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Program for Vehicle Regulatory Reform: Assessing Life 
Cycle-Based Greenhouse Gas Standards 

EXECUTIVE SUMMARY 

In the United States, the transportation sector is responsible for 36% of greenhouse gas (GHG) 
emissions, with light-duty vehicles (LDVs) comprising the largest contribution [1]. Globally, 
transportation is responsible for approximately 24% of energy-related GHG emissions, of which 
road transport constitutes over 70% [2]. In addition to other measures, rapid and extensive 
deployment of renewable and energy-efficient technologies is seen as a crucial intervention 
necessary to reduce transportation sector emissions in coming decades. 

Current GHG emissions and fuel economy standards for passenger vehicles only address vehicle 
operation, omitting non-operation emissions such as those associated with vehicle production 
and other life cycle emissions. Plug-in electric vehicles (PEVs) and many other advanced 
technology vehicles are often promoted as means for achieving significant GHG reductions from 
the light-duty vehicle (LDV) sector. However, non-operation emissions for these vehicles tend 
to be higher than for conventional internal combustion engine vehicles (ICEVs), which means 
the singular focus on operation emissions could be insufficient to achieve reduction targets. The 
overarching goals of this research project are to examine (i) the effect of including or excluding 
life cycle vehicle emissions in LDV GHG emissions standards, and (ii) the potential strategies 
that might be pursued to effectively incorporate life cycle emissions in LDV GHG policy.  The 
research approach applies coupled system dynamics and life cycle assessment (LCA) modeling 
for vehicles and fleets. 

This report documents the cumulative results of the project and presents both published 
findings and ongoing research.  To understand the potential for developing and implementing 
life cycle-based policies for LDVs we must first develop the appropriate modeling tools, and we 
must understand how LCA or life cycle thinking has been implemented in policy contexts in the 
past. Thus, the rest of this report is divided into sections that summarize the work conducted 
on (i) developing LCA sub-models that will be integrated in the coupled system dynamics and 
LCA model, (ii) a review of the global market for PEVs with a focus on U.S. and China and 
implications for materials and manufacturing, (iii) a review of LCA and life cycle thinking in 
policy in the United States and around the world, and implications for life cycle-based vehicle 
policy, and (iv) the development of a new life cycle inventory to demonstrate the feasibility of a 
summary of findings from a Transportation Research Board (TRB) workshop on this topic 
conducted in January 2017. 

The LCA modeling activities to date have focused on the spatial and temporal heterogeneity of 
PEV emissions, as well as the effect of battery chemistry and technology on life cycle PEV 
emissions, which has often been overlooked in previous studies. Previous studies concluded 
that the electricity fuel mix used to charge PEVs is a significant driver of performance, and in 
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some cases, where grid mixes depend on coal and other carbon-intensive fuels, reverse the 
preference for a PEV over a gasoline vehicle.  The research conducted here confirms those 
findings, but also augments them with additional spatial and temporal factors including 
ambient climate and seasonal grid variability.  Ambient conditions, especially cold weather, 
increase the per-mile energy demand during electric driving, but had never previously been 
considered in a life cycle context.  Cold climate effects were shown to be as important as grid 
differences. Results demonstrate a wide range of estimates for emissions from PEV mobility, 
leading to a reduction when compared to conventional vehicles of as low as 1.5 tons/year, to an 
increase of 0.5 tons per year. 

Our modeling also examined the effect of battery chemistry selection on PEV life cycle 
performance.  Similar to the ambient climate issues, battery chemistry has essentially never 
been modeled in a life cycle context.  Results from this work showed that there are important 
trade-offs among battery chemistries. Comparing operating emissions to battery production 
emissions, we estimate that traction batteries represent 5%–15% of per-mile operating CO2e 
emissions for average U.S. PEVs.  

The review of the global PEV market illustrated the importance of considering the diffusion of 
PEV technology in China in particular.  Like the U.S. electricity grid, China’s grid has regional 
variability in its fuel mix. Overall, China’s grid fuel mix is more carbon intensive than the U.S. or 
European grids.  Moreover, the grid mix in China has global implications for the production 
impacts of all vehicles, and especially PEVs, because of the country’s dominance in parts 
manufacturing and batteries in particular. 

A global review of life cycle-based policies or policies that explicitly included life cycle thinking 
yielded at least two insights that may inform future policy development.  If we are to look to 
past experiences to guide a life cycle-based policy framework for vehicles, there seem to be two 
potential approaches for creating estimates of vehicle life cycle emissions.  The first approach 
builds on biofuel policy and particularly California’s Low Carbon Fuel Standard, where a 
government-sanctioned model supplies either default values or underlying emissions factors to 
be used in producer-generated life cycle GHG intensity estimates. The second approach looks to 
Environmental Product Declarations (EPDs) coupled with some of Europe’s existing mechanisms 
for extended producer responsibility for vehicles. This alternative approach would require EPDs 
generated throughout the automotive supply chain or at least by supplier companies and 
original equipment manufacturers.  

In the first year of this project, the team produced two peer-reviewed journal manuscripts [3, 4] 
and two conference posters [5, 6], and convened meetings that engaged regulators and 
external stakeholders in ongoing conversations on the development of life cycle-based policies 
for vehicles and fuels.   
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Introduction 

In conventional internal combustion engine vehicles (ICEVs) the operation, or use phase, of 
vehicles accounts for approximately 83%–95% of total life cycle greenhouse gas (GHG) 
emissions [1-5]. Light-duty vehicle (LDV) energy and emissions standards, such as the U.S. 
Corporate Average Fuel Economy (CAFE) standard, have rightly focused on vehicle operation 
and specifically fuel use and tailpipe emissions. However, two trends related to deploying new 
vehicle technologies and increased vehicle efficiency are changing the sources and magnitude 
of GHG emissions from the passenger vehicle sector. First, changes in powertrain technology 
and vehicle weight reduction achieve reduced CO2 emissions during operation, but typically 
increase the material and manufacturing burdens for vehicles. This shifts a greater portion of 
life cycle emissions to non-operation stages, namely vehicle production. Second, the use of 
alternative energy carriers such as low carbon liquid transportation fuels, electricity, or 
hydrogen (H2) may reduce or eliminate tailpipe emissions, and require that the energy carrier’s 
life cycle emissions be accounted for to capture the majority of life cycle emissions. Both these 
trends can undermine the effectiveness of policies targeting tailpipe emissions.  This research 
focuses specifically on the first trend, the future adoption of new vehicle technology, which is 
intertwined with the use of alternative energy carriers.  In particular, the United States, China, 
and some European countries have developed policies to increase the deployment and rate of 
technology maturation for electric-drive vehicles (EDVs), with a focus on plug-in electric 
vehicles (PEVs), a category that includes plug-in hybrid electric vehicles (PHEVs) and all-electric 
vehicles (AEVs). 

Life cycle assessment (LCA) is a widely accepted methodology for evaluating the full burden of 
environmental impacts associated with a product or system. The name and an initiative to 
develop guidelines were first formalized in 1989 by the Society for Environmental Toxicology 
and Chemistry (SETAC), along with a code of practice a few years later. Its methods were first 
codified in international standards in the mid-1990s [7], and since then have undergone 
continued improvement and elaboration [8, 9]. LCA is intended to characterize the full 
environmental and resource implications of a particular system, which means examining a suite 
of environmental impact categories and including analysis of some of the uncertainties inherent 
in such modeling (e.g., standards require the inclusion of sensitivity and scenario analysis).  As 
will be demonstrated in this report, the most common form of LCA in regulatory and policy 
contexts, and especially those relevant to the transport sector, is a narrow (and some would 
argue incomplete) form of LCA, the carbon footprint.  Carbon footprints, or carbon intensity 
calculations, apply LCA methods only to GHG emissions, reporting the outcome of the study in 
carbon dioxide equivalents (CO2e).  This research focuses on this narrow form of LCA.   

LCAs of PEVs have consistently shown an increase in vehicle production emissions, and 
sometimes vehicle disposal emissions as well, and frequently, though not always, shown a 
reduction in operation emissions relative to ICEVs. Hawkins et al. (2013) found that production 
emissions comprise approximately 40% of an AEV’s life cycle CO2e emissions when vehicles are 
charged on European average electricity [10]. They also found these results are highly sensitive 
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to assumptions about vehicle lifetime and the electricity grid used to charge the vehicles.  
Others have found similar results; Samaras and Meisterling (2008) found that production 
emissions increased modestly for hybrid electric vehicles (HEVs) versus ICEVs, but increased 
more dramatically for PHEVs [11]. Notter et al. (2010) found that the proportion of life cycle 
emissions attributable to production doubled to more than 30% of life cycle emission for AEVs 
compared to ICEVs [12]. The results of these studies are summarized in Table 1. 

Table 1. Previous LCAs of EDVs 

Source Powertrain 
(Electric drive 
distance) 

Production Use % of total life 
cycle 
attributable to 
production* 

kg CO2e per 
vehicle (unless 
noted) 

kg CO2e per 
vehicle 
(unless noted) 

[11] ICEV 8,500 40,350 17%  
HEV 8,800 28,800 23% 
PHEV  
(30 km) 

10,100 27,450 27% 

PHEV  
(60 km) 

11,600 27,150 30% 

PHEV  
(90 km) 

13,100 27,450 32% 

[12] ICEV 5,200 30,200 15% 
AEV 6,890 15,200 31% 

[10] AEV 72-81 g CO2e/km 104 g CO2e/km 
(European grid) 

~40% 

*End-of-life emissions not shown, but accounted for in % of total  

In addition to the increasing importance of production emissions for PEVs, there are additional 
regulatory complications that have not yet been fully addressed in policy. Charging PEVs on 
different grids [10], and different patterns of charging [13], can significantly alter the GHG 
intensity of PEV operation, and presents new challenges for rating and regulating vehicle GHG 
emissions. Assumptions about what electricity sources should be attributed to vehicle charging, 
marginal or average, can also significantly change GHG intensity [4]. 

Previous research has shown that only regulating tailpipe emissions can lead to perverse 
outcomes for future vehicles, where vehicles with higher life cycle emissions but lower tailpipe 
emissions are preferred over vehicles with lower total emissions. Kendall and Price (2012) 
illustrated the risk of such an outcome in a case study of a future HEV.  Their study showed a 
future HEV with higher life cycle emissions could be preferred over a vehicle with lower life 
cycle emissions simply due to the effects of lightweight materials [14]  Hawkins et al. (2013) 
arrived at a similar conclusion for AEVs, suggesting life cycle-based emissions standards are 
required [10], and highlighting the additional problem of estimating AEV operation emissions 
given the heterogeneity of electricity grids over space and time; a conclusion other researchers 
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have arrived as well. Non-operation emissions in the vehicle life cycle has not yet been explicitly 
addressed in LDV policies anywhere in the world, though some agencies have acknowledged 
the issue.   

In summary, the shift from conventional ICEVs to electric powertrains and from petroleum fuels 
towards electricity and biofuels requires a rethinking of how emissions are evaluated and thus 
how they should be regulated. This shift is necessary both because the total fuel cycle is 
important to consider and because battery electric powertrains, fuel cell powertrains, other 
advanced powertrains, and vehicle lightweight materials tend to have higher production-
related emissions than components of conventional ICEVs. Given the global rise in PEVs and 
their inclusion in policies intended to mitigate GHG emissions from the on-road transport 
sector, policies that address LDVs may require a life cycle perspective and, for the benefit of 
vehicle producers (to minimize compliance burden and maximize policy effectiveness), a global 
perspective. 

The research conducted in this project intends to develop tools and methods to assist 
responsible agencies and other decision-makers in (i) understanding the effectiveness of future 
LDV GHG standards with and without life cycle emissions, (ii) examining life cycle-based policies 
devised at different scopes and scales in terms of effectiveness and feasibility, and (iii) modeling 
plausible designs for life cycle-based emissions regulations to identify issues and potential 
solutions.  Ordinary LCA modeling on its own cannot test the potential effects of policy 
strategies on life cycle emissions from vehicles, particularly at the scale of a national or global 
LDV fleet. Thus a coupled system dynamics and LCA model will be developed.  The model will 
include dynamic representations of vehicle fleets and simplified representation of new vehicle 
offerings and sales under different regulatory frameworks and standards.  In addition, the life 
cycle impacts of vehicle production and operation will be represented dynamically over time, 
with changing impacts for materials and technologies as well as fuels and energy carriers.  As 
will become evident later in this report, changing electricity fuel mixes, for example, are crucial 
for determining a future PEV’s operation emissions. 

The rest of this report is organized with the following rationale: To understand the potential for 
developing and implementing life cycle-based policies for LDVs we must first develop the 
appropriate modeling tools, and we must understand how LCA or life cycle thinking has been 
implemented in policy contexts in the past. Thus, the rest of this report is divided into sections 
that summarize the work conducted on (i) developing LCA sub-models that will be integrated in 
the coupled system dynamics and LCA model, (ii) a review of the global market for PEVs with a 
focus on the United States and China, and implications for materials and manufacturing, (iii) a 
review of LCA and life cycle thinking in both U.S. policy and around the world, and implications 
for life cycle-based vehicle policy, and (iv) a summary of continuing and future research.  
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Life Cycle GHG Emissions from PEVs: Developing Models of Space, 
Time, and Technology 

A number of life cycle studies have illustrated the spatial and temporal heterogeneity of PEV 
emissions; these studies have found differences so large that they can reverse the preference 
for a PEV over a gasoline vehicle.  Several factors can significantly influence the emissions 
reduction potential of PEVs, including methodological decisions in the study and the electricity 
grid used for charging. In addition to the GHG intensity of electricity used for charging, ambient 
climate conditions, marginal electricity generators, and battery chemistry selection can all 
impact the emissions from vehicle operation. This research assesses a suite of factors affecting 
PEV emissions, and AEVs in particular, on a life cycle basis, and discusses their relative 
importance as well as potential interactions.  

As indicated previously, a number of enabling technologies for PEVs may increase production-
related environmental effects when compared to conventional vehicles [12]. These include use 
of lightweight materials and the production of electric powertrain components including 
batteries and traction motors, which contribute to higher energy use, GHG emissions, and 
resource consumption.  Manufacturing processes and use of primary energy can influence 
emission from production, and can also have strong regional variation.   

In addition, the emissions and energy use associated with PEV operation depends not only on 
the efficiency of the vehicle, but also on the electricity generation source. For example, if the 
generation source is coal driven, air pollution is likely to be exacerbated and GHGs are likely to 
increase.  Taken together, the effect of energy source on both production and vehicle operation 
indicate the need to consider where PEVs are manufactured and deployed in order to assess 
their emissions reductions potential compared to ICEVs. 

This section summarizes and synthesizes the research published in two articles generated as 
work products from this project, one focuses on characterizing the impacts of production and 
the durability and performance of battery chemistries (a topic that has been essentially absent 
from the PEV LCA literature) [3], and the other focusing on spatial and temporal conditions that 
effect AEV GHG performance in use, most importantly grid electricity modeling (addressing 
marginal versus average fuel mix with seasonal and spatial specificity) and vehicle performance 
under different ambient climate conditions [4]. 

Materials and Methods 

This section synthesizes the results from two distinct modeling activities whose methods are 
described in detail in their respective publications [3, 4].  For this study, process-based 
modelling for PEVs and traction battery production was undertaken based on publically 
available data, industry reporting, and published studies.  Some vehicle data and material 
inventories were taken from the Greenhouse Gases, Regulated Emissions, and Energy Use in 
Transportation (GREET) model [15], and others from life cycle inventory databases available 
through the GaBi software system [16].  
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Results 

Variability and Uncertainty in Life Cycle PEV Emissions as a Function of Space and Time 

The fuel mix of an electricity grid used to charge a vehicle battery, regardless of whether 
electricity demand for charging is assumed to be average or marginal, will always remain a key 
determinant of the carbon intensity of electric mobility, but previously other spatial effects 
such as ambient climates have only rarely, or never, been considered. Hot climates can reduce 
battery life, and cold climates have a large direct impact on vehicle efficiency through less 
efficient charge and discharge from the battery and due to battery energy demand for cabin 
heating.   

We modeled the effects of marginal electricity fuels by grid region, timing of charge (day or 
night), and the effect of ambient climate in the continental United States and found that 
climate effects on PEV performance can be as important as the electricity fuel mix in 
determining life cycle GHG emissions intensity. In particular, cold ambient conditions 
significantly reduce the energy efficiency (kWh/mi) of AEVs. 

When averaged across the country, the combined effects of fuel mix and climate lead to AEVs 
slightly reducing GHG emissions compared to an equivalent ICEV. However, spatially and 
temporally explicit modeling reveals very high variability in EV GHG performance; from just over 
80 g CO2e/km for a vehicle charged on fall evenings in Florida, to nearly 370 g CO2e/km for a 
vehicle charged on winter evenings in Minnesota [4].  

Figure 1 summarizes the combined effect of several factors that can affect the life cycle GHG 
emissions from PEVs.  Operating grid intensity (i.e., fuel mix for electricity generation), auxiliary 
loads from climate conditions, and charge/discharge efficiency were again the most significant 
factors affecting life cycle GHG emissions.  Production of lithium traction batteries was also 
found to be a significant contributor, but emissions are dependent on the number of effective 
battery cycles (i.e., charge cycles or distance driven), and to a lesser extent the intensity of 
battery production processes.  Climate conditions also impact battery lifetimes; climate 
capacity loss refers to battery degradation due to operating climate conditions, while calendar 
and cycle loss refers to battery degradation due to storage at a state of charge and effective 
throughput during the use phase.  
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Figure 1. Uncertainty and variability in PEV emissions - reproduced from [3], synthesizing 
modeling and data from [3, 4] 

Variability and Uncertainty in Life Cycle PEV Emissions as a Function of Battery 
Chemistry 

Battery chemistry and performance is another often overlooked source of variability in life cycle 
studies of PEVs.  Battery lifetimes in automotive service can vary by an order of magnitude, and 
the range of lithium chemistries currently in use have other performance tradeoffs including 
energy density, specific power, and cost.  Battery production and performance can also have 
significant impact on vehicle emissions through charge efficiency and lifetime.  Comparing 
operating emissions to battery production emissions, we estimate that traction batteries 
represent 5%–15% of per-mile operating CO2e emissions for average U.S. PEVs (Figure 2). 

  

Figure 2. Comparing estimates for PEV and battery production emissions from previous 
studies [11, 12, 17-22], reproduced from [3] 
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To understand the potential for PEVs to reduce GHG emissions from the LDV sector on a life 
cycle basis, these distinct variables, space, time, and technology choice, must be considered in a 
dependent context. To understand the importance of these variables, results from this research 
can provide a rank ordering of significant issues affecting PEV emissions accounting and 
emissions reduction uncertainty. In the United States, spatial disparities in the emissions factors 
for utility-generated electricity lead to a wide range of estimates for PEV emissions reduction 
when compared to conventional vehicles; from a reduction of 1.5 tons/year, to an increase of 
0.5 tons per year (See Figure 3 in [4] for additional detail).  Differences between regional and 
state policies designed to increase the share of renewable generation may exacerbate these 
disparities. 

Implications for Policy 

Two main types of policy instruments are being used to drive increased PEV deployment [23].  
Programs like the multi-state Zero Emission Vehicle (ZEV) Action Plan provide direct incentives 
for ZEV technologies, while California’s ZEV mandate spurs ZEV deployment dominated by PEVs.  
Vehicle efficiency and emissions policy, such as the CAFE and the EPA’s mobile source rules, are 
also encouraging PEV deployment through increasingly stringent efficiency standards that can 
not only be met with ZEVs, but incentivize ZEVs by assigning zero emissions per mile and 
providing multiplier credits. 

However, while PEVs in general, and AEVs in particular, are often referred to as ZEVs, PEVs can 
have similar (or higher) emissions than ICEVs over the entire vehicle and energy carrier life 
cycle.  Figure 3 considers just use-phase emissions from charging and battery production 
emissions for U.S. PEV models in 2015 reported to the U.S. DOE.  Comparing emissions rates to 
U.S. fleet fuel economy and emissions targets, we can see that no currently marketed PEVs 
charged on today’s grid can even meet the 2025 CAFE target for passenger cars of 54 miles per 
gallon (MPG) or 160 grams CO2 per mile. This is not to say that electricity is not a viable low-
carbon transportation pathway, but rather it indicates that life cycle impacts should be 
considered in order to maximize potential benefits in any vehicle transition scenario. 
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Figure 3. Comparing average emissions rates across 2015 PEV models, including battery 
production emissions. Note the 2025 CAFE standard is 160 g CO2e/mi 

Conclusions 

Our findings suggest LDV emissions will increasingly depend on the location of vehicle 
production and operation, particularly as vehicles achieve higher use-phase efficiencies and 
switch to PEV technologies. In addition, when emissions reduction credits are given for ZEV 
vehicles or specific technologies, the entire life cycle of vehicles and fuels should be considered.  
Disparities across vehicle technologies, including potential increases in emissions impacts from 
upstream material choices, can add to the uncertainty of potential emissions reductions from 
PEV adoption.   

While this work focused on PEVs deployed in the U.S. context, we must also consider the issues 
of space and time in a global context, considering both the location of vehicle manufacturing 
and the region of operation (considering the background electricity grids and the influence of 
vehicle operating conditions such as ambient climate).  The next section explores demand for 
and production of PEVs in the global context.  
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The Global Market for Electric Vehicles: Implications for Materials, 
Manufacturing, and Climate 

Electric powertrain vehicles, including HEVs and PEVs, are a growing share of the on-road and 
new vehicle fleet in the United States and globally.  Growth in this market will, in turn, increase 
demand for some automotive raw materials, particularly those in lithium-ion batteries and 
traction motors (for PEVs) and materials used in traction motors for both HEVs and PEVs. Life 
cycle GHG emissions from PEVs vary widely depending on the source of primary energy used to 
charge the vehicle during the use-phase, in addition to production process and material choices 
in vehicle manufacture.  To fully understand the impacts of vehicle electrification and increased 
deployment of PEVs globally, we consider vehicle production and operations in the two largest 
vehicle markets, China and the United States. Note that data from China often includes HEVs in 
the EDV sector, and does not always break out PEVs, and this is reflected in some of the 
reviewed data. 

Background 

A number of academic publications [24-26], government reports [27-29], and consulting firm 
case studies [30, 31], point to strong growth in the sales of EDVs in markets across Asia, North 
America, and Europe.  The United States, for example, has been enjoying an annual growth rate 
of 200% for EDVs; U.S. EDV stock (including all plug-in types), surpassed half a million vehicles in 
2016.  More recently, the US has experienced growth in the sales of PEVs with larger battery 
capacities and longer ranges (Figure 4); the US stock of all-electric PEVs will likely surpass a half 
million vehicles by 2019 (28), as the costs of Lithium batteries for PEVs continue to fall. 

 

Figure 4. Cumulative U.S. sales of PEVs by manufacturer, millions of vehicles 2012 – 2018 [32] 
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While the United States was the largest market in the early years of PEV sales, emerging and 
developing markets may represent the largest sources of future demand for PEVs. Studies 
suggest that China could represent as much as 46% of new EDV sales by 2020. Figure 5 
illustrates the expected growth in PEVs globally, and shows China’s rapid growth.  China 
promises to be an important market for both AEV consumption and production.  China’s vehicle 
manufacturing capabilities have increased substantially as the country prepares to meet 
continued growing demand. 

 

Figure 5. Published PEV sales forecasts in millions of vehicles, 2011-2020 [29, 31, 33] 

The growth in automotive sales in China has been accompanied by rapid growth in the 
automotive manufacturing sector; in 2013 China manufactured as many cars as the United 
States, Japan, and Germany combined [34]. China’s LDV fleet is predicted to surpass that of the 
United States between 2020 and 2025 [35, 36]. China has implemented aggressive programs to 
promote AEVs in particular; in 2015, China initiated its New Energy Vehicle (NEV) subsidy 
program, and in 2016, China became the largest market for AEVs in the world.  In 2017, China 
sold more than three quarters of a million AEVs between passenger and commercial EVs and 
has a commitment to sell 2 million AEVs annually by 2020 [36]. 

On-road transport is also responsible for a large portion of urban air pollutants that directly 
affect human health, for example 40%–98% of carbon monoxide, and 32%–85% of NOX 
emissions in Asian cities are attributable to the transport sector [37].  Because population and 
per-capita vehicle ownership is expected to grow in the coming years, rapid and extensive 
deployment of new technologies, most predominantly AEVs and electric buses, are expected to 
be required to change the course of these emissions in coming decades.  

In addition to deploying new technologies for the LDV sector, PEV transit vehicles will need to 
be considered. Transit is heavily used in most metropolitan areas in China, but faces growing 
competition from private vehicles [38]. China’s government has been encouraging Bus Rapid 
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Transit as a viable mode alternative. Greater diesel bus use could increase transport-related PM 
and NOx pollution in urban areas, and electrifying the bus fleet has become an important policy 
goal in China, as evidenced by growth in all-electric bus sales over recent years. China was the 
primary initial mover into the market for electric buses.  In 2010, China adopted a progressive 
target for bus electrification which increased to 9.9% in 2012 [39-41]. In 2015, China began to 
rapidly accelerate e-Bus deployments and there are now in excess of 380 thousand electric 
buses in operation, over 95% of Global e-Bus deployments, in China. While this research 
focuses on the LDV sector, the availability and impacts of battery materials and technology will 
certainly be influenced by demand in the non-LDV sector for the same materials. 

Both passenger and transit PEV sales have been increasing dramatically year over year since 
2011. Between 2011 and September 2014 a total of 76,755 PEVs were sold in China, consisting 
of 53,816 AEVs (including buses), and 22,939 PHEVs [40, 42]. Table 2 shows annual sales for 
PEVs (broken down between all-electric and plug-in hybrids, and including buses) for the year 
2011-2013.  In 2011, PEV sales constituted 0.04% of new car sales [43]. 2012 showed a 57% 
increase over 2011, followed by an additional 38% increase in 2013, and a 116% increase in just 
the first nine months of 2014. Though complete data for the 2014 is not available, by the end of 
September 2014, PEV sales reached a record market share of 0.22% out of the 17 million new 
cars sold [42]. 

Table 2. PEV Sales in China from 2011 to September 2014 

 All-electric Plug-in 
hybrids 

Total % Increase from 
previous year 

Sources 

2011 5579 2,580 8,159 -- [44] 

2012 11,375 1,416 12,791 57% [45] 

2013 14,604 3,038 17,642 38% [46, 47] 

2014 (up to Sept.) 22,258 15,905 38,163 116% [40, 48, 49] 

These increased sales are matched with significant increases in EDV production in China. As 
shown in Table 3, EDV production has also increased dramatically in recent years; in 2013, 
domestic production was more than double imports. Production of EDVs between January and 
August of 2014 reached 31,137 units, up 328% from the same period of 2013.  This growth has 
been propelled in part by government support and new incentives offered in the last year [50].  
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Table 3. The production of PEVs and HEVs in China in 2012 and 2013 [39] 

Type of vehicle 2012 2013 % Increase from 
previous year 

all vehicles 28,311 35,730 26% 

E-buses 1,682 1,695 0.8% 

E-Sedan/Passenger 9,555 14,253 49% 
E-Trucks 1,872 2,009 7% 

plug-in hybrid buses 5,786 8,315 44% 

hybrid cars 8,454 9,458 12% 

hybrid trucks 962 
 

-- 

total production 
 

16,631 -- 

This upward trend in EDV adoption is expected to continue; the Chinese government’s 2020 
goal is to have five million AEVs on the road, and produce one million annually [51]. According 
to a report from the Ministry of Industry and Information Technology of China, the number of 
PEVs on the road in 2015 and 2020 is projected to be 2.25 million and 15 million. This could 
have important implications for the both the deployment of AEVs globally, and their emissions 
reduction potential compared on a life cycle basis with conventional vehicles [10].  

Penetration of all types of PEVs into the Chinese market could significantly impact both the 
total deployed stock and global manufacturing capacity.  This could in turn have important 
implications for the both the market penetration of PEVs, the demand for automotive 
materials, and the environmental impacts of vehicle use globally.  Thus, not only is China 
important for understanding deployment, but China is also critical for understanding the 
contribution of manufacturing emissions from the vehicle life cycle. Recognizing the global 
significance of PEV manufacturing and consumption in China, this research focuses on the 
Chinese PEV manufacturing for domestic consumption. 

PEV Manufacturing and Operation in China and the United States 

Manufacturing in China not only provides goods for consumers worldwide, but also accounts 
for a significant portion of employment and economic activity [52]. In 2002, the value-added by 
the Chinese automotive sector was $19.1 billion, constituting 6% of all value added from 
manufacturing [53]. And since then, the annual growth rate for the industry has been on the 
order of 10%–20%.  Demand for vehicles has been growing rapidly in China over the last 
decade, with 20% annual growth since 2009.  Worldwide, total primary energy consumption in 
2011 was 520 quadrillion Btu (quads), with the United States and China constituting 39% of 
global energy consumption, including 98 quads in the United States and 104 quads in China 
[54]. The industrial sectors of each country constituted a large fraction of total energy 
consumption; 31% of total U.S. delivered energy [55], and approximately 70% of total primary 
energy consumption in China [56, 57]. On its own, the automotive manufacturing sector merits 
research, but it also has a cascade effect that may serve as a multiplier for environmental 
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sustainability, because it affects many supplier industries and leads the way for innovations in 
other manufacturing sectors.  

China’s electric power and industrial sectors exhibit a great deal of heterogeneity across regions 
in terms of primary energy consumption [58] and emissions factors for air pollutants [59].  This 
is due in part to regional variability in the energy resources used and in the implementation of 
emission control technologies [60].  This heterogeneity will lead to effects across the supply 
chain and vehicle life cycle, with particularly strong effects for PEV manufacturing and 
operation. While heterogeneity complicates modelling, it also is an opportunity to identify 
preferable sites for production and deployment, or the most effective strategies for reducing 
impacts over the entire life cycle.  This is particularly true if we consider the changing electricity 
fuel mix and that vehicle operation will continue for at least a decade or more after a vehicle 
enters the fleet. Thus a life cycle-based, spatially explicit, and temporally dynamic model of 
China’s electricity grid is required to support life cycle modelling of PEV manufacturing globally 
and PEV use in China.  Regional variation in the emissions intensity of grid electricity makes 
assessing the reduction potential of grid-tied EDVs challenging [61].   
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Figure 6. Electricity generation by primary energy source and region in China 2005 – 2010 [56] 

China has 30 administrative regions, excluding Hong Kong and Taiwan, and seven main regional 
electrical grids.  Key regions for the Chinese manufacturing sector, including Shanghai, 
Hangzhou, and Shandong, have the highest uses of coal energy nationally (>98%). The top four 
producing regions represented approximately 27% of total vehicle production in 2014, and all 
but five regions have at least some significant vehicle manufacturing capabilities [61, 62]. 
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Increased energy demands for vehicle production, combined with high-carbon electricity for 
vehicle charging, is unlikely to deliver any climate reductions.  That being said, many Chinese 
cities may pursue electrification due to the local environmental quality benefits.  

Due to the rapid growth of the Chinese economy and energy demand, we can observe the 
share of coal generation in China growing even as hundreds of gigawatts of renewable 
generating units were brought on line (Figure 6).  Just as in the United States, regional variation 
in electricity grid emissions could significantly affect the potential for PEV deployment to 
achieve GHG emissions reduction targets.  Emissions reductions are likely dependent on 
significant penetration of renewables into the utility grid [63]; even on the U.S. grid, which 
likely has a much lower average emissions factor than China’s, PEVs will have little impact on 
transportation emissions nationally without significant policy intervention to change electricity 
fuel mixes [64-66]. 

Materials and Vehicle Supply Chains 

Chinese automotive manufacturing is a very significant share of global vehicle manufacturing 
capabilities, and is also a vital part of the global automotive supply chain.  Chinese automotive 
manufacturing could significantly determine the burdens of a future global fleet.  

Environmental damage and resource shortages are significant risks for automotive supply 
chains in China [53], and may be exacerbated in the case of PEV production due to the reliance 
on specific materials for battery production, including cobalt, graphite and lithium, and traction 
motors which rely on rare earths including neodymium and dysprosium (important for all 
EDVs).  The potential reserves of lithium and cobalt in China are approximately 1.1 and 0.47 
million metric tons, respectively. Based on the current utilization of these metals, the future 
demand for lithium can be expected to reach 0.5 and 0.75 million metric tons in 2020 and 2030, 
respectively (though imports from South America are common even today), and the cumulative 
demand of cobalt will exceed domestic reserves by 2018 [67, 68].  Graphite, which is a relatively 
abundant mineral, may not face shortages due natural resources, but it is responsible for air 
quality issues that have led to restrictions on production in China [69, 70].  

Recycling of PEV batteries is one way to address future material shortages, reduce the quantity 
of waste generated during PEV retirement, and reduce the long-term environmental impacts of 
PEV adoption. Yet it is unclear when recycling will become economically viable, or even when 
recycling becomes viable for some components of PEV batteries, indicating some components 
may not be economically recovered and used.  Currently, nickel and cobalt are the two valuable 
metals recovered in Li-ion battery recycling, while lithium is lost to slag. Today, the only 
beneficial use for recovered lithium is as a low-value additive in concrete, eliminating it as a 
resource for battery production or other higher value uses does is not economically viable in 
the short term. Though it is possible to use the hydrometallurgy process to recover lithium, the 
costs of the process, relative to the price of primary lithium, are much higher [71]. 
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Conclusion and Future Research 

This research on China is being integrated into the coupled system dynamics and LCA model in 
two important ways:  

(1) Modeling the Chinese PEV fleet over time is crucial because of its large global market 
share, and because operating emissions are dependent on electricity grid composition. 
Modeling regional electricity grids over time is also of critical importance.  

(2) Because of China’s dominance in automotive component manufacturing and vehicle 
batteries in particular, the LCA models for vehicle production require the representation 
of supply chain productions stages that occur in China   
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Development of Supporting Data for LCA of PEV Materials and 
Understanding the Robustness of Estimates of Changing Demand and 
Background Systems1 

A number of enabling technologies for PEVs may increase production-related environmental 
effects when compared to ICEVs [8]. These include use of lightweight materials and the 
production of electric powertrain components including batteries and electric motors, which 
contribute to higher energy use, GHG emissions, and resource consumption. A life cycle 
perspective is required to understand the importance of manufacturing, and hotspots for 
impact and cost. 

Two rare earth elements (REEs) – neodymium (Nd), a light REE (LREE), and dysprosium (Dy), a 
heavy REE (HREE) – are used in electric drive motors within neodymium iron boron (NdFeB) 
permanent magnets.  Few LCAs have been conducted on REEs, and especially HREEs.  This 
research developed the key underlying datasets to support PEV LCA modeling. At the time this 
research was completed, only one previously published LCA study existed for HREE production.  
This study collected primary data from producers and made improvements to modeling of 
current and future electricity generation in the producing regions.   

China is the world’s largest REE producer, and while most production is concentrated in the 
Bayan Obo mine, Bayan Obo produces mostly LREEs.  Among China’s rare earth reserves only 
one of them is rich in HREEs, namely the ion-adsorption clay deposits in southern China. These 
are also the world’s primary source of HREEs, accounting for more than 80% of world’s total 
production of HREEs [72, 73]. The ion-adsorption deposits were first discovered in Ganzhou, 
China, in the 1970s. This particular type of deposit is sparsely distributed across seven adjacent 
provinces of southern China, including Jiangxi, Guangdong, Fujian, Zhejiang, Hunan, Guangxi, 
and Yunnan. Unlike other rare earth minerals which exist in a solid state phase, the HREEs in 
ion-adsorption ores are simply adsorbed on the surface of clay minerals with rare earth oxide 
(REO) concentrations ranging from 0.05%–0.2% and they are readily extractable by simple 
chemical leaching techniques. Though the grade of ion-adsorption ores seems low, the ion state 
of REEs in these ores makes extraction and processing easier and more economical than mining 
from traditional HREE ores (bastnaesite and monazite) [74-76]. Despite the low concentration 
in these clays, a large amount of ion-adsorption clay minerals have been mined due to the 
increasing demand of HREEs, by both China and the rest of the world. REOs from ion-adsorption 
clays have accounted for 35% of the China’s total rare earth production since 2009 [75].  

Though LCA has been widely used as an assessment tool for many economically important 
materials, only a handful of recent studies investigate the environmental impacts of REO/REE 
production, most of which are based on the Bayan Obo mine [77-80]. In general, few studies 

                                                      
1 This research was conducted by Huijing Deng under combined funding from the National Science Foundation.  
This research is fully documented in her dissertation, which was filed in Fall 2017.  What is provided here is a 
summary of the work highlighting findings that are important to this project. 
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have focused on the mine production of medium and heavy REOs, though they have more 
applications and are of higher value than LREEs. In fact, only one study has previously 
characterized heavy REO production using LCA [81]. Other studies have considered the process 
route for heavy REO and environmental impacts caused from producing heavy REO, but not 
from a LCA perspective [75, 82-84].  

This study provides a new publicly available life cycle inventory (LCI) and LCA results to the 
small but growing body of work characterizing the life cycle impacts of heavy REO production 
based on primary data collected at four rare earth mining sites in Jiangxi Province, southern 
China. 

Methods  

Primary data on REO production from ion-adsorption clays were collected in a field study 
conducted in October 2016 in southern China with the goal of creating an original LCI dataset 
for HREEs. Data from four mining sites in Ganzhou city, Jiangxi Province were collected. The 
data provided by cooperating companies included chemical, water, and energy inputs. Four sets 
of data (one from each site) were then compiled into range values, with the lowest number 
presenting the lower range and likewise for higher range. Some data were provided in terms of 
monetary costs and were converted to quantity using the current market price. For example, 
electricity use for producing one ton of REO is 2,600 Chinese dollars (RMB), which is then 
converted to 4,300 kWh given the electricity price for industrial use in Jiangxi Province is 0.6 
RMB per kWh. Table 4 presents data collected for producing 1 ton of REO from ion-adsorption 
clays in the field survey. 

Table 4. Raw data for production of 1 ton of REO from ion-absorption clays 

  Site 1 Site 2 Site 3 Site 4 unit 

ammonia sulfate 4-6 7-8 6.5-6.8 10 t 

ammonia 
bicarbonate 

6 6 3.3-3.6 5 t 

sulfate acid 1 1 0.2-0.4 0.5 t 

oxalic acid 2 2   2.5 t 

Water     1000 2500 t 

Electricity     4300   kWh 
Calcination       4500 kWh 

*market price for electricity in industrial use is 0.6 RMB per kWh 

Since the mining happens in China, the Chinese Lifecycle Database (CLCD) [85] was the 
preferred database for life cycle inventory (LCI) dataset acquisition, though some datasets were 
taken from Ecoinvent, a common commercial LCI database, when not available in the CLCD. 
Process emissions were not available as primary data from producers.  Instead, process 
emissions to air and water were estimated.  Estimation of direct process emissions are based 
on the regulated upper limit in the Emission Standards of Pollutants from Rare Earth Industry 
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published by the Ministry of Environmental Protection, the People’s Republic of China [86]. 
While many environmental impacts were included in the LCA, only primary energy consumption 
and GWP are included in this report. 

Results 

Results in this study are reported as a higher and lower bound that reflect the range of results 
for the reporting sites, since specific data points cannot be reported due to confidentiality 
agreements with reporting companies.  These results are compared to the one other published 
study that considered a similar production system, but relied entirely on modeled rather than 
primary data from producers (Table 5).  The contributions to these impacts are dominated by 
the mining and extraction stage. 

Table 5. Impact assessment results for producing 1 kg of heavy REO 

Impact Category Unit This study Vahidi et al. 

  Low range High range  

Study details     

Functional unit  1 kg of REO from ion-
adsorption clays, 90% purity 

1 kg of REO from ion-
adsorption clays, 90%– 
92% purity 

LCI Database  CLCD Ecoinvent 3 

Primary energy MJ 269.67 442.60 255 – 388 

Non-renewable 
energy 

MJ 247.66 408.00  

GWP100 kg CO2 eq 18.80 33.11 20.9-35.5 

The results for Vahidi et al. [81], estimated based on theoretical calculations, are surprisingly 
similar to this study’s findings.  The confirmation based on primary data is heartening, since it 
means that simulated or calculated data may reasonably represent actual production activities. 
However, as one of the goals of this work is to ensure that the temporal and spatial 
heterogeneity can be reasonably handled when LCA is used in a regulatory environment, the 
effect of China’s rapidly changing electricity grid was also tested. Table 6 shows the expected 
changes to Jiangxi, China’s electricity mix over time.  
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Table 6. Current and future electricity grid mix in Jiangxi, China (in percentage) 

Source Baseline (2015) % Scenario 1 (2020) % Scenario 2 (2030) % 

Hard coal 68.00 59.73 50.88 

Solar 0.68 2.40 3.98 

Hydro power 19.90 18.93 18.23 

Natural gas 5.10 5.28 7.78 

Wind 3.30 9.44 12.62 

Nuclear power 3.02 4.21 6.51 

The results of applying these future mix scenarios show that REO production may have 5% 
lower GWP in 2020 and 10% lower GWP in 2030.  While these values may not seem particularly 
significant, the accumulated effects of a changing electricity grid on many materials and 
processes used in a vehicle could reduce production-related impacts substantially over time. 
With this in mind, a few additional scenarios were tested, including all natural gas, all solar, and 
all wind electricity.  These result in reductions of just 19%, 42%, and 44%, respectively.  These 
scenarios are not realistic, but are tested to understand the potential for “background” system 
changes.2  

LREEs such as Nd are also extremely important for electric motors, and were also explored in 
this study assuming production in the Bayan Obo mine. LCA results for LREOs are compared 
with HREO results in Table 7.   

Table 7. Energy and GWP100 for light and heavy REO production 

Impact Category Unit Light REO 
Heavy REO 

Lower range Higher range 
Primary energy MJ 269.70 269.67 442.60 
Non-renewable energy MJ 249.11 247.66 408.00 
GWP 100 kg CO2 eq 6.50 18.80 33.11 

While LREOs have similar energy intensities, GWP is less than half of the lower bound of HREOs.  
Interestingly, other environmental impacts such as carcinogenicity are higher for LREOs.  Non-
GWP impacts are clearly important to consider in the environmental performance of materials, 
though PEV LCA has focused largely on GWP at the exclusion of other impacts. 

Conclusions 

Among many needs for conducting robust LCA of vehicles, developing the required LCI datasets, 
especially for new and emerging technologies, is required.  This research illustrated the 

                                                      
2 In LCA, background systems refer to the supply chains, infrastructure, and energy systems that a product life 
cycle relies on, but which are outside product’s influence or control, such as the electricity grid upon which a 
factory or PEV relies on. 
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feasibility of developing the needed data and tested the effects of expected changes over time, 
such as those from changing electricity grids.  The changes resulted in only modest shifts in 
GWP, though scenarios involving improbable changes to electricity provision showed more 
significant changes. 
 
REEs are just one category of materials among many that must be modeled for robust LCA.  
Other materials with less concentrated production will have to content with spatial 
heterogeneity of production in the determination of an appropriate LCI.  Some more 
conventional materials, such as magnesium and aluminum, suffer from dramatic differences in 
LCIs depending on the technology and location of production, for example.  Agreement on how 
to model these (such as using global averages, versus carbon intensity values for company-
specific sourcing) will need to be developed. 

Future Work 

LCA requires that a comprehensive group of environmental impacts be considered. Increasingly, 
the issue of “conflict minerals” has come to light, and particularly in the context of cobalt used 
in battery chemistries ([87-89], among others).  The life cycle-based regulatory reform for 
vehicles as typically conceived, is just focused on carbon intensity.  There may be demand from 
consumers (and an ethical duty on the part of companies and governments) to consider issues 
of environmental justice and social impact.  So-called “social LCA” may be an appropriate, 
complementary tool to consider in addressing the issue of mineral supply chains. From the 
standpoint of developing better life cycle data, mineral and resource traceability may better 
support supply chain modeling in the context of environmentally-oriented LCA. 
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Life-cycle Based Regulatory Reform for the LDV Sector 

To achieve deep reductions in GHG emissions, we need new policies that consider emissions in 
a systemic and systematic way. For vehicle emissions regulation, the challenge is to reconcile 
the tension between a need for simplicity and transparency in developing implementable and 
enforceable policy, and the desire for scientific accuracy in emissions accounting (for the 
purpose of verifying that real reductions in GHG emissions are achieved).  As indicated 
previously, the historical regulatory focus on fuel economy, tailpipe emissions, and, more 
recently, low carbon fuels, has reflected the reality that vehicle operation dominates GHG 
emissions from ICEVs. However, as vehicles become more efficient in operation and as new 
vehicle powertrain technologies, new fuels, and new energy carriers (e.g., electricity or 
hydrogen) become common, the long-standing focus on the operation life cycle stage of vehicle 
emissions may be insufficient for successful policy. Instead, future policy may need to consider 
the entire life cycle of both vehicles and transportation fuels to achieve real emissions 
reductions. 

We review previous attempts at integrating LCA or life cycle thinking in policies and standards 
to assess the mechanisms used and their successes and failures.  

Review of Life Cycle-Based Policies 

LCA has emerged as a tool to quantitatively assess the environmental impacts of a product over 
its entire value chain [90].  It has historically been used to assess and compare the 
environmental impacts of products, or has been used to improve product environmental 
performance by identifying hotspots and informing the product development process.  LCA and 
life cycle-based policies have begun to gain traction in Europe, but less so in the United 
States. However, in 2009, California adopted the Low Carbon Fuel Standard (LCFS), which 
regulates the liquid transportation fuels sold in the state and was the first regulation anywhere 
to use life cycle-based calculations to limit GHG emissions. As is evident in this review, biofuel-
related policies, such as the LCFS and many other GHG mitigation policies for the transport 
sector, have been instrumental in implementing life cycle thinking or life cycle regulations in the 
United States and around the world. Many biofuel policies began with a focus on volumetric 
targets, only to be amended to reflect the need for life cycle GHG intensity factors to actually 
achieve the GHG mitigation goals these policies were developed to address.  

This study reviews current policies that employ LCA or life cycle thinking in the United States, 
Europe, and other countries. Both voluntary and mandatory policies are analyzed, but only 
policies and labeling programs developed with, or sponsored by, governments or governmental 
bodies (i.e., the European Commission) are considered. Labeling programs or certificate 
programs that employ life cycle methods are also reviewed.  Though the scope of this review is 
intended to be comprehensive, policies or regulations not available in English have been 
excluded.  
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United States 

Renewable Fuel Standard 

The Energy and Independence Act of 2007 (EISA) expanded existing federal biofuels mandates 
and elaborated the Renewable Fuel Standard (RFS), which was initially passed in 2005 [91].  The 
RFS was created to reduce GHG emissions, lower the country’s dependence on foreign oil, and 
strengthen the renewable fuels sector [92].  Volume requirements to replace or reduce the 
amount of petroleum transportation fuel were created. EISA extended RFS requirements out to 
the year 2022, expanded the volumetric requirement to 36 billion gallons, clearly defined the 
criteria for a fuel to be labeled a renewable fuel, and specified allowances and types of waivers 
[92].  As part of the evolution of RFS, biofuel categories were developed, driven in part by a 
reliance on corn starch ethanol which was shown to have minimal GHG benefits over gasoline, 
or even increase GHG emissions.   

The biofuel categories developed include: advanced, total renewable, biomass-diesel, and 
cellulosic biofuels [93].  To qualify for particular biofuel categories, different life cycle GHG 
reduction requirements relative to 2005 petroleum-based fuels are required [94, 95].  For 
example, for a fuel to be labeled an advanced biofuel, it must reduce GHG emissions by 50% on 
a life cycle basis. The EPA calculates the life cycle GHG emissions from various biofuels to 
determine the feasibility of the threshold requirements.  In addition to considering the full 
supply chain emissions of biofuels, consequential or indirect emissions are also required to be 
considered in the context of land use change. Both direct land use change (LUC) and indirect 
land use change (iLUC) emissions are included in EPA estimates [95].  This is an important 
development because it provides precedence for including indirect emissions, not derived 
directly from a product’s supply chain, in a regulatory framework.  As with many biofuel policies 
and standards, new fuels or pathways can be proposed by producers and a life cycle GHG 
assessment is performed by the producer or responsible agency, here the EPA, to determine 
the category it belongs under [96]. 

The Low Carbon Fuel Standard 

The Low Carbon Fuel Standard (LCFS) is a market-based life cycle GHG policy for transportation 
fuels enacted in California in 2009.  It is administered by the California Air Resources Board 
(CARB) and requires transportation fuel providers to reduce the sales-weighted carbon intensity 
of fuels by 10% by 2020. A 2018 amendment proposes a 20% carbon intensity reduction by 
2030. For each fuel considered by the LCFS, a life cycle-based GHG estimate per MJ of fuel, or 
carbon intensity, is required.   

CARB selected the CA GREET model, developed by the Argonne National Laboratory, as the 
primary calculation method for estimating carbon intensity [97].  As with the RFS, updates since 
its inception include a method for implementing iLUC “adders” for some biofuel feedstocks, and 
allowing gasoline and diesel fuel producers to gain credits for emission reductions 
[98].  Producers can self-report their carbon intensity values based on a pathway analysis [99], 
but they also have the option to use the assigned values for the fuel pathways that CARB 
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calculates using the CA GREET model.  LCFS crediting has also been expanded to included 
electricity and hydrogen refueling stations and aviation fuels.  As evident in this review, the 
option to take default values versus presenting independent, product-specific carbon intensity 
estimates is a common feature in similar policies in the United States and elsewhere. 

The LCFS features a credit trading system to give flexibility to the producers.  Other states and 
countries are working on or currently enforcing a low carbon fuel standard such as Oregon’s 
Clean Fuels Program [100], and a LCFS in British Columbia [101]. 

LCA in Other U.S. Policies and Communications  

Several U.S. government agencies have started to use LCA to inform their decisions and to 
communicate with the public.  The California Environmental Protection Agency uses LCA to 
calculate the impacts of different hazardous waste management systems [91].  In 2009, the 
California Oil Recycling Enhancement Act was passed and required a LCA to be performed on 
California’s “used lubricating and industrial oil management process”.  The Oregon Department 
of Environmental Quality created an inventory of GHG emissions from the consumption of 
goods and services by Oregon households and governments [100], they also conducted a life 
cycle inventory for packaging options for shipments [91, 102]. 

The EPA Safer Choice Program has implemented LCAs to communicate the environmental and 
health impacts of desktop computer displays, soldering equipment, lithium-ion batteries, and 
wire cable insulating and jacketing [92].   

Europe 

Environmental policies in Europe began including life cycle thinking throughout the 2000s.  In 
2001, the European Commission adopted the green paper on Integrated Product Policy (IPP) 
[103]. IPP is not a specific policy, but a framework for allowing policies minimizing the 
environmental impacts of a product’s life cycle to be created.  Later communications from the 
European Commission established the relationship between IPP and life cycle thinking [103].  
The IPP concept began to gain momentum and policies under this overarching directive were 
passed.  One such policy was the development of Product Category Rules (PCRs) and 
Environmental Product Declarations (EPDs), which provide standardized methods and reporting 
for characterizing the life cycle performance of products.  PCRs are a specific set of 
requirements and guidelines that any EPD must follow for one or more product categories 
[104], and the EPD is the outcome of a PCR applied to a particular product. 

The method for producing and reporting an EPD, or Type III environmental declaration, is 
defined in the International Organization for Standardization (ISO) 14025 standard.  There are 
five steps in creating an EPD.  First, a simplified or streamlined LCA is conducted to identify the 
relevant hotspots. Stakeholders then formulate the product category rules and then a certified 
third party conducts a review.  This could include prescribing what data is required and how it 
must be collected and reported and what impact categories should be considered.  A detailed 
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LCA is done and an EPD is drafted by the program operator.  An independent verification of 
both the associated LCA and the EPD is then completed [105].  

EPDs have been adopted reasonably widely in the European Union and in Japan, and regulators 
have begun to set goals for requiring EPDs on consumer goods such as France’s Grenelle 
Environmental [106].  A criticism of EPDs has been the existence of overlapping and duplicate 
PCRs supervised by different program operators, because program operators are private sector 
entities that do not need to coordinate activities [107]. In addition to overlapping PCRs in a 
single region, the regionalization of PCRs means there is an absence of coordination on an 
international level as well.  In fact, there is no current structure for PCR alignment or 
harmonization [108].  The resulting confusion has led to the PCR and EPD framework to be used 
less than initially expected [109].  Getting companies or industry groups to agree and pay the 
cost of developing a PCR is also a difficult barrier to overcome [110], not to mention the cost to 
a particular company of generating product-specific EPDs.   

Further complicating the landscape of uncoordinated PCR development, the European 
Commission has laid out new plans for two environmental footprint labels with requirements 
beginning by the year 2020 [111].  Both the product environmental footprint (PEF) and the 
organization environmental footprint (OEF) perform a consequential LCA on the product or 
organization being studied.  The PEF program seemingly evolved from the concept of EPDs.  In 
this scheme however, the European Commission takes the place of the program operators in 
the EU [110].  PEF category rules (PEFCRs) are established to guide the development of PEFs, 
similar to the EPD/PCR system. Currently, the PEF method is in the last year of its pilot program.  
The development of the PEF however, has led to criticism [112, 113] primarily due to further 
confusion and lack of harmonization with the ISO standards for both LCA and EPDs. 

One conclusion from the European PCR and EPD experience may be that a single governing 
body must be developed to ensure coordination of PCR development, at least at the national 
scale, but preferably international as well. For regions that are just beginning to develop PCRs 
and EPDs, such as in the Americas, there may be an opportunity to prevent the lack of 
coordination experienced in Europe. 

Fuel Quality Directive and Renewable Energy Directive  

Regulations regarding energy production and transportation fuels have begun to incorporate 
life cycle metrics in Europe.  The European Union Renewable Energy Directive (RED) was passed 
in 2009 to promote the use of renewable resources in both the energy and transportation 
sector [114].  European Union members are required to meet 20% of their total energy needs 
through the use of renewables by 2020 [115]. Each country is required to create an Energy 
Action Plan (EAP) for how they will meet these targets [116]. European Union countries are also 
required to supply 10% of their transportation fuels from renewable sources under the RED. 
Different renewable fuel pathways however, are issued different numbers of credits based on 
their carbon intensity.  For example, advanced biofuels are given 2 credits while electricity from 
renewable energy sources for road transportation are given 2.5 credits [117]. Life cycle carbon 
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intensity calculations are required under the current iteration of the RED. These calculations are 
performed in the same way for the Fuel Quality Directive described below.  

The Fuel Quality Directive was amended to introduce life cycle carbon intensity targets for 
European transport fuel suppliers. This policy requires a 6% reduction of GHG emissions in fuels 
by 2020, an additional 2% GHG reduction through supplying PEVs or using GHG reduction 
technologies such as carbon capture, and another 2% through purchasing of credits from the 
Clean Developing Mechanism under the Kyoto Protocol [118]. The Fuel Quality Directive is a 
performance-based standard that uses life cycle GHG emissions calculations to establish a fuel’s 
carbon intensity; it is essentially the same method and approach as California’s LCFS.  Similar to 
the LCFS, producers can use the average European Union default values or report their own 
values using a methodology provided by the European Commission.   

The conversion of land used for biofuel production and the cascading price effects of using 
crops for biofuels was found to increase GHG emissions when biofuels were used to replace 
gasoline, making iLUC a necessary consideration in European biofuel policy (and indeed policy 
in the United States, as well) [119].  In 2015, the European Commission voted to approve the 
“iLUC Directive” to account for indirect land use changes from biofuels.  To avoid complications 
from different calculation methods of iLUC, a cap of 7% was placed on biofuels from food crops, 
meaning only 70% of the renewable fuel target could be met with food crop-based fuels [120].   

As with the inclusion of iLUC effects in U.S. policies for biofuels, it would seem that Europe also 
faced the issue of indirect or consequential emissions that occur outside the supply chain of the 
regulated product.  While the European solution is different than the U.S. solution, it still 
suggests that complex and indirect processes can be handled in a life cycle-based policy 
context. 

Renewable Transport Fuel Obligation 

While a number of European policies and directives exist, countries within Europe can also 
implement their own policies and regulations.  The United Kingdom passed a mandate in 2007 
called the Renewable Transport Fuel Obligation (RTFO), which required 5% of all the fuel sold to 
consist of biofuels.  Biofuel producers are required to report their greenhouse gas balance and 
the environmental impacts of their biofuels. Suppliers must produce a minimum amount of 
“sustainable” biofuel. Any supplier that provides over 450,000 liters of fuel must meet their 
obligation. This can be done by supplying biofuels, buying certificates from other biofuel 
producers, or paying a “buy out” price [121].  In 2010, the RFTO was amended to include 
biofuels that meet the RED’s Carbon and Sustainability Criteria.   

For a biofuel to be considered sustainable, it must achieve 35% GHG emissions savings 
compared to the petroleum baseline fuel it is presumed to displace and may not be made from 
raw material obtained from land with a high biodiversity value or a high carbon stock 
[115].  The savings requirements will shift to 50% in 2017 and 60% in 2018 [115].  These savings 
are calculated by a carbon calculator created by the U.K. government.  The fuel supply chain is 
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defined by the producer and the carbon calculator is used to find the carbon intensity of the 
fuel.  Different modules are provided in the RTFO guidance documents to illustrate the life cycle 
calculations.  A default value is assigned to producers if they do not want to perform these 
calculations.   

End-of-Life Policies 

Other life cycle-based policies in Europe focus on end-of-life management for products.  Many 
of these policies emerge from the concept of extended producer responsibility (EPR).  These 
types of policies put the responsibility for a product, in particular a product’s disposal, on the 
producer to provide an incentive for considering environmental impacts of a product after it 
leaves their production facility. The goal is to encourage improvements during the design stage 
where reductions can be made easily. While these policies do not explicitly require an LCA, they 
mandate the consideration of future life cycle stages (after the product has moved into 
consumers’ hands) forcing life cycle thinking on the designer or producer. 

The End of Life Vehicle (ELV) Directive is an EPR policy for the automotive sector throughout 
Europe.  It sets out to prevent waste and mandates that vehicles be made up of 95% materials 
that are recoverable and 85% that are recyclable [122].  All of the components and materials 
under the directive’s influence are labeled using ISO standards.  Manufacturers must also 
eliminate the use of specific hazardous materials, pay the costs for delivery to waste treatment 
centers, and provide systems to collect retired vehicles.   

In 2006, the Battery Directive was passed and sought to reduce hazardous materials such as 
mercury in batteries [123].  It required minimum battery recycling collection rates which would 
increase in stringency over time.  Labeling requirements included the chemical symbols on the 
battery and a capacity label.  LCA studies were used to support this directive and help 
communicate the environmental and health impacts to the end-users of the batteries.   

Another important EPR in Europe is the Waste Electrical & Electronic Equipment (WEEE) 
Directive, which began in 2003.  It has been revised several times and the current iteration 
became effective in 2014.  The goals as stated in the WEEE directive are to prevent electrical 
and electronic equipment waste and “improve the environmental performance of all operators 
involved in the life cycle of electrical and electronic equipment” [124].  New collection targets 
have been established by the current WEEE regulation, with minimum requirements of 45% of 
the average weight of the EEE placed in the market for 2016, and 65% by 2019. 

A similar directive was also developed for packaging and packaging waste.  Targets for recovery 
and recycling were set and require the design of reusable and recoverable packaging.  By 2017, 
the legislation requires the Commission to “assess life cycle impacts on different options to 
reduce the consumption of lightweight plastic carrier bags and present a legislative proposal 
together” [115].  These waste policies work together towards the European Union’s goals on 
waste management and increase the responsibility for producers to multiple life cycle 
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stages.  While some LCA studies support these directives, no LCA is directly required for any 
these policies.  

The Eco-Design directive was established by the European Union in 2009 and created a 
framework for minimum eco-design requirements.  All the stages of a product’s life cycle are 
taken into account and manufacturers must develop an ecological profile.  Similar to IPP, the 
eco-design directive itself does not set efficiency standards, but calls for the creation of new 
measures specific to each product under regulation.  Measures to date have regulated air 
conditioners, boilers, ovens and refrigerators [125].  This directive was harmonized with the 
energy labeling directive which was adopted in 2010 and which provided customers with 
energy consumption information [126].   

Labels and Certifications 

Through regulation or voluntary measures, environmental labeling has potential to inform and 
affect consumer choice.  It also has the ability to distort environmental information 
communicated to the consumer.  In 2010, 6,902 products sold in the United States had some 
type of environmental claim, with 89 of them claiming carbon neutrality [127]. Many types of 
environmental labels exist, all with different requirements and system boundaries such as the 
European Union Ecolabel, Blue Angel. Of the many labeling schemes that exist, only carbon 
labeling is discussed here to narrow the focus of discussion. 

Carbon labeling schemes have become more popular in the last decade.  The Carbon Reduction 
Label was the first carbon label created.  It was implemented in 2006 by the Carbon 
Trust.  Currently, the United Kingdom has two types of carbon footprint labels: a label that 
reports CO2 emissions and a label that verifies that CO2 emissions have been reduced 
[128].  The Carbon Footprint label reports life cycle GHG of a given product.  In 2013, ISO 
standard 14067 detailed the requirements for the calculation reporting of the carbon footprint 
of a product [129].  There are a variety carbon labels with different frameworks, however.  For 
example, in France the Indice Carbone reports emissions on the basis of 100 g of product, 
regardless of the product [128].   

Many other guidelines follow those outlined in PAS 2050, a specification for the assessment of 
GHG emissions developed by the British Standards Institution, such as the German Product 
Carbon Footprint and the Korean Carbon Footprint.  PAS 2050 predates that ISO standard for 
carbon footprinting. Some have developed their own system like Japan’s Carbon Label which 
created the TSQ001 [128].  Not all carbon labels are transparent in their methods.  Both the 
Timberland Green Index and Climate Conscious Label do not reveal their calculation methods 
[128].  A study by Vanclay et al. in 2011 concluded if carbon labels communicated their 
emission information in a different format, consumers would be more likely to use them [130].   

Carbon labels may be relevant for vehicles, especially because labeling in the United States and 
elsewhere already includes emissions (though not on a life cycle basis) and fuel economy or 
energy efficiency.  As with other policies, determining a standardized method for conducting 
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and reporting outcomes seems to be an area that requires continued evolution and 
improvement. 

Discussion 

Despite the prevalence of policies that encourage life cycle thinking, no life cycle-based 
emissions policies for vehicles were found during this review.  Policies that have been 
implemented with life cycle thinking have largely focused on fuels or vehicle end-of-life.  A 
majority of end-of-life (or waste and disposal oriented) policies do not really provide any 
significant insights towards the development of a LCA-based standard for vehicles.  However, 
the limited success of these programs can help demonstrate the feasibility or acceptability of 
particular policy mechanisms.  For example, the ELV directive requires the labeling of specific 
vehicle parts and the effective implementation of recycling performance targets for vehicles.  
The labeling and careful tracking of parts suggests that accompanying life cycle impact 
information, for example from EPDs, could be a potential mechanism for estimating life cycle 
vehicle production emissions.   

The Grenelle II was the only legislation found to require EPDs, but voluntary labeling and 
certification systems, such as the U.S. Green Building Council’s LEED certification system, have 
helped promote the use of EPDs outside of a purely governmental policy.  The emergence of 
PEF and the associated category rules could undermine the existing progress made by EPDs, but 
also signals the challenge of developing standardized LCA methods and reporting for products 
in the absence of a single entity to oversee the system.  If efforts to use EPDs in a vehicle policy 
are made, but a switch to PEFs is made in Europe, an EPD-based vehicle policy could face 
significant hurdles due to the global supply chain and global market for vehicles.  If life cycle-
based policies emerge that rely on EPDs, it is imperative that the emergence of PEF or any other 
framework that competes with or replaces EPDs be considered. 

Transportation fuel policies analyzed in this study are the most common example of life cycle-
based performance standards.  The LCFS in particular illustrates a potential framework for 
estimating life cycle emissions that conform to common methods and underlying data.  Further, 
the commonly observed trend of allowing producers to opt for default values assigned by 
government models and estimates, or allowing producers to develop their own analyses 
(subject to review and verification) illustrates a compromise that can minimize compliance 
burden for companies or producers unwilling or unable to perform such calculations on their 
own.  There are limitations to applying learnings from fuel policies, and particularly biofuels, to 
vehicles. First, biofuel production occurs at a smaller scale, and many smaller companies and 
feedstock producers are involved in the supply chain.  Feedstock production in particular is 
highly variable due to climate and ecology and done at the scale of a farm. On the other hand, 
vehicles are much more complex than biofuels in terms of the number of parts and suppliers 
involved in the supply chain, but all are produced at large industrial scales.  

Two frameworks for a vehicle policy can be envisioned from the policies reviewed, one that is 
similar to a LCFS and another that uses EPDs or a similar framework. In the LCFS analogy, 
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default values could be assigned to specific vehicles based on particular characteristics (e.g., 
weight, powertrain type, etc.) and if manufacturers provided proof of a lower life cycle impact, 
they could submit their product’s pathway to certify at a lower level.  The GREET 2 model could 
be used once the bill of materials is collected from each manufacturer to calculate the different 
environmental impacts.   

The other framework would require a PCR to be developed for passenger vehicles.  This would 
outline the data requirements and the system boundary.  An EPD could then be constructed 
from the PCR for passenger vehicles, which would be made up of EPDs from the various vehicle 
parts.  Both of these frameworks could require immense data collection efforts. In both cases 
uncertainty should be addressed because unintended consequences could result in product’s 
emitting significantly more emissions than reported, especially where producers can opt for a 
default value.  Studies have proposed using a weighted mean or a specific percentile of a 
product’s probability distribution of emitting more emissions than the baseline [99, 131]. 

Current U.S. Vehicle Emissions Policies and their Relation to Life Cycle Emissions 

Conventional vehicle emissions policies in the United States predominately focus on stimulating 
technological change; they function by subsidizing research and development of new 
technologies (e.g., technology push/forcing), and creating new markets by subsidizing 
consumer adoption (e.g., technology pull).  California’s ZEV program, federal plug-in vehicle tax 
credits, state rebates, and HOV lane access for vehicles incorporating particular technologies 
were all designed with the goal of leveraging early technology development and market 
deployment.  While CAFE and fuel blending policies are cited as measures to increase efficiency 
and energy independence, increasingly the goal of these policies is to decrease the carbon 
intensity of passenger vehicle travel.  The next generation of vehicle emissions policies will have 
to transition from a focus on stimulating technology development and deployment to a focus 
on technologies that result in real emissions reductions, which may require life cycle-based 
policies. 

The current harmonized U.S. CAFE and EPA GHG standards require reductions of per mile CO2 

emissions of about 4% per year through 2025 for the LDV fleet.  This policy is expected to 
produce a 50% reduction in emissions rates for new vehicles.  Because the standards are based 
on vehicle size (footprint), a shift in the vehicle mix towards larger vehicles could reduce the 
magnitude of potential improvement.  Credits for alternative fuel and advanced technology 
vehicles that consider these technologies as true ZEVs, may further reduce the overall 
emissions reduction potential of CAFE.   

To accomplish an 80% reduction in LDV emissions by 2050, vehicles will likely need to shift 
mostly to electric propulsion, using batteries and electricity, and hydrogen and fuel cells.  
Companion rules for criteria emissions (LEVIII/Tier3) and ZEVs already require aggressive 
reductions in pollution emissions and, in California and a few other U.S. states, a cumulative 
target of 3.3 million ZEVs on the road by 2025. New suppliers have emerged, Tesla being the 
most notable, despite the significant barriers to entry into the vehicle manufacturing market.  
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While these disruptions are likely to continue, existing manufacturers and fuel suppliers are 
likely to play a dominant role in future ZEV production. 

A key question for future policy is the extent to which life cycle approaches are integrated in to 
vehicle emissions assessment.  Vehicle manufacturers alone are unlikely to bear the entire 
burden of compliance for decreasing the environmental impacts of material provision or fuel 
production.  But policy still needs to incentivize innovation in the transportation fuels space, 
and encourage vehicles that take advantage of low carbon fuels.  Policy may also want to 
consider technologies that affect the way and the extent to which vehicles are used.  Increasing 
load factors, or decreased VMT, may be another viable emissions mitigation strategy, but one 
that lies outside the scope of current regulation. 

There are considerable logistic and administrative challenges to regulating on-road vehicle 
performance and vehicle production pathways in a consolidated context.  Credit systems are 
likely to be integral to any life cycle-based policy, particularly for addressing product changes 
near to or outside the system boundary of the policy.  In life cycle analysis, displacement is a 
technique used when system expansion is infeasible or unavailable; it involves giving credit for 
co-products of a system that have value or displace other inputs from another product 
system.  Displacement is generally viewed as a less desirable method, and encounters similar 
issues to those raised above for credit systems; system expansion is always preferred [9].  The 
main challenge is that in a policy setting, system expansion can come up against exponentially 
increasing costs of verification and jurisdictional boundaries across sectors. 

A broad set of policies are needed to orchestrate a transition to low carbon vehicles, and 
performance-based evaluation with comparison to a relative or evolving scale is critical.  This 
requires appropriate measurement and verification, understanding of the relevant system 
boundaries for consequential impacts, and technology agnostic functional unit. The strategies 
OEMs will use to identify major drivers of emissions and cost effective reductions in their 
product’s value chain, need to be incorporated into LCA models that start with policy action 
and end with environmental performance of the vehicle system.  In order to be agnostic to 
technological innovation in the vehicle and fuels market, all technologies need a level playing 
field and a clear set of targets to achieve.  The progressive benchmark or performance standard 
from a policy perspective is the main accountability or control measure; the “stick” that 
compels change.  Policy may play an important role in initiating data collection, or managing 
data such that regulators can get a clearer picture of how vehicles are used.   

Conclusions 

The need for incorporating life cycle thinking into vehicle emissions policy is increasingly clear. 
LCA allows for comparison of tradeoffs between inputs and outputs of product systems across 
important policy metrics.  Consideration of the entire lifecycle of both vehicle systems and 
transportation fuel pathways is essential to achieving emissions reductions from continued 
technological development.    
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Appendix: TRB Workshop Summary and Materials 

Life-Cycle Based Regulatory Reform for the Light Duty Vehicle 
Sector 
 
January 8, 2017 
 

Introduction 

In 2016, Hanjiro Ambrose led a proposal for, and was granted, a workshop at the 2017 
Transportation Research Board Conference in Washington D.C. entitled Life-Cycle Based 
Regulatory Reform for the Light Duty Vehicle Sector. The workshop brought together federal 
and state agencies, automobile manufacturers, academic researchers, and non-governmental 
organizations.  This included representatives from the Environmental Protection Agency, 
Department of Energy, California Air Resources Board, Ford Motor Company, Volvo North 
America, and Green Roads, as well as students and faculty from UC Davis, Georgia Tech, 
Georgetown, Yale, MIT, Portland state, Illinois College of Engineering, and University of 
Vermont. 3 

During the workshop, the scope of technologies, processes, and performance metrics policy 
should consider to achieve deep de-carbonization of the transportation sector were discussed. 
The objective was to highlight opportunities for foundational research on economic, 
environmental, and behavioral aspects of new vehicle technologies with vehicle emissions 
policies, and perhaps the new ways that personal mobility and vehicles will function.  The 

                                                      
3 Partial List of Workshop Attendees: 

• John Viera, Ford Motor Company 

• Timothy Wallingford, Ford Motor Company 

• Karl Simon, EPA 

• Sharyn Lie, EPA 

• John Mikulin, EPA 

• Ann Xu, Department of Energy ARPA-E 

• Reid Heffner, Department of Energy ARPA-E 

• Steve Cliff, California Air Resources Board 

• Daniel Sperling, California Air Resources Board 

• Chris Ganson, CA Governors Office of Planning and Research 

• Randall Guensler, Georgia Tech 

• Britt Holmen, University of Vermont 

• Jenny Liu, Portland State University 

• Andrew Veysey, Georgetown Law 

• Hasan Ozer, Illinois College of Engineering 

• Lew Fulton, University of California Davis 

• Jera Lee, Green Roads 

• Peter Damrosch, Yale Law School 
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workshop format was premised on three issue statement abstracts that were discussed during 
the workshop by two groups.  This report provides the three issue statements and summarizes 
the notes from the two discussion groups, as well as a few key research questions identified by 
the groups.  

Workshop Materials 

The following section contains the background materials provided to participants and the issue 
statements used as a basis for small group discussion. This section was intended to provide 
background information for the breakout group discussions.  It contains a description of LCA 
terminology, selected literature relevant to each issue statement, as well as an example policy 
brief. 

Defining LCA 

Life cycle assessment (LCA) is a methodology for assessing the environmental impacts 
attributable to the inputs and outputs of a product system.  LCA is also used as a decision 
support tool to promote sustainable design and product selection. A life cycle encompasses the 
relevant stages of the life of a product. 

“Starting with the design/development of the product, followed by resource extraction, 
production (production of materials, as well as manufacturing/provision of the product), 
use/consumption, and finally end-of-life activities (collection/sorting, reuse, recycling, waste 
disposal) … All activities, or processes, in a product’s life result in environmental impacts due to 
consumption of resources, emissions of substances into the natural environment, and other 
environmental exchanges.” [132] 

Traditionally, the scope of an LCA is limited to environmental impacts. But, the life-cycle 
framework is also used to assess costs and social impacts through life cycle costing and social 
life cycle assessment.  Taken together, the three techniques are referred to as Life Cycle 
Sustainability Assessment. [133]. 

The goal and scope of the LCA are critical to describing the product performance requirements 
and making smart comparisons.  In order to set the scope of an LCA, it is necessary to quantify 
the performance requirements of the product; the functional unit measures the performance 
of the product system.  It “provides a reference to which the inputs and outputs are related... 
[and] ...to ensure comparability of LCA results,” [134].   “Thus, adequately selecting a functional 
unit is of prime importance because different functional units could lead to different results for 
the same product systems,” [135]. 
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Figure A1. Potential Sources of Error Related to Functional Unit. Adapted from Reap et al. 
(2004) 

A functional unit is similar to a regulatory metric; both assess the performance of the system, 
and the selection of an appropriate metric is critical to achieving stated goals.   

History of LCA 

UC Davis played an important role in connecting LCA to vehicles and fuels.  Mark Delucchi 
began exploring some of the methodological issues for LCA of vehicles and fuels over 20 years 
ago.  Michael Wang, who was a PhD student with Dr.’s Delucchi and Sperling, then built on this 
work in developing the GREET model used widely today. 

“Current LCAs of transportation and climate change can be traced back to “net energy” 
analyses done in the late 1970s and early 1980s in response to the energy crises of the 1970s, 
which had motivated a search for alternatives to petroleum. These were relatively 
straightforward, generic, partial engineering analyses of the amount of energy required to 
produce and distribute energy feedstocks and finished fuels. Their objective was to compare 
alternatives to conventional gasoline and diesel fuel according to total life-cycle use of energy, 
fossil fuels, or petroleum. In the late 1980s, analysts, policy makers, and the public began to 
worry that burning coal, oil, and gas would affect the global climate. Interest in alternative 
transportation fuels, which had subsided with the low oil prices of the mid-1980s, was 
renewed. Motivated now by global (and also local) environmental concerns, engineers again 
analyzed alternative transportation life cycles. Unsurprisingly, they adopted the methods of 
their net-energy engineering predecessors, except that they took the additional step of 
estimating net carbon dioxide content of fuels,” [136]. 

Conclusions 

LCA has a critical role to play in comparing alternatives for vehicle design, fuel pathways, and 
use cases.  But, policymakers are faced with many methodological decisions that are central to 
LCA.  There is clearly need for further “discussion on distinguishing LCAs for the purpose of 
analysis (finding hotspots, monitoring, process optimization, etc.) and LCAs for policy purposes 
(banning, subsidizing, certifying, etc.),” [137]. 

Step	1:	Identify	&	
prioritize	functions

Potential	error	from:
• missed,
• mispecified,	or
• misprioritized functions

Product	
system

Step	2:	Define	
functional	unit

Step	3:	Define	
reference	flow

Potential	error	from:
• Assigning	functional	

units	to	multiple	or	
difficult	to	quantify	
functions

• Making	strict,	
functionally-equivalent	
comparisons

Potential	error	from:
• Different	ways	of	

handling	multiple	
functions,	and/or

• Uncertainty	in	product	
use	scenarios	and	
system	dependencies

Identified	&	prioritized	
functions

Functional	
unit(s)

Reference	
flow



 

 
43 

Issue statements provided to participants 

Issue Statement #1 Measuring beyond the tailpipe: GHGs per what? 

Historically, tailpipe regulations have served as an effective proxy for managing emissions from 
passenger vehicles; vehicle operation dominated emissions and fleets relied largely on a single 
fuel. An increasing proportion of vehicles are relying on electricity and biofuel pathways, where 
emissions occur upstream of the vehicle tail-pipe. Regulators need appropriate and enforceable 
metrics that capture the upstream emissions associated with vehicle fuels of the future: 
electricity, hydrogen, and biofuels. The choice of metric is central to decisions about the design 
of policy mechanisms, data requirements, and testing and enforcement protocol, and has 
important implications for how emissions are reduced across communities. 

Issue Statement #2 Accounting for the shared use-phase in vehicle GHG regulations 

In the shared-autonomous future, a small percentage of the vehicle fleet begins to generate a 
significant share of all light-duty VMT.  This could be a problem for many urban regions across 
the country.  Changing use cases enabled by vehicle autonomy and vehicle sharing services 
could have significant impacts on emissions from and demand for vehicles. These technologies 
are already here; many have suggested that the choice between heaven or hell scenarios 
depends on the degree and direction of policy intervention. The majority of vehicle GHG and 
criteria emissions are still attributable to the vehicle use phase, even for vehicles fueled by 
electricity or biofuels.  By partnering with ride-hailing apps or developing their own shared use 
platforms, vehicle OEMs are also capitalizing on changing models of vehicle ownership and 
vehicle mobility. What is the role of vehicle emissions policy in avoiding the heaven v. hell of 
shared-autonomous vehicles? 

Issue Statement #3 Assessing the impacts of vehicle production 

Our historic focus on tailpipe regulation means that current vehicle emission policy only 
incentivizes technologies that increase new vehicle fuel economy.  Vehicles are using more 
lightweight materials, electric motors, and batteries that shift an increasing proportion of 
greenhouse gas (GHG) emissions from vehicles to the vehicle production phase.  In most cases, 
research has identified more and less preferable scenarios for material choices, production 
processes, and production energy systems, combinations of which lead to a wide range of 
emissions outcomes. Vehicle OEMs usually rely on multi-tiered supply chains, which creates 
additional challenges for the measurement or control of emissions from production processes. 
To what extent should future vehicle emissions regulation include impacts from vehicle 
production?   
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Workshop Summary Results  

Issue Statement #1: Measuring beyond the tailpipe: 

Group Breakout Notes 

• The system boundary for any new regulatory framework is very important: Are we just 

talking cars, or are we talking transportation as a whole? 

• There is already a lot of research siloed in the vehicle, fuel, and infrastructure sector; 

the key is to use LCA as a consistent framework for all efforts. 

• The panel observed that the usage of electricity and liquid fuel vehicles needs to be 

continuously tracked to understand the benefits and improve on the sector. 

• Management is an issue; who has control over what data? Coverage across all sectors is 
ideal, but is problematic from jurisdiction and administration standpoints. 

• In order to effectively compare and communicate policy impacts across sectors, modes, 
or technologies, some type of economic normalization unit is needed.  Dollars are key 
for connecting to policy. 

• Economic framework also makes it easier to consider deployment. 

• Any metric should consider infrastructure systems, particularly as they relate to new 
fuel systems or production pathways. 

• Construction impacts for new vehicle development are currently not captured in 
estimating the potential benefit of new technologies, but can be substantial. 

• If we consider infrastructure, should we also include vehicle weight? Same scale for 
freight and light duty vehicles may penalize electric vehicles with higher weights from 
batteries. 

• Tracking vehicle load factor is very important, but will have high temporal and regional 
variability; should there be some type of geofenced or hour of the day standard? 

• NEPA and CEQA implications need to be understood, particularly as they relate to 
infrastructure considerations. 

• Coverage across all sectors is important for avoiding leakage, but overlapping 
jurisdictions and agencies interested in getting involved (i.e., cities want revenue or 
control) may create systems of double counting; difficult to avoid. 

• There may be tradeoffs with collecting granular, real-time data.  Dimensions of data 
involved create real impacts for data processing and storage in the cloud (considerable 
and growing upstream energy use for data processing). 

• But, panel agrees that reliability and quality of data is currently a barrier to improved 
assessment. 

• Any metric will be challenged by the horizontal structure of sectors and technologies, as 
well as the disjointed vertical integration across agencies and jurisdictions. 

Research Questions That Emerge from Issue Statement #1 

1. How do we integrate infrastructure and supply chains into regulatory metrics? 
a. What are the implications? What is administrable? 
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2. How does measuring load factor intersect with personal data and privacy? 
3. What are the impacts of different regulatory metrics on data needs and administrative 

costs? 
4. How are different regulatory metrics perceived by the public?  Labelling? 
5. How should commercial service fleets be regulated, particularly if they become a larger 

portion of the fleet? 
6. What are the equity considerations of different regulatory metrics? 
7. What are the impacts of different regulatory metrics on the costs of modes or 

technologies?  Are we picking winners/losers? 

Issue Statement #2: Dealing with Automated and Connected Vehicles: 

Group Breakout Notes 

• Formulating appropriate research questions around vehicle automation and 

connectivity requires a set of common definitions 

o Autonomous vs. automated and connected 

▪  Vehicles will not operate independently, but rather full automation will 

be enabled by vehicle/infrastructure communication systems 

o The panel defined “driverless” vehicles as vehicles needing no license nor 

steering wheel. 

▪ Who gets to own these vehicles? 

▪ The policy approach toward these vehicles has to connect user fee to the 

VMT. 

• Commercial ride-sharing has concerns about sharing the cab space with strangers, 

raising privacy and personal security concerns 

o Vehicle automation may enable passenger centric vehicle design, including the 

removal of steering and navigation components, and segmented vehicle interiors 

(i.e., private interior compartments). 

o Different countries and communities have different perception of personal space 

and varied privacy concerns. One size might not fit all. 

• Agencies and municipalities will have overlapping and competing jurisdictions and 

objectives for policy. 

• Moving to user fee (instead of gas fee), where the user pays for use of road capacity, 

could be integral to avoiding the autonomous vehicle “hell scenario”: (i.e., vehicles with 

zero occupants becoming a significant portion of the fleet). 

• The panel stresses on the need to decrease dependence on car ownership as a key part 

of effective autonomous vehicle strategies and management. 

• The panel moved on to the topic of privacy from the individually owned private cars and 

how much and what kind of information might be needed from them. It noted that 

there could be issues with sharing of some data from the public. 
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• The panel noted that while incentivizing load factors, targeting average vehicle 

performance does not produce effective incentives. 

• VMT and load factor were agreed as two necessary factors to be measured. 

• The panel wondered and questioned the availability of a healthy commercial market for 

selling sharing based vehicles for manufacturers. 

• The panel stressed that the duty of academia is to find the best conditions for vehicle 

production with different materials for the best case scenario. 

• The panel also questioned the importance of data according to the agency, and as such 

what kind of data would be important to what kind of agency. 

• The panel highlighted the need for focusing on factors beyond CO2 while considering 

transportation such as availability and usage of water, social conditions etc. 

Research Questions That Emerge from Issue Statement #2 

1. In the connected and automated vehicle future, How will a shift from driver centric to 

passenger centric vehicles affect vehicle design from the perspective of right sizing? 

Attitudes towards Sharing? 

2. What are the opportunities for using smartphones to deal with personal privacy issues? 

How have attitudes about personal privacy changed? Across demographics? 

3. What are the infrastructure needs for automation? 

a. Planning and development of the roadways to accommodate to the automation. 

b. Where does the data about the vehicles and the needs come from? 

4. What are the existing policies that hinder the development of self-driving or driverless 

vehicles? 

a. Current discussion mostly dominated by safety; need to look beyond once 

satisfactory safety achieved 

5. What are the unintended consequences of ride sharing and vehicle automation? 

a. What is policy’s role? At what administrative level? 

6. What are the equity considerations of ride sharing? 

a.  How do access to vehicle automation and ride sharing differ across 

demographics? Their impacts? 

7. What are the impacts of different incentive structures across different stakeholders 

(OEMs, Providers, Users)? 

a. Multipliers for higher load factors or direct incentives, what is effective? 

8. How to administer and at what level is administrable and implementable? 

9. How can LCA be used to better consider the vehicle use phase in emissions regulation?  
10. How can policy provide special treatment for vehicles that are used more or less? 
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Issue Statement #3: Assessing impacts of vehicle production 

Group Breakout Notes 

• Vehicle production as a share of vehicle emissions is growing, but there is clearly a need 
for better data on trends in absolute emissions from vehicle production. 

• Emissions from materials or components with high energy use in production (i.e., 
batteries and lightweight materials), vary strongly based on production pathway.  This 
indicates room for improvement given proper incentives for material 
selection/substitution. 

• The panel agrees that the current system does a poor job of incentivizing better 
upstream design decisions by vehicle OEMS. 

• Data availability and quality is currently a key hurdle. 

• The European system of environmental product declarations (EPDs) and product 
category rules (PCRs) was discussed as a potential framework for improving data about 
vehicle manufacturing processes. 

• Vehicle OEMs are willing to consider upstream processes, but just shouldn’t be singled 
out as the only stage in the value chain or sector to be addressed. 

 
Research Questions That Emerge from Issue Statement #3 

1. What is the role of government/policy in creating standards for measurement, data 
reporting, and data quality in vehicle LCA? 

2. What are cost / barriers to / challenges for implementing LCA in a vehicle supply chain 
compared to the magnitude of emissions reduction? 

3. How can policy incentivize increased LCA integration into vehicle design decisions? 
4. Materials in the life cycle substitution for what? How about vehicle substitution 
5. How do we design a EPD system for vehicle design? 
6. Incentivizing better supply chain decisions? Resolving competing claims for products in 

the supply chain? How are LCAs being implemented by vehicle OEMs?  
7. For the regulators, what information is important to decisions makers in regards to 

regulating vehicle production? What metrics are important for OEMS? 
8. And therefore, what are the metrics that can be used to incentivize the correct 

decisions? 
9. Where are the overlaps of social metrics with vehicle production LCA? 
10. Jurisdiction carbon tax or one-offs regulating vehicle production? 

Conclusions 

All participants agreed there is a growing need for life cycle assessment in the regulatory 
apparatus for vehicle emissions.  Charting a path forward remains challenging due to 
jurisdictional issues, system complexities, and political will.   Workshop discussion revealed 
several opportunities for improving emissions accounting from vehicle production and vehicle 
use.   
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For vehicle use, moving towards a modal or real-time emissions accounting system would 
enable new performance based and life cycle regulatory metrics. Discussants identified 
including the vehicle load factor (e.g., passengers per vehicle) as a key opportunity. Crediting 
load factor for use-phase emissions could be used to differentiate between similar footprint 
cargo and passenger vehicles in different in high and low annual mileage use cases.  These 
credits could then become powerful incentives for end-users, such as fleets or service 
operators, as has been the case for GHG and ZEV credit systems.   

For vehicle production, data sharing and transparency is a critical issue in accounting for 
marginal changes in production emissions attributable to design decisions, and setting 
regulatory or voluntary benchmarks.  There may be a chicken and egg aspect to reaching critical 
mass to anonymize production data, and the risks of exposing supply chain information to 
reverse analytics. This might also signal a clear role for policy, as a governmental body or 
organization could become the clearing-house for production data. This could then allow for 
setting empirically and methodologically robust targets. 

Another noted take-away was the potential intersection with growing use of on-demand ride 
sharing services and need for life cycle based accounting principles.  High mileage vehicles 
would be penalized under a system that took real-world or annual mileage generation into 
account, which could increase costs for ride sharing drivers.  If service vehicles are displacing 
other trips through ride consolidation (e.g., a high average load factor), this might result in 
lower life cycle emissions from the standpoint of overall travel demand measured in person 
miles or person miles travelled.  As on-demand ride hailing and sharing services expand, 
operators are expecting to see value in being credited for high load factor use patterns that 
displace single occupancy vehicle trips. 

Finally, discussants noted that further research and more public data is required in this area. 
Particularly for new vehicle technologies that offer climate benefits, but may have very 
different supply chains, end of life pathways, or pathways for environmental impact.  While the 
focus of discussion was on climate forcing emissions, it was noted that pollution was also a key 
concern for regulation and for the comparison of alternatives. 
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