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Mobility servitization modes are increasingly popular and some literature has suggested that their environmental impacts are less than those of privately owned cars. This research assesses the greenhouse gas (GHG) emissions of mobility servitization based on different scenarios: carsharing, carpooling
and car ownership (representing the range of occupancy rates), and the changes in vehicle technology
(lightweighting and electriﬁcation). Life Cycle Assessment is selected as the method and results are interpreted in passenger kilometre. The highest GHG reduction is recorded in pooled adoption scenario, representing the highest occupancy rate in servitization modes. The increasing trends of vehicle lightweighting and electriﬁcation can potentially reduce the GHG impacts (during production and use phases) by
35–37%.
© 2020 The Author(s). Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license.
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

as Zipcar. (Shaheen et al., 2018). Literature has suggested that the
transition to MaaS modes assist in reducing the total GHG impacts
contributed by vehicle emissions (Firnkorn and Müller, 2011).
Life cycle assessment (LCA) is the commonly used method to
assess the potential environmental impact of a product or service
throughout its lifespan. The ISO 14001 standard for LCA creates the
opportunity to compare different scenarios for better environmental evaluations (ISO, 2006). Traditionally, environmental impacts of
changes in car technology are evaluated using LCA (Mitropoulos
and Prevedouros, 2014, Lombardi et al., 2017).
The changes in car manufacturing and the transition from private cars to MaaS can lead to different environmental outcomes. It
is unclear what the environmental impacts are when these changes
are combined with varying user behaviour. An environmental assessment based on the combinations of these changes can explore
a clear view of the overall impact. This research assesses the environmental impacts of the transition to mobility as a service considering three prospective modes (shared adoption, pooled adoption, and shared and pooled mixed adoption) representing a range
of user adoption behaviours and vehicle technology (lightweighting and electriﬁcation) changes.
Vehicle lightweighting is a common approach used by car manufacturers to increase fuel economy. Elgowainy et al. (2016) have
shown that reducing vehicle weight 15% and 18% increases the on-

Vehicle use contributes signiﬁcantly to global transportation
greenhouse gas (GHG) emissions. More than 70.5 million cars were
produced globally in 2018 (International Organization of Motor Vehicle Manufacturers, 2018). In the USA, an average passenger car
emits 4.6MT GHG emissions per year with more than 111 million
cars on the road (US EPA, 2016, U.S. Department of Transportation,
2019). To reduce car GHG emissions, there is a shift towards electriﬁcation of vehicle powertrains. In 2018, 5 million electric cars
were used globally (International Energy Agency (IEA), 2019). Out
of this number, 1.1 million (22%) electric cars were used in the USA
(International Energy Agency (IEA), 2019). Automobile manufacturers have also been reducing the weight of vehicles (lightweighting)
to increase the energy eﬃciency of car, which has a signiﬁcant effect on GHG emissions (Kim and Wallington, 2016, Elgowainy et al.,
2016).
The trend of using cars for mobility as a service (MaaS) is also
increasing. MaaS modes have evolved from traditional taxis to carpooling and ridehail (ridesourcing); and car rental to various carshare services. In 2017, 148,514 cars were used for carsharing such
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Table 1
Weight of four different car types (Elgowainy et al., 2016).
Current
Parameter
Weight [kg]

Fig. 1. Methodological approach.

road adjusted fuel economy by 33% and 14% of internal combustion
engine vehicles (ICEV) and battery electric vehicle (BEV) respectively (Elgowainy et al., 2016).
Electriﬁcation of cars has signiﬁcantly increased the energy eﬃciency with no tailpipe emissions in the use phase when compared
to ICEVs. Chevrolet Malibu and Bolt EV are examples of a mid-size
ICEV and BEV respectively. The use phase energy requirements for
Chevrolet Malibu and Bolt EV are 0.0784L/km and 0.0198 gasolineequivalent L (Le )/km, respectively. These numbers show that vehicle electriﬁcation can potentially reduce the energy requirement
by almost 4 times without considering the generation and distribution losses of the grid electricity system (US EPA, 2019; Chevrolet,
2019).
Lithium-ion batteries are the most common energy storage for
BEVs. The environmental impacts of lithium-ion batteries are signiﬁcant in the manufacturing phase and the literature suggests different environmental impact results (Dai et al., 2019; Kim et al.,
2016).
The transition to MaaS contributes to a reduction of environmental impact proﬁles of passenger transportation. Firnkorn et al.
(2011) have shown that the shift to carsharing services reduces the
GHG emissions per user, per annum by 9% (Firnkorn and Müller,
2011). Carpooling is commonly used as a strategy by policymakers to reduce congestion, emission and fossil fuel consumption
(Shaheen and Cohen, 2019).
An environmental assessment integrating the impacts of
changes in car technology: lightweighting, electriﬁcation and the
transition to MaaS modes has not been studied. These changes
have led to different environmental outcomes. Hence, this paper
uses a scenario-based approach to assess the environmental impacts of the transition to mobility servitization considering the different car technologies and MaaS modes.
2. Methodology
This paper evaluates three mobility servitization scenarios
while integrating the changes in car manufacturing by following
the ISO 14040 framework of LCA, assessing only Global Warming
Potential (GWP) (ISO, 2006). As shown in Fig. 1, three changes
are introduced: (i) vehicle mass, (ii) powertrain systems (ICEV and
BEV) and (iii) car-based MaaS modes. The different MaaS modes
chosen for this study are carsharing (CS) and carpooling (CP). CS
is an increasingly popular mobility service and CP represents the
highest occupancy rate (Shaheen et al., 2018; Rayle et al., 2016). In

Lightweighting

ICEV

BEV

ICEV

BEV

1444

1536

1225

1190

the ﬁrst analysis step, occupant distribution is calculated to represent a 5-seat passenger car. In the second analysis, the life cycle
GWP results are calculated based on changing vehicle technology
and MaaS modes.
Three transition scenarios are introduced to represent the different combinations of the private car (PC) and MaaS modes. Scenarios 2, 3 and 4 represent shared adoption, pooled adoption,
and shared and pooled adoption, respectively. These scenarios are
based on two assumptions: the transition of passengers is only
from PC to CS and CP, and the occupancy rates of CS and CP will
not change in Scenarios 2 to 4 from Scenario 1 – Business as Usual
(BaU). A third analysis step is introduced to calculate the change in
occupant distribution among the MaaS modes based on the transition from BaU. The objective of this step is to derive the change
in occupancy rates for PC in Scenarios 2 to 4. In the ﬁnal stage
(analysis 4), GWP results for the transition scenarios are calculated
based on the combination of the change in vehicle technology and
MaaS modes with their derived occupancy rates.
2.1. Boundary and goal of the LCA study
The goal of the LCA study is to evaluate life cycle GHG impacts
based on the combinations of the change in weight, powertrain
systems and the transition to MaaS. The USA is selected as the
geographical boundary of this study due to the increasing use of
MaaS within the country (Shaheen et al., 2018).
The raw material acquisition, production and use phases of an
average ICEV and BEV, including ‘well-to-wheel’ of gasoline (for
ICEV) and grid electricity (for BEV) including generation and distribution losses were selected as the scope of LCA for this study.
End-of-life (EoL) management is excluded from this study.
‘Passenger kilometre’ (p.km) deﬁned in Eq. (1) is chosen as the
functional unit, based on previous research work (Mitropoulos and
Prevedouros, 2014). It is a more meaningful functional unit to interpret environmental outcomes of MaaS modes when compared
to commonly used vehicle kilometre (v.km) functional unit.

Passengerkilometre = Occupancy × Vehiclekilometer

(1)

2.2. Life cycle inventory (LCI) inputs
LCI inputs for the manufacturing phase of a car were based on
literature and the GaBi professional database V8.7.1.3. The manufacturing energy requirement excluding the production of battery
for an average mid-size car (passenger and cargo space: 110 to 119
Cu. Ft. (US EPA, 2019)) is 2.47 and 5.57 GJ/car for electrical and
thermal respectively (Elgowainy et al., 2016). Manufacturing energy
for the other three car types (BEV, ICEV–lightweighting, and BEV–
lightweighting) is assumed similar to above. Other than in the process of ‘material handling’, no signiﬁcant differences are expected
in painting, HVAC and lighting, heating compressed air and welding. Weights of the four types of cars are shown in Table 1. Raw
material compositions for the four-car types were based on Elgowainy et al. (2016). Materials listed as ‘other’ are approximated
based on the material composition of passenger car Euro5, 2.0l
from GaBi database (Thinkstep, 2019).
The energy eﬃciency for lightweight ICEV and BEV is calculated based on powertrain adjusted fuel economy (F+ L ) (Kim and
Wallington, 2016), as shown in Eq. (2). FC and d represent the fuel
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Table 2
LCI inputs: use phase energy data [L/100km], [Le/100km]∗ and calculated combustion emission
[gCO2 /km].
Current
Parameter

Lightweight

ICEV

Energy economy
Calculated F+ L
Combustion emission [gCO2 /km]

BEV

7.84 (US EPA, 2019)
–
184

ICEV

BEV

5.85
171

1.06∗
N/A

∗

1.98 (US EPA, 2019)
–
N/A

Table 3
Occupant distribution and occupancy rates for PC, CS and CP.

Passenger count

1
2
3
4
5
>5
Occupancy rate

Occupant distribution NHTS (U.S.
Department of Transportation, 2019) [%] Occupant distribution 5-seat passenger car [%]
PoV

CS

Calculated
PC

CS

Estimated
CP

63.5
23.4
7.9
3.3
1.3
0.6
1.67

50.5
26.2
10.9
7.5
3.7
1.2
2.19

63.9
23.5
8.0
3.3
1.3
1.55

51.1
26.5
11.0
7.6
3.8
1.86

91.0
9.0
–
–
–
2.10 (Rayle et al., 2016)

economy (in L/km or Le /km) and distance respectively. M1 and M2
represent the current and light-weighted mass of the car respectively. The average powertrain resized fuel reduction (FRV+ ) values
for ICEV and BEV are 0.3 L/(100 km 100 kg) and 0.055 Le /(100 km
100 kg) respectively (Kim and Wallington, 2016).
+
F+
L = (FC · d ) − FRV · (M1 − M2 ) · d

(2)

The energy eﬃciency and lifetime distance (LTDST) are signiﬁcant contributors to the CO2 emission of cars in the use phase. Two
mid-size cars, Chevrolet Malibu (1400 kg) and Bolt EV (1625 kg)
are chosen to represent the fuel economy of current weight ICEV
and BEV respectively. Calculated F+ L for lightweight ICEV and BEV
are listed in Table 2. The LTDST for ICEV and BEV are 286,627 km
and 200,639 km respectively (Elgowainy et al., 2016). PC and CP
were assumed to have similar LTDST. The LTDST for CS is estimated
based of taxi, which is twice that of PC (Greenblatt and Saxena,
2015).
The LCA modelling during the use phase is based on the USA
scenario. The combined (city-55% and highway-45%) energy economy is adopted from the USA fuel-economy database (US EPA,
2019). The combustion GHG emission factor (3,185gCO2 /kg gasoline) is calculated based on US EPA (US EPA, 2015).
2.3. Life Cycle Impact Assessment (LCIA)
GWP results (excluding battery) were calculated using GaBi professional LCA software.
The GWP for the production of lithium-ion battery
(1750 kgCO2 eq) is based on Dai et al. (2019), due to their robust production data validation (Dai et al., 2019), whilethe GWP
for the production of lead-acid battery (102 kgCO2 eq) is based on
Premrudee et al (2013). These values are then combined with the
GWP results from other LCA modelling.
3. Results
3.1. Occupancy rates for MaaS modes
The occupancy rates of a 5-seat passenger car in the US for different MaaS modes are based on the calculated passenger distribution or literature data. For PC and CS, the occupancy rates are calculated based on the personally own vehicles (PoV) and CS from

the National Household Travel Survey (NHTS), as shown in Table 3.
Occupant distribution of more than 5 passengers is linearly split
among the passenger count categories from 1 through 5. The occupant distribution for carpooling is estimated based on Rayle at
al. (2016) to satisfy the referenced occupancy rate of 2.1 (Rayle
et al., 2016). The calculated occupancy rates for PC (1.55) and CS
(1.86), and the estimated occupancy rate for CP (2.1) based on literature are used to evaluate the life cycle GHG impacts for each
MaaS mode. These are represented in Scenario 1 (BaU).
3.2. GHG emissions based on different MaaS modes
As shown in Fig. 2, CP has shown the least GHG emissions
while PC reported the highest, in both ICEV and BEV. This is caused
by the different occupancy rates in MaaS modes.
In all MaaS modes, the CO2 impacts are reduced through
lightweighting, in both ICEV and BEV. As shown in Fig. 2, the highest CO2 reduction is in PC mode, which is around −26% and -18%
for ICEV and BEV respectively.
Despite the signiﬁcant improvement in GHG emissions through
vehicle electriﬁcation, the manufacturing impact of BEVs has increased compared to ICEV for different MaaS modes. As shown in
Fig. 2, the production phase (excluding battery) for BEVs is higher
than ICEVs by 63% (current vehicles) and 50% (lightweight vehicles). Besides, the GHG impacts of battery production for BEVs
have a more signiﬁcant contribution to the total CO2 impact (7%
to 9%) when compared to ICEVs, which are negligible.
3.3. Transition to mobility servitization scenario analysis
As discussed in Section 2, the transition scenarios from private
car to MaaS modes are presented in
Table 4. The composition of BEV (2.4%) is expected to grow
by 12.5 times based on the International Energy Agency reports
[(International Energy Agency (IEA), 2019; International Energy
Agency (IEA), 2019)]. These values are used to calculate the GHG
impact of the BEV composition for PC an CP in Scenarios 2–4. The
BEV composition for CS is 25% for Scenario 1 – BaU (Movmi, 2019).
It is assumed that the BEV composition for the different transition
scenarios (Scenarios 2–4) would reach 60%, doubling the BEV composition for PC and CP.
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Fig. 2. Life cycle GWP for different MaaS modes: lightweighting and electriﬁcation.

Table 4
Transition to mobility servitization scenarios used for both current and lightweight changes.
Composition [%]
Scenario description

Scenario 1: Current scenario (BaU)

ICEV
PC
95.69a

Scenario 2: Shared adoption:
assuming carshare will be more
prominent in MaaS

51.87a

Scenario 3: Pooled adoption:
assuming carpooling will be more
prominent in MaaS

49.98a

Scenario 4: Shared & pooled mixed 55.23a
adoption

BEV
97.6
2.4 (International Energy
Agency (IEA), 2019)
70.0
30.0 (International
Energy Agency (IEA),
2019)
70.0
30.0 (International
Energy Agency (IEA),
2019)
70.0
30.0 (International
Energy Agency (IEA),
2019)

ICEV
CS
0.02b

43.85e

0.02g

21.93i

The occupant distributions and occupancy rates of MaaS modes
for the transition scenarios (the outcome of analysis 3) are presented in Fig. 3. These are derived based on the occupant distributions from Table 3 and the assumptions introduced in Section 2.
The occupancy rate of PC has changed for Scenarios 2 to 4 while
remaining the same for BaU.
Based on the results of occupancy rates (Fig. 3), GHG emissions of the transition scenarios are presented in Table 5. The highest GHG impact is shown in Scenario 1 (BaU) and the lowest in
pooled adoption for both the current and lightweight vehicles. The

BEV
75
25 (Movmi,
2019)
40
60f

ICEV
CP
4.29c

4.29g

40
60f

50.00h

40
60f

27.14j

Remarks

BEV
97.6d
2.4 d
70.0
30.0

d

70.0
30.0

d

70.0
30.0

d

d

d

d

a

Calculated based on the distribution of CS, CP
Calculated based on (U.S. Department of
Transportation, 2019; Shaheen et al., 2018)
c
Calculated based on (Rayle et al., 2016; Tomer,
2017)
d
Assuming equal to PC ﬂeet
e
Calculated based on (Navy, 2018; Los Angeles
Times, 2015)
f
Assuming the BEV composition in CS will be
doubled from the BEV composition in PC
g
Assuming equivalent to BaU scenario
h
Estimated based on the expected business growth
and user beneﬁts
i
Midpoint of CS composition between S1 and S2
j
Midpoint of CP composition between S1 and S3
b

total GHG impacts of vehicle lightweighting for all scenarios have
demonstrated a reduction of 35–37%.
4. Discussion
This study shows that a high occupancy rate can signiﬁcantly
reduce the GHG emissions. As shown in Fig. 2, a signiﬁcant GHG
reduction is recorded (−19% to −27%) by only shifting from PC to
MaaS with higher occupancy rates. The GHG impact for CP (current
ICEV and current BEV) is slightly less compared to PC (lightweight
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has changed from 1.55 (BaU) to 2.20 in this scenario. The signiﬁcant composition of PC (49.98%) and CP (50.00%) with higher occupancy rates have reduced the GHG impact when compared to other
scenarios (refer to Table 5). This observation is consistent with the
GHG emission results shown for MaaS modes with different occupancy rates, as shown in Fig. 2.
The changes in car technology have signiﬁcantly reduced the
total GHG impact during the transition to mobility servitization.
This ﬁnding is consistent with Lombardi et al. (2017) that takes
into consideration the changes in car technology (Lombardi et al.,
2017). Scenarios 2 to 4 have shown a slightly higher reduction
in total GHG emissions through lightweighting when compared to
Scenario 1 (BaU). This is contributed by the BEV composition in
CS and PC, which is 60% and 30% respectively (refer Table 4). The
results show the signiﬁcance of adopting lightweight and electric
cars in the MaaS ﬂeet. It is important to note that the GHG impact
for BEVs may vary based on different electrical grid mix in various
countries or regions. About 73–82% of total GHG impact is from
electrical power generation.
Fig. 3. Occupant distribution and derived occupancy rates for MaaS modes for all
scenarios.
Table 5
LCIA results of transition scenarios.
Transition
scenario
Scenario
Scenario
Scenario
Scenario

1 - BaU
2–Shared adoption
3-Pooled adoption
4-Mixed adoption

Total GHG emissions [gCO2 eq/p.km]
Current

Lightweight

184
139
134
139

120
88
87
89

ICEV and lightweight BEV). This shows that the increase in occupancy rates is an effective solution in reducing the GHG emissions
when compared to the change in vehicle weight.
The GHG impact during the manufacturing phase is inﬂuenced
by the LTDST. When the LTDST of cars for CS is doubled when
compared to PC and CP, the GHG impact during the manufacturing
phase is reduced by about 38–60% for different car technologies.
However, literature has suggested a range of possibilities for the
LTDST of cars used for different MaaS modes (U.S. Department of
Transportation, 2019; Elgowainy et al., 2016).
The use phase energy and GHG emissions for ICEV and BEV are
not directly correlated with the mass reduction due to lightweighting. As shown in Table 1, the mass reduction due to lightweighting for ICEV and BEV is 15% and 23% respectively. On the contrary, lightweighting has led to higher GHG emission reductions for
ICEVs (−26%) when compared to BEVs (−18%), as shown in Fig. 2.
These results highlight the importance of considering energy eﬃciency based on the resizing of powertrain systems (F+ L ). The GHG
emission reductions are also inﬂuenced by the emission factors of
gasoline (3,185gCO2 /kg gasoline) and the current US electric grid
(613gCO2 eq/kWh, (Thinkstep, 2019)).
As shown in Fig. 2, the manufacturing phase (excluding battery) of BEVs produces more GHG emissions when compared to
the ICEVs. This is largely due to the change in raw material composition. For example, the use of more aluminium in the current
BEV (122.9kg) when compared to the ICEV (92.4 kg) has increased
the GHG emissions by 482 kgCO2 eq per car. Therefore, the change
in raw material composition, particularly the increasing use of material with higher energy intensity during the production phase,
can have a signiﬁcant impact on the total GHG impact.
The least GHG impact is seen in CP dominant Scenario 3 due to
the high occupancy rate for PC (2.20) and CP (2.1). Based on the
distribution analysis presented in Fig. 3, the occupancy rate for PC

5. Conclusion and future work
This research shows the signiﬁcance of integrating the changes
in occupancy rate and car technology (lightweighting and electriﬁcation) to assess the climate change effects of the transition to
servitization modes. The most critical ﬁnding from this study is
that the highest reduction in the total GHG impact can be achieved
through higher occupancy rates in combination with the development of vehicle technology. When compared to current vehicles
in Scenario 1 (BaU), the highest GHG emission reduction (-52%) is
achieved through lightweight cars in Scenario 3 (pooled adoption).
The results of this study have also shown the signiﬁcance of
increasing occupancy to assist in reducing GHG emissions in the
transition scenarios. The changes in car technology (lightweighting
and electriﬁcation) can also signiﬁcantly inﬂuence the GHG emissions in MaaS. Scenario 3 with the highest occupancy for different MaaS modes recorded the least GHG emission, while the high
number of the electric car ﬂeet in Scenario 2 has recorded the second least GHG emissions. However, the GHG impact for Scenario
2 may change according to different electrical grid mix. Moreover,
the GHG impact during the manufacturing phase for electric car
is inﬂuenced by the change in material composition and the type
of battery production. The production of lithium-ion batteries has
signiﬁcantly contributed to the total GHG impact during the manufacturing phase, which ranges from 35% to 88%.
A further study can be carried out to assess the sensitivity of
the changes in occupant distribution among different MaaS modes
and the composition change in mobility transition modes. Another
extension from this work is to broaden the LCA scope to assess the
full life cycle of cars, including the EoL phase.
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