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ABSTRACT

Limitations on the use of petroleum-based diesel fbel in California could occur pursuant to the
1998 declaration by California’s Air Resources Board (CARB) that the particulate matter
component of diesel exhaust is a carcinogen, therefore a toxic air contaminant (TAC) subject to
provisions of the state’s Proposition 65. It is the declared intention of CARB not to ban or
restrict diesel @cl, per se, at this time. Assuming no total ban, Argonne National Laborato~
(ANL) explored two feasible “mid-course” strategies.
1. Increased penetration of natural gas and greater gasoline use in the transportation fhels

market, to the extent that some compression-ignition (CI) applications revert to spark-
ignition (S1) engines.

2. New specifications requiring diesel fiel reformulation based on exhaust products of
individual diesel fuel constituents.

Each of these alternatives results in some degree of (conventional) diesel displacement. In the
first case, diesel fiel is assumed admissible for ignition assistance as a pilot fiel in natural gas
(NG)-powered heavy-duty vehicles, and gasoline demand in California increases by 32.2 million
liters per day overall, about 21 percent above projected 2010 baseline demand. Natural gas
demand increases by 13.6 million diesel liter equivalents per day, about 7 percent above
projected (total) consumption level. In the second case, compression-ignition engines utilize
substitutes for petroleum-based diesel having similar ignition and perilormance properties. For
each case we estimated localized air emission plus generalized greenhouse gas and energy
changes. Economic implications of vehicle and engine replacement were not evaluated. ‘

Key words: air quality regulation, diesel fuel alternatives, internal combustion, regulated
emissions, greenhouse gases
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BACKGROUND OF THE ISSUES

On August 27, 1998, the California Air Resources Board (CARE) officially declared the
fine particulate matter component of diesel exhaust a human carcinogen (at any concentration)
and therefore subject to measures designed to reduce or eliminate its potential threat to public
health as a toxic air contaminant (ARB, 1998b). This declaration was more limited and certainly
more tractable than an earlier proposal in California to declare whole diesel exhaust as a toxic
substance, irrespective of the constituent properties of the fiel itself. The flexibility afforded by
the actual declaration enables the state to advance initiatives, in conjunction with trucking and
other compression-ignition using interests, both to clean up the harmful constituents of diesel
fhel and to explore its modest to vigorous substitution by alternative fuels considered more
benign. This paper examines two candidate strategies to realize this initiative with respect to the
fill fiel cycle energy and emissions effects they would have if filly implemented by the year
2010.

In its resolution of 8/27/98, CARB declares that a risk management process will be
undertaken to determine exactly what steps are necessary to protect the health and safety of the
public from diesel particulate as a toxic air contaminant. These steps may include, but are not
necessarily limited to, fill implementation of all existing regulations controlling diesel
particulate exhaust (from any combustion source) plus selective incremental limitations on
source categories found to be more detrimental to public health. It is the declared intention of
CARE not to ban or restrict diesel fuel, per se, at this time. Task forces have been organized to
evaluate and prepare recommendations on various mitigating technology and fiel options.
However, at present, only (largely voluntary) good will efforts are underway to accelerate
transition from diesel to more benign substitute heavy vehicle fuels, and environmental activist
groups continue to seek an outright ban on diesel fuel use in California and other populous states,
such as New York. More proactive pursuit bf amelioration of diesel particulate generation and
exposure is probably needed. At the request of the U.S. Department of Energy, researchers at
Argonne National Laboratory (ANL) identified two “mid-course” strategies that, among others,
may be considered feasible.

1. Increased penetration of natural gas and greater gasoline use in the transportation fuels
market, to the extent that some CI applications revert to spark-ignition (S1) engines.

2. New specifications requiring diesel fhel reformulation based on more detailed
investigation of exhaust products of individual diesel fiel constituents. This could
increase the penetration of Fischer-Tropsch synthetic diesel fuel fi-om natural gas and,
eventually, di-methyl ether (DME) and possibly bio-diesel as compression-ignition (CI)
fbels into the marketplace, albeit at premium cost and lower fill-fuel-cycle efficiency.

Each of these alternatives results in some degree of (conventiona~ diesel displacement. We
define these cases based on the size and composition of each affected California fleet.

Advanced Displacement Case. For the case in which diesel fiel reformulation or replacement
proves an unsuitable option for many key applications, natural gas and propane make inroads in
CI heavy-duty truck and locomotive propulsion. Otherwise, the fleet (especially the lighter end)
switches to S1engines. Here ANL examines the magnitude of changeover in vehicle populations
to the year 2010 and the resulting change in petroleum energy consumption and emissions.
Although the state of knowledge in the area is rapidly evolving, we look at the impact on

I
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atmospheric loading of primary and secondary particulate matter that massive shifts to gasoline-
and (potentially) CNG-fieled S1 engines could produce.

Replacement Fuel Case. In a somewhat less stringent case, the compression ignition engine not
only survives, but also thrives on diesel substitutes such as Fischer-Tropsch or DME that, though
expensive to produce and use per feedstock joule, may be deemed acceptable fiels under
California regulation. (However, at present, neither the characteristics nor carcinogenicity of
particle emissions from combustion of F-T diesel or DME is well understood).

SCENARIO ASSUMPTIONS AND METHODOLOGY

Two sets of strategies cover the scenarios introduced in the preceding section. In each case, the
strategy’s outcomes must be indexed to abase case energy use and emissions forecast to the year
2010 for California that sets the output requirements for all alternative fbtures departing from
this baseline. Thus, the three cases examined in this study are defined as follows:

Base Cases 1995 & 2010, - Energy& emissions data projected from data for 1990 – 1995 on the
basis that forecasted activity levels and requirements do not change.

Advanced CI Displacement Case: restricts the use of diesel fuel to ‘>ilot” applications that
allow continued but limited operation of C’Iengi”nes.The following changes occur.
a) All medium-duty (MD) and heavy-duty @D) trucks, and buses equal to or greater than 8.4 m

(27.5 ft.) in length, use compressed natural gas (CNG) as a fhel in spark ignition (SI) engines
on a 1 for 1 bus replacement basis; buses less than 8.4 m operate with gasoline engines.
Representative converted or production truck tractor and bus engines operating on
appropriate test cycles were used to compute the effects of this change. Locomotives and
vessels employ a dual fuel propulsion system using liquefied natural gas (LNG) with ignition
pilot diesel, operating under California duty cycle conditions. Again, a representative engine
for this application was used for computation.

b) All other mobile applications use gasoline engines.

Replacement Fuel Case: replaces all dieselfuel in CI en~”nes on a 100-percent basis with either
(a) Fischet-Tropsch process (FT) diesel madefiom iVG or (b) di-methyl ether (DME) madefiom
NG. In this case, diesel vehicles and engines are not replaced except through natural turnover (as
in the base case), but may need to be modified to accommodate some properties of the respective
replacement fuel.

Base Case Energy Use and Emissions Estimates for the Years 1995 and 2010
.

The sources of diesel exhaust emissions discussed in this paper include all diesel source classes
categorized in emissions inventories prepared by the California Air Resources Board’s (ARB,
1997a, 1997b). After collection of emissions and energy use data fi-omARB inventories as well
as supplementary sources, our complete menu of diesel-fueled source types for the 1995 and

~2010 base years was as follows.
Mobile Sources (diesel & gasoline vehicles listed separately)
On-Road Vehicles: Light-duty passenger cars; Light-duty (LD) trucks; Medium-duty (MD)
trucks; Heavy-duty (HD) trucks; Urban buses

...... .L, .l . . . . . . . . . . . . . . . . . . . . :. . . . . . . . ,.. . . . . . .{, ,., .,
.— -.. ---
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Off-Road Vehicles: Ships; Trains; Mobile equipment; Farm equipment; LD non-farm equipment;
HD non-farm equipment Refrigeration equipment

Stationary Area Sources (diesel only)

Stationary Point Sources (diesel only)

Each of these source classes is briefly discussed in turn below. It should be noted that the data
used in this study become increasingly uncertain as the discussion progresses through the list of
source classes. In all cases, California-specific emission factors for these sources, incorporating
the effect of present and Iiture California-specific emission controls by source category, were
employed in emissions calculations for regulated pollutants (CO, ROG, NOX). Energy use and
emissions for the prototype large engines discussed are based on measurement data from testing
of those units.

Mobile Sources - Cars and Trucks. The base case data for this source category came directly
ilom the statewide totals for the California Vehicle Emissions Ozone Planning Inventory (ARB,
1997a, 1997b), except:
- The breakdown by engine displacement is based on data from the 1992 Truck Inventory and

Use Survey (TIUS) database for the State of California (TKJS, 1992). The separation by
displacement was assumed to be independent of year.

- Carbon dioxide (C02) emissions were calculated using molecular weight percent carbon by
fiel and backing out the carbon monoxide, reactive organic gas, and soot components. C02
results were consistent with the limited data given in the reference cited above.

- The sulfur dioxide (S02) emissions were calculated by applying fiel weight percent sulfi,n-.
The resulting S02 values were also consistent with the limited inventory data.

- N20 and Cm emissions were calculated using emission factors estimated by Delucchi (1995)
and U. S. EPA (1998).

- The fuel economies for’the HD gasoline with catalysts and diesel for 1995 and the MD and
HD gasoline with catalysts and diesel trucks for 2010 were derived from the TIUS inventory
data. All other fbel economy values were calculated as the ratio of distance traveled to fiel
consumed.
Fuel economy values generally did not show the diesels to be more efficient than the

gasoline-powered MD and HD trucks. This may have been the result of biases in the data base
created by failing to take account of the differences in loads and driving cycles between gasoline
and diesel trucks.

Mobile Sources - Urban Buses. The base case data for this source category are also directly from
the statewide totals for the California Vehicle Emissions Ozone Planning Inventory (1997b). We
estimated from available data (PTA, 1997; APTA, 1996) that 28’%of the total population of the
present bus fleet is less than or equal to 8.4 m (27.5 ft) in length (mostly demand-response, para-
transit vehicles), with the remainder greater than 8.4 m (mostly standard transit buses). The
smaller buses are assumed powered 50% by gasoline and 50°/0 by diesel, with large buses
assumed to be all diesel-powered (this ignores the fact that some buses are already powered by
CNG, LNG, or LPG in dedicated- or dual-fiel mode).

. . . a-m. . -~,., 0. ., . . . . . . .,- ~,. ., ,.2: i’ ,?, .. fi-.., .:< 1. :... .+-’’.’, -- . . ~- .. .: < -. ‘. ==’-, ~,-’,. ,~-’
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Mobile Sources - Off-Road.

Locomotives. The vast majori~ of locomotives in the United States are of the diesel-electric
type. They range in power rating from about 1864 kW (2500 hp) to the newest 4474 kW (6000-
hp) units. Typical duty cycles have been defined for different types of locomotive service. Our
analysis assumed a California locomotive fleet composition developed for ARE by Engines,
Fuels, and Environmental Engineering, Inc. (EF&EE, 1993). Daily locomotive fuel use rises
from 2.26 x 106 liters in 1995 to 3.00 x 106 liters in 2010, in accordance with recent data and
projections on diesel fhel sales to railroads (DOE/EIA, 1996). Emissions remain at mid-1990s
levels, as reported in the EF&EE study, as changes in emission control technology compensate
for growth in locomotive populations and fuel use.

Vessels. Information on marine vessel fuel use, emissions and vehicle population for California
is extremely limited. Estimates of diesel fbel use were based on diesel sales to “vessel
bunkering” (which includes sales to commercial and private boats but excludes sales to the
military) and “military” in California (DOE/EIA, 1996). Our2010 fuel use estimate is based on
a linear projection of fuel sales for the years 1992 & 1996, with emission data adopted from
ARE (1998a) for 1995 values. Emissions for 2010 were estimated from a linear projection of .
ARB’s 1990& 1995 data in the 1998 ARE report, accounting as appropriate for future change in
emission standards.

Mobile Farm I@@vnent. Fuel use and emission data for this source class were available for
gasoline and diesel-powered units from ARB (1995b), with growth factors for the diesel sources
available from the same reference for the years 1990 to 2010.

Mobile Industrial/Commercial Equipment (non-farm equipment). Fuel use and emission data for
gasoline and diesel-powered units in this source class were also available from ARE (1995b).
Growth factors for the diesel sources were available from the same reference for the years 1990
to 2010. AR13divides this source category into light duty (LD) & heavy duty @ID) equipment,
setting the dividing line at 130 kW (175 hp). Consistency checks indicated that data for this
source category from this reference were highly suspect. For example, diesel fhel use by the
Mobile Industrial/Commercial Equipment category was 31,530,000 liters/day. The
corresponding fuel sales figure from DOE/EIA (1996) was 1,590,000 liters/day-one twentieth
the ARB estimate. If the ARE reference were correct, this source category would consume more
diesel fuel than all the on-road vehicles. It was decided to reduce the A.RB diesel i%eluse figures
for both LD and HD equipment by a factor often. Consistency checks on emissions taking into
account fhel use ratios indicated that, while HD emissions appeared to be consistent with other
source categories, the LD equipment emissions appeared to be a factor of ten to twenty too high
relative to the HD equipment and the farm equipment category. It was decided that the latter
emissions should also be reduced by a factor of ten. These reductions in fuel use for the LD
equipment and in fhel use for the HD equipment category are intended to bring these source data
into concurrence with the other source data for the purposes of this study only.

Mobile Refrigeration Equipment. This equipment category consists mostly of diesel-fieled
engines, according to AI@ (1995b). ARB’s fiel use and emission data for this source class and

.,, -7 .,. , ,.,.=..J A -.. ,S-.’J. ~*.-.* -’ =,-” “ =. .,- ‘-’f~~. “ :’ ‘ , ~ “=’.’”.’ “’
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growth factors for the years 1990 to 2010 were available for both gasoline and diesel-powered
units. No adjustments of the data for this category were deemed necessary.

Stationary Point & Area Sources. These two source categories were the least well delineated in
the literature. Emission data for both source categories for the years 1990 and 1995 were taken

“from ARE (1998a), and linearly projected to the year 2010. Diesel fuel use at point sources was
estimated from DOE/131Afuel sales data, assuming that point sources and power plants were
approximately synonymous. Since detailed information about area source populations and types
of fuel used was not available, an alternative estimation scheme had to be devised. Fuel use was
estimated from the sulfur emissions assuming that the sulfur content of the diesel fbel was the
same as that used by other off-road sources--namely, farm and light duty industrial and
commercial equipment.

Advanced CI Displacement Case

On Road Vehicles. Catalytically controlled gasoline-powered vehicles replace light-duty diesel
powered highway vehicles. MD and HD trucks with diesel engine displacements <8 L were
replaced with gasoline engines, while those with displacements 2 8 L were replaced by S1
engines burning CNG. Fuel use comparison of our representative CNG-fueled engines with a
control vehicle on appropriate speed and load emission test cycles indicated a 30°/0reduction in
fiel economy after accounting for the difference in lower heating value. The larger engines tend
to be used on longer-haul trips, and test results have shown a higher average fiel economy drop
for these duty cycles (NREL, 1996). Diesel buses< 8.4 m in length were replaced with gasoline-
powered units. Buses >8.4 m in length were assumed to be all diesel-powered and were replaced
with S1 engines burning CNG, and emissions fi-om a low-speed emissions test cycle were
employed in this case.

Off-Road Sources

Locomotives & Vessels. Engines for these applications are dual-fieled (LNG + pilot diesel) and
assumed to operate on the California duty cycle. Such engines were field-tested by Burlington
Northern Railroad in freight service (Burlington Northern Railroad, 1998). It was assumed that
pilot diesel was used 6% of the time and the ratio of efficiencies was 1.0459 (avg. of 1.032 and
1.06, from Olsen, 1997). The change in emissions from both locomotives and vessels were
estimated by taking a simple ratio of duty-cycle weighted emission factors times the base case
emissions.

Mobile Equipment. Units in this category that use diesel fiel in CI engines were replaced by
gasoline engines burning gasoline. The estimation procedures used here are identical to those
described for the base case.

Stationary Diesel Engines, As no details were available on these engine populations, it was
assumed that dual fiel engines operating at fill load could replace these engines. The same
representative engines used in the base case were assumed here.

..— .. . .. ..... .,..,.. ........ .-. ————.... ...... ........-! -- . . . .
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Fuel Replacement Case A .

There are three alternative fbels that can be relatively
engines: biodiesel, Fischer-Tropsch (FT), and dimethyl ether

easily used in conventional CI
(DME). All three offer some

emission benefits. Both FT and DME can be manufactured fi-om natural gas and are therefore ,
not limited by feedstock availability. Biodiesel, on the other hand, is produced from vegetable
(and some waste animal) oils whose supply for non-nutritional uses is presently quite limited. Of
the three, FT is most compatible with existing infrastructure for conventional diesel and only
minimal adjustments are required to obtain optimal performance from existing CI engines. Its
physical properties are very similar to number 2 diesel fiel, and its chemical properties are
superior in that the FT process yields middle distillates that are very low in aromatics and sulfur
compounds. Only FT and DME are considered as feasible near-term substitutes in our analysis.
The use of FT fiel results in a net end-use reduction of all emissions except C02.

Fuel Replacement Case B

DME is a light fuel, similar to propane. It is a gas at temperatures above -25 “C and can
be stored in the liquid state under modest pressure (its vapor pressure at 20°C is about 5 atm.)1 It
has an auto-ignition temperature slightly lower than that of diesel (allowing compression ignition
at nearly the same compression ratio) and a slightly higher cetane number (permitting good
statability), making it a good candidate for diesel substitution. However, currently available
fuel injection systems are not suitable for DME. Although there exists an infrastructure for
propane distribution that might be adaptable to DME, its scale would require substantial
expansion if it were to be used as a substitute for diesel. With the exception of Cm & CO, all
end-use emissions are reduced by the substitution of DME for diesel. The reduction of ROG is
similar to that for FT, but the NOX is substantially greater. The C02 emissions are lower,
consistent with the lower carbon weight fi-action of DME.

FULL CYCLE IMPACTS: FUEL PRODUCTION, DISTRIBUTION, AND END USE .

Figures 1-3 show the changes in energy use and emissions due to fhel end use alone,
then due to both fhel production and combustion for the control scenarios. The combined
additional energy of combustion and production is least for the advanced displacement scenario.
The figures also shows that, even though there is no additional energy required for combustion of
either F-T or DME, the production ener~ requirement of these alternative fhels is quite
substantial given current F-T and DME production plant factors.

It can be seen that fuel replacement by DME yields the greatest overall reduction in NOX
emissions. F-T produces almost no change in NOX emissions, due to its limited end use NOX
“reduction potential and high production emissions. Depending production plant location
economics, these emissions may or may not occur in California.

All scenarios bring about PMIOreductions relative to the 2010 baseline, but the greatest
reductions come from the advanced displacement scenario and the least from fuel replacement
by F-T.

-. ., ------.,,.,..—,.>),.. ,v~-,.,$ ,.. ,. . . . . .-~~ -, --, J ,. ’,,-.+ -,,J..-- --’ .’ --”.
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Turning now to the greenhouse gases, Figure 4 shows that all scenarios result in net GHG
emission increases relative to 2010 baseline, due primarily to fiel production processes without “
the inclusion of carbon sequestration, practices. The lowest increases come from advanced CI
displacement and diesel replacement by F-T.

CONCLUSIONS AND DISCUSSION

It is anticipated that California will move forward to expedite substitution of
(conventional) diesel fuel by formulations that can meet the challenge posed by the CARB’S
Augustj 1998 decision on diesel particulate toxici~—that is, fhel formulations characterized by
implicitly lower particulate mass in the exhaust. For example, an advanced “clean diesel”
program is already in place. We have examined two possible outcomes of active pursuit of this
strategy out to the year 2010, but by no means do these outcomes represent an exhaustive set of
possible policy results.

Our engine displacement case scenario has mixed effects. With diesel pilot fiel
admissible for NG-powered heavy-duty vehicles, gasoline demand only increases by 32 million
liters per day overall. Natural gas demand increases by 13.6 million diesel gallon equivalents per
day; of this total, the CNG demand represents an incremental 5.4 million standard cubic meters.
It is not likely that this increase in daily flow could be supplied 100 percent by domestic
pipelines, and thus NG importation would probably be necessary, initially from Canada and
Mexico but then from abroad. End-use CO and GWP-weighted greenhouse gases are reduced
from baseline, although methane emissions increase due to greater NG consumption. End-use
S0. and PMIOare substantially reduced, although NOX reduction is less dramatic.

Each of the “replacement case” alte,matives has unique characteristics. The Fischer-
Tropsch case results in an almost 76-million liter demand for that synthetic, including its use as
process fhel. This represents an increase of 26.5 million diesel-liter equivalents over the quantity
of diesel displaced. There is no indication that inherently safe production capacity to meet that
level of demand can be on line by 2010. If we assume it can, current indications are that all air
emissions of priority pollutants will decline while GHG emission rises. Reduction in SOX is
especially dramatic; fine particulate less so. The DME case requires somewhat less diesel-
equivalent energy for replacement fbel (64 million liters) and results in a lower GHG increase
and greater PMIOand NOXdecreases than Fischer-Tropsch, but actually increases CO relative to
baseline due to the presence of oxygen in the ether. Again, the existence of DME production
capacity to meet such a demand by 2010 is highly speculative and current and projected
petroleum prices appear unlikely to create incentives sufficient to drive a rapid pace of capacity
expansion, Our evaluation did not quanti@ the economic effects of replacing or modi~ing
diesel engines or the impact of new fhel costs.

ANL found that no single scenario yields the least combined impact for all of the
important components of emissions and energy use. The advanced CI displacement case, which
uses a substantial amount of NG, is perhaps the best choice if it is desired to minimize overall
negative effects on energy and the environment.

____-—.. +...... .
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Figure 1. Advanced CI Displacement Case: Increase in End-Use Non-Diesel Fuel Demand

Figure 2. Advanced CI Displacement Case: End-Use Emission Changes (Local California)

Figure 3. Fuel Replacement Case A: End-Use Emission Changes (Local California)

Figure 4. Fuel Replacement Case B: End-Use Emission Changes (Local California)

Figure 5. All Scenarios: Increase in Production Energy Demand Relative to 2010 Baseline

Figure 6. All Scenarios: Increase in Full Fuel Cycle GHG Emissions Relative to 2010
Baseline
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Increase in Demand Relative to 201O BaseIine ~~~ ~0
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Emissions Change from Baseline Forecast--2OlO
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Added Daily Production Energy (TJ)

Ov
Source Type

::--- -“. .—_-... _.. . .... ....=.>. .. . .

❑ CI Displacement

❑ F-T Replacement

..-,,. ... . . ,.
;,, ,,. ,. ,,.

.-:. . “, Net C.~”ngehFdJ Fuel ‘@cl.g’GHG Emissio~ Relative to B aseline
., ’..,- ,-.-,

ElDME Replacemmt

80.00

70!00

60:00
.,<’,,

,,,”
. .

50,00

40,00

,.-
,. ’-.,’

20.ao-
.,

, ( .:. :

10;00:
.

j“‘ 0:00-”
,,..

,,1 ,

t.,, ,.’
- ,,’.

r.,,.—:.,,,;\..
-----

umes

,.. .

.:

,.. .,. ,
.--A -,

.. ,”...:- ..-
. .----

.’ -“-. ,.,
. ...!

--- ---- , - :

.--. .~$.
i

,... . . . .

‘, . ‘. .:.’.:..

.:’

.,
LoadMobile;: OfT-RoadMobile’ ~’Sf$o&y50mes ‘ Total all soI
ki:yrces h.uces . ,:..,, ,;... ,., ., ‘., ~.j.A*,<’$,.. , ; -. . -,,, ,,, .;

. 4

&rrceType, ,
-1

..-,
❑ DME Replacement: 4,,,’

. . . ..-... ~.y - ?,.,.,~,.,.r .-. .(,, .,.., --,.. ,. . . .- . .. . . . .. .. . ,. ‘k. ..- ,: 3


