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ABSTRACT: Following the tendency of sustainable development, compressed natural gas as an
alternative fuel has been expanded applied in the transportation sector these years. Although
several studies on the life cycle are quite comprehensive for passenger vehicles, it is
problematic to apply these results to heavy-duty electric hybrid trucks. This study applies the
Well-to-Wheel methodology on compressed natural gas fuel. The optimized hybrid electric
truck model is built up to minimize the truck performance variation. The total CO> equivalent
emissions and the methane leakage as indicators are compared among the three largest emitting
countries. The results indicate that compressed natural gas-based hybrid trucks have
9.1%-18.7% less CO- equivalent emissions than diesel-based ones and the results are more
obvious for heavy-duty trucks. Nevertheless, this advantage may be minimized by methane
leakage, particularly in the recovery process, accounted for 7.3% Total CO: equivalent
emissions increase in North America, 5.1% in Europe, 5.3% in China from well to wheel.
Applying natural gas in hybrid electric trucks does have environmental benefits. Methane
capturing and compression efficient improving can be the faster ways to help reach the emission
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Highlights

- Compressed natural gas-based hybrid electric truck model is developed and optimized

based on real cycles.

- Well-to-Wheel analysis is applied to figure out the methane leakage and carbon dioxide
equivalent emissions of compressed natural gas lifetime.
- The same methodology is applied to North America, Europe and China to make a

comparison.
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1 INTRODUCTION
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Under the energy shortage and pressing environmental concerns, the energy industry was
looking for alternative solutions in the past years. The climate change is the consequence of



greenhouse gas (GHG) emissions, and CO,, CHy4, N2O from fuel utilization are the main players
[1]. The global average volume of CO; reached the highest level at 407.4 parts per million in
2018 [2]. From the Global Carbon Project (GCP) statistics, China contributed 27% global CO,
emission, following by North America 18% and Europe 17% [3].

Due to the global warming and environmental deterioration, more focus was being given to
GHG emissions and strategic changes have been introduced, including new regulations on
automotive GHG limits [4]. In 2017, GHG pollution from the road transport industry in Europe
attained at 20.1%, 28.2% for U.S. in 2018 [5, 6]. Passenger vehicles constituted 41.0% of the
main outlets, freight trucks represented for 23.2% and light-duty truck for 17.5% [7].

The air pollution caused by transportation was mainly from trucks, buses and other
heavy-duty vehicles (HDV), the proportion of HDV increased by 36% between 1990 and 2010,
and it is still growing [8]. About 30% of CO; emissions from HDV will continually increase to
40% by 2030 if no effective action implemented [9]. Nahlik et al. [10] reported that HD trucks
accounted for 99% of California’s emissions from intrastate goods. Based on these studies,
alternative fuel development and technology innovations are important for the truck industry
which could achieve a significant GHG reduction.

Different from traditional fuels, natural gas (NG) is usually considered as a low cost and less
emissions alternative fuel [11]. With the lower carbon content in methane, it has a strong
advantage in GHG emissions [12]. According to Energy Information Administration (EIA) 2019
statistics [13], NG emits about 53.1kg CO, per million British thermal units (Btu), which was
only 51.18% of coal (anthracite) emissions. NG as a low-carbon dispatchable source has
important strategic significance in the transformation of energy and transportation [14].

NG is used principally by vehicles in form of compressed natural gas (CNG) or liquefied
natural gas (LNG) types. Generally, the CNG is used in passenger and light freight, road buses
and public vehicles. The commercial use of LNG is limited by high production cost, most LNG
is applied for line-cars, rail and water-borne transport, and agricultural machinery [15]. Over
several years, natural gas vehicles (NGV) represented 1.32% of the global automotive market,
the proportion of NGV usage came 66% from Asia, 8.6% from Europe and 1.4% from Africa
and North America [16]. Although only 1% HDV's were natural gas based, this segment still has
a lot of potential for natural gas demand [17]. The national petroleum council reported that CNG
could become cost-competitive options for heavy-duty and medium-duty vehicles [18]. The
expansion of heavy goods vehicles would bring the continued growth of LNG and CNG demand
by EIA 's 2018 Annual Energy Outlook prediction [19].

Based on the aforementioned review, a great opportunity exists in the transportation sector
using CNG to reduce GHG emissions in heavy-duty trucks. Under the context of the
transportation electrification, the transformation to electric vehicle (EV) would be an inevitable
trend in the future. In the fuel life cycle, using EV could emit less GHG than internal
combustion engine (ICE) vehicle in most fuel scenarios [20]. If all trucks were converted into
electric ones by 2040, it would reduce 64% GHG emissions for road freight transportation [21].
In addition, the use of hybrid power chain is one of the faster means to achieve carbon emission
reduction targets [22]. So far, using CNG for hybrid electric trucks may be a good combination.
However, most of trucks have low combustion efficiency and higher levels of methane slip [23].
If the global methane emissions are also considered, the result may be differed.

One of the resources for this doubt is the methane emissions caused during the extraction and
utilization. The GHG effect of methane is 28-36 times greater than that of CO, [24]. In
Pennsylvania, methane emissions from abandoned oil and gas wells represented 5-8% of GHG
emissions [25]. In 2012, about 155 million metric tons of CO; equivalent of methane were
emitted from inadvertent leakage and routine venting [26]. From EPA’s database [27], the CH4
emissions from NG production were measured at 2300 Gg, about 0.42% of gross gas output.
The environmental impact of this leakage would become more serious with the current boom in
NG production and consumption.

The Well-to-Wheel (WtW) analysis is commonly used today to measure the effect of fuels
for environmental assessment. The major influential works in this field are as follows: Khan et
al. [28] integrated the WtW model into developing countries and concluded that the fuel



efficiency of NGVs’ powertrain are 5—-17% and 23-36% lower than that of gasoline and diesel
ones. However, the details about upstream emissions and possible methane leakage did not
mention too much. Bradbury et al. [26] drew the Sankey diagrams to explain the detailed
emissions of NG stage by stage but provided an overview of the end-use combustion NG only
from a national level. For European C-segment cars, CNG also shows a lower GHG emissions
but a higher energy consumption than petrol or diesel vehicles in WtW process [16].

In addition to fuel research, the choice of vehicle power chain also has a great influence on
the results of WtW. For hybrid electric vehicles, about 20-40% CO, emissions can be reduced
by applying split hybrid configuration in transportation [29]. Similarly, hybrid buses also have
potential to reduce emissions compared to diesel ones [30]. Hekkert et al. [12] believed that the
innovation performance of hybrid vehicles may be better than NG based vehicles in the next
years. Most of the current researchers use passenger cars as research models, due to their huge
numbers and half of the total transport energy consumption [31]. Rousseau et al. [32] focused
on the comparison of traditional SUV (Sport Utility Vehicle), hybrid and fuel cell SUV. They
quantitatively discuss the performance of fuel economy, powertrain efficiency and greenhouse
gas emissions. Curran et al. [33] made a comparison between the compressed natural gas
vehicle (CNGV) and EVs and found that the efficient way of utilizing NG was due to the
combustion efficiency. Although the power systems of these studies differ from each other, the
data and results only suitable for the Light Duty Vehicles (LDVs).

Based on literature researches, the WtW studies mainly applied for passenger vehicles.
Although this orientation has potential to emit less GHGs, the margin effect of this part is small.
For hybrid electric trucks with high potential of reduction, the comprehensive WtW assessments
are less numerous. Furthermore, the results obtained are based on their respective vehicle
models for research, which are largely affected by road conditions, vehicle parameters, etc., and
have great differences and uncertainties. It will be difficult to make a unified comparison and
draw a relatively accurate conclusion. Although CNG-powered cars had emissions benefits by
replacing petrol cars, there is still a high level of uncertainty in the amount of methane leakage
occurring in the natural gas production process [34]. If the CHy4 leakage can be reduced by 45—
70% than current estimates during WtW process, the climate benefits may be more significant
[35]. But the specific leakage points were not introduced by these studies from well to wheel
process. Meanwhile, the gas emissions from the upstream process are various from countries
and regions because of technology development level and geological variation, but there is no
unified discussion on these fields in current researches.

Based on the previous points, an independent emission assessment method is proposed in this
study. More details about the upstream emissions of NG will be found in the following parts,
and methane leakage as the main indicator can calibrate the final results. The use of a unified
hybrid truck model greatly reduces the impact of vehicle parameters and performance on the
CO; emissions. It evaluates the potential of GHGs emission reduction for CNG-based hybrid
electric trucks which provide a precise guide for an updated policy formulation and
transportation transformation. The results would be conducted in North America, Europe and
China which contribute to the most CO; emissions in the world.

2 METHODOLOGY

Based on the resources of CO; emissions for the CNG life cycle, the estimated CO, emissions
are divided into Well-to-Tank (emissions from the fuel production in upstream) and
Tank-to-Wheel (emissions from fuel combustion in engine downstream) processes. The
Well-to-Tank (WtT) process covers the steps of recovery, refining, compression, transmission
and delivery pathways [36]. The Tank-to-Wheel (TtW) process considers only the CO»
equivalent emissions of the fuel combustion. In this paper, the WtT results are combined with
the TtW results to provide the comprehensive WtW analysis for CNG-based hybrid electric
trucks. The total WtW CO» equivalent emissions calculated on the global-warming potential



(GWP) values are considered as the criterion, and the results from different countries will be
compared.

Recovery
« Shale gas well
« Conventional gas well

}

Processing
« Refining plant

Other primary
energy

Well to Tank
— - CNG | X
Diesel Compression Emissions to
« Compressor system
P Y land and air
.« CO,
¥ « CH,
Transmission and
distribution
« Pipelines
2

Input factors of
trucks
Load weight
Battery capacity
Engine efficiency

Truck Driving
< Hybrid electric trucks

Tank to Wheel
1 S B
. Diesel City road High way

Optimal battery
capacity

Fuel consumption
CO, emissions

Total WtW CO,
equivalent

emissions

Comprehensive analysis for
NA, EU, CN

oo v 41

Well to Wheel

Figure 1. Methodology of Well-to-Wheel analysis.

The Well-to-Tank begins with natural gas recovery from an underground gas well. Both the
shale gas and conventional gas are considered in this study. After the gas is recovered, it must
be separated from liquid and impurities to ensure safe combustion. After processing, the natural
gas is sent to the compressor station under low pressure pipelines. The compressor takes the NG
from low pressure to high pressure for storage in tanks. The gas emitted at this whole stage is
crucial for evaluation of the entire life cycle which are elaborated in the Section 3. Meanwhile,
the gas emissions from a variety of supporting primary energy like diesel, gasoline, etc. used in
the WtT process will also be considered.

In the Tank-to-Wheel process, different factors have various affection on the truck operation,
including driving distance, facility, configuration and overall environmental characteristics. For
the traveling parameters like operating modes or temperatures, speeds, accelerations and
deceleration are difficult to control and test. In this paper, only the assembly units include
engine, motor, gearbox, wheels, etc. are considered as influence factors of emissions.

The hybrid electric truck model is established to simulate the fuel consumption and gas
emissions in real running urban road and highway. The architecture of drivetrain can be
modeled by using the available component blocks like internal combustion engines (ICE),
gearbox, electric machine, transmission elements, controls, shafts, wheels, brakes and others.
The engine’s performance, fuel consumption, emissions, etc. are all based on the states of that
truck. Each component is described by numbers of parameters and can also be constituted into
most of representative trucks. In order to give accurate and feasible guidance, the different input
parameters of the truck are studied and optimized in this process. And the emissions from this
part are presented in the Section 4.

The data involved in this study are mostly taken from IEA, EPA, EIA, GREET model and
other works of literatures, and the other data are justifiable assumptions base on large research.
The results of WtT and TtW will be integrated in the Section 5 to import a comprehensive
evaluation for the whole process. The data of North America, Europe and China are used as



resources to study the up-to-date WtW GHG emissions and the results are compared to
conventional diesel trucks since diesel is the primary fuel in HDVs. This WtW database has
great meaning for supporting the transportation electrification, which would be necessary in
many countries to meet the increasingly strict pollution standards.

3 WELL-TO-TANK PROCESS

The WIT process includes the emissions associated with gas production, processing,
compression as well as transmissions and distribution. This cycle begins at the point of
feedstock exploitation to where the fuel is transported to a truck for energy consumption. The
general process flow is shown in Fig. 2.
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Figure 2. System boundary of Well-to-Tank analysis.

In order to be descriptive, the WtT process is broken into four distinct stages: recovery,
processing, compression, transmission and distribution. Only the CO» equivalent emitted from
the usage of primary energy, methane leakage, emissions from transportation, etc. are calculated
in this part, and the methane emissions are in details. The initial needed energy for the well and
infrastructure construction is out of this boundary and will be considered in the life cycle
assessment (LCA). The key parameters of each stage in different countries are shown in Table
1. The main methodology presented in the following part is used commonly in each country,
and the input parameters are reasonable assumed based on the literature study.

Table 1. Key parameters in each stage for different countries.

Parameters Unit  Symbols North Europe  China
America
Conventional NG % a 48 100 95
Shale gas % b 52 0 5
Recovery process
Share of residual oil as feedstock input % Oloilrec 1 1.3 1
Share of diesel as feedstock input % Oldierec 11 0 12
Share of gasoline as feedstock input % Olgasorec 1 0.7 1
Share of NG as feedstock input % OINGrec 86 87 81
Share of electricity as feedstock input % Olelerec 1 1 5
Energy efficiency for conventional gas % effireccon 97.5 97.5 95.3
Energy efficiency for shale gas % effirecsha 97.6 95.6 93.3
Share of combustion for diesel commercial boiler % BdicBoi_rec 25 25 25
Share of combustion for diesel stationary engine % PBdiestEng 50 50 50
Share of combustion for diesel turbine % BdieTub_rec 25 25 25
Share of combustion for NG engine % BNGEng_rec 50 50 50
Share of combustion for NG small industrial boiler % BNGsBoi_ree 50 50 50

Processing Process

Share of diesel as feedstock input % Oldiepro 1 2 4
Share of NG as feedstock input % OINGpro 96 95 93
Share of electricity as feedstock input % Olelepro 3 3 3



Energy efficiency % effipro 97.4 97.4 96.9

Loss factor - Ifpro 1 1 1
Share of combustion for diesel commercial boiler % BdieBoi_pro 33 33 33
Share of combustion for diesel stationary engine % BdiestEng_pro 33 33 33
Share of combustion for diesel turbine % BdieTub_pro 34 34 34
Share of combustion for NG large turbine % BNGTubpro 50 50 50
Share of combustion for NG industrial boiler % BNGinBoi_pro 50 50 50
Compression process

Share of electricity as feedstock input % Olelecom 100 100 100
Energy efficiency % efficom 95 93 91
Share of combustion for diesel stationary engine % BdiestEng com 50 50 50
Share of combustion for diesel turbine % BdicTub_com S0 50 50
Share of combustion for NG engine % BNGEng_com 100 100 100
Transmission and distribution

Pipeline average distance from NG processing km d 1200 1250 1400
plants to refueling stations

Loss factor - Ifira 1.003 1.003 1.003

*The data contains in above table are from [37-48]

The emission factors for various types of equipment applied in the WtT process are shown in
Table 2. as grams per kg fuel burned. These data are calculated based on the fuel stoichiometric
components. As the difference exists between regions by geographical factors, not all the fuels
are mined locally and these detailed data are not easy to obtain, so some emission factors use the
average value to represent.

Table 2. Emission factors of fuel combustion for stationary applications (g/kg).

Symbols of CHy CO; Explanations

emission emissions emissions

factors value value

EFic_inBoi 0.154 4048.238 Residual oil in industrial boiler

EFic_coBoi 0.036 3721.619 Diesel fuel in commercial boiler

EFpet_crude 4.422 264.476 Crude as feedstocks used in refineries

EFic_stEng 0.201 3673.762 Diesel fuel combustion at stationary reciprocating engine
EFdgieTub 0.144 3723.190 Diesel fuel combustion at turbine

EFpet_codie 0.891 326.571 Conventional diesel as fuel

EFgas0_steng ~ 0.143 3455.095 Gasoline combustion at stationary reciprocating engine

EFas0_bst 1.790 548.476 Gasoline blend stock as fuel
EFNG_sEng 18.683 2705.190 NG combustion at stationary reciprocating engine

EFnG_Tw 0.050 2826.810 NG combustion at large gas turbine
EFNG_inBoi 0.050 2827.000 NG combustion at utility/ industrial boiler (>340 kw input)
EFNG_sBoi 0.050 2826.810 NG combustion at small industrial boiler (34-340 kw input)
EFnG fla 2.333 2823.762 NG flaring in oil field
EFele_fed 12.463 143.952 Fuel-cycle emissions of electric generation from feedstock
EFcie_ful 0.106 66.429 Fuel-cycle emissions of electric generation from fuel

3.1 Recovery

Natural gas is a gas mixture with a high methane component. Like oil, NG is formed from the
bodies of animals and plants which are buried in the soil by the effects of the heat and pressure
over thousands of years [49]. Many parts of raw NG are regularly used as fuel which will be
vented, flared or unintentionally spilled into environment for conducting experiments, fixes or
maintenance. About 2% of the estimated methane emissions from this flaring during oil and gas
production [50]. Besides, the primary energy is needed to power this process, the incomplete



fuel combustion for conventional NG in recovery process is also one of the CH4 emission
sources. The total CH4 emissions are carried out on these two parts which is expressed in Eq (1).

CH4rec=(( CH4mncom + CH4conlek) xXa+ ( CH4shacom + CH4xhalek) X b) X lﬁ)ro (1)

where CHyr. is the CHy4 emissions in recovery process (g/kg); CHyconcom 1s the CH4 emissions
from feedstocks combustion for conventional NG in recovery process (g/kg); CHuconier 1S the
CH,4 leakage for conventional NG in recovery process (g/kg); CHyshacom 1s the CH4 emissions
from feedstocks combustion for shale gas in recovery process (g/kg); CHughaiex is the CHg
leakage for shale gas in recovery process (g/kg); a is the conventional natural gas percentage
(%); b is the shale gas percentage (%); If,ro is the loss factor for processing process.

The CH4 emissions from incomplete combustion part are mainly caused the usage of oil,
diesel, gasoline, NG and electricity to provide energy in this process. For the conventional NG,
these emissions can be calculated in Eq (2), and shale gas in Eq (3).

CH4concom= CH4oilfrec + CH4dieJ’ec + CH4g¢zsoﬁrec + CH4NG7rec + CH4eleﬁrec (2)

where CHuoir_rec 1s the CH4 emissions from oil combustion as fuel in recovery process (g/kg);
CHgic_rec 1s the CHy4 emissions from diesel combustion as fuel in recovery process (g/kg);
CH 4gas0_rec 1s the CHy4 emissions from gasoline combustion as fuel in recovery process (g/kg);
CHunG_rec 1s the CH4 emissions from NG combustion as fuel in recovery process (g/kg);
CH ele_rec 1s the CHy4 emissions from electricity production in recovery process (g/kg).

CH4shacom= CH40[Z_Sha + CH4die_sha + CH4gam_sha + CH4NG_Sha + CH4ele_sha (3)

where CHuoii_sha 1s the CH4 emissions from oil combustion as fuel for shale gas in recovery
process (g/kg); CHudie_sha 1s the CH4 emissions from diesel combustion as fuel for shale gas in
recovery process (g/kg); CHugaso_sha 15 the CH4 emissions from gasoline combustion as fuel for
shale gas in recovery process (g/kg); CHunc sha is the CHi emissions from natural gas
combustion as fuel for shale gas in recovery process (g/kg); CHueie_sha is the CH4 emissions from
electricity production for shale gas in recovery process (g/kg).

The CH4 emissions from leakage part are mainly from venting and flaring. Flaring is the
managed burning that may occur as a safety precaution in manufacturing and production
activities. During the lifetime of conventional and shale gas, wells workovers and unloading
also occur. In this research, the wells lifetime is estimated at 30 years, and the workovers per
well lifetime assumed at 0.2 [51]. The leakage emissions in recovery process are carried out on
Eq. (4) for conventional gas and Eq. (5) for shale gas.

CH 4conlek= CH 4vencon_completion + CH 4vencon7workover+ CH 4ven_unloading + CH 4lek_equipment (4)

where CHuvencon_compieiion 18 the CHa venting from conventional gas well completion (g/kg);
CH svencon_workover 18 the CH4 venting from conventional gas well workover (g/kg); CHuen_unioading
is the CHy4 venting from liquid unloading (g/kg); CHuier_equipmen: 1 the CHa4 venting and leakage
from gas well equipment (g/kg).

CH 4shalek= CH 4vensha_completion + CH 4t7enshajt'orkover+ CH 4ven_unloading + CH 4lek_equipment (5 )

where CHuvensha_compleion 1S the CHa venting from shale gas well completion (g/kg);
CH 4vensha_workover 1S the CHy venting from shale gas well workover (g/kg).

The well equipment contributes the largest part of leakage, accounted for 91.8%-96.8%
mainly from the pneumatic controller and other types of equipment. This part has great potential
to be reduced with good control. Besides, liquid unloading is a major CHy4 leakage source for
both conventional wells and unconventional wells.



3.2 Processing

After the production process, in order to separate water, oil, higher hydrocarbon, other
impurities, and to rise the methane percentage, NG and shale gas must be refined before it used
as a commercial fuel. The methane content rise from 78.3% to 92.8% after refining [26,52]. The
total CH4 emissions in this process will be calculated by the same way as recovery process,
shown in Eq. (6) to Eq. (7).

CH4pm= (CH4promm+ CH4pmlek) X lftra (6)

where CHypy, is the CHy4 emissions in processing process (g/kg); CHaiprocom s the CH4 emissions
from feedstocks combustion for conventional NG in processing process (g/kg); CHuprotek is the
CH4 leakage in processing process (g/kg); Ilfia is the loss factor for the transmission and
distribution process.

CH4pmcom= CH4die_pm + CH4gam_pm + CH4NG_pro + CH4ele_pm (7)

where CHuprocom 1s the CHa emissions from feedstocks combustion for conventional NG in
processing process (g/kg); CHudic_pro 1S the CHa4 emissions from diesel combustion as fuel in
processing process (g/kg); CHugaso_pro1s the CH4 emissions from gasoline combustion as fuel in
processing process (g/kg); CHunc pro is the CHs emissions from NG combustion as fuel in
processing process (g/kg); CHuele_pro 1S the CH4 emissions from electricity production in
processing process (g/kg).

3.3 Compression

After processing, the NG will be compressed to 276 bar to avoid the pressure drops during
trucks refueling [53]. The compressor efficiency ranges from 91.7% to 98%, in this study it is
maintained constantly at 95% in North America, 93% in Europe and 91% in China. After the
compression process, the CNG is pumped and stored in the truck tank. The supported power
during this process mainly come from the electricity produced by feedstock and fuel
combustion.

CH4mm=(] /eﬁcom - I) X Oelecom X (EFele_f'ed+EFele_fhl)+CH4comlek (8)

where CHycom is the CH4 emissions in compression process (g/kg); efficom is the efficiency of
compression process; deecom 1 the share of electricity as input in compression process (%);
EFee r.a is the fuel-cycle emissions of electric generation from feedstock; EFe. su is the
fuel-cycle emissions of electric generation from fuel; CHucomer is the CHs leakage in
compression process (g/kg).

The emissions include two parts from electricity generation and methane leakage. For
compressor systems, the efficiency determines how much energy is needed. The lower
compressor efficiency in China results in a large amount of CO, emissions than Europe and
North America. In addition, the causes of leakage are often the same. Most leakage points are
connected valves, flanges, open-ended sides, pressure relievers. The main causes include
compressor vents, leaky valves, exhaust engine reciprocating, and other equipment. The sum of
these leaks is accounted for 22.6%-66.4% of CHa emissions in this stage. In consequence, it’s
essential to establish a regular monitor to find out the points and take effective measures.

3.4 Transmission and distribution

In North America, Europe and China, long-distance pipeline is a conventional way to
distribute the processed NG. In this study, the lifetime of pipelines is assumed at 50 years. With
the rising of gas field age, the pressure for feeding the NG into the pipeline will decline. So the



additional gas compressors are required in this stage which implies higher expended energy and
GHG emissions.

Another source of CH4 pollution is the methane leakage, which is estimated at 0.13% of
gas-transported per 1000 km [16]. The safety valves, block valves, pipeline connectors and
other measurement devices are the main leakage points [6]. The CH4 emissions in transmission
and distribution are various from each country due to the transportation distance. The proportion
of methane emissions in each process from well to tank is summarized in Table 3.

CH4T&D=CH4traJip + ltmfven *d + ldisfven (9)

where CHyr«p = CH4 emissions in transmission and distribution process (g/kg); CHuira_pip = CHa
emissions from electricity production for pipeline operation in transmission and distribution
process (g/kg); lraven = CHa venting and leakage from NG processing plants to refueling
stations per km (g/kg); d = the average pipeline distance from NG processing plants to refueling
stations; luis_ven = CH4 venting and leakage in distribution process (g/kg).

Table 3. CH4 emissions proportion and main sources in WtT process.

WiT Stages North Europe  China Main sources of CH4 emissions
America

Recovery 0.702%  0.668% 0.788% Venting and flaring, spilling, incomplete fuel
combustion

Processing 0.054% 0.182% 0.195% Leakage from connected valves and flanges,
incomplete fuel combustion

Compressions 0.085%  0.081% 0.201% Incomplete fuel combustion, leakage from
connected valves, pressure relievers, compressor
vents, leaky valves, exhaust engine reciprocating,
and other equipment.

Transmission 0.427%  0.701% 0.812% Leakage from safety valves, block valves,

and pipeline connectors and other measurement
distribution devices, incomplete fuel combustion
Total 1.267% 1.631% 1.995% Leakage and incomplete fuel combustion

4 TANK-TO-WHEEL PROCESS

The used model is based on a virtual hybrid electric truck established by MATLAB, the
results of different running scenes make a comprehensive comparison between diesel-based
trucks and hybrid electrical ones. In order to be commercially understandable, the fuel
consumption and CO» emissions are considered in units of kilograms per 100 kilometers. Basic
truck characteristics considered in this study are given in Table 4. The key parameters are
optimized to minimize the truck performance impact which will be explained in detail later, the
other parameters are based on reasonable assumptions.

Table 4. Optimized parameters of hybrid electric truck.

Parameters Unit Value
Trailer load kg 1000-25000
Truck weight kg 12551
Accessories weight kg 200

Battery weight kg 2210
Battery capacity kWh 160
Transmission efficiency % 97
Generator power kW 250

Max engine efficiency % 45

Wheel radius m 0.537



Truck front area m? 4.25

Air density kg/m? 1.293
Highway distance km 300
City road distance km 24

The downsized internal combustion engine (ICE) with light battery and small motor systems
were selected to somewhat minimize the weight penalty. The gross weight of the model consists
of mass weight, load weight, assembly units’ weight (battery, essence, etc.). The variation of the
load weight will be studied on highway driving cycle to research on the reduction effect of
CNG-based trucks and diesel-based ones.

The connection of each unit inside the hybrid electric truck is presented in Fig. 3. The ICE is
used to drive the electric machine (EM) to recharge the battery. The clutch will be activated
during city driving, and the battery will provide required power to EM. During the highway
driving, the ICE will provide the power. Consequently, this architecture can support a smaller
power engine while maintaining a good performance during all driving conditions.

Battery

Clutch

Figure 3. Configuration of hybrid drivetrain.

The model runs in two conditions. In the city, the truck runs only with battery to meet the
restriction of city transportation for running 24 km. In the highway, the energy is completely
supported by ICE, which can provide enough power for running 300 km. Fig. 4 to Fig. 5 show
the speed of these two traveling scenes.
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Figure 5. Real world highway driving cycle (300 km).

The thermal performance of the engine has a big effect on energy consumption in TtW
process. The engine efficiency ranges from 29.2% to 53.5% [54-56]. The efficiency map is
shown in Fig. 6, and the optimum engine efficiency as 45% is taken into accounted in this
study. Besides, the stoichiometric air to fuel ratio (AFR) of NG is another contributing factor of
energy loss. AFR of NG is 17, contrasted with diesel 14.6 [28]. If there is insufficient oxygen
for transforming the CH4 to CO- and H>O, the incomplete combustion of fuel will generate CHs4
and other unburned hydrocarbons into atmosphere.
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Figure 6. Efficiency map of hybrid electric truck engine

Considering cost saving and energy utilization efficiency, the optimal battery power is
achieved by running in 5 different city cycles. The battery charge state is essential for the hybrid
electric trucks, which can be illustrated by the State of Charging (SOC) [57]. It refers to the
current power contained in the battery, 100% equal to full charge, otherwise, 0% means that the
battery is fully discharged. In this study, the range of battery capacity starts at 80% and ends at
30%.
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Figure 7. SOC vs. battery capacity variation when running in the city.
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Figure 8. Fuel consumption with different battery capacity when running in the city.

In general, the battery capacity varies from 120 to 200 kWh. For 120 kWh battery, it is not
enough to provide kinetic energy to complete 24 km full electric driving. For a 200 kWh
battery, there is still 42% power remaining at the end. Considering the truck total weight, a 160
kWh battery is selected through simulation. For the battery weight, it is considered as the ratio
of 13.8 kg/kWh [58].

5 RESULTS AND DISCUSSION

In order to further study on the sources of CO; emissions and compare results with different
countries, CO; equivalent emission is introduced as a standard, which is calculated on the GWP
values, based on Table 5. The CO; equivalent emissions from methane are equal to quantity (in
kilograms) of methane emitted multiply by a methane GWP factor. On a 100-year basis, the
GHG effect of methane is 30 times more potent than CO» [59].

Table 5. Global warming potentials of greenhouse gases: 100-year basis.

Type ARS5/GWP
CO; 1

CH4 30

N.O 265

The critical parameters are defined as following to make an accurate explanation and
comparison. If the methane effect converts into CO, equivalents, then the total WtW CO»
equivalents produced in entire process can be obtained.

Total WtT CO; equivalent emissions = CO; emitted during each process+ CO- equivalent emissions (due
to CHy emissions). (10)

Total TtW CO: equivalent emissions = CO; emitted from CNG combustion+ CO; equivalent emissions
(due to CH4 emissions). (11)

Total WtW CO; equivalent emissions = Total WtT CO: equivalent emissions + Total TtW CO; equivalent
emissions. (12)



5.1 Uncertainty Analysis

Principal Component Analysis (PCA) is used in order to reduce the parameters of dataset by
producing linear combinations of original parameters. PCA breaks down the matrix of initial
data to express them as a least-square model [60].

X=AxF+U (13)

where, X is the original data matrix; A is the matrix of loadings of the original variables in the
new reduced space; F'is the matrix of scores of objects or samples; U is the matrix of residuals.
PCA aims to reduce the dimensionality of datasets containing many interrelated variables, while
retaining as much as possible of the systematic variation in the original data [61]. In the
analysis, the large number of parameters are replaced by a few principal components (PCs)
parameters.

The PCs are totally independent with each other and ordered so that the first PC (PC1) contains
most of the original variation and the second PC (PC2) contains the second largest amounts, etc.
PCA was carried out using XLSTAT 2014.5 software.

Due to the large number of parameters that affect the CO, and methane emissions, the
uncertainties have calculated by selecting the key parameter of each stage of the WtT. Thus, the
selection of the key parameters of each stage has found by using PCA. The contributions of the
variables in each country are shown in Table 6, and the factor scores are shown in Table 7.

Table 6. The contributions of the variables in each country (%)

Countries F1 F2 F3
North America 33.312 66.273 0.415
Europe 33.341 21.403 45.256
China 33.347 12.325 54.328

Table 7. The factor scores of key parameters

Parameters F1 F2 F3 Parameters F1 F2 F3

a -0.045 -0.180 -0.020  Okiepro -0.650 -0.016 0.016

b -0.517 0.180 0.016  effipo 0.090 0.017 -0.022
Oloilrec -0.665 -0.018 0.015 Ifyeo -0.666 -0.017 0.016

Oldierec -0.614 0.009  0.050  PdicBoi_pro -0.415 -0.006 0.004

Olgasorec -0.667 -0.016 0.017  PdiestEng pro ~ -0.415 -0.006 0.004

ONGrec -0.008 0.017  -0.034  PBdgicTub_pro -0.407 -0.006 0.004

Olelerec -0.656 -0.023 0.029  PBNGTub_pro -0.281 0.000 -0.002
effireccon 0.087 0.019 -0.027 PnGinBoipro -0.281 0.000 -0.002
effirecsha 0.077 0.027 -0.027  Oelecom 0.112 0.017 -0.021
BdieBoi_rec -0.477 -0.009 0.007 efficom 0.057 0.025 -0.025

Baiestner  -0.281 0.000 -0.002 Puesibng com  -0.281  0.000  -0.002
Bactubree  -0.477 -0.009 0.007 Paietubcom 0281 0.000  -0.002
PnGEngree <0281 0.000 -0.002 PBncEngeom 0.112  0.017  -0.021

BNGsBoiree  -0.281 0.000 -0.002 d 9.362 -0.003 0.016
Oldiepro -0.656 -0.024 0.022 I -0.666 -0.017 0.016
OINGpro 0.070  0.022  -0.026

The PCA results show clearly that the key parameter of three first stages i.e., recovery,
processing, and compression is the energy efficiency “effireccon, €ffirecsha, €ffipro, efficom”. However,
the key parameter of transmission and distribution is the distance “d”. Moreover, the PCA
results show that the parameters “a” and “b” which are conventional NG and shale gas
respectively, should be taken into consideration for North America.

Monte Carlo analysis as a common method is used to estimate the error model parameters
[62]. According to the selected key parameters, a Monte Carlo runs 3000 times has performed in
order to calculate the uncertainties of each stage of WtT as shown in Fig. 10 and Fig. 11.
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Due to the difference in technology between the countries, the variation of energy efficiency
is the main source of the uncertainties of CO; and CH4 emissions. In order to make a clear
comparison, the mean values are considered as the possible stander for each country.

In terms of CO, emissions, the compression stage exhibited the largest interquartile. The
values of the compressor efficiency range from 45% to 95%, which results in a huge difference
in the final emissions. For the CH4 emissions, the difference in the processing, compression,
transmission and distribution is mostly caused by the proportion variation of process energy
which provides power in the upstream stage. The uncertainty in the recovery stage is mostly
caused by methane leakage caused by differences in mining methods and equipment.




5.2 Well-to-Tank analysis

Summary of the WtT process, CO, is the largest gas emission contributor, accounted for
more than 96%, and about 2-3% of gas emissions come from methane emissions. The remaining
gases such as N>O, NOy, SOy, etc. are less than 1% which are not solely studied here. Although
the CH4 emissions proportion is not very high but it still has great importance for deep research
due to its huge impact on GHGs emissions.
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Figure 12. Well-to-Tank process gas emissions proportion.

According to the GWP factor, the CO, equivalent emissions of GHG in each stage are
calculated. The emissions proportion of different countries are shown in Fig. 13. Among them,
CO; is the CO, emissions produced by the direct use of process fuels, CO,eq is calculated from
other GHG emissions at this stage, since the CH4emissions accounted for a large part in WtT
stage, it was highlighted in the Fig. 13.
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Figure 13. Gas emissions contribution in Well-to-Tank process (base on CO; equivalent emissions).

For North America, a large amount of emitted CO, come from the compression process,
accounting for 37.4% of Total WtT CO; equivalent emissions. For Europe, a large amount of
CO; is emitted into the atmosphere during compression accounted for 41.3% and distribution
process, accounted for 24.8% of Total WtT CO, equivalent emissions. The biggest CO»eq
contributor of China is the compression and recovery stage, with 30.0% emissions from the
recovery phase (16.3% emissions due to CH4 emissions) and 39.6% from the compression stage.
Obviously, the CO; equivalent emissions due to CHs emissions play an important role in WtT



process, it brought more than 35% increase of Total WtT CO, equivalent emissions. The
detailed emissions for 1kg CNG production in each stage are shown in Fig. 14, where the COeq
caused by other gas emissions is too infinitesimal to discuss here.
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Figure 14. Total Well-to-Tank CO; equivalent emissions per kg NG production in each stage.

Obviously, if only considering the CO; emissions in each process, the compression process
accounted for the most part, which is higher than that of the recovery process for all the
countries (about 3-7 times). On the contrary, if the GHG effect factor is taken into
consideration, the rise of methane emissions will bring a sharp increase in total WtT CO»
equivalent emissions, especially in recovery and distribution process. The gap between the
recovery and compression process is greatly reduced, which attracts more attention to the
recovery process. Compared with each other, China’s Total CO, equivalent emissions during
WtT process are the most, 1.8 times higher than that of North America, the CO» equivalent
emissions that occurred in the recovery process are obviously higher than other stages.

The variations of different factors like energy conversion efficiency, primary energy supply
components, venting and flaring, geographical factors for each country etc. result in the
difference of CO, equivalent emissions. China has a large number of natural gas resources
especially shale gas which can be mass- developed. But the extraction technology still has huge
potential to be improved. Improving energy efficiency in the recovery process as soon as
possible is a crucial method to reduce CO, emissions for all the countries. In addition,
effectively recover the flared gases can prevent them emits into atmosphere. Furthermore, the
long average distance between the well and filling station also results in more energy
consumption and emissions.
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Figure 15. Well-to-Tank CH4 emissions in each stage between North America, Europe and China.

Fig. 15 describes the number of methane emissions in different stages. As mentioned before,
methane emissions consist of two parts, from incomplete fuel combustion and from leakage.
The emissions from incomplete combustion are mostly caused by primary energy utilization,
these emissions can be reduced by efficiency improving of combustion. The leakage emissions
are caused by many reasons which are illustrated in Table 3. About 39.5%-55.3% methane
emissions come from recovery process and most part of these emissions coming from the
leakage (81.8%-96.5%). The venting and flaring are the main sources of this leakage. The
second largest methane emission part is the transmission and distribution stage. And the greater
possibility of leakage exits with the longer distribution distance.

5.3 Tank-to-Wheel analysis

The truck system transports high-pressure CNG to the combustion chamber for providing
power when the truck running on the highway. After the NG was fully burned in the engine, the
CO; is released directly into the atmosphere. For a CNG-based heavy hybrid electric truck
carrying a 25 t load, 84.43 kg of CO; is emitted per 100 km, which accounted for 71.4% CO,
equivalent emissions of the entire life cycle.

Methane slip or un-oxidized methane emissions usually occurs due to low temperatures of
catalyst at lower loading and transient driving cycles. For CNG-based hybrid electric trucks, the
methane emissions from TtW assumed to be 0.21%-0.60% [63,64], while for diesel-based
trucks have about 0.013%-0.015% of methane emissions [65,66]. The methane emissions
continue to increase with the amount of fuel consumed. Although the methane emissions from
the CNG trucks is higher than diesel ones, CNG-based hybrid electric trucks still have good
performance in fuel consumption and CO, emissions. For 25 t load weigh truck, it can save
15.84% energy, and this advantage will be more obvious for heavier trucks as shown in Fig. 16.

The crankcase and tailpipe emissions are the two largest sources in TtW process. If
minimizing the engine-out emissions of unburned methane can be minimized, the advantages of
CNG-based trucks in terms of emission reduction will become very absolute. The tailpipe
methane emissions are various from engine type, truck age, catalyst age, and fuel injection,
taking advanced technology may be a good method to solve methane emissions during the truck
life cycle. Enforce closed crankcase technology and the methane oxidation activity of the
exhaust catalyst improving can be proved to be an effective way to reduce emissions. In
addition, dynamic vent capture solutions may be another choice [67].
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5.4 Well-to-Wheel analysis

Based on the analysis before, the benefits of using CNG as a fuel depend on minimizing CH4
leakage (mainly in the recovery process) and slip during the entire fuel pathway. Combining the
results of WtT and TtW, the obtained total WtW CO, equivalent emissions are shown in Fig.
17. Those emissions from WtW are 7.9% higher in Europe and 16.6% higher in China than
North America. And about 13.3%-15.5% total WtW CO, equivalent emissions are caused by

methane emissions due mainly to the methane leakage during the recovery process.
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Figure17.Total Well-to-Wheel CO, equivalent emissions in North America, Europe and China.

The CNG combustion during the driving cycle contributes the most total WtW CO»
equivalent emissions, and the results are different from the load weight. Excluding the
combustion part in TtW, a huge amount of CO, equivalent emissions come from the WtT stage,
which is mainly caused by the methane emissions generated in the recovery process and the
CO; emissions in the compression process. As shown in Fig. 18, the Total WtT CO, equivalent
emissions contribute significantly to rise the Total WtW CO, equivalent emissions. For North
America, the most Total WtT CO, equivalent emissions coming from the recovery process are
due to high rate of methane emission. For Europe, the methane emissions from recovery process



are almost the same as North America, but the total WtT CO; equivalent emissions coming from
compression process has a sharp growth. For China, the energy efficiency is lower than other
countries which means a large amount of energy is needed to provide equal power with high
pollution emissions.

The CNG-based trucks have lower CO, equivalent emissions during truck operation, about
9%-19% less than diesel ones. However, that difference is opposite in WtT process. Compared
with diesel hybrid electric trucks, the total WtT CO; equivalent emissions of CNG-based ones is
much higher, especially in China. For CNG-based hybrid trucks, about 25-36% WtW CO,
equivalent emissions come from WtT process. If methane emissions from upstream can be
reduced by 10%, it will bring about a 1.3%-1.5% reduction in CO» equivalent emissions in
WTW stage. Although this ratio looks small, it will bring about 63-72 million tons of CO;
equivalent emissions reduction for CNG-based hybrid trucks which are calculated on the
number of heavy-duty hybrid vehicles sold now.

Considering the whole fuel value chain, the application of CNG in hybrid electric trucks is
still more environmentally friendly than diesel, especially for the heavy-duty trucks. Applying
CNG for hybrid electric trucks can reduce about 540-1080 million tons CO, equivalent
emissions per year. Besides, the benefits of using CNG are different from each country due to
complicated factors. If appropriate measures can be applied to reduce methane leakage and
slips, the advantages for applying CNG in hybrid electric trucks will become more significant.
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Figure 18. Well-to-Wheel CO, equivalent emissions comparison between CNG and diesel.

6 SUMMARY AND SUGGESTIONS

In this study, a detailed overview of the current transportation development and world carbon
emissions situation were well introduced. Based on the current environmental pressure and the
urgent need for energy conversion, the application of natural gas in heavy-duty hybrid trucks
has discovered great potential to achieve carbon neutral targets. This study applying WtW
methodology provides a detailed evaluation of CNG-based hybrid electric trucks. The results
show the CNG-based hybrid electric trucks have a great opportunity to reduce the WtW CO»
equivalent emissions, 9.1%-18.7% less than diesel-based trucks. Higher the load weigh appears,
more the benefit seems significant. Nevertheless, methane emissions during fuel production and
truck operation could reduce this advantage. The CO, equivalent emissions of CNG-based
hybrid trucks are 10%-33% higher than that of diesel-based trucks in WtT process.

Reducing emissions upstream especially methane emissions will be a key to determine how
much climate benefit for CNG-based hybrid electric trucks. The detailed methane leaks points



in different stage are pointed in the above analysis. Effective measures can be taken based on
these research results respectively. The emissions of upstream are various form different
countries which are different in geography, technology, policies, and other factors. Combing the
research results and situation in North America, Europe and China, the following suggestion are
recommended.

- Policy strategies.

Although alternative fuels have been used in transportation, the use of traditional energy
sources in the fuel production stage is also an apparent source of emissions. Countries around
the world should vigorously promote the application of alternative clean fuels, optimize the
energy structure, and in particular reduce the proportion of primary energy in upstream of
natural gas production. At the same time, applying the hybrid power and electric technology to
realize the electrification of heavy-duty vehicles can help to accelerate the reduction of carbon
emissions.

- Technology researches.

From energy utilization, improving energy efficiency and combustion efficiency is the key
for all countries, especially for compression process. Using intelligent and automatic technology
to improve the production efficiency of gas mining, compression efficiency may be a good way.
In terms of transportation, the developing countries should speed up the phase-out and
replacement of old vehicles, and adopt fuel-saving on-board equipment, such as carbon dioxide
analyzers and fuel-saving speed controllers. In the combustion stage, the exhaust gas
purification device, high-energy electronic ignition device, etc. are necessary to reduce the
emissions.

Routinely venting and flaring emit a large amount of methane into atmosphere, capture
technology is used to recover and utilize natural gas emitted during well completion and
production, which in line with the economy and environmental protection optimal principles.
Similarly, carbon capturing and carbon storage technologies are necessary. For China, it is
better to strengthen its research and application in shale gas exploitation and give full play to its
abundant shale gas resources.

- Fiscal subsidies.

The purchase of energy-efficient vehicles should be guided by reducing taxes. The countries
should adopt price incentives to accelerate the transportation electrification and the fuel tax for
urban transportation should be noticed.

- Laws and regulations.

Most of the carbon emissions and methane emissions from upstream are ignored. A
greenhouse gas data management system should be established and monitoring targets for
energy conservation and emission reduction should be improved. For compressed natural gas
production, timely detection and repair of methane leaks in gas wells, processing plants,
compression and large distribution facilities, which can help to alleviate the highest emissions
situation. By formulating air quality management laws and regulations, the emission from
production plants can be controlled.

Putting hybrid electric vehicles and new energy vehicles on the green list and restricting
traditional fuel vehicles from driving on peak roads during peak hours are all effective measures
to reduce greenhouse gas emissions.

This study identifies a great opportunity to reduce GHG emissions in the background of
energy transmission. For different countries, specific analysis has been made based on their own
development status. The results of this analysis provide another perspective for the decision
makers while setting up transportation policies. Also, it points the direction of technology
innovation with the tendency in transportation industry. This report focuses on gas pollution,
and does not perform a thorough analysis of different hybrid electric truck powertrain.
Optimizing the configuration and powertrain could be another interesting topic for deeper
research. Other impacts such as economic benefits and the cost analysis are also beyond the
reach of this work. Further studies based on these directions could bring lots of new ideas.
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