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Abstract: In the world there are two main problems conceyrénergy and ecology. Despite the crude oil price
fluctuation, it has tended to increase. Moreovesilduel burning emits hazard compounds, includireenhouse
gas. To solve them alternative fuels for vehicleento be used. In due to properties, their usageats on the
engine efficiency. The alternative fuel usage nemttfitional investment costs on the vehicle engadaptation
and fuel supply infrastructure. So, decisions nhestbased on mathematical apparatus. Three submedets
used in the suggested mathematical model: energyeapnomic indicator for fuels; energy and economic
indicator for vehicles; criteria for investment jacts. As a criterion of investment projects thefitability index
has been grounded. The mathematical model andigbgthm for determining the feasibility of the elhative
fuel utilization have been developed. The propadgdrithm includes the following stages: calculatif the fuel
energy cost; calculation of the criteria for vebgl determining the maximum value of investmentaking
decisions. Biofuels and gaseous fuels for some tdegrhave been studied. The economic attractigenéshe
alternative transport fuels has been presentedordc to mathematical modeling, gaseous fuels moge
economically attractive compared with liquid bidsieAmong gaseous fuels, LPG has a higher economic
efficiency. The economic margin of alternative fapplication feasibility has been determined.

Keywords: alternative fuel, profitability index, mathematicenodel for feasibility of the alternative fuel
utilization, fuel energy cost, vehicle

I ntroduction

The last years a lot of attention was paid to inaprg the economic and environmental
performance of vehicles due to global problemssthir crude oil reserves are limited, and
its price has a tendency to increase (Fig. 1) §dcondly, the issue of pollutant and
greenhouse gas emissions. Greenhouse gas emiastonsder the control of the European
Parliament [2]. One of the ways to solve the abprablems is to use alternative motor
fuels, including renewable ones. Alternative fuglsmpared to using petrol and diesel fuel
in vehicles) deliver greenhouse gas saving [%]ni@thane - between 60 and 90 [3];
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ethanol - between 30 and 82; biodiesel - betweear@B50 [4]; liquefied petroleum gas -
up to 39; natural gas - between 25 and 47.
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Fig. 1. Brent crude oil price history and its trgmubdified by authors after WTRG [1])

The economic feasibility of alternative fuel usesHaeen studied by a number of
scientists. The researchers investigated the ieritey compare the different energy
resources [5, 6]; the strategy of gaseous fuel iegtdn in a road transport [7-10];
an ecological and economic analysis of gaseousussge [11-14]; economic evaluation of
the alternative motor fuel utilization by road tsaortation were conducted [15, 16];
a comparative analysis of motor fuels [5, 17]. Feots and perspectives of the compressed
natural gas (CNG) studied by many scientists [1B-20

However, there is still not enough studied into tisage of such indicators as the
profitability index to ground of investment projecibn the alternative fuel usage.
The decision on the replacement of traditional fugith alternative motor ones must be
mathematically justified. It needs to determinerexic indicators of investment projects.

The purpose of thisarticle

The aim of this study is to develop a methodicadrapch to determine the feasibility
of alternative fuels utilization. It was based ikréderion of an investment project and take
into account both fuel energy indexes and investroests.

Material and methods

This article presents retail prices of major al&ive fuels, which are currently in
widespread use, i.e. liquefied petroleum gas (LRIXB)G, biodiesel, bioethanol, etc.

Some submodels were combined to reach the aim:efueigy costs, fuel efficiency
indexes for vehicles, and a criterion of an investtmproject.

Energy and economic indicator for fuels

To make a decision on the application of a cerfai@l it is necessary to have
information both on their physical and chemical gadies, and economic characteristics.
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One of them is fuel energy cost. In the case ofenhifuels cost of energyCE) is
determined as follows:

CE = Zn:(Fpr,- Dgl) Zn:(Q Lo, LY, )j [€/GJ] )

whereFpr; is the price of thé" component of the fuel [€/f Q; is lower heat value df"
component of the fuel [MJ/kg}s; is the density of thé" component of the fuel [Mg/th
n is number of components; is share of thé" component of the fuel.

For dual fuel mode engines:

CE=(1-¢)[CE, +¢[CE, [€/G] )

where ¢ is the energy share of conventional fuéE, is the energy cost of conventional
fuel [€/GJ];CE. is the energy cost of alternative fuel [€/GJ].

Internal combustion engine efficiency depends amesdactors, including the type of
fuel. It is found that utilization of gaseous fuelspark ignition petrol engine (especially
biogas) results in efficiency reduction (relativély up to 20 %) [21]. But the use of dual
fuel mode in a spark ignition engine (petrol anddais, petrol and natural gas) has quite
different result. The brake thermal efficiency impes by 17 % [22].

The use of biogas in dual fuel mode diesel engeethe same result - reducing the
brake thermal efficiency. The utilization of natugas can increase performance on some
modes [23-25]. Transition from conventional petuote fuels to biofuels changes the
efficiency of thermal engines too [26-28].

Therefore, it is advisable to determine the enexagt per unit of useful workECUW):

ECUW =CE ™ = Y (Fpr, (070> (@ 7y )j [€/GJ] 3)

wheren is the engine performance at a certain fuel orlflend.

This mathematical model can be used to comparerdiit types of fuel. The preferred
fuel is the fuel with lower energy costs. The abamdicators are more suitable for
a stationary power plant. But the above factorsaiotake into account the fuel impact on
vehicle efficiency as a transport system.

Energy and economic indicatorsfor vehicles

The utilization of alternative fuels impacts on c®nal expenses of vehicles. They
influence mileage, payload, traction force, etc. ®waluate a cumulative effect,
dimensionless indicators may be used.

Utilization of alternative fuels may decrease pagloof vehicle due to increasing
operational weight. It may be the result of mouradditional equipment, for example, gas
cylinders, gas generator, fuel tanks, etc.

So, the indicator for vehicles takes into accowayigad and cost of fuel:

Ka= Z(qalom (Epr, ) PL, EﬂFprC [GC 00 [PL, )_1 “)

i=1
wherePLy is vehicle payload when conventional fuel is updd]; PL4 is vehicle payload
when alternative fuel is used [Mglic,0 iS conventional fuel consumption per mileage



244 Antonina Kalinichenko and Valerii Havrysh

[M*100 km]; gauooi is i™ alternative fuel consumption per mileage®ft00 kmj; Fpr. is
conventional fuel price [€/th

If the value of criteriorK, is less than oneK( < 1), the use of alternative fuel is
expedient.

A traction force of the tractor when the engineuaning on alternative motor fuels
could be reduced as a result of the following reaso
e anincrease in operating weight;

» adecrease of engine power rating.

The first case is possible, for example, when ugiagrbottled equipment. The second
case is possible when alternative fuel propertiedifstrongly from conventional ones. It is
possible, for example, when using a gas gener@mrfor tractors the value of a criterion is
equal to the ratio of hourly cost of alternativel araditional fuels per kN thrust:

n -1
Ky = Z(be' EFpri] (Ne, [Pcr, EEbeCENeC (Fpr, EPcraj ®)
i=1 | P

whereNe, is the nominal power rating when traditional pktumn-based fuel is used [kKW];
Pcr. is the traction force when traditional petroleuaséd fuel is used [kNkbe; is the
specific fuel consumption of conventional fuel [K@/h]; o is the density of conventional
petroleum fuels [kg/drh;, Ne, is the nominal power rating when alternative fiselised
[kW]; Pcr, is the traction force when alternative fuels asedi[kN]; be is the specific
consumption of thé&" component of the alternative fuel [kg/kWiak;is the density of the"
component of the alternative motor fuel [kgfim

If the value ofK; is less than 1, then the use of alternative figlexpedient. But
criteria Ky and Ky do not take into account investment costs intgastfucture and
modernization of vehicles.

Selection criteria for investment projects

For economic evaluation of investment projects fley indicators are used: the net
present value NPV), the profitability index PI), the internal rate of returnRR) and
payback periodRP).

NPV is an absolute indicator and it is used to anatheeprofitability of investment
projects.NPV is calculated as the difference between the ptesdunes of cash inflows and
outflows (during the project lifetime). A positidPV indicates that the projected earnings
exceed the anticipated costs. GenerallyN#V is positive, then an investment will be
a profitable. This indicator has been used by tlth@s as a criterion in the optimization of
biogas plants [29-31]. But this indicator is amhugs.

The profitability index is an indicator that attetsipo identify the relationship between
benefits and the costs of a proposed project.

The Pl is calculated by dividing the present value of pheject's future cash flows by
the initial investment. If th@I is less than 1.0 the project is unprofitable. Tikia relative
measure of the level of income per unit of inpid,,ithe effectiveness of investments. That
is why Pl can be used as a criterion of the investment proja practice, an investment
project may be acceptedHf is more than 1.2.

Internal rate of return is an_indicator which usted measure the profitability of
potential investments.
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The period during which the consumer may recover itfitial investment is called
payback period. This is one of many simple and s&ibk indicators.

Not all indicators may be used as criterion of stwgent projects. Such as, payback
period and net present value cannot give singlaedhtesult. And calculation procedure for
the internal rate of return is relative complicat®&hsed on the above, we accept the
profitability index as a criterion of an investmembject.

Mathematical model and the algorithm for deter mining the feasibility
of the alternative fuels utilization

Profitability index of regular cash flow is determad as follows:

Pl = CC\;CA Dizill((“ o.01tg)") (6)

whereC; is the annual cost of conventional fuels consuompfE]; C, is the annual cost of
alternative fuels consumption [];is the discount rate [%)/ - total initial investment cost
[€]; nis the lifetime of the investment project [years].

To evaluate the investment projects it is necessaynow the discount rate value.
The discount rate is the interest rate used to earfuture revenue streams into a single
value of the current value. It is used to asses®tfectiveness of investments. In economic
terms, the discount rate is the rate of returnnwested capital, which is required by the
investor. Therefore, the value of the discount naifgacts on key decisions.

Determination of the discount rate of investmermjgets for alternative energy source
utilization was investigated earlier by the authdtrss based on fuel prices and takes into
account the market dynamics [32].

After transformation the equation (6) will havecearh:

\Y

pl=C. [El_&];((u o.lolcg)i] @

c

We introduce the following notationéZ% andy = % then the equation (7) takes
the form:
1-8) & .
PI =umz((1+ 0.01g) ) ®)
y =
The S depends on fuel price and engine brake thermiziefty:
L= & = —CEA = —FprA L (9)
Cc CEC Fprc m]A

where 17, is the engine performance at conventional fyglis the engine performance at
alternative fuel.

To determine the expenditure for different fuelss inecessary to take into account the
additional costs associated with reducing their. uSbese may be, for example,
environmental charges, taxes on the vehicles,letmvers all areas: from investment in
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fuel production to environmental charges [33-3'4ducing income taxes; government
award for eco-friendly cars; reducing taxes on gdsder cars, etc.

For example, in Sweden, the new environmentalnfilly cars are exempt from taxes
for five years. For comparison, the annual envirental payments from diesel vehicles are
460 €, and petrol - 230 €.

That is why factog3 has a following form:

g= C,-CR (10)
Ce

whereCR is the cost reducing [€].
The investment project is attractive, if the Patfitity Index is more than 1.2. Then
the equation (3) takes the form:

Lﬁaﬁ:((u 0.01g)" ) > 1.2 (11)
From the equation (10) the valuejottan be found as:
(1-5) 5

y<?%((l+ 0.01g) ) (12)

It is a condition for the attractiveness of alteéiveafuels application. The critical ratio
of investment to the annual cost of conventional wnsumed has a following form:

Yo =%D§((l+ 0.019)" ) (13)

The factor )4 determines the economic margin for alternative fapbplication.
The functiony has linear dependence ghin our example, the lifetime of the project is
assumed equal to 8 years (Fig. 2). So if we haveuancosts on conventional and
alternative fuels, we can find maximum acceptablee of investment costs:

Vmax = yO EC(: . [€] (14)
We propose the following algorithm to determine fhasibility of using alternative
fuel utilization - Figure 3.
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Initial data:
« traditional and alternative fuels prices;
« the main physical properties of fuels;
e characteristics of vehicle using different typesuss;

v
Fuel energy cosQE, andCE.) and energy density|

yes

Criterion Ky (K,)

yes

Determine investment co¥t
Discount ratey

v

Calculates and )4

no
yes
\ 4
The use of alternative The use of alternative
fuels is advisable fuels is not advisable
End

Fig. 3. The algorithm makes decisions on alteredfirxel use
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Results of modelling

The situation of the fuel market in some counttias been considered. The reason for
choosing them are as follows:

* The USAis the world leader in biofuel productiomautilization,

» France and Germany are the EU leaders in altem&i@l utilization,

» Poland is the nearest neighbor of Ukraine andl@as¢arest area and history,

» Sweden is the leader of biomethane usage as regd fu

* Russiais a huge exporter of energy resources apggjabor of Ukraine.

Biofuel consumption is developing now. In EU coiggrbiodiesel and bioethanol are
more popular fuels in transport. Besides biogaspamd vegetable oil are being used.

Table 1
Prices of motor fuels [€/d%) [*€/m?]
Fuel Countries
Ukraine| Poland | Germany | France | Sweden | USA [ Russa
Non-renewable fuels
Diesel fuel 0.78 1.05 1.24 1.21 1.40 0.56 0.66
Gasoline super 0.85 1.09 1.44 1.36 1.45 0.59 0/63
LPG 0.41 0.50 0.57 0.75 0.94 0.59 0.27
CNG 0.52 0.79 0.78 0.95 1.31 0.51 0.24
Renewable fuels
Rapeseed olil 0.69
BiodieselB100 0.77
E10 1.42 1,35 0.58
E85 0.64 1.14 0.48
“Calculated from €/kg" Calculated from €/Mg, no extra tax included
. 38.3
4000 o ODiesel fuel
33.92 33.18 mB100
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Fig. 4. The energy cost for diesel engines: patraland biofuels
Biomethane is a renewable gaseous fuel producedighrupgrading biogas and can

meet all technical requirements for vehicles. Newen countries of EU have biomethane
filling stations: Austria, Finland, Germany, HungaNetherland, Sweden, and Switzerland
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[38]. Germany, Sweden and Finland are leaders améihane utilization as transport
fuel [39].

In this paper the fuel prices were considered, Wwhiave emerged on April 2017
(Table 1) [40-49]. According to our calculationsieegy costs of biofuels are often higher
compared with traditional fuels (Figs. 4 and 5).
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Fig. 5. The energy cost of fuels for spark ignitergines: petroleum and biofuels

Thus in Germany, the use of biodiesel and rapesdledre expedient communal
transport. And these biofuels are not attractiveafgriculture. This is due to the fact that
farmers buy diesel fuel at a discount price (57f%e average prices in the country) [50].

Gaseous fuels are more economically advisable cardpawith biofuels.
The coefficients depends on the fuel being replaced and the mankeg. In different
countries, it is in the range from 0.394 to 1.48@k(e 2).

Table 2
The values of the coefficiegit
Fuel . Countries .
Ukraine | Poland | Germany | France | Sweden | USA | Russa
Compression ignition engines
LPG 0.744 0.676 0.652 0.871 0.953 1.487 0.580
CNG 0.731 0.821 0.683 0.814 1.018 0.995] 0.394
Spark ignition engines
LPG 0.641 0.611 0.527 0.732 0.864 1.317 0.571
CNG 0.695 0.818 0.608 0.753 1.017 0.971] 0.427

For spark ignition engines the values of the cogffit ) (zero discount rate) is higher
compared with diesel engines (Figs. 6 and 7). ltdsmakes the use of alternative gaseous
fuels more attractive for road transport equippeith \wetrol engines. For some countries,
for example, in the United States the replaceménpetroleum fuels with LPG is not
advisable.
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Fig. 6. Coefficienty in different countries (compression ignition eregh

aLrPG
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Fig. 7. Coefficienty in different countries (spark ignition engines)

There are several barriers hindering the developmgthis type of fuel. One of the
key barriers is the lack of infrastructure of fillj stations [9, 19]. The similar situation is in
the United States. This is typical situation fouewies with a large territory.

In general terms, this pattern is common, regasdiéshe country (Fig. 8).

The above model may be used to determine the mimirannual vehicle distance
traveled to make alternative fuel use attractive:

o= Ve [km] (15)
¢ Y L&c oo LFpre
whereV. is increment cost of alternative fuel vehicle [£].
Let us consider modeling of gaseous fuel usage kmaibde. Petrol-powered and
diesel-powered vehicles were studied. The switchgaseous fuel, truck owners can

purchase LPG or CNG vehicles produced by truck rzturers or convert their
petrol-powered or diesel-powered vehicles into gasduels. In our case KamAZ 53208 is
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equipped with the dual fuel mode diesel engine byaamufacturer. GAZ 3307 is powered
by a petrol engine. There are available LPG and €hi@&ersion kits for this truck.

OGasoline and LPG, g=0%

AGasoline and LPG, g=5%

X Diesel fuel and LPG, g =5 % ¢ Gasoline and CNG, g=0%

mDiesel fuel and CNG, g =0 % @DODiesel fuel and CNG, g=5 %

@ Diesel fuel and LPG, g=0%
© Gasoline and CNG,g=5%
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Fig. 8. Dependencg on the

Bl-1

The results are follows. Investments in LPG powereklicles are covered faster than

in CNG vehicles (Tables 3 and 4).

Table 3
GAZ 3307 (spark ignition engine)
. Gaseousfue

Item Unit LPG CNG
Energy cost [€/GJ] 16.13 15.57
Ka [] 0.604 0.617
)4 [] 0.604 0.617
N [-] 3.3 3.19
Increment cost for gaseous fuel equipment [€] 430 8001
Minimum annual conventional fuel consumption [€] 013 563.9
Minimum annual vehicle distance traveled [km] 646 792

Table 4
KamAZ 53208 (compression ignition engine)
ltem Unit . Dual fuel mode
Diesdl fuel CNG
Energy cost [€/GJ] 21.28 15.57
[€/G]] 16.94

Energy share [%] 23.9 | 76.4
Ka [] 0.832
i [-] 0.796
% [] 17
Increment cost for gaseous fuel equipment [€] 2300
Minimum annual conventional fuel consumption [€] 523
Minimum annual vehicle distance traveled [km] 6688
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Conclusions

To reduce the hazardous emissions of vehicle eggateernative fuels may be used.

As a rule, liquid biofuels are more expensive cormagawith petroleum fuels.
Exception is E85 in France and pure vegetableGalseous fuels are more economically
attractive. The exception is LPG in the USA and CdGweden. Russia and Germany
have a larger range for investment value in vehigdseous fuel infrastructure and
modernization of transport facility.

The profitability index has been proved as a doterof investment projects for
alternative fuel utilization. To make decisions waboappropriate alternative fuel,
mathematical model and algorithm have been devdloBesults of the above algorithm
work have been presented. The analysis showshahost expedient is the use of gaseous
fuels with vehicles equipped with spark-ignitiongares. Among gaseous fuels LPG has
better economic efficiency.
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