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Road passenger transportation represents a significant part of the global energy demand in the
transportation sector. Most of this energy is supplied by fossil fuels and it is used to power light-duty
vehicles (LDVs). In the past, the largest part of the LDV fleet stock was located in developed countries.
However, in the future it is expected that the largest increment in global LDV fleet will happen in developing
countries. Vehicle ownership, defined as the number of vehicles per inhabitants of a region, increases as
income grows. The growth follows an ‘S-shape’ pattern limited by a saturation value that is characteristic
of each economy. While vehicle ownership is close to the saturation values in developed countries, in
developing countries values are far from saturation values. Therefore, as income increases in developing
countries, the number of vehicles will grow.

Current global LDV fleet is mainly composed of steel-intensive, fossil fuel-powered internal combustion
engine vehicles ICEVs). These vehicles offer a good agreement between reliability, range and cost.
However, they also generate negative impacts on the society such as greenhouse gas (GHG) emissions, local
pollutant emissions and noise. Improving public transportation, optimizing city design, eliminating
subsidies for fossil fuels and other measures to reduce mobility demand and promote modal shift are
necessary to reduce carbon emissions from transportation. Nevertheless, not all the solution for low-carbon

transportation relies on modal shift and mobility demand reduction. It is necessary to deploy advanced
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vehicles with low-carbon emissions. Two alternatives are zero-emission vehicles (ZEVs) and vehicles using
lightweight materials. However, replacing conventional ICEVs with advanced vehicles affects automotive
material requirements and it is important to analyze the effect on energy and material flows. In that sense,
the goal of this research is to determine the energy savings and COz emissions reductions achievable in the
LDV fleet with lightweight automotive materials, electric powertrains and fuel shift in the context of

developing countries. Colombia was analyzed as case of study.

Energy savings in road passenger transportation
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Figure 1. Schematic representation of the research idea.

The research idea is represented in Figure 1. The relevance of this research can be seen from two points
of view: Theoretical and practical. From the theoretical point of view this research contributes towards a
more integrated assessment of energy systems design considering the links between energy systems and
material systems. These links are caused by materials consumption in technologies used to provide energy
services. This research contributes to that problem considering material choices in the traditional energy
resource — conversion technology/end-use device allocation problem. On a first step, material flows are only
accounted for and the energy resource — conversion technology/end-use device allocation problem is solved
(chapter 3). Then material choices are included and the problem is solved dynamically excluding the

economic dimension (chapter 4). Finally, the economic dimension is included (chapter 5) in what can be
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called energy-economic-environmental-material model.

The practical contribution of this work is the detailed study of the LDV fleet in the future and the
possibilities to reduce road transport CO2 emissions deploying advanced vehicles, accounting also for the
effects that they will have on energy and material flows and vehicle fleet cost. This contributes to a better
understanding of the technological options to reduce future energy consumption and CO2 emissions in the
context of developing countries. Compared to previous studies, considering the effect of simultaneous
variations in powertrains and automotive materials on energy and material flows, COz emissions and cost in
the context of developing countries is a contribution. Previous researches mainly focused on variations in
energy flows and COz emissions associated to the use of ZEVs or lightweight vehicles in developed countries;
while in the case of material flows, the focus has been on aluminum and steel.

Chapter 3 is a first approach to the interactions between materials and energy systems. It is focused on
the problem of energy consumption and COz emissions reduction in aluminum and copper processing.
Aluminum is one of the most promising lightweight materials in the short-term, while copper stock in LDVs
is significant and shares several similarities with aluminum that justify their joint study. Previous
researches have focused on primary aluminum production considering secondary production and
semi-fabrication in an aggregate way; this work instead proposes a disaggregate analysis to explore the
possibilities for energy savings and CO:2 emissions reduction of fuel switch and energy efficiency
improvement in the particular case of Colombia. A static linear programming optimization model was
developed using the General Algebraic Modeling System (GAMS) to study the energy system. Resuits
show that energy efficiency can reduce energy use and CO: emissions 73% and 72% at negative costs.
Further CO2 emissions reductions, up to 88%, are possible with fuel switching to low-carbon electricity,
increasing the costs for the energy system; nevertheless, cost reductions caused by energy efficiency
improvement outweigh cost increments of fuel switching. However, the low relative share of the
non-ferrous industry in total industrial energy consumption leads to a low real impact on national energy
use and COz emissions. Despite of that, the approach developed here can be used in other cities, regions or
countries with more significant secondary production and semi-manufacturing of aluminum and copper; and
even expanded to secondary production and semi-manufacturing of iron and steel. Additionally, the
low-carbon characteristic of Colombian national grid makes efficient electric technologies the best option for
aluminum and copper processing, in contrast with the widely accepted conception of efficient natural

gas-fired furnaces as the best practice in metal heating processes. The high reliance of the electricity grid
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on hydropower requires coupling policies on the demand side in the energy-intensive industry with policies
in the supply side in power generation, to guarantee in the future the benefits achieved with low-carbon
electrification.

Compared to chapter 3, chapter 4 adds another dimension to the energy resource — conversion
technology/end-use device allocation problem: Material choices. Material choices are explored in the
context of the LDV fleet of developing countries, studying the effect of deploying advanced vehicles using
zero-carbon fuel-powered electric powertrains and lightweight materials. Potential energy savings and COz
emissions reductions resulting from the successful penetration of battery electric vehicles (BEVs), fuel cell
hybrid-electric vehicles (FCHEVs) and lightweight vehicles are studied. A dynamic bottom-up accounting
model developed using the Long-Range Energy Alternatives Planning Systems (LEAP) was used to study
the Colombian passenger car fleet between 2010 and 2050, under four alternative scenarios: BEV, Light
BEV, FCHEV and Light FCHEV scenarios; which consider the successful penetration of BEVs, lightweight
BEVs, FCHEVs and lightweight FCHEVs, respectively. Results show that Tank-to-Wheel (TTW) energy
consumption and Well-to-Wheel (WIW) and TTW CO: emissions can be significantly reduced with the
deployment of ZEVs and lightweight vehicles, with powertrain electrification accounting for the largest part
of the reductions. However, in the context of a rapidly growing vehicle fleet composed by ICEVs with long
service lives, the successful penetration of advanced vehicles in the new vehicle market cannot reduce 2050
energy consumption and CO:z emissions below the 2010 levels. In that sense, automotive technology
improvement alone cannot overcome the effect on energy consumption and COz emissions from increased
mobility demand and growing LDV stock and other measures need to be implemented. In the case of
material flows, iron and steel remain as the main automotive materials; even if vehicles using lightweight
materials are successfully deployed. Aluminum consumption increases in all the cases; while carbon fiber
reinforced polymer (FRP) increases in the case of lightweight vehicle penetration and FCHEV deployment.
Scenarios considering successful penetration of lightweight vehicles and electric powertrains imply changes
not only on energy resources, but also on automotive materials. Combined energy and material flows for

the base scenario and the Light BEV scenario in the year 2050 are presented in Figure 2 and 3.
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Figure 2. Energy and material flows for the passenger car fleet in the base scenario in 2050.

IMPORTED PARTS

on&  Apminum  GFRP  CFRP
steel

| #4520 | 48720 | 458k 3804k

IMPORTED VEHICLES
on & puminum GFRP  CFRP
steel
[| 6406k [] 1010k | 659k [ls4.75ke
SYSTEM
BOUNDARY
0.08 Mt CO2 co2
S 0.19PJ ASSEMBLY

1287193

GASOLINE

NATURAL
GAS
BIOETHANO!
ELECTRICITY s;g%ﬁ 0.01 Mt CO2 DIS%%:SAL
HYDROGEN

J 167.92 kxl 2563kt 095kt I 759kt

on&  \yminum  GFRP CFRP
steel

WASTE MATERIAL

Figure 3. Energy and material flows for the passenger car fleet in the Light BEV scenario in 2050.
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In chapter 5, the stock turnover model used in chapter 4 was refined, changing the advanced vehicle
diffusion pattern from a linear pattern to an ‘S-shape’ pattern following a logistic curve. Scenarios were
defined in terms of vehicle market share of BEVs, lightweight BEVs, FCHEVs and lightweight FCHEVS,
similar to chapter 4. With the improved estimation for advance vehicle sales, the fossil fuel displacement
was calculated and the stock turnover mechanism was explained in detail. Additionally, the vehicle fleet
total cost of ownership (TCO) was estimated, including energy, capital and operating and maintenance costs.
Values found for potential energy savings and COz emissions reductions are similar to the results of chapter
4, showing the robustness of the model. Cost estimations revealed that advanced vehicle deployment
reduces energy costs and increases capital costs relative to the base scenario. In the BEV and Light BEV
scenarios the net cash flow becomes zero in 2045; while in the FCHEV and Light FCHEV scenarios the net
cash flow is larger than zero over the time horizon. The costs of avoided CO2 range from 600
USD/tonne-COz saved in 2020 to -100 USD/tonne-COz saved in 2050 for BEV and Light BEV scenarios; and
from 7,000 USD/tonne-CO2 saved in 2020 to 800 USD/tonne-CO2 saved in 2050 for FCHEV and Light
FCHEYV scenarios.

Finally, in chapter 6 the benefits of including material choices in the energy resource — conversion
technology/end-use device allocation problem are discussed; including the possibilities for acting on material
flows linked to the energy system. The applicability of the approach considering material choices in energy
system design for other sectors was discussed.

In summary, general outcomes from this research show the possibilities for energy consumption and COs
emissions reductions that can be achieved improving energy efficiency and switching fuels in the LDV fleet
and the secondary production and semi-manufacturing of aluminum and copper. Additionally, deployment
of advanced vehicles using electric powertrains and lightweight materials in the national LDV fleet changes
the quantity and types of materials required for new vehicles and consequently cumulated in the vehicle
- fleet stock and released after vehicle retirement. Accounting for material flows in energy systems
assessment allows for a better understanding of the effect that low-carbon technology deployment causes in
other systems. Main recommendations from this work are:

Natural gas-fired furnaces are not necessary the best option to reduce CO2 emissions from non-ferrous
metals processing. In the case of low-efficiency technologies and the availability of low-carbon
electricity, low-carbon electrification can provide larger energy consumption and CO:2 emissions

reductions and still be cost-effective. Therefore, the analysis must be done from a system perspective

— 753 —



considering the characteristics of each country/region/city.

Benefits of low-carbon electrification in the industrial and transportation sector can be lost if low-carbon
electricity is not assured over time. In both cases, energy conversion technologies/end-use devices are
capital intensive and have long service lives, therefore policies in the supply and demand side must be
coupled to ensure the benefits achieved.

It is necessary to develop policies to promote the efficient use of energy and the shift to renewable energy
sources. Considering existing barriers for the penetration of more efficient energy technologies and
renewable energy sources, it is necessary to design specific action plans to overcome these barriers.
Education about the benefits that can be achieved with more efficient technology use with RD&D
projects is fundamental. However, the first step must be the detailed characterization of the energy
system.

The deployment of advanced vehicles in the future will affect the amount and type of materials entering
the system that eventually will become sources for secondary material production. It is important to
account for the material stock and promote technologies to recycle and reuse it.

Comparing the simultaneous effect of powertrain electrification and weight reduction in the vehicle fleet,
it was found that most of the energy savings and COz emissions reductions are due to shift from internal
combustion engine to electric powertrains. However, the use of lightweight materials to reduce the
vehicle weight contributes to improve other characteristics of the vehicle, which are important for the
successful deployment of electric powertrains. Therefore both measures are complementary.
Improvements in technology alone cannot outweigh the growth in energy consumption and COs

emissions in the future due to the significant increase of vehicle fleet size and the long survival times.
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