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Abstract- Before 2005, the ratio of the U.S. price of oil (dollars ratio of 1/6th or 1/8th the price of oil per barrel (about 1 to 1.2
per barrel) to that of natural gas (dollars per thousand cubic feet times the price of oil, in terms of dollars per GJ), power
(MCF)) stayed close to seven to one (i.e. close to 1to 1.2 in do”arsgeneration switched to natural gas. Whenever the price of
fper gEa joule ((?J)equivallent). The ral;ilo was depﬁngent on theI natur al gas increased above t
act that U.S. electric utilities were able to switch between oi : . .
derived fuel and natural gas for peak and intermediateslectric then pwer ge_neratlon SW.ItChEd to O.II' q&h [2].13]. [4] and'
power generation needs around that ratio. That means [5] and see Figurgfor a history. Switching power generation
technology drove the oil tonatural gas price ratio relationship. ~feedstock back and forth meant that the price ratio stayed
However, now that most generators use cheap natural gas in Within the same bounds because any time the price of natural
America and no longer switch to expensive oil, a newolatile oil  gas went atwe or below the ratio for any length of time, the
to natural gas price ratio paradigm has emergeéh the U.S.where  demand for natural gas quickly altered to compensate. The oil
no one technology drives the relationship. However, that could market was the deeper, more stable energy market. If natural
change. For example in 2007, there was massive switch from gas prices went too high, demand for natural gas quickly
gasolinefueled vehicles to natural gasueled vehicles in Utah plummeted, if natural @s prices went too low, demand for

U.S.A. The costs and benefits of this switch showedprice ratio : . .
between oil and natural gas that could approach 22to 1 (3.7to 1 natural gas quickly increased. The oil dog wagged the natural

in dollars per GJ). This suggests that he major natural gas gas tail.
markets in Europe and America may be abldo drive the world
oil market to some degree.
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|. INTRODUCTION &
g 10
As the price of oil has risen, there is concern for how the E 8
worl dés economy wil/ be abl © oi l
for oil substitution range fromasing coatto-liquids to gasto- < 6
liquids to electric cars. However, since natural gas is amenabl g 4
to being used in internal combustion engines right now, then ¢ ¢
much simpler idea is to use natural gas directly to replace oil 5 2
derived fuels in automobilesn the United States the price of 0
natural gas has been low for several years and yet not man 1980 1985 1990 1995 2000 2005

U.S. regions have used compressed natural gas (CNG
automobiles as a significant portion of their fuel use strategies. — )
This analysis suggests that the costssifiginatural gas may Fig.1, The roughly 6 to 1 or 8 to 1 jpe ratio of natural gas to oil.

be too high yet to be able to make such a switch happen. u.s _r_narket from EIA yearly data to 2002 before natural gas
volatility occurred.

Looking at the U.S. natural gas market, it is clear that for
many years, the price of natural gas in the United States andHowever, now that natural gas supplies in the United Sates
the price of oil were linked by power generation tedbgp. have increased well above power and space heating demand,
Modern electric power plants are able to switch from residuaith very low natural gas prices, and new supplies look to be
fuel oil (or condensate fuel oil) to natural gas and back agdarge, there is no more reason to switch to oil for electric power
as needed. Anytime the price of natural gas per thousand cuggneration in the U.SAlthough, as withhe rest of the world
feet (roughly the same price per giga joule), dipped belowthe U.S.still looks to usesomecoal fired generation in place

Year
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of oil and natural gas as wellherefore, @ does not look to natural gas supplies will be much larger than future oil supplies
be a factor in world electricity production. This is espégcial and will be at a reliable low cost, then the natural gas market
true since oil prices are forecast to remain high, and natural gasild dictate the price of oil in theil market. In the last
prices are forecast to remain low for several years if neecton, | give concluding remarks.

decades, and there looks to be plenty of natural gas for all

projected space heating and electric needs in ti%e dnd Il. THE UTAH CASE

possibly around the worldue to shale gasWe could also

look at Hotelling[6] rent as a cause for price rises for oil and | ytah, in 2007 and 2008, a substantial number of motorists
natural gas, as Gordofi7] and Holland [8] suggest, gyitched their transportation vehicles from using gasoline to
nevertheless, Reynold®] shows that the Hotelling rule using CNG because of the low price for natural gas and
cannot be used. because there were relatively many utility and govertmen

Although, the price of natural gas could go back up fPonsored natural gaselingstations. See Krausg3].
demand picks up and the price of oil could go down if mark&tynn [24] shows that using CNG is difficult due to many
forces change, nevertheless, as o8& economics of using factors including consumesost markups, natural gas fuel
natural gas are so much better than the economics of usingSéation availabiltyad t he percepti on that
for power geneation that there does not look to be any mor@ork as well.

switching in the US andvery little in the rest of thewo_rld. Turrentine and Sperling5] suggest that perceived risk by
However, if supplies of natural gas continue to increasge consumer will create resistance to a changeover,
substantially, due to shale natural gas the Potential Gas presumably the risk of a lack of natural gas fuel availability
Committee[10] and the EIA[11] showd and if oil prices go \yhen needed, but alscetrisk of an explosion of the CNG tank
upd as UKERC[12], Fantazzini[13], Kumhof et. al[14], jself. However, those concerns were overcome in Utah in
Lutz et. al[15], Mirchi et. al[16], Hallock et. al[17] and 2008 whe a surge in interest in purchasing CNG vehicles or
Reynoldd18] showdue to p e a B thenia hew substitution conyerting to CNG vehicles occurred\lthough there were
paradigm may well emerge. The technologyuam the many problemswith fueling which were notemphasized,
natural gasswitching may be with automobilgather than particularly the problem of havirigo fewnatural gagueling:
electric power production stations available, which we will look at belpnevertheless,

According to Ramberg and Parsofts9], the historic it did work to a degreelmportantly, Aslam et. al[26] show
cointegration relationshipe t we en oi | maymat Ha ENG vehicleg are gpmparable to gasoline vehicles
be a very reliable predictor of future natural § p r i g@Bysperigrmance characteristics. So, while some motorists
Ramberg and Parsons do give one option for the future iBfUtah simply bought automobiles built to use CNG, such as
natural gas prices which is that gadiquids technology may the Honda civic GX, many actually paid to have their existing
determine the upward bound of the oil price to natural gas prig@soline automobiles converted to CNG vehicles. A close
relationship. However, there is more feasible option. inspection othe costs and benefits for the switching option of
Natural gas and oil may in the future substitlitectlyfor one  turning an existing gasoline vehicle into a CNG vehicle shows
another as a transportation fuel for automobiles seeing B¢ following economics.

natural gas looks to be a cheap energy source for a long timerhe typical cost of conversion to switch from a conventional
and has characteristics similar to a liquid fuel, although Flyrgy, 1o 3 compressed natural gas was $12,000 in 2008.
[20](2002) shows many of the drawbacksising natural gas assuminga typical car in Utah got 20 miles per gallon and
for an automotive fuel drove 10,000 miles a year and that there was no appreciable

NeverthelessKrause[21] shows that in Utah, starting in change in mileage after CNG conversidinena typical car
2007, a new fuel switching paradigm took place whergse€d roughly 500 gallons of gasoline equivalent per (G
consumers switched from gasolideven cars to compressed GJ) The priceof gasoline at the time consumer switching took
naturd gas (CNG) cars. Boyl§22] also shows that many Place in Utah was $3.95 per gall®82/GJ)in 2008 with oil
developing countries could start using CNG vehicl@t @bouta $120 per barrel price. The city gate price of natural
technology Typically, such conversions require that a larggas in Utah was about $8 p@dwhich is equivalent to $0.87
CNG tank be installed in the car and slight alterations doneR6" 9allon of gasafie equivalent. Since natural gas retail
the engine. Large cars suah SUVs and pickup trucks areStations were government run, the city gate prices were

amenable teonvesionand there are plenty of those vehiclegoughly the samerie as the natural gdsieling-stations.
in the US. Therefore the price difference of the oil based gasoline fuel

. ] ) . compared to the natural gas fuel ws3.08 per gallon of
In this paper, we will analyze a case study in Utah in ordggsoline equivalent. If you multiply that by 500 gallons, the
to understand what kind of rate of return consumers needdgst savings come out to be $1,540 per year or roughly 13% of
order to make the switch froail to natural gas. In section lll the cost of conversion. In other words consumers were saying

a simple cost estimate model for the relationship between gy to pay for a $12,000 conversion, they ndexd&3% return
price of oil and the price of natural gas for automotivgp their capital investment.

consumers is derived. In section IV, a competitive market
analysis is done. In section V the implions for such an il ~ However, one of the problems that Utettiwas that people

to-natural gas price ratio paradigm are explored. If we assuM{gre waiting in line to be able to fill up their CNG vehicles
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they were only allowed to fill up half wagr they had to come to run only on natural gas and probably at a similar cost as
to fill their CNG car & night. That signifies an economic gasoline driven cargiowever at the margin, where switching
constraint on their options, which is a further cost of CN@ill occur, it is the people that convert from gasoline to natural
vehicles. We will go intehat constraint in section IV. gas that could drive the price ratio of oil to natural gas.

Assume consumers who pay for CNG conversamsider
I1l. A SWITCHING COSTEXAMPLE the car itself is a sunk cositen every year the consumer must

) ] ] be able to pay off the conversion investment with the following
What we would like to do is to first understand what thgayment:

costs and benefits are of switching from oil to natural gas as a

fuel source using sirr_lple .engineering economic concepts. GOOIGE d &2

Once we have thengineeringcosts and benefits, we can

expandaterinto maket implications. First, consider a simplewhereC is the cost of converting a gasoline vehicle to a CNG
case of converting from gasoline to CNG. If the price ofehicle andr is theinterest rate paid by the consurfier the
natural gas is low, relative to the pricelifuid fuels, than loan to pay for the conversion

peqple who already own gaso_line or _diegel_ cars and tru_cks Wilhye also need to understand theatage in fuel savings.
switch to natural gas by nwerting theirexisting automobiles | o

into CNG vehicles. People who are considering buying new L o
vehicles, will simply buy prequipped CNG vehicles, "0 OEQ PAHAA OT IABA@AT 111
although probably both wodilbe bought on new car markets 0 O EQMA CPACEH AA O CAAIAD A-O# &

as not alU.S.regions are amenable to using natgas. where $ perMCF is roughly equal to $ per GJ

In the US., 150,000 natural gas cars have been sold, and if
that number grows to one million, as expectestjlitdoes not
put adentin the 250 million U.S.-car fleet. Thereforefor the
next ten or twenty years, millions of used cars in Nort
America can be converted from using ligfigtl to using
natural gas. Itis these used cars that will determine a switching 1 gallon of gasoline = 0.124CF
market. There will be an increase in used car conversions jf
oil prices rise very high relative to natural gas and a decrease
in used car conversions if oil prices are particularly low
relative to natural gas, even as much of the rest of the world The consumer pays for the capital cost of conversion by
and even some regions in the U&ntinue to purchase oil saving money on driving, which means the difference in fuel
fueled cars due thaving no other option. Such natural gagost multiplied by fuel use per year has to pay the conversion
freeregions ould provide used cars that could be brought teosts or:
the U.S. for switching. However, used, liciiickled cars will
not be able to be sold easily in order to buy new natural gas go 6 O 62 1
cars, as no one will want a used oil fueled car when they can @)
buy a new natural gafueled car, and the used car market wilvhereF = fuel use per year iNMCF.

become a buyersé market wit rh hC%I sctﬁ)unt edSPﬁti Ch'elsd' 3'0'
option for millions of car ownersvould be technological Ight now the average .5 fight venicle driver drves

conversion of used cars. 10,500 m@les per car per year, anq that of a light truck drivgs
12,400 miles per year, but may drive more or less depending
If the price of natural gas is high relative to the price of oibn their sensitivity to fuel prices (EPfR7]). The EPA
peple who already own gasoline and diesel vehicles willssumed the average passenger vehicle drove 12,000 per year
refrain from switching their car to use CNG. This means that 2005, so by now, it may be 11,000 due to higher gasoline
there may emerge a switching relationship between oil apéices. The natural gas fuel use for a typical CNG car,
natural gas. To understand the potential relationship whassuming similar characteristics for a CNG vehicle as for a
natural gas starts fnoa high price and moves low, we need tgasdine fueled vehicle, is:
do an engineering analysis of the costs of a switch from a

In order to make the above retail prices comparable, a
conversion factor is needed. Assuliés dollars peMCF ($

per GJ)andG; is dollars per gallon of gasoline equivalent, the
conversion factor is:

The gasoline equivaleMCF = 8G,.

t he

gavline vehicle to a CNG vehicle. Fuel use per yedF) = v W 0 "0
Assume consumers must pay a capital cost in order to M = miles driven per year
convert their automobile from gasoline to CNi@ilar to what MPG = miles per gallon of gasoline equivalent
happerd in Utah and assume the natural gas fuel stations will Therefore the consumer needs the price difference to be the
emerge in only a few regions near dense citiesearwell-  fo|jowing:
developed natural gas infrastructure. Since t&has a very ) ] )
deep natural gas market, all that is needed is for dd18e (Price difference) x (fuel use) = investment cost
cities or reggions to develop CNG stations in order for the b
switching to occur, i.e. it is not necessary for a national CNG go o0 g 0 "0 62 (2)

grid to havesomeconversions occur. Cars can also be bought
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(note: 25MPG=9.4 liters per 100 km; or 10.63 km per litter) A is the average base year expected cost in dollars per GJ of

. extracting shale natural gas frargreenfieldandl| is a unit

The retail natural gas price in the United State is usuallyjq%tss inflation index that should equal unity in the long run
above a city gate jme, particularly for dueling-station buying '

the natural gas ibulk. The actual cost for é&fueling-station Note, the inflation index is not expected to change over the
will be explained more in section IV. For now, assume theng run, buit is a convenient way to integrate costs of capital

retail price of natural gas for a residence isgidy the same in both CNG conversion and costs of extraction. The inflation
as for afueling-station. Therefore the natural gas price to thimdex can be multiplied with the capital cost of converting a

retailer and to theustomer is assumed to be roughly 50%ar to CNG to get an indexed real capital cost of automotive
higher than the Henry Hub price in North America, due toonversions, whit can be added to Equation 2:

taxes, costs of distribution and returns:

O pdW
wherePuy = the Henry Hub natural gas prig¢MCF). Since G, Nr and | have thePwr and Py variables
subsumed, we can solve the Py /Pyy ratio, which gives us

By multiplying the gasoline price by 46 gallofthe GJ o ol 1o natural gapriceratio based on automotive fuel use
equivalent value of gasoline compared to the GJ equivalgfftine two @tions (see appendix 1):

value of crude oil per barrel rather than the normal 42 gallons, . .

per barrel), we get a per barrel of oil equivalent price of0 @p S A»uvo ®)
gasoline. Including taxes and the cost of refining, which all v el

increase as the price of oil increases, due to the entropy subsidiquation 3 is the future oil to natural gas price ratio
problem (GeorgeseRoegen28)), i.e. the problem where an paradigm. In Section Il, it was seen that consumers look to
initial cost estimate of energy technology inflates as the castquire a rate of return of about 13% in order to inwest

of energy used to make or run that technology increasesnversion capital. Also, retail borrowers often pay 13% for
Therefore,theretail gasoline price is roughly twice that of thethe cost of borrowing for automotive purchases, although we

920 & 7 y5gro 6230

crude oil price or: might expect a range of interest rates depending on market
) - conditions. Assume the base cost of shale natural Aass (
T@PO $7 perMCF ($7 per GJ), the capital cos€)( required to

wherePyr = the West Texas Intermediate price of oil peehange a car from gasoline to CNG is $12,000. The typical
barrel. car in America drives, 11,000 miledvij, a year, and in the

In the future, most of the natural gas in the United StatésS» car mileage,NIPG), is inching up to 25 mpg. In that
will be produced from shale natlirgas, although that shale @€, Using equation &e price ratio of oil, in dollars per
natural gas is highly capital intensive relative to convention3p'Te! 1o natural gas, in dollars per MCF, will kit 1 (see

natural gas. Currently).S. natural gas prices are $4.50 pe@PPendix 1). That meaifsnatural gas at the U.S. Henry Hub
2 pgrebarrel 4 p

thousand cubic feet (MCF) IS®i/MCFstheg hewn yillhaye tobe "’H@l_(?_ .
shale oil plays are producing both oil andtunal gas before switching occursHowever, ri ht now oil is priced at
simultaneously and producers are being forced to dump th&y00 Per barrel and natural gas is at $5 in the U.S. which is a

naturalgason the market for whatever price they can gdti© Of 20 to 1. Such a high ratio with such a low natural gas
seeing ashale oilproductionprovides all the profitand pays price suggests the U.S. should already be switching to natural

for all the costs of drilling. The rough cost of obtaininglsha 925 vehicles right now, but veiiitle switching is occurring in

natural gas, where it is developed from scratch and where thQ'E@ us . Part o fothis r[Bzi]y:ond:Ept Di x
is no associated oil, is about $7$09 per MCF (CtSENk st extpmalitiegithough there may be other barriers
2014 dollars depending on the shale natural gas playwe need to look at the cost and complegithaving natural
technology and the price of metals used in the natural gggs fuelingstations as thaboks to be the reason no one is
drilling capitd machinery. See Rogef29], Berman and switching. In the Utah case, the governmenhesvand ran
Pittinger[30] and Mazuff31]. For now assume the future coshatural gas fuelingtations, but the/tah governmentould not

of shale natural gas developed in the U.S. from scratch will Bgtiate demand and there were queues. So if we want market
$7 perMCF ($7 per GJ)and assume that eventuallyath driven fuelingstation retailers, thewe need to include the
greenfieldcost will dictate te U.S. Henry Hub price of natural cost of the retaifueling-stationsthenselesin our analysis.

gas. In the long run, the price of shale natural gas will increageieed, as the Utabaseshows, there tends to be limited
due tothosereal capital costs but is not expected to increasgailability of natural gas compressor fuelirgiations

due to supply constraints. Therefore the long run price of shaiedoubtedly due to the expense of buildingm

natural gas should deerge due to technology and increase due

to steel and metal costs and thus can be used as a real inflation  |\/ NoON-COMPETITIVE MARKET FACTORS

index for capital and technology costs in general. That index

would be: B One of the problems with using natural gas as a fuel for

0 v automotive transportation is the higkpense of a compressor
0 fueling-station in order to fill up CNG tanks. Also Flyf88]

wherePyy is a long run average Henry Hub prieed where shows that market barriers to entry darmonopolistic
competition create a number of high costs for CNG cars
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including getting replacement parts. Therefore not all of thihe cost ofa fill up. Let us add the cogif a fill up to the
costs are taken account of in equation (3). Here, let aguation 3.
concentrate on thiueling-station costs, later we can look at _.
! 2 i First:
geographical, monopolisticompetition aspects. Asme the
high compressefueling-station costs preclude anyone from 0 o pd D
having a home compressor, bliata simplefueling-station is

very expensive. So equdbn 2 becomes:

Consider again an engineering economic analysis for (O v :1*)6 PR
understading the cost of a natural gleling-station market. . )
First, we can adda fueling-stationcostto equation 3. Right And solving forPwrn/ Puy, see appendix 2, we get:
now a typic_al compressdueling-stationwould costas much ) y Ccasa OO
as $1 million and wouldoperate2 hoses. Typically, a 0 @ g )]
customer can fill up a CNG tank in about 3 minutes, however, CBo T ()
most customers may need additional time to organize 0
themselves, put their credit card in and clean their window
Therefore ti could take 6 minutes per fillp of an 8 gkon of

gasoline equivalent CNG tank, that is 1 million British thermal w0 _~
units (mmBtu) or 1 GJ. If we assume that such a high cos /A.%
facility requires about 3% of initial cost per year to pay for 25

maintenance, operation, taxes and a return on capite W
investnent then that means typically there needs to be % 2o

$350,000 per year of revenue to covitre yearly cost of a $1 g //%
H

million compressaosstation or roughly $1,000 per day. 315 —

v qi)fj"o 633’0

If we assume most cars will bélifag up during rush hour, 10
2 hours in the morning and @trs in the evening, and maybe
one more houin addition, then theueling-station must 5
achieve the requisite $1,000 per day in revenue, above the c¢
of natural gas, in 5 hours with 2 hoses, or in 600 combinec o 15 0 2 s s am as
minutes per day. The 600 minutes must héddd by the 6 Miles Per Gallon of Gasoline Equivalent
minutes needed to fill up, which gives the number of fill ups
per day at 10 that must pay for thizielings t at i o n & Fig 2¢ Gil prite toadtural gas price ratidriving 11,000 mileper
taxes and operational costs of $1000 per day. Thus eachyfdhr and shale costs of $7 (various interest rates)
up must charge an extra $10 per fill up, i.e. $10 @éror
roughly $1.25 per gallon of gasoline equivalent, just to pay for
the compressor station. If competition is needed to make sure
that one station does not have a geographical monopoly power,
thenyou basically need twéueling-stations just to mainia
competition. In that case, you would have half as many fill
ups with the same costs, which comes to $2.50 per gallon of
gasoline equivalent or $20 pelt fup ($20 per GJjust b pay
for a competitivefueling-statiors. Even then you could still
have geographic monopoly power and barriers to entry that
could well keep the price of natural gas above $3 or $4 per
gallon of gasoline equivalent. This would make natural gas
unusable under most assumptions until oil is well above the
$200 per barrel rangend even if natural gas is below $&r
MCF ($5 per GJ).

However, let us assume that compressor technology, or
liquefied natural gas (LNG) technology, can be used to reduce
costs of a filup, and let us assume that marketing strategies
can be used to spaut the time when people filip their  Fig 3, Oilprice to natural gas price ratidth a 13% interest rate and
cars, hen maybe the cost offaeling-station can be reduced Shale costs of $7 (various miles driven per year)
to a more reasonable $15 per-iifp ($1.85 per gallon of
gasoline equivalent or $15 per GJ). Assume this creates
enough sparéueling capacity to keegompetition available.
Using an inflation index similar td above, letb be a
technology of fillup factor, wherdo = $15 per GJ, which is
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