reference 7, consists of
a quasi-one-dimensional flame propagation model in the presence of a
cold wall. In the model, a reaction zone of finite mass moves through
the unburned gas towards the cold wall at a calculated flame speed.
Species concentrations within this reaction zone are determined by a
detailed chemical kinetics reaction mechanism consisting of 94 reaction
rate equations describing methanol-air combustion [7].

Heat loss to the cold wall is calculated as pure conductive heat transfer.
The wall is considered to be chemically inert and at constant temperature.
The initial conditions are set at the adiabatic stabilized conditions

1 cm from the cold wall. The reaction zone then moves towards the wall

at finite but small and adjustable spatial increments until the calculated
flame speed drops to zero. A schematic of this quench zone model is

shown in Figure 1.

The model's conductive heat transfer coefficient in the heat loss equation
was tuned to match experimental quenching distances at 1 and 27 atmospheres.
It was found to closely approximate the thermal conductivity of the unburned
gases. Experimental quenching distances used in this paper were taken

from a study by Ishikawa and Branch [8]. A1l two-plate quenching distances
were transformed to head-on quenching distances by using a multiplying factor
of 0.4 which is consistent with experimental evidence [9]. As can be seen in
Figures 2 and 3, the computer predicted quenching distances match the
experimental data for both pressure and equivalence ratio variations.

I-16




Typical quench zone model runs show that both hydrocarbons and aldehydes
increase an order of magnitude as the flame quenches. Table 1 summerizes
the species concentrations in terms of four adjacent zones for stoichiometric
mixtures at 1 and 27 atmospheres.

Using the thermodynamic Otto cycle calculations from Reference 4 and the

quench zone results presented in this paper, the calculated quench hydrocarbons
exceed experimental exhaust concentrations by over 10 times while the calculated
flame out zone aldehydes plus the bulk gas aldehydes are approximately 1/12

of the experimental exhaust concentrations as shown in Table 2 for the condi-
tions listed. This tends to support the concept that the hydrocarbons

are oxidized as they are removed from the quenching surfaces, forming aldehydes
as the oxidation reactions freeze due to rapid expansion through the

exhaust valve.

Using a generalized adiabatic flow reactor program [10], the unburned fuel
and air from the quench layers were mixed with the bulk combustion gases

at 11009 and 2.5 atmospheres with a gas velocity of 200 cm/sec. At these
conditions the unburned methanol is oxidized forming formaldehyde in
quantities measured in SI engine exhaust in a flow length easily encountered
in an engine cylinder.

Results

Referring back to Figure 2, the quenching distance is seen to decrease as
pressure is increased. However, the mass of unburned methanol in_the quench
zone (plotted in Figures 2-6 as milligrams of methanol per 100 cm? surface area)
increases as the pressure is increased. These results support the experi-
mental evidence that raising compression ratio results in higher hydrocarbon
emissions [11]. Since surfacc-to-volume ratio increases and the exhaust
temperature decreases as compression ratio is raised, the resulting aldehydes
are also predicted to increase with increasing compression ratios.

Figure 3 shows the effect of equivalence ratio ¢ on quenching distance.
Minimum quenching distance occurs at an equivalence ratio of about 1.13 while
minimum quench hydrocarbons occur at about 1.02. Measured exhaust hydrocarbons,
however are found to continue to decrease reaching a minimum in the lean
region [1]. This discrepancy can be explained as follows. Excess oxygen
available in both the bulk and quench gases on the lean side, and the higher
exhaust temperatures characteristic of lean engine operation, further

oxidize the unburned hydrocarbons as the quench layer is removed from the
quenching surfaces and mixed with the hot bulk gas. On the rich side,
however, very 1ittle oxygen is available and exhaust temperatures are lower;
therefore, further oxidation of the unburned quench layer is minimal.

This exhaust hydrocarbon trend, however, is modified for exhaust aldehydes.
Since aldehydes are intermediate species in methanol oxidation, the excess
oxygen and higher exhaust temperatures on the lean side result in high
aldehyde exhaust emissions while the lack of oxygen and lower exhaust
temperatures on the rich side result in low aldehyde emissions. This
predicted trend is supported by experimental findings [1].
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Wall temperature, as expected, is seen to have a strong effect on quenching
distance and resulting hydrocarbon emissions in Figure 4. As the wall
temperature is increased, quenching distance and resulting hydrocarbons
decrease. Aldehyde emissions would also tend to decrease as the hydrocarbons
decrease, resulting in lower aldehyde emissions for higher wall temperatures.

U8e of exhaust gas recirculation (EGR) is a well-known method of reducing
NOx emissions [12]. However, as the amount of recirculation is increased,
the quenching distance and resulting hydrocarbons also increase as shown

in Figure 5. Because increased EGR decreases overall flame temperatures
while increasing burning time, it is anticipated that increased EGR will
result in higher aldehyde emissions unless the reduced oxygen concentrations
offset these factors.

Water addition is another method of controlling NOx emissions. Figure 6 shows
that quenching distance increases only slightly as water addition is raised

to 30% of the fuel volume. Since water addition reduces overall flame
temperature without significantly reducing burning velocity it is anticipated
that aldehydes will increase only slightly for increasing amounts of water
addition. ‘

II. SURFACE IGNITION MODEL

In the introduction it was pointed out that surface ignition must be
understood and controlled if high compression alcohol fueled vehicles are
to perform successfully. The surface ignition model, described in detail

in Reference 13, is a simple thermal ignition model with detailed chemical
kinetics. Since methanol is a clean burning fuel, combustion chamber deposits
are not present to cause preignition, leaving the center electrode of the
spark plug as the most 1ikely cause. The model, shown in schematic form in
Figure 7, describes the thermal and chemical behavior of a thin gas sleeve
surrounding the hot center electrode of the spark plug. The model assumes
that the electrode tip and gas sleeve are at the same temperature, with
conductive heat transfer to the surrounding bulk gas only. The chemical
composition of the gas slieeve is governed by the methanol oxidation reaction
set [7]. Combustion of the gas sleeve, which would lead to preignition, is
considered to be when thé chemical energy release rate is greater than the
heat loss rate to the bulk gas.

While published surface ignition temperatures have ignition delays (time until
ignition) of up to 2 minutes or more, a more realistic ignition delay

time 1imit for preignition to occur in an SI engine was estimated to be

10 milliseconds. Thus if the chemical energy release rate exceeds the heat
loss rate within 10 msec, preignition is assumed to follow.

There are several factors which influence surface ignition in addition to the
surface temperature. They are thought to be compression ratio, equivalence
ratio, mixture density and temperature, and diluents. These have been studied
parametrically and their effects are summerized in the following section.

Results

In order to understand the preignition process with methanol, one must look
at the main reaction intermediates. As shown in Figure 8 for a stoichiometric




mixture at 10 atmospheres and an initial center electrode temperature

of 12000K, the methanol dissociates through formaldehyde to carbon
monoxide and hydrogen. The hydrogen then breaks down into various

atomic and molecular radicals which trigger preigntion and early
combustion. Since the heat of dissociation of methanol to carbon monoxide
and hydrogen is only 13% of methanol's lower heat of combustion [6] and
equilibrium studies show complete dissociation at 600K and 10 atmospheres
[14] it is easily seen why methanol has a comparatively low minimum
surface ignition temperature. Note that the primary effect of raising

the surface temperature is a shortening of the time scale of Figure 8.

The initial center electrode temperature is found to have an almost
hyperbolic effect on ignition delay as shown in Figure 9. This behavior
is typical of other fuels [15]. While adiabatic compression studies show
methanol to have a significantly longer ignition delay than gasoline

at the same conditions, hot plate surface ignition studies show methanol
to ignite at a lower surface temperature [6].

Cylinder pressure also has a strong effect on minimum ignition temperature
and ignition delay. As shown in Figure 10, as pressure is increased, minimum
ignition temperature and ignition delay decrease. This pressure effect

on minimum ignition temperature and ignition delay predicted by the model

is similar to the experimental effects found for other fuels including
gasoline [15]. Therefore, it is easily seen why preignition is more likely
to occur in high compression ratio SI engines at high loads.

Equivalence ratio effects on minimum ignition temperature and ignition delay
are shown in Figure 11. As the fuel-air mixture is leaned, the minimum
ignition temperature and ignition delay increase weakly. This behavior

is similar to paraffin hydrocarbons and gasoline, however, methane shows
anopposite trend [15]. This opposite trend is also expected to actually
occur for liquid methanol. With methanol's relatively high heat of vapor-
ization, the additional fuel vaporization on the rich side of stoichiometric
would lower bulk cylinder temperatures and pressures which would more than
offset the minimal effect of equivalence ratio only.

Lowering the bulk gas temperature surrounding the gas sleeve increases the
heat loss rate and thereby causes an increase in minimum ignition temperature
and ignition delay as shown in Figure 12. Therefore,increasing the heat
transfer away from the ‘center electrode tip minimizes the occurrence of
preignition.

Use of EGR causes a small increase in the minimum ignition temperature and
ignition delay as shown in Figure 13. By adding EGR, the oxygen concentration
is reduced thereby increasing minimum ignition temperature and ignition delay.
This trend is also seen for water vapor addition in Figure 14.

Other physical parameters that effect preignition of methanol which were not
studied in this paper include electrode surface area, surface condition and
composition, and gas turbulence. A detailed discussion of the effects of
these variables on minimum ignition temperature and ignition delay for other
fuels can be found in Reference 15.




Conclusions

Two areas of concern dealing with methanol usage in spark ignition engines
were studied using different variations of a thermokinetic computer model.
The quench zone model variation predicts quench distances which match very
well with experimental data. However, calculated SI engine hydrocarbon
exhaust emissions are over 10 times higher than those found experimentally
while calculated aldehydes are approximately 12 times lower than experimental
exhaust concentrations. A flow reactor study shows aldehydes being formed
from the unburned quench hydrocarbons when mixed with the hot bulk cylinder
exhaust gases. The actual process of quench layer mixing with the bulk
combustion gases and resultant oxidation and aldehyde formation during the
expansion and exhaust strokes requires further study.

Calculated quench distances were found to increase with decreasing pressure,
lean and very rich equivalence ratios, decreasing wall temperatures and
increasing EGR. Water addition showed only a slight increase in quenching
distance for up to 30% of the fuel by volume.

The surface ignition model variation produced reasonable trends which

agreed with the literature for other fuels. The kinetic reaction mechanism
showed that methanol is dissociated through formaldehyde to carbon monoxide
and hydrogen at a hot surface. Breakdown of the hydrogen forms radical species
which then trigger preignition of the bulk gas. Sensitivity studies show

hot surface temperature as the most dominant parameter in the surface ignition
process, while pressure and heat loss play somewhat weaker roles. Equivalence
ratio, EGR and water addition were shown to have only weak effects on minimum
ignition temperature.

With the evidence produced in these studies, some conjecture can be made

about methanol fueled SI engine design. Engines should be designed with

high compression ratios and combustion.chamber shapes which minimize quenching
surface area to reduce aldehyde and hydrocarbon emissions. Since no fouling
is expected, spark plugs can be accurately designed to aid cold starting and
minimize the possibility of preignition. Water addition also reduces the
possibility of preignition while greatly reducing NOx emissions without loss
of power or thermal efficiency [4], and without significantly increasing
quenching distances. Thus, methanol-water mixtures need to be studied
further as fuels for high compression ratio SI engines.,
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TABLE 1: QUENCH ZONE 