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Abstract: This study is focused on the reduction of CO; emissions and costs associated with ultra-low
viscosity (ULV) engine oils for passenger vehicles. Specifically, the reduction in life cycle CO,
(LCCO,) emissions from lower-viscosity engine oil and the oil drain interval (ODI) extension
were estimated taking into account both mineral engine oil and synthetic engine oil. Furthermore,
the cost-effectiveness of ULV engine oils were investigated by performing base-stock cost analysis.
When the volatility limit of the Noack test (American Society for testing and materials (ASTM) D5800)
was set to 15 wt %, the results indicated that the lower limit of kinematic viscosity at 100 °C (KV100)
for mineral engine oil (with Group-III base-stock) and synthetic engine oil (with polyalphaolefin
(PAO) base-stock) were approximately 5.3 and 4.5 mm? /s, respectively. Compared to conventional
0W-16 mineral engine oil (KV100 6.2 mm? /s), the effect of reducing LCCO, emissions on ULV mineral
engine oil (ULV-Mineral, KV100 5.3 mm?/s) was estimated at 0.6%, considering 1.5-1.8 L gasoline
engines in New European Driving Cycles (NEDC) mode. ULV-Mineral, which continues to use a
mineral base-stock, is considered highly cost-effective since its cost is similar to the conventional
OW-16 mineral engine oil. On the other hand, compared with ULV-Mineral, the vehicle fuel efficiency
improvement from the use of ULV synthetic engine oil (ULV-PAO, KV100 4.5 mm?/s) was estimated
to be 0.5%. However, considering CO, emissions during engine oil production, the reduction of
LCCO; emission from ULV-PAO compared with ULV-Mineral was estimated to be only 0.1% or
less using 2030 standards (assuming a vehicle fuel efficiency of 66.5 g-CO,/km) when ODI is set
equivalent (7500 km) to mineral engine oil. As a result, ULV-PAQO’s cost-effectiveness, considering
the cost increase of PAO base-stock, was found to be nominal. Contrariwise, when the characteristics
of PAQO base-stock with higher oxidation stability are used comparatively with the mineral base-stock
while extending the ODI to 15,000 km, the effect of reducing LCCO, emissions of ULV-PAO was
estimated to be 0.7% in 2030, making ULV-PAO a competitive and cost-effective alternative. In other
words, the popularization of synthetic engine o0il toward 2030 will require the consideration of both
viscosity reduction and ODI extension.
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1. Introduction

In the efforts to reduce global warming, the regulation of the automobile fuel economy is becoming
progressively tighter year after year. In the European Union (EU), the CO, emissions target for 2021 is
set to 95 g-CO, /km (Corporate Average Fuel Economy method) for passenger vehicles, and it seeks
to further reduce CO, emissions by 30% by the year 2030 compared to the targets set for 2021 [1].
In view of these fuel economy regulatory trends, hybrid vehicles (HEVs) and plug-in hybrid vehicles
(PHEVs) are likely to become mainstream in the future. For example, according to the Toyota Motor
Company, the annual sales of non-electrified vehicles, HEVs/PHEVs, and battery electric vehicle/fuel
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cell vehicles will be 4.5 million, 4.5 million (1.4 million units in 2016), and 1.0 million units, respectively,
by 2030. The market forecasts from the Ministry of Economy, Trade, and Industry also coincide with
Toyota’s goals [2—4]. In other words, although the automobile market is shifting to electrification,
in 2030, vehicles equipped with internal combustion engines will still account for approximately 90% of
the annual sales volume of passenger vehicles, and further fuel saving of internal combustion engines
will be required. Subsequently, looking at the research and development (R&D) investment by Japanese
automakers—Toyota, Honda, and Nissan—which are the top three Japanese companies, they invested
1.05, 0.750, and 0.525 trillion yen in 2017, respectively. With the increasing shift to electrification in
vehicles, R&D will require diversified investment in a number of technologies, including vehicle
electrification, autonomous driving, and artificial intelligence, and it is expected that the investment for
the development of existing technologies will decrease [5]. In other words, regarding the introduction
of the future technologies related to internal combustion engines, higher cost-effectiveness is required.
This includes engine oils, which play many roles, such as lubrication, cleaning, rust prevention, cooling,
and sealing of internal combustion engine components. Moreover, the demand for lubricating oil
for automobiles in 2010 was approximately 19 million tons [6], which is roughly equivalent to half
of Japan’s gasoline demand in 2015 (assumed gasoline density of 0.73 g/cm?) [7,8]. In addition,
the market size for automotive lubricants in 2015 was estimated to be about 4 trillion yen, which
represents a significant economic impact [9].

One of the previous studies on the analysis of the costs of automobile technology in the future
reported on an analytical model (CEAMAT) of cost-effectiveness (additional cost against fuel efficiency
improvement), although the engine oil was not taken into account [10]. The U.S. Energy Information
Administration (EIA) reported on the cost-effectiveness of low friction lubricants in 2003. However,
it is necessary to accurately characterize more recent trends associated with viscosity reduction [11].
Meanwhile, the United States Environmental Protection Agency (EPA) and the National Highway
Traffic Safety Administration (NHTSA) reported on the fuel economy improvement and costs associated
with fuel-saving lubricants from 2012-2016 (using 2010 as the baseline year). In this previous study,
the fuel-saving effect of lubricating oil was estimated, and an additional cost (direct manufacturing
cost) of engine refinement suitable for the use of the fuel-saving lubricant was also evaluated. However,
the physical properties and cost of fuel-saving lubricating oil were not described [12]. In other words,
to the best of our knowledge, the cost-effectiveness of future engine oil based on the analysis of fuel-saving
and costs has not been well-reported. Concerning the fuel-saving effect, it is necessary to consider not
only the CO, emissions during vehicle operation, but also the vehicle life cycle CO, (LCCO;) emissions.

In this study, the effect of reducing CO, emissions and cost analysis of ultra-low viscosity (ULV)
engine oils for passenger vehicles are considered. Specifically, the effect of reducing LCCO, emissions
by reducing both engine oil viscosity and oil drain interval (ODI) extension is estimated, taking into
account both mineral engine oil and synthetic engine oil. Furthermore, the cost-effectiveness of ULV
engine oils are revealed by performing a base-stocks cost analysis. Following the introduction set out in
Part 1, Part 2 introduces our analytical conditions and methods. In Part 3, the results of vehicle LCCO,
emissions and cost-effectiveness of ULV engine oils are introduced. In this study, ULV engine oils are
assumed to be used for vehicles with a fuel efficiency that is estimated to decrease from 130 g-CO, /km
(2015 EU fleet target) to 66.5 g-CO, /km (2030 EU fleet target). In Part 4, we describe the conclusion
drawn from the results obtained in this study.

2. Experimental

2.1. System Boundary and Analysis Method

The life cycle of automobiles consists of five phases, including development, production,
operation, maintenance, and disposal. In this research, we considered two phases, i.e., the operation
and maintenance, which are directly affected by the quality of the engine oil. To determine the fuel
economy improvement and costs of ULV engine oils from the present time to 2030, the ULV engine oils
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were assumed for vehicles with a fuel efficiency targeted for a decrease from 130 g-CO,/km (2015 EU
fleet target) to 66.5 g-CO, /km (2030 EU fleet target). For the maintenance phase, the engine oil was
considered only consumable. Regarding the assessment of life cycle CO, emissions of engine oil,
we used the report of Girotti et al., which considered both base-stock (BS) and additives to estimate
CO, emissions from the engine oil production with a density of 0.84 g/cm? [13,14]. Moreover, in this
study, mineral and synthetic engine oil were both considered. The amount of oil was estimated to be
4.0 L [15]. The ODI was estimated by using a recommended ODI (considering both naturally aspirated
and turbocharged engines) from Japanese car manufactures [16] and an annual average driving range
in Japan [17]. To estimate the cost-effectiveness of ULV engine oils, the reports of the U.S. Energy
Information Administration (EIA) and He et al. [12,18] were used. Figure 1 shows the system boundary
of this research. The methods for analyzing the effect of improving fuel efficiency, specifications of
analyzed engine oils, and cost analysis will be explained in Sections 2.2-2.4.
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base-stock cost CO, emissions
(Group-I/11, 111, in production
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Figure 1. System boundary of the analysis.

2.2. The Method of Analyzing the Effect of Improving Fuel Efficiency

According to the report of Holmberg et al., the breakdown of the engine friction loss is considered
to be 58% hydrodynamic lubrication, 18% elastohydrodynamic lubrication, 19.5% mixed lubrication,
and 4.5% boundary lubrication [19]. In other words, 76% of total engine loss comes from the
hydrodynamic and elastohydrodynamic lubrication, and the ULV engine oil contributes to a reduction
of engine friction loss. Okuyama et al. reported that the fuel economy of a 1.3 L gasoline engine
in Japanese 10-15 mode was linearly improved as the lubricant’s viscosity at 80 °C decreases in the
viscosity range 3.8-9.5 mPa-s [20]. Meanwhile, Mo et al. reported on the effect of improving fuel
efficiency in New European Driving Cycles (NEDC) mode with six types of engine oils from 5W-30
to OW-20 [21]. Fujimoto et al. also reported the results of fuel efficiency using two types of 0OW-20
engine oils with different viscosities, and a 0.9% improvement in fuel efficiency in NEDC mode
was confirmed by using lower-viscosity OW-20 engine oil [22]. In addition, Kaneko et al. proposed
newly-developed 0W-20 and 0W-16 engine oils that satisfy low-speed pre-ignition (LSPI) prevention
performance, and these new fluids improve the fuel efficiency in NEDC mode by 0.5% and 1.0%
respectively, compared with conventional 0W-20 engine oil [23]. Moreover, Liu et al. also introduced
OW-16 engine oil that showed a 1.0% fuel efficiency improvement compared to the conventional 0W-20
engine oil [24]. Also, according to Tamoto et al. the engine oil viscosity and torque loss were clarified
using a 1.8 L gasoline engine motoring test. It has been shown that engine torque loss decreases
as the viscosity decreases until the kinematic viscosity was 4.2 mm? /s at 100 °C (KV100), whereas
a decrease of the viscosity below 4.2 mm?/s causes an increase in engine torque loss [25]. In this
study, the improvement of the fuel efficiency of ULV engine oils was calculated from the correlation
between KV100 and fuel efficiency using the results of the above-mentioned literatures [21-24], as our
previous research has demonstrated [26]. A certain correlation has been confirmed with KV100 and
high temperature high shear (HTHS) viscosity [27], which has been known to linearly correlate with
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the fuel economy in NEDC mode [28], and it is reliable to calculate the improvement of the fuel
efficiency of ULV engine oils by using KV100. Moreover, in this research, the impact of the lubricant
traction coefficient on the fuel efficiency has not been considered due to the fact that the Group-III and
polyalphaolefin (PAO) base-stocks show similar traction property [29].

2.3. Specifications of Analyzed Engine Oils

Regarding the world base-stocks production capacity, Rudnick reported that the Group-I and II
base-stocks still account for 59% and 31%, respectively, while the Group-IlI base-stocks account for
only 9% [30]. However, as shown in Section 2.2, Liu reported that the Group-III base-stock is used for
the newly developed 0W-16 engine oil [24]. Based on the report of Tamoto et al. in the case of Group-1I+
base-stock (70N) for ULV engine oil (KV100 4.2 mm?/s), the Noack volatility (American Society for
Testing and Materials (ASTM) D5800) increased to 33% [25]. The oil consumption increased as well.
Moreover, as a result of the Japanese Automotive Standards Organization (JASO) M331-91 detergency
test, it was pointed out that both viscosity and sludge increased significantly [25]. According to Masuko,
the SAES viscosity grade, defined by Society of Automobile Engineers (SAE), and given the engine
oil volatility [31], is expected have the lower limit viscosity, which is consistent with the result of
Tamoto et al. [25]. Hence, the limit of the low viscosity was strongly influenced by the volatility of
base-stock. The results of the Noack on the volatility of Group I, II, III, and PAO base-stocks are shown
in Figure 2 [32,33]. It is thus, confirmed that the Group-III and PAO base-stocks showed lower volatility
performance compared to Group-I/Il. According to the International Lubricant Standardization and
Approval Committee (ILSAC), the GF-5 performance standard requires that the weight loss in the
Noack volatility test not be higher than 15 wt %.
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Figure 2. Noack volatility (ASTM D5800) of base-stocks.

In addition to the volatility performance, it is required that the engine oils to have high oxidation
stability aiming to maintain the appropriate performance for a longer period during the vehicle
operation. Figure 3 shows the results for the ASTM Sequence IIIE engine test, which confirmed the
oxidation stability, deposit formation, wear protection, and consumption of engine oil [32]. When the
upper limit of the viscosity was increased by 150% (it is the test standard), it was set as the upper limit,
and it has been shown that the PAO base-stock showed to have twice as high an oxidation stability than
that of the Group-III base-stock [32]. Therefore, it is expected to extend ODI by using PAO base-stocks,
although it is necessary to ensure the maintaining of the LSPI prevention and anti-foam performances,
among others [23,34]. In other words, it is necessary that the ULV engine oils have low viscosity,
traction, and volatility, as well as high oxidation stability. It is assumed that severely hydrocracked
Group-III and PAO base-stocks that meet those requirements are mainly used for ULV engine oils.
For this study, the conventional 0W-16 engine oil, which is expected to be popular in the future, was
selected, and the detailed data were adopted from the report of Liu et al. [24]. Then, with regard to the
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next generation ULV engine oils, two cases based on Group-III base-stock (hereinafter referred to as
ULV-Mineral) or PAO base-stock (hereinafter referred to as ULV-PAQO) were examined.

The viscosities of the base-stocks were set to the lower limits that satisfy the Noack volatility of
15 wt %. Also, the additive package (Add Pack) viscosity was referenced using Afton Chemical’s
product data [35-37]. Japanese industrial standards (JIS) K 2283 were used to calculate the finished
fluids viscometrics. The specifications of the engine oils to be investigated are listed in Table 1.
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Figure 3. The oxidation stability of base-stocks (ASTM Sequence IIIE engine test).

Table 1. Assumed lubricants’ specifications for the analysis.

Property 0W-16 ULV-Mineral ULV-PAO
Finished fluid KV100 6.2 mm? /s 5.3 mm?/s 4.5mm?/s
Base-stock KV100 (type) n/a (Gr-IIT) 4.3 mm? /s (Gr-III) 3.6 mm?2/s (PAO)

Add Pack KV100 n/a 80 mm? /s 80 mm? /s

Noack volatility n/a 15wt % 15 wt.%
Mineral base-stock Yes 89.0 wt % -
PAO base-stock No - 89.0 wt %
Add Pack n/a 11.0 wt % 11.0 wt %
Detergent (Det) n/a 2.0wt % 20wt %
Dispersant (Dis) n/a 6.0 wt % 6.0 wt %
Antioxidant (AO) n/a 1.0 wt % 1.0 wt %
Antiwear (AW) n/a 2.0 wt % 2.0 wt %
Oil amount 40L 40L 40L
Density n/a 0.84 kg/L 0.84 kg/L
ODI 7500 km 7500 km 7500, 15,000, and 25,000 km

2.4. Cost Analysis Method

The engine oil is composed of base-stock and additives, and according to Lubrizol, the treat rate
of the additives has increased to comply with the new ILSAC GF-6 standard in comparison to the
GF-5 standard [38]. From Afton Chemical’s product data sheets, it has been shown that upgrading
from GF-5 to GF-6 increases the treat rate of the additives by approximately 1% [35-37]. The cost
of additives has been estimated at $4.40 (United States dollar (USD))/L [39]. As the impact of the
product price increase due to the 1% increase in additives amount is limited, only base-stock costs were
examined in this study. Regarding the investigation of Group-1/11, III, and PAO costs, the reported
values in Rudnick, Erhan et al. Argus, and Machinery Lubrication [30,40-44]. Moreover, the base-stock
prices have been reported to correlate with crude oil prices [45], since the correlation analysis between
the base-stock and crude oil prices was also performed in this study. Concerning the cost-effectiveness,
the ULV-Mineral with Group-III base-stock can be compared with the conventional OW-16 mineral
engine oil, which can be used as a Group-1II base-stock. Meanwhile, to promote the use of ULV-PAOQ,
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it must be more cost-effective than ULV-Mineral as well as OW-16 mineral engine oil. Therefore,
the comparison target of ULV-PAO was set to ULV-Mineral.

3. Results and Discussion

3.1. Result of Analysis for Improving the Fuel Efficiency

In this study, the improvement of the fuel efficiency of ULV engine oils was calculated from
the correlation between the KV100 of 5W-30 to 0W-16 engine oil and the rate of improvement of the
fuel efficiency based on the values reported by Mo et al. [21], Fujimoto et al. [22], Kaneko et al. [23],
and Liu et al. [24], as shown in Figure 4. Compared with conventional 0W-16 engine oil (KV100
6.2 mm?2/ s), the rates of improvement of the vehicle fuel economy of ULV-Mineral and ULV-PAO
were estimated to be 0.6 and 1.1%, respectively. According to Koyamaishi et al., the ULV engine oil
(HTHS 1.7 mPa-s) improves the fuel efficiency of 1.4 L diesel engine in NEDC mode by 4.4% compared
to 5SW-30 engine oil [46], and the reported value is consistent with our result. The result of this study,
however, only considered the fuel economy of 1.5-1.8 L gasoline engines (i.e., Toyota 2ZR-FE) in NEDC
mode during the time of 2012-2017. Hence, for example, our result does not fit well the fuel economy
results of 2.2 L gasoline engine in the Federal Test Procedure (FTP) reported by Akiyama et al. in
1993 [47]. Moreover, the new Worldwide Harmonized Light Vehicles Test Procedure (WLIP) enforces
stricter test conditions compared to NEDC mode, and therefore pushes the lubrication regimes more
towards mixed and boundary regimes. Zacharof et al. reported that SAE20 engine oil improved the
fuel efficiency of gasoline engines by up to 2.2% in NEDC mode; in contrast, the efficiency increased
by up to 1.9% in WLTP cycle, compared to 5W-30 engine oil [48]. Hence, further study is needed.
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Engine oil kinematic viscosity at 100°C, mm?/s

Figure 4. The correlation between the kinematic viscosity at 100 °C and fuel efficiency improvement
(FEI) in NEDC mode using 1.5-1.8 L gasoline engines.

3.2. CO, Emissions from Oil Production

Figure 5 illustrates the CO; emissions during the production of ULV-Mineral and ULV-PAO with
the formulations shown in Table 1. CO; emissions from the production of mineral engine oils were
estimated at 0.99 kg-CO, /L. Meanwhile, the CO, emissions from synthetic engine oils production
were estimated to be 1.65 kg-CO, /L, which is 1.7 times higher than that of the mineral engine oils.
The contribution of CO, emissions from engine oil production in relation to CO, emissions generated
during vehicle operation will be described. As the vehicle fuel efficiency improves, the ratio of CO,
emissions from engine oil production to CO, emissions generated during vehicle operation increased,
as shown in Figure 6. Concerning the mineral engine oils, when the ODI was set to 7500 km, the CO,
emissions during vehicle operation using 2030 standards (vehicle fuel efficiency is estimated to be
66.5 g-CO, /km) increased to 0.8% and it was associated with the production of mineral engine oils.
Meanwhile, when synthetic engine oil was used, CO, emissions in vehicle operation significantly
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increased to 1.3% under the same conditions. By extending the ODI from 7500 to 15,000 and 25,000 km,
the impact of CO, emissions from synthetic engine oil production on CO, emissions during the vehicle
operation were effectively reduced to 0.7 and 0.4%, respectively. In other words, from the viewpoint of
reducing CO, emission, the extension of the ODI is technologically challenging but as important as the
reduction of viscosity is.
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Figure 5. CO; emissions in the lubricants” production of ULV-Mineral and ULV-PAO.
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three different ODI conditions.

3.3. The Effect of Reducing LCCO, Emissions

As introduced in Sections 3.1 and 3.2, ULV-Mineral improved vehicle fuel economy by 0.6%
compared to conventional 0W-16 mineral engine oil. Both conventional 0W-16 mineral engine oil and
ULV-Mineral use Group-III base-stocks and CO, emissions during production of these oils are virtually
the same. In other words, ULV-Mineral reduced the vehicle LCCO, emissions by 0.6% compared to
O0W-16 mineral engine oil.

Compared to ULV-Mineral, ULV-PAO improved vehicle fuel efficiency by 0.5%. However,
as shown in Figure 7 and considering the CO, emissions during engine oil production, the reduction
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of LCCO;, emissions associated with ULV-PAO compared to ULV-Mineral was reduced to 0.1% or
less using 2030 standards (assuming a vehicle fuel efficiency: 66.5 g-CO,/km) when the ODI was
equivalent (7500 km) to mineral engine oil. When utilizing the characteristics of PAO base-stock with
higher oxidation stability compared with mineral base-stock, as shown in Figure 3, and extending the
ODI from 7500 to 15,000 and 25,000 km, the effects of the reduction of LCCO, emissions of ULV-PAO
are estimated to improve to 0.7% and 0.9% in 2030, respectively.
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Figure 7. Reducing of CO, emissions in the life cycle of ULV-PAO compared to ULV-Mineral.

3.4. Cost Analysis

It is important to consider the base-stock prices survey results for Group-I/11, III, and PAO
base-stocks. As shown in Figure 8, the mineral base-stock prices and the West Texas Intermediate (WTI)
crude oil price [49] were approximately linearly correlated. However, there was no clear link between
the PAO base-stock price and the crude oil price. This has to do with the gap between production
capacity and market demand of PAOs. The global PAO market size is expected to slightly increase to
$4210 million by 2025 from $3840 million (USD) in 2017 [50], and therefore the PAO base-stock price
is likely to be stable up to 2025. Figure 9 shows the calculated cost impacts of the three different oils
taking in to account the WTI crude oil price (Group-1lII is the baseline price).

With respect to the crude oil price, the average of its WTTin 2017 was $51 (USD)/barrel [49]. However,
according to Arezki et al., the crude oil price is expected to increase to $100 (USD)/barrel or more by
2025 [51]. When the WTI crude oil price will reach $100 (USD)/barrel, the cost of synthetic engine oil will
also increase to $3 (USD)/vehicle in comparison with mineral engine oil if Group-III base-stock is used.
Furthermore, if the additional cost of engine refinement (direct manufacturing cost) suitable for using
ULV engine oil is needed [12], the total cost increase is estimated to be $6 (USD)/vehicle.
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Figure 8. Base-stock prices taking into account WTI crude oil price.
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Figure 9. Calculated three different engine oils cost impacts for a vehicle (baseline: engine oil with
group-III base-stock), taking into account WTI crude oil price.

3.5. Cost-Effectiven ess (Breakeven Cost Analysis)

The cost-effectiveness results from the EIA are presented in Figure 10 [11], where the average
increase cost (i.e., breakeven cost) with respect to fuel efficiency improvement can be obtained using
Equation (1):

IC = —0.0135 x FEI® + 1.228 x FEI?> +19.45 x FEI (R%>=0.92) (1)

IC: Incremental cost [USD]; FEI: Fuel economy improvement [%].

As a result, the cost-effectiveness is expected to be high if the cost increase is less than $12
(USD)/vehicle for 0.6% reduction of LCCO, emissions. In other words, the ULV-Mineral price is
assumed to be virtually the same as that of the conventional OW-16 mineral engine oil, resulting in a
high cost-effectiveness value, even if additional costs for engine refinement are required [12].

Meanwhile, in comparison with ULV-Mineral, ULV-PAO improves vehicle fuel efficiency by
0.5%, and ULV-PAO has certain cost-effectiveness, if only considering CO, emissions during the
vehicle operation. However, concerning the effects on global warming, reducing of vehicle LCCO,
emissions of ULV-PAO must be considered. Figure 11 presents the results of a breakeven cost analysis
of ULV-PAO (ODI 7500, 15,000, and 25,000 km) versus ULV-Mineral (ODI 7500 km) using Equation (1)
and based on the results of reduction of LCCO, emissions shown in Figure 7. Accordingly, when the
ODlI is set equivalent (7500 km) to mineral engine oil, the cost-effectiveness of ULV-PAO decreases
when the increasing cost associated with PAO base-stock is considered. When extending the ODI
from 7500 to 15,000 km, the effect of reducing LCCO; emissions of ULV-PAO is estimated to be 0.7%.
As Figures 9 and 11 show, the ULV-PAO becomes a competitive and cost-effective alternative when the
ODl is extended.

In addition, He et al. reported cost-effectiveness results with respect to medium-sized vehicles
from 2015 to 2025 [18]. When using the estimated average fuel efficiency (66.5 g-CO, /km) for the year
2030 as a baseline and using the cost-effectiveness of 2025, the average increase cost (i.e., breakeven
cost) with respect to fuel efficiency improvement can be expressed using Equation (2):

IC = —0.0001 x FEI® +0.134 x FEI?> +39.91 x FEI 2)

As a result, cost-effectiveness can be expected to be high if the cost increase is less than $28
(USD)/vehicle with a 0.7% reduction in vehicle LCCO, emissions. However, the difference between
the EIA report and data presented in He et al. has no influence on the conclusion of our research.
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Figure 11. Breakeven cost increase for ULV-PAO (ODI 7500, 15,000, and 25,000 km) versus ULV-Mineral
(ODI 7500 km). The amount of oil for a vehicle is assumed to be 4.0 L.

4. Conclusions

This study examined the reduction of CO, emissions and cost analysis of ULV engine oils for

passenger vehicles. More specifically, the effect of reducing LCCO, emissions by reducing engine oil
viscosity and extending the oil drain interval (ODI) was estimated taking into account both mineral
engine oil and synthetic engine oil. Furthermore, the cost-effectiveness of ULV engine oils was revealed
by the cost analysis of base-stocks. The results of this study can be generally summarized as follows.

1.

When the upper limit of the Noack volatility was set to 15 wt %, the lower limit of KV100 mineral
engine oil with Group-III base-stock and synthetic engine oil with PAO base-stock were estimated
at5.3 and 4.5 mm? /s, respectively.

Compared with the conventional OW-16 engine oil (KV100 6.2 mm?/s), ULV-Mineral
(KV100 5.3 mm?/s) and ULV-PAO (KV100 4.5 mm?/s) were designed to improve vehicle fuel
efficiency by 0.6 and 1.1%, respectively, considering 1.5-1.8 L gasoline engines in NEDC mode.
As vehicle fuel efficiency improves, the ratio of CO, emissions from engine oil production to CO,
emissions during vehicle operation increases. Regarding the mineral engine oils, when the ODI
was set to 7500 km, CO, emissions during vehicle operation using 2030 standards (assuming a
vehicle fuel efficiency of 66.5 g-CO, /km) increased to 0.8% by CO; emissions for the production
of mineral engine oils. Meanwhile, when synthetic engine oil was used, CO, emissions in vehicle
operation significantly increased to 1.3% under the same conditions.
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Compared with the conventional 0W-16 mineral engine oil, the reduction of LCCO, emissions
associated with ULV-Mineral using a Group-Ill base-stock was estimated at 0.6% while
maintaining a constant cost. In other words, the viscosity of mineral engine oil is expected
to continually decrease in the future.

Compared with ULV-Mineral, ULV-PAO improves the fuel efficiency of the vehicle by 0.5%.
However, considering the CO, emissions during engine oil production, the reduction of LCCO,
emissions of ULV-PAO compared with ULV-Mineral will be of 0.1% or less in 2030 (assuming a
vehicle fuel efficiency of 66.5 g-CO, /km) when the ODI is set equivalent to mineral engine oil
(7500 km). Consequently, ULV-PAO loses the cost-effectiveness based on the increased cost of
PAOQO base-stock. On the other hand, when utilizing the characteristics of PAO base-stock with
higher oxidation stability in comparison with the mineral base-stock, and extending the ODI to
15,000 km, the effect of reduction of LCCO, emissions of ULV-PAO is estimated to be 0.7% in
2030, thus making ULV-PAO a competitive and cost-effectiveness alternative. In other words,
the popularization of synthetic engine oil as we move toward 2030 will require the consideration
of both the reduction in viscosity and the extension of the ODIL.

In this research, CO, emissions during vehicle operation are based on small gasoline engines in

NEDC mode. The new WLTP cycle enforces stricter test conditions compared to NEDC mode, and a
further decrease of the viscosity potentially causes an increase in engine friction. Future study should
consider the WLTP cycle.
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