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Abstract

Despite the Paris Climate Agreement and pledges by governments to reduce anthropogenic carbon-
dioxide emissions, road transportation emissions are increasing. In 2015, the European Union resolved
penalties for exceeding CO,-limits beginning in 2025. Besides global warming, the ongoing destruction
of nature due to human-caused environmental impact is increasingly coming into focus. The automotive
industry has a relevant role in changing these developments. On the one hand, the majority of
vehicles require fossil fuels and, on the other hand, the production of automotive products contributes
significantly to global resource consumption. While passenger cars are problematic mainly due to their
large numbers, heavy commercial vehicles cause environmental damage due to high fuel and resource
consumption per vehicle. Yet, they are irreplaceable for global supply chains and, thus, economic
growth and prosperity.

Global and European commercial vehicle manufacturers are under high pressure to replace their
diesel-powered vehicles with environmentally friendly and cost-efficient alternatives. In addition to
hybrid vehicles, battery electric and hydrogen-powered fuel cells or internal combustion engines are
considered alternatives. Giving recommendations to vehicle developers and decision-makers, this
work combines an ecological and economic assessment. Having a unified cradle-to-grave system
boundary, the presented eco-efficiency assessment provides a comprehensive and holistic technology
forecast. An evolutionary algorithm accounts for future technological development and optimizes each
vehicle concerning environmental, economic, and driving performance. With infrastructure being a
decisive cost factor, a system cost approach combines vehicle-specific total cost-of-ownership with
infrastructure costs. Based on vehicle stock development scenarios, the system costs approach
estimates the eco-efficiency of the transition from fossil fuels to zero-emission alternatives in the
current decade.

The study shows the impact of renewable energy on long-haul transportation and quantifies the
associated costs, comparing eco-efficient vehicle concepts suitable for future transportation (Figure 1).
The results indicate that battery electric trucks have competitive operating costs compared to diesel-
powered vehicles. With today’s European electricity mix, the environmental impact of battery-powered
vehicles is 313 % higher than the reference diesel. However, with increasing renewable energy the
battery electric vehicles outperform the diesel (-65 %). Operating the fuel cell with green hydrogen
decreases environmental impact (-27 %) compared to methane-based hydrogen. In the long run,
battery electric trucks outperform fuel cell trucks regarding environmental impact. Battery electric and
fuel cell electric trucks potentially perform at the same costs as today’s diesel. This applies to the total
cost of ownership at the vehicle level and the system level, including the infrastructure costs of the
future vehicle fleet.
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Figure 1: The vehicle concepts’ technological potential (blue markers; ®) shows the improvement in eco-
efficiency of the BEV and the FCEV, while the ICEV and HEV deteriorate. The black markers (black
markers; @) indicate the optimization results presented in this study. The potential scenario assumes
renewable energy, hydrogen via electrolysis and synthetic diesel—both produced with renewable
energy. [Note: ICET: Internal Combustion Engine Truck; HET: Hybrid Electric Truck; BET: Battery
Electric Truck; FCET: Fuel Cell Electric Truck; HICET: Hydrogen Internal Combustion Engine Truck]
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1 Introduction

“Our house is on fire” [1]. During her speech at the 2019 World Economic Forum in Davos, Greta
Thunberg used these words to describe the progress and urgency of the climate crisis. In the year 2015,
189 out of 196 signing parties ratified the Paris Climate Agreement and, thus, committed to limiting
the global temperature increase to a maximum of 2 °C and, if possible 1.5 °C, above pre-industrial
levels [2]. Given the fact that, according to the Intergovernmental Panel on Climate Change (IPCC),
the global (land and sea) temperature is already 1.4 °C above the reference, Thunberg might be right.

In The Uninhabitable Earth: A Story of the Future, David Wallace-Wells vividly not only describes the
environmental but also the economic and social consequences of climate change [3]. Wallace-Wells
draws an increasingly dystopic picture for each IPCC scenario, discussing multiple topics, such as
rising sea levels, extreme heat, droughts, fires, and disease outbreaks. Although the book’s intention
is not to provide solutions, Wallace-Wells [3, p. 198] calls for action to “nothing short of a complete
overhaul of the world’s energy systems, transportation, infrastructure and industry and agriculture.”
However, the question remains on how to live sustainably.

The term sustainability is first referenced in the context of forestry in the 18" century and, consequently,
in the context of resource depletion [4]. In 1987, the report Our Common Future—also known as the
Brundtland Report—defines sustainability as development “that [...] meets the needs of the present
without compromising the ability of future generations to meet their own needs” [5, p. 16]. Additionally,
the report established the three pillars of sustainability [5, p. 16]. Accordingly, sustainable development
includes an environmental, economic, and social dimension. During the Earth Summit in 1992, all three
were set as equal goals for global development [6]. These, as well as other, events that have been or
will be considered important for global sustainable development, are summarized in Figure 1.1.

Although, both the Brundtland Report and the Earth Summit address a wide range of issues, they
refrain from concretizing actions. To overcome this “abstract nature of sustainability” [7], the United
Nations formulated 17 Sustainable Development Goals (SDGs) at their 2015 general assembly [8]. The
SDGs laid the ground for multiple initiatives and standards that were discussed in a previous publication
[7]. This review showed that economically and environmentally related SDGs are stronger represented
in terms of disclosures and indicators, in particular in a non-governmental or business context [7]. For
example, the SDG Business Disclosures include 139 indicators for SDG 8 (Decent Work and Economic
Growth) and 57 for SDG 13 (Climate Action), while SDG 2 (Zero Hunger, 7 disclosures), SDG 4 (Quality
Education, 9), SDG 10 (Reducing Inequalities, 9 disclosures), and SDG 11 (Sustainable Cities and
Communities, 11 disclosures) are listed with the lowest number of disclosures. While this does not
mean, that the economic and environmental pillars are more important, it hints at the complexity of their
assessment that results in a large number of disclosures and indicators. Particularly, the assessment
of environmental impacts is a complex issue, which is reflected in the existence of several, specialized
initiatives and NGOs covering individual areas and/or SDGs from the field of ecology.
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1960 Clean Air Act

1970 Foundation of EPA

Club of Rome - Limits of Growth

Oil crisis

Introduction of catalytic converter

1980 Brundtland Report

1990 Earth Summit

Kyoto Protocol

2000 Ratification of Kyoto Protocol

European Emission Standard

2010 EU CSR reporting obligation

Dieselgate

Sustainable Development Goals

Paris Agreement

IPCC special report on 1.5 °C global warming

EU CO,-standards for heavy-duty vehicles
CO,-certification of newly registered heavy-duty vehicles with VECTO
Fridays for Future

2020 Penalties for exceeding CO, emissions for passenger cars
COP26 to define global emission reduction commitments
6" Assessment Report of the IPCC

2025 Penalties for exceeding CO, emissions for medium and heavy-duty
vehicles

2035 European Union (EU)’s proposed ban on new registrations of internal
combustion vehicles

Figure 1.1: Important events that have been (or are expected to be) drivers for the development of sustainability
in the automotive context [7]. [Note: EPA = Environmental Protection Agency; CSR = Corporate
Social Responsibility; IPCC = Intergovernmental Panel on Climate Change; COP26 = 26" United
Nations Climate Change Conference (“Conference Of the Parties”)]

1.1 Environmental Impact

The warnings from the IPCC give reason to believe that climate change is the most urgent environmental
crisis to be solved [9]. While it is currently the most prominent, human-related environmental impact,
it is neither the only one nor the first one to be discovered and discussed. For example, Figure 1.2
(marked as === ) shows that the global temperature anomaly—a measure of annual temperature
increase compared to the period from 1951 to 1980—has tripled in the last 30 years alone [10, 11].
However, it is short-sighted to address environmental sustainability simply with a focus on the climate
crisis, which is underlined by the complex inter-dependencies of climate change and sustainable
development [12, p. 819f].

Corresponding to SDG 14 (Life Below Water) and SDG 15 (Life on Land), the loss of biodiversity
provides another example of human-related environmental impact. Therefore, the International Union
for Conservation of Nature (IUCN) regularly records how many animal species are threatened with
extinction [13] and publishes their results, known as the Red List. The exponential increase of en-
dangered species on the IUCN Red List from 11046 in the year 2000 to 32441 in 2020 illustrates
(Figure 1.2 w=wees ), what is sometimes characterized as the earth’s sixth mass extinction [14].
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Figure 1.2: The examples of human-caused environmental damage within the Anthropocene show an ex-
ponential increase. All values are on a global scale and normalized to the year 2000. Global
energy consumption includes all fossil and renewable energy sources [15-17]. The temperature
anomaly describes the relative deviation of the global land and ocean temperature, compared to the
average between 1951 and 1980. The increase after World War Il is assumed to be caused by data
discontinuity [10, 11]. Plastic waste correlates with global plastic production [18, 19]. Endangered
species are those listed on the IUCN Red List.

The same trend can be seen in the increase of plastic waste (Figure 1.2 =—). The production and
consequently the amount of plastic waste increased from zero in the 1950s to more than 5000 Mt
today and reaches 25 000 Mt until 2050 if the trend continues unchanged [19]. Yet plastic waste has
not only negative effects on wildlife and biodiversity but also on human health [18]. Consequently, the
reduction of plastic waste is embedded in SDG 12 (Responsible Production and Consumption).

Although far from complete, these examples illustrate that quantifying ecologic sustainability is a broad
and complex topic, whereas global warming is one among many (possibly contradicting) problems.
While the global energy consumption in Figure 1.2 (—) is not a direct environmental impact, its
correlation with the previous examples hints at the relationship between human activities and ecological
destruction. Furthermore, considering non-environmental aspects, such as energy consumption, shows
the conflict between environmental impact and economic growth. For this, Belke et al. [20] showed
that there is a strong, bidirectional relationship between energy consumption and economic growth.
If “technological development brings economic growth” [21], the necessity to have tools evaluating
the environmental impact of emerging technologies against their predecessors or seemingly similar
alternatives becomes inevitable.

A common approach for such a technology impact assessment is a prospective life cycle assessment
(LCA) [22, 23]. While a LCA covers environmental aspects of products and, thus, certain technologies,
it lacks an economic dimension. The concept of eco-efficiency combines both, showing “ways of
reducing their impact on the environment while continuing to grow and develop” [24]. The eco-efficiency
assessment (Section 2.1), combining an economic (Section 2.1.1) and an ecological perspective
(Section 2.1.2), is the starting point of this work. Beforehand, however, it must be clarified to what the
concept is applied.

1.2 Road Transportation

The transport sector accounted for 19 % of global final energy consumption in 2015—the majority
(99 %) provided by fossil fuels [25]. Khalili et al. [25] calculated that road transportation, including
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passenger and freight, currently comprises approximately 75 % of the total transport energy demand.
The remaining share is accounted for by rail, air, waterways, and marine transport. In the EU, the
share of road transport is even higher, comprising 31 % of the final energy consumption in the year
2019—more than any other sector [26].

While energy demand directly correlates with greenhouse gas emissions, the combustion of fossil
fuels leads to further emissions. Figure 1.3 compares selected road transport emissions to other
modes of transportation. The European data from 2019 not only shows similar shares for emissions
directly related to combustion (CO and NO,) but also significant shares of non-exhaust emissions.
These include fuel vapors (such as NMVOC) as well as brake and tire wear (primarily PM) [27]. While
these emissions are used here for illustrative purposes only, they and their effects on humans and the
environment are considered in detail in Section 2.1.2.

A | o o

82% 790% 92% 92%

coO NO, NMVOC PM
M Road traffic © Others

Figure 1.3: Emissions of selected air pollutants from road transport and other modes of transportation. The
data shows European values for the year 2019. Road transportation includes exhaust as well as
non-exhaust emission from fuel evaporation (NMVOC), and tire- and brake-wear (PM) [27].

The examples of energy demand and emissions caused by road transportation show that the automotive
industry has long been related to environmental issues [7]. Beginning in the early 1960s, however, these
issues became of public concern and led to the foundation of organizations, such as the Environmental
Protection Agency (EPA). Eventually, emission standards were gradually introduced and tightened,
which can be seen in Figure 1.1.

Butitis not just the use phase of automotive products that leaves a global footprint: Upstream production
and the associated consumption of resources further increase the industry’s impact on people and
the environment. Global automotive production, for example, is responsible for 12 % of global steel
production [28] and even 26 % of aluminum production [29]—not yet including the current trend of
battery electric mobility. The energy-intense material processing and the environmental damage
associated with any mining activity are, thus, a direct consequence of the industry and its products.

It becomes evident that the global automotive industry plays an important role not only in environmental
impact but also in economic growth. The use of (fossil) energy, on-road emissions, and the production of
technological products are highly intertwined with economic development, job creation, and innovation
[30]. Consequently, the industry provides an important lever to reduce the global society’s environmental
footprint. At the same time, this transformation must be implemented economically to be successful.
However, the industry’s products and processes pose a complex challenge that cannot be solved
by a one-fits-all solution. Therefore, road transportation is further categorized into passenger and
freight transport. Both transport modes are facing equal challenges but require different solutions.
The transformation of passenger cars is moving toward battery electric mobility because of both
economic and environmental advantages over fossil fuels [31, 32]. However, driven by the introduction
of European CO, reduction targets, road freight transport is just getting started [33]. The relevance of
the road freight sector for sustainable development will be discussed in the following section.
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1.3 Relevance of Low Emission Freight Transport

According to Khalili et al. [25], road freight transportation accounts for 25 % of the transport sector’s
final energy use in 2020. Similarly, the European Environmental Agency (EEA) stated that in 2017
27 % of the European greenhouse-gas emission came from transportation [34]. More than two-thirds of
these emissions came from heavy-duty vehicles, comprising 5 % of the total European greenhouse gas
emissions. This shows that heavy-duty vehicles alone provide a lever to reduce energy consumption
and, thus, emissions and, ultimately, environmental impact, as discussed in a previous publication [35].

Low energy consumption is a key requirement for commercial vehicles. With fuel costs constituting
approximately one-third of a heavy-duty vehicle’s total cost of ownership (TCO), original equipment
manufacturers (OEMs) have always made efforts to reduce the vehicles’ fuel consumption. In the report
of the German Federal Environmental Agency (Ger.: Umweltbundesamt), the average truck’s energy
consumption (including upstream processes) is 26 % lower compared to 1991-levels (Figure 1.4) [36].
This corresponds to an average reduction of 1.25 %/a, and is comparable with the average reduction
of 1.1 %/a, reported by the European Automobile Manufacturers’ Association (ACEA) [37].
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Figure 1.4: The historic development shows that since 1990 the road transport’s total energy consumption
increased, despite reduced vehicle consumption [36]. As a consequence, the EU agreed on CO,
reduction goals of 15 % and 30 %, which have to be met by 2025 and 2030, respectively.

However, it is not only the challenge of reducing vehicle energy consumption that must be solved.
Regarding economic development, the freight transport sector is connected in three ways: producing,
using vehicles, and increasing economic growth by enabling road transportation. For instance, 64 %
of the European freight is handled on road; more than half (57 %) over distances longer than 300 km
[35, 38]. With constant economic growth—the European gross domestic product (GDP) increased
on average by 1.8 %/a during the last 50 years [39]—transport performance also increases. This
growth overcompensated for the reduction in specific vehicle consumption, which resulted in an overall
increase of road transport energy consumption. Figure 1.4 visualizes this so-called rebound effect.

As a consequence, the EU introduced mandatory reduction targets for medium and heavy-duty vehicles
[40]. European OEMs must reduce their average fleet consumption by 15 % until 2025 and 30 % until
2030 compared to the reference period from 2019 and 2021. For the average OEM, this requires an
energy consumption reduction of 2.7 % to 3.8 %, tripling the historic development [41]. Furthermore,
non-compliance is subject to penalties analogous to the passenger car regulation putting truck OEMs
under severe pressure to develop and introduce new technologies.



1 Introduction

In conclusion, this chapter showed the relevance of considering not only climate change but also
further environmental impacts to achieve the goal of sustainable development. With its significant
environmental footprint, the automotive industry plays an important role in achieving this goal. Con-
sidering the steadily growing demand for transportation and the reliance of the (European) economy
on road transportation, it becomes evident that finding an equally environmentally and economically
beneficial—or eco-efficient—solution requires new technologies.

Therefore, the following chapters summarize the basics of eco-efficiency (Section 2.1). Section 2.1.1
and Section 2.1.1 present current assessment methods for the economic and the ecologic dimension,
respectively. The latter gives a detailed explanation on the measurement, normalization and weighting of
environmental impacts, as required for a LCA. Being a comparative method, a LCA requires alternatives
that are compared against each other. After summarizing the general requirements of heavy-duty
vehicles (Section 2.2), Section 2.3 and 2.4 review existing vehicle assessment models as well as
results from the literature. Additionally, the technical basics for the assessed vehicle technologies are
summarized. Having shown the shortcomings of the state of science in Section 2.5, two research
questions are derived.

To answer these research questions, Chapter 3 defines and justifies the methodological boundary
conditions and the framework. Chapter 4 describes the eco-efficiency methodology combining life cycle
costing and life cycle assessment (Section 4.1 and 4.2) followed by a description of the underlying
vehicle simulation models (Section 4.3). In this context, the consideration of infrastructure as an
essential component of freight transport is also integrated. To account for the technological potential
of each vehicle technology, an evolutionary algorithm optimizes their design parameters, which is
described in Chapter 5. The models are furthermore validated against existing data (Section 6.1) and
the obtained results are subjected to uncertainty quantification (Section 6.2).

Based on the optimization results (Chapter 7), Section 7.4 shows the eco-efficiency potential for the
vehicle technologies, providing recommendations to various decision makers. Additionally, Section 7.5
estimates the vehicles’ system cost until 2030. Chapter 8 discusses the contribution of this work from
a scientific, technological and societal point of view. A survey among different stakeholders Section 8.1
tests the underlying assumptions of using the eco-efficiency assessment for evaluating the transition
towards zero-emission vehicles. The work finishes with a summary of the results and gives an outlook
for further research (Chapter 9).



2 State of Science

The previous section showed the demand for a green transformation of the road transportation
sector. The urgency is illustrated by the introduced CO,-targets for the next decade. To achieve this
transformation in an ecologically and also economically beneficial, the comparison of alternatives
is a decisive factor in decision-making. This chapter will introduce the concept of eco-efficiency as
a method for precisely this comparison. The second part of this chapter discusses the alternatives
competing for technology leadership in the next decade and beyond. Therefore, based on current
literature, the economic and ecologic potential of several vehicle concepts is shown and existing
assessment models and their respective shortcomings are summarized.

2.1 The Concept of Eco-Efficiency

The concept of eco-efficiency emerged during the 1990s and was first mentioned by the World Business
Council on Sustainable Development (WBCSD) as a framework that “brings together the essential
ingredients—economic and environmental progress—which are necessary for economic prosperity to
increase with more efficient use of resources and lower emissions” [24, p. 2]. Because the WBCSD is
rooted in the Earth Summit, it is not surprising that eco-efficiency was created as part of sustainability
assessment. Combining economic and ecologic performance as given in Equation (2.1), the concept
allows reporting and progress tracking for products, geographic regions or processes [24, 42].

Economic value
Environmental impact’

Eco-Efficiency = (2.1)

While this equation clearly shows the basic concept, its concrete application remains vague. As a result,
the chemical group BASF published their approach of an eco-efficiency assessment in 2002, which
became known as the BASF Method [43]. Figure 2.1 shows the initial method, as implemented in DIN
EN ISO 14045 [43, 44]. Saling et al. [43] created a framework that combines a LCA with normalization
and weighting to quantify the environmental impact. In conjunction with the LCA, a customer-oriented
cost assessment represents the economic value. Subsequently, in 2021 the DIN EN ISO 14045 [44]
published guidelines for an eco-efficiency assessment based on the BASF-Method [45].

Since then, eco-efficiency has been applied to different levels and disciplines. For example, Mickwitz
et al. [46] assessed eco-efficiency on a regional level. Their case study on the Finnish region Kymen-
laakso—located close to Helsinki—highlighted the temporal changes of the region regarding economic
and ecologic indicators. They concluded that the tool facilitates (political) decision-making, although
not being a guarantor for sustainable development. Comparing the eco-efficiency of 30 Chinese cities,
Yin et al. [47] support this conclusion. Furthermore, they emphasized the difficulty of interpreting the
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results, if the numerator and denominator of Equation (2.1) are coupled: “The higher the GDP of a city
is, the higher its eco-efficiency but the higher its environmental pollutant emission” [47].

Onat et al. [48] performed a product-related approach analyzing the regionalized eco-efficiency of the
introduction of battery electric passenger vehicles. Despite only including tank-to-wheel emissions and
neglecting alternatives to battery electric vehicles, their approach can be used to derive policy and
investment strategies. Focusing on the product level, Philippot et al. [49] analyzed the eco-efficiency of
lithium-ion battery production. By comparing greenhouse gas emissions and battery pack costs, they
not only estimated the eco-efficiency for different manufacturing countries but also the improvement
associated with progressing manufacturing technology. Their research, thus, provides insights into
the development of lithium-ion batteries and the improvement of eco-efficiency by technological
advancement.

These examples demonstrate the real-world application of eco-efficiency. They are part of a trend
of increasing research on eco-efficiency over the last 20 years [50]. However, John et al. [50] state
that much of the research originates in academia and has little or no connection to industry or policy.
Furthermore, eco-efficiency is mainly used in so-called developed parts of the world.

Huppes and Ishikawa [42, p. 31] state that the availability of data and technology is a common
issue for eco-efficiency implementation. Additionally, the interpretation of the results and derivation
of guidelines, policies, and decisions often requires expert knowledge, which further limits the wide
application. Combined with the generic nature of the WBCSD definition, different approaches and thus
interpretations of eco-efficiency as an indicator emerged [51].

In an earlier work, Huppes and Ishikawa [51] distinguished two types and their respective inverse of
eco-efficiency:

» Environmental productivity and its inverse environmental intensity

» Environmental improvement cost and its inverse environmental cost-effectiveness

This formalization allows the categorization of an eco-efficiency assessment and is, therefore, a
boundary condition for (in)comparability of results. Furthermore, Huppes and Ishikawa [51] discuss
the methodological shortcomings of Equation (2.1) that Yin et al. [47] encountered: In addition to the
simultaneous increase of both equation elements leading to an unchanged overall score, the choice
of reference also plays a role. Depending on the reference, either the denominator, the numerator
or both could experience a sign change (e.g., an alternative has lower costs than the reference) and
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complicate the interpretation of the results. This highlights the importance of transparently selecting
the indicators for economic and ecologic assessment, which will be part of Section 2.1.1 and 2.1.2. In
the same way, the reference choice is crucial, which is why Section 2.2 gives a technological overview
of current and future heavy-duty vehicle technologies.

2.1.1 Economic Dimension

According to the DIN ISO 14045, “monetary value may be expressed in terms of costs, price, willingness
to pay, added value, profit, future investment, etc.” [44, p. 18]. Being more precise, Saling et al. [43]
state that the TCO adequately represents the economic dimension from a customer’s point of view. For
the transport sector, the TCO is the central element and a common choice for economic assessment
[52, p. 19]. Although a large number of other economic parameters (e.g., GDP) can be used in the
context of eco-efficiency [46—48], they are not described here because they are not related to a product
such as a commercial vehicle.

Commercial vehicle TCO typically cover four cost categories [52, p. 74]:
* Variable » Personnel

«  Fixed * Overhead

As part of the fixed costs and in the context of new technologies, vehicle acquisition costs are of special
interest. Because they are difficult to determine, especially when production-ready vehicles are not yet
available, Fries [53, p. 60-62] has developed a component-based manufacturing cost model. On the
one hand, by splitting the model into components, it can represent different vehicle concepts, which
can be used for vehicle concept optimization as presented in previous publications [54, 55]. On the
other hand, changes in costs resulting from technological progress or new energy carriers, for example,
can be easily included. For a detailed description of the remaining (cost)categories, please refer to
chapter four in Wittenbrink’s Transportmanagement [52, p. 73-100] and the previously published life
cycle costing methodology [56].

Without a reference, the TCO does not represent an economic value in the sense of the WBCSD
definition. Therefore, Equation (2.2) introduces the difference ATCO between a reference TCO,..; and
the alternative TCO, to be assessed. The reference’s eco-efficiency is zero, per definition. Thus, the
eco-efficiency improves if the alternative’s costs or its environmental impact decrease. This reasoning
for the use of Equation (2.2) instead of the single TCO is previously published [56]. Consequently, this
definition categorizes as environmental productivity [51] and the obtained scores are interpreted as
“higher is better.”

Economic value := ATCO =TCO,.. s — TCO;. (2.2)

2.1.2 Ecological Dimension

In their description of the BASF Method, Saling et al. [43] introduced a life cycle assessment to quantify
the ecological dimension of eco-efficiency. In their 2020 review of the method, Grosse-Sommer et al.
[57] suggested that the relevance and appropriateness of the impact categories, concerning the studied
system, must be checked carefully. However, Grosse-Sommer et al. [57] still rely on the DIN EN ISO
14040 and 14044, which define the process and the requirements of carrying out a LCA but neither
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the impact categories nor the system boundary to be used [58, 59]. Because of this, Grosse-Sommer
et al. [57] defined the life cycle perspective, starting from raw material extraction, energy use, and
end-of-life treatment, to be used in an eco-efficiency assessment. While the WBCSD did not originally
intend this perspective, it provides a more holistic assessment. Nevertheless, the choice and definition
of the system boundary remain an important aspect of any ecological assessment [60, p. 61f].

The DIN ISO 14040 [58] describes the general approach to carrying out an LCA, which is visualized
in Figure 2.2. The four stages are mandatory to ensure the quality of a LCA and, thus, its results.
Therefore this section describes the stages based on this norm with a special focus on the different
impact categories.

Life Cycle Assessment Framework

Goal and Scope |[-»|
Definition Nl
Ay
Inventory N _
Analysis < Interpretation
iy
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Figure 2.2: The four stages of a life cycle assessment according to the DIN EN ISO 14040 [58].

The first mandatory step of a LCA is the goal and scope definition. Besides the description of the
intended application and audience, the goal and scope definition requires the definition of the studied
systems, the impact categories, and the functional unit.

Special attention is, hereby, given to the functional unit, which provides the reference for the derived
performance characteristics. All subsequent results refer to the functional unit. For example, the
resulting global warming potential is given in kilogram CO, equivalent per functional unit. A typical
functional unit in an automotive context is the number of kilometers during the vehicle lifetime or the
derived per kilometer [61, p. 38, 62]. For commercial vehicles, either one vehicle with a specified
lifetime [63] or tonne-kilometers per vehicle lifetime are typical functional units [64].

The selection of impact categories and associated indicators is part of the scope definition [60, p. 61].
Impact categories are further divided into midpoint and endpoint indicators [60, p. 25, 65, p. 2]. Although
both describe environmental impacts, their interpretation differs largely. The former refers to an amount
of an indicator without quantifying the consequence of this indicator. For example, global warming
potential measured in kg CO, -eq. does not describe climate change, being the consequence of an
increase in greenhouse gas emissions. The temperature increase due to global warming potential
would be attributed to an endpoint indicator, such as ecosystem health.

As Huppes et al. [66] pointed out, the use of endpoint indicators is subject to greater uncertainty
than midpoint indicators. Although sets for endpoint indicators (e.g., ReCiPe2016 model [67]) exist,
they concluded that there is less consensus on endpoint indicators; standardization is non-existent.
Consequently, they are excluded from this work. On midpoint level, however, the International Reference
Life Cycle Data (ILCD), under the coordination of the European Commission (EC) Joint Research
Center (JRC), recommended a set of impact categories [68], which will be described in the next
sections:

10
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* Global warming potential (GWP) » Ecotoxicity

» Acidification potential (AP) » Particulate matter (PM)

* Ozone depletion potential (ODP) * lonizing radiation (IR)

* Photochemical ozone creation po- * Freshwater, marine and terrestrial
tential (POCP) eutrophication potential (EP)

 Cancerous and non-cancerous hu- « Water, mineral, and fossil resource
man toxicity depletion (WD, RD, FD)

Global Warming Potential

Global warming potential is the most prominent example of environmental impact categories. It de-
scribes the effect of greenhouse gases absorbing radiation in the lower and upper atmosphere. This
greenhouse gas effect is one of the key mechanisms of global warming [9]. Besides the well-known car-
bon dioxide (CO,), several other emissions contribute to the greenhouse gas effect and are regulated
in the Kyoto protocol [69]. Carbon-monoxide (CO), methane (CHy,), nitrous oxide (N,O), fluorinated
hydrocarbons, and chlorofluorocarbons are further gasses with similar atmospheric effects. However,
the gases’ different residence times and effectiveness require a normalization that is usually a conver-
sion to carbon-dioxide-equivalent (kg CO, -eq.) and frequently updated due to new scientific evidence.
For example, the GWP of methane, as determined by the IPCC, increased from 21 kg CO, -eq. in
2007 [70, p. 212] to 28 kg CO, -eq. in 2014. It should be noted that methane’s GWP depends on the
observation period. The mentioned values from the Kyoto protocol assume 100 years. If the period is
set to 20 years, the GWP increases to approximately 80 kg CO, -eq. [71, p. 87]. The Greenhouse Gas
Protocol provides a summary of further GWPs [72].

Acidification Potential

Acidification occurs when substances release protons into the ecosystem, causing a decline in the
ecosystem’s acid-neutralizing capacity (i.e., neutralizing hydrogen ions) [60, p. 215]. This local effect
causes limited growth of terrestrial eco-systems and in severe cases, even die-back of forests and
other plants, which could be observed especially in Central Europe and Scandinavia in the 1990s
[73, p. 113]. When anions enter aquatic ecosystems, they cause the extinction of wildlife. However,
acidification also has an effect on buildings and metallic surfaces, which resulted in significant damage
in Europe and North America in the 1980s and 1990s [60, p. 214]. Since nitrogen oxides (NO, )—in
addition to ammonia (NH3) and sulfur dioxide (SO, )—contribute to acidification, they were strictly
regulated. Eventually, this led to the introduction of catalytic converters [74, 75]. In LCA, moles of
charge in mol H*-eq. quantify acidification potential [76].

Ozone Depletion Potential

Stratospheric (i.e., above 15km from the Earth’s surface) ozone protects life on earth from ultraviolet
radiation [77]. On the one hand, ozone depletion describes the general decrease of stratospheric
ozone, and, on the other hand, locally low concentrations, also known as ozone holes. The appearance
of the largest ozone hole over Antarctica in the 1970s, primarily due to chlorofluorocarbon emissions,
led to strict regulations and, as a consequence, to a steady reduction of the ozone hole [60, p. 209].
NASA reported the smallest extension of the antarctic ozone hole in the year 2019 [78]. Apart from crop
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and plankton damage, low stratospheric ozone concentration causes skin cancer and eye cataracts
[79, p. 152]. ODP is commonly measured as equivalent to the refrigerant Trichlorofluoromethane
(CFCl3) in kg CFC-11-eq. [60, p. 213].

Photochemical Ozone Creation Potential

While the concentration of ozone in the stratosphere is essential for protecting life on earth, the
presence of ozone in the troposphere—the lowest Earth’s atmosphere [77]—causes severe health
damage and impacts on vegetation. Ozone as well as other oxygen compounds are highly reactive,
oxidizing organic surfaces. Thus, they can cause damage to respiratory organs and plant surfaces
[60, p. 225]. The main precursors of ozone are nitrous oxides and non-methane volatile organic
compounds that form ozone (O3) under the influence of ultraviolet radiation [60, p. 225]. While ozone
is an invisible gas, its precursors can cause localized fog-like clouds, also known as summer smog
[80]. They are primarily caused by road transportation [60, p. 228]. However, with the introduction of
catalytic converters [74, 75], NO, emissions and, consequently, ozone concentration dropped [81]. In
LCA, POCP is usually measured in kg NMVOC-eq. [82].

Human- and Eco-Toxicity

Due to a large amount of toxic substances, measuring their impact on the environment is challenging.
Therefore, the United Nations Environment Program (UNEP) established a task force in 2005 to
develop a comprehensive model for the toxicity of substances [83]. The USEtox model includes more
than 3000 substances and quantifies their effect on ecosystems and human health [60, 83, p. 805].
Relevant sources for toxic substances are transportation, energy production, and industrial production
[73, p. 146]. Although eco-toxicity is one of the most critically discussed impact categories, the UNEP,
among the European Commission and the US EPA, recommends the USEtox-model [60, p. 236].

To cover the toxic impact on ecosystems, the model converts the substances to comparative toxic unit
(eco-system) (CTUe). The indicator describes the estimated proportion of affected species integrated
over time and volume per emitted kilogram of a chemical [83]. Although there is obviously damage to
other eco-system, USEtox only addresses freshwater ecosystems and neglects maritime and terrestrial
systems [68, p. 82].

Analogously, human toxicity describes the toxicological effects of biological and chemical substances
on humans. Usually, the assessment distinguishes between carcinogenic and non-carcinogenic effects
[60, p. 240] The direct incorporation of the substances into nature as well as the ingestion via air and
food are taken into account [60, p. 238]. The indicator comparative toxic unit (health) follows the same
logic as CTUe and describes the estimated increase in morbidity of the entire population per kilogram
of a chemical emitted [83].

Particulate Matter and Respiratory Inorganics

This indicator summarizes aerosols, causing damage to human health. These aerosols result directly
from fine PM emissions (primary), but also chemical reactions with precursors (secondary) such as
NO,, NH3, and SO,. Primary and secondary PM emissions cause damage to respiratory organs, which
is why respiratory inorganics are used as a synonym. The smaller PM, s emissions are even respirable.
Major PM sources include road transportation, power plants, agriculture, and solid fuels (e.g., firewood)
[60, p. 241f]. Although not commonly addressed in LCA studies [84], PM “is considered to be one of
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the most important [...] global human disease burden[s]’ [85, p. 2]. At the midpoint level, the indicator
is measured in kg PM, s-eq., while Fantke et al. [85] developed a model, directly measuring human
disease incidents at the endpoint level, whereby the smaller, respirable PM, 5 emissions contribute
more than PMyj.

lonizing Radiation

The radioactive decay of certain radioactive elements causes ionizing radiation (IR) in the form of
gamma-rays. Because gamma rays carry high amounts of energy, they can remove electrons from the
outer atom orbital. If exposed to this radiation, living organisms can suffer severe damage to the atoms
of DNA and, thus, changes in the genetic code, eventually developing cancer [86, 87]. Man-made
sources of radiation are—apart from nuclear power plants—mining activities for phosphate rock or
coal extraction, and extraction of fossil oil and gas resources. Besides direct exposure due to airborne
radionuclide emissions, ingestion of irrigated plants or animals, or inhalation of radioactive particles
causes internal exposure to IR [86]. At the midpoint level, IR is measured in units of radioactive decay
equivalent to the isotope Uranium 235 (kBq?3> U-eq.). Although it can cause severe damage to living
organisms, IR is seldomly discussed in LCA studies [84].

Aquatic and Terrestrial Eutrophication

Eutrophication describes the excessive release of nutrients into the ecosystem and is commonly
divided into aquatic (freshwater and marine) and terrestrial. Large amounts of nutrients, such as
nitrogen and phosphor, result in oxygen-intense algae growth that eventually causes hypoxic lakes,
rivers or seas. This low oxygen saturation causes a decrease in water quality and ultimately the death
of flora and fauna [88]. That is why in the 1970s there was talk of the “slow suffocation of lakes” [60,
p. 219]. While the damage was concentrated in coastal areas, lakes, and rivers in the 1970s and
1980s, the effects now also become present in continental seas, such as the Baltic sea, the East China
Sea or the Gulf of Mexico [88]. Agriculture and the associated use of fertilizers are considered one of
the main sources of phosphor and nitrogen, among fuel combustion and municipal sewage [88, 89].

While the input of fertilizers into water bodies predominantly causes aquatic eutrophication, dispersal
via the air also affects terrestrial systems. Agriculture is also the main polluter here, even though
the industry is directly affected by reduced yields of crops due to eutrophication. Although the EEA
reported decreasing nitrogen concentrations in the European soil between 2000 and 2010, the agency
lists terrestrial eutrophication as a priority objective “to protect, conserve and enhance the Union’s
natural capital” [89, p. 5].

The ILCD measures EP in phosphor or nitrogen equivalents. The unit kg P-eq. or mol P-eq. is used for
freshwater and terrestrial eutrophication, respectively. Over this, marine eutrophication is measured in
kg N-eq, taking the prevailing mechanism in each case into account [82, p. 16].

Fossil and Mineral Resource Depletion

Resource depletion (RD) or fossil resource depletion (FD) is a measure of resource scarcity in
particular concerning future generations [90]. The models distinguish between fossil and abiotic or
mineral resource consumption depending on the extracted elements. In contrast to the other impact
categories, resource depletion has no direct effect on ecosystems [60, p. 259] but can be regarded as
a “recognizable value for society” [91]. It is, therefore, desirable to limit the use and, thus, the loss
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of resources. Hauschild et al. [60, p. 259] distinguish consumptive and dispersive use: On the hand,
the former describes the conversion of a resource to an unusable form. An example is the conversion
of fossil fuels into carbon dioxide and water. On the other hand, dispersive resource use does not
lose the resource per se but converts it into a less accessible form. Many metals fall into this category.
“‘However, it is arguable whether resource availability is an environmental or economic issue and
whether this should be subject to characterization models” [90].

Water Use

The global water cycle is closed, which is why water—as a renewable resource—does not deplete in
the same way as fossil and mineral resources do. Due to precipitation and subsequent evaporation,
approximately two-thirds of the global water are not accessible for human use. Only 3 % of the remaining
amount is currently used by humanity, dominantly in agriculture (2.1 %) [60, p.251]. This means that
water is sufficiently available on a global scale [60, p. 251]. Because water availability greatly varies
geographically and seasonally, causing local water scarcity and complicating its assessment [92].

The example of lithium mining illustrates the difficulties of addressing environmental issues associated
with water depletion (WD). As a key resource for automotive battery production, the demand for lithium
strongly increased during the last decade [93, 94]. The application of lithium-ion batteries currently
focuses on industrialized nations [94—96] of which most have a low or moderate water scarcity [92].
While this fosters the transition to renewable energy and, consequently, mitigates climate change in
certain regions (e.g., USA, EU, China), mining activities cause water depletion or pollution in other
regions. For example, about one-third of global lithium comes from the Atacama Desert, which has
one of the world’s highest water scarcity ratings [95].

Common LCA approaches assess WD by the absolute water consumption in m® or a water scarcity
indicator as a fraction of consumption and availability [60, p. 251, 97, p. 156]. Frischknecht et al. [97],
therefore, differentiate between six different scarcity levels: low, moderate, medium, high, very high and
extreme. However, Schomberg et al. [95] argue that current LCA approaches lack the capability to fully
account for regionalization. Consequently, supply chains, such as those of lithium-ion batteries, are not
adequately represented. It becomes evident that there is still a missing consensus on the assessment
of WD in LCA in the scientific community, despite the high importance of the impact category [60,
p. 256, 92, 95].

Land Use

In LCA, land use describes anthropogenic actions that change the natural soil area in a specific region.
Examples of land use or land cover are agriculture, infrastructure or open-pit mining [60, p. 245].
Environmental impacts include climate change, loss of biodiversity, and soil erosion [60, p. 248]. On
the one hand, double accounting of environmental impacts must be avoided. Because direct emissions
to the soil are covered by other categories (e.g., EP or eco-toxicity), they are not covered by land use.
On the other hand, the severe and far-reaching direct effects of land use are hard to determine and
still not well understood. For example, the loss of biodiversity due to the clearing of rainforests has
many different, interrelated reasons: machine use, deforestation, and pesticides to name a few. It is
impossible to know how much a single reason contributes to the overall biodiversity loss [60, p. 251].
Furthermore, the ecological consequences depend on the region. The severity of deforestation in
Europe, for example, has a smaller impact on species loss than the same amount of deforestation in
the Brazilian rainforest [60, p. 247f]. Frischknecht et al. [97, p. 149f] proposed a model to measure land
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use as the annual conversion of land in km?/a. However, this is no direct measure of environmental
impact and as data is scarce, further research is required to comprehensively include land use in LCA
[98]. For this reason, data on land use is not included in the 2017 database version available for this
research and is consequently excluded from this study.

Other Impact Categories

Apart from the impact categories included in the ILCD system, a variety of other impact categories
exist. The JRC [68, p. 101] lists seven further categories that are excluded from their recommendations
due to at least one of three reasons:

* No inventory data available.
* No characterization factor (i.e., model) available.

* No consensus on the characterization.

Among the categories are noise, accidents (e.g., oil spills or chemical accidents), and erosion [68,
p. 101-105]. However, their exclusion from the ILCD recommendation does not reduce their potential
severity, and they should be included depending on the goal of the study, as Guineé argues [99].

Inventory Analysis

After finishing the goal and scope definition, the product or system-specific data must be collected [60,
p. 61, 58, p. 26]. The inventory analysis describes all relevant processes and material flows associated
with the studied product system. This complexity often results in the use of generic data from databases
[60, p. 61]. The result of the inventory analysis is a life cycle inventory (LCI), which quantifies all physical
elementary flows (materials, energy, emissions) necessary to yield the functional unit. For heavy-duty
vehicles, this step was performed in a previous publication [100], which is summarized in Section 4.2.1.

2.1.3 Impact Assessment and Interpretation

The impact assessment and subsequent interpretation are the final steps of a LCA. Both steps require
a model of all relevant processes and material flows that were defined during the goal and scope
definition and the inventory analysis. Typically a LCA software is used for building this model. In this
model, the relevant elementary flows of the product system are reproduced and their corresponding
characterizations are mapped with regard to the impact categories and the respective impact scores
IS [60, p. 63]. The model that forms the basis of this thesis is described in Section 4.2. Although being
an optional aspect of a LCA, the normalization and weighting of impact categories is an essential
aspect of an eco-efficiency assessment [43, 44]. Therefore, their theoretical foundations are explained
in the following.

Normalization of Environmental Impacts

Normalization places the environmental impact obtained in both a geographic and temporal reference
[101, p. 12]. Saling et al. [43] used a comparative normalization approach, where the least favorable
(technical) alternative was awarded a value of 7, while 1 was the most favorable. In 2017, Pizzol et al.
[102] surveyed 216 LCA practitioners, showing that enhanced communication is the most common
motive for using both, normalization and weighting, which corresponds well to the idea of the BASF
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Method [43]. However, they point out that these two steps increase perceived uncertainty, which is
why further research is required to enhance these methods.

For this, the EC JRC coordinated European research to develop a harmonized methodology to be
used at the European level for interpreting LCA results and ultimately for improving decision-making
[101]. As a result, Sala et al. [82] presented a comprehensive set of normalization factors n,, after
reviewing and rating existing approaches regarding their completeness, consistency, and robustness.

Their findings were further refined [82, 103, 104] and the obtained normalization factors (NFs) are
shown in Table 2.1. As part of this process, Sala et al. [82, p. 26] put the obtained normalization factors
into relation to planetary boundaries, which estimate the threshold for irreversible environmental
consequences for each ILCD impact category. They concluded that global normalization factors are
more robust and transparent than regional ones (e.g., Europe or per-person) [82, p. 71], which are,
thus, not part of this study. The global NFs presented in the 2018 JRC report to the EC represent the
most up-to-date set and are, therefore, considered for the presented approach [104]. Additionally, the
characterization factor for PM changed from kg PM, s-eq. to disease incidents. Because the latter was
not available in the LCA software, the older NF had to be used to provide consistent results [82].

Table 2.1:  The set of normalization factors presented by the JRC considers the impact categories recommended
by the ILCD. The reference year for all shown regions is 2010. Except for PM, all factors are from
the 2018 report representing the most recent version [104]. The values for PM are from the 2016
version [82] to sustain consistency with the LCA software, because the characterization changed
from kg PM, s-eq. to disease incidents.

Impact Category Unit Global Europe Person (EU)
GWP kg CO,-eq. 535x10" 4.60x10" 9.22x10°
AP mol H*-eq. 3.83x10" 2.36x10" 4.30x 10’
Ecotoxicity CTUe 8.15x 10" 4.46x10'> 8.94x10°
EP freshwater kg P-eq. 506x10° 8.44x10° 1.69x10'
EP marine kg N-eq. 1.95x10"™  7.41x10® 148

EP terrestrial mol N-eq. 1.22x10” 8.76x10"0 1.76 x 10?
Human toxicity, cancer CTUh 266%x10°5 1.88x10* 3.77x10°°
Human toxicity, non-cancer CTUh 327x10% 269x10°5 539x10™
IR kBq?®U-eq. 2.04%x10"2% 564x10" 1.13x10°
ODP kg CFC-11-eq. 1.61x 108 1.08 x 107 2.16 x 1072
PM kgPM,s-eq.  6.86x10' 1.90x10° 3.80
POCP kgNMVOC-eq. 2.80x10"™ 1.58x10" 3.17 x 10"
WD m?® water-eq. 7.91x10"  4.06x10" 8.14 x 10"
RD, mineral kg Sb-eq. 3.99 x 108 5.03 x 107 1.01x 107"
RD, fossil MJ 450x10" n.a. n.a.

Land use pt 1.98x10® 3.78x10" 7.58 x 10*

Weighting of Environmental Impacts

In their original approach, Saling et al. [43] used the weighting to “develop[ed] a method whereby the
ecological parameters are combined and ultimately plotted as a single point in a coordinate system.”
Consequently, they applied a weighting scheme to obtain a single score. While their description
remained vague, this topic was also discussed in several JRC reports [65, 82, 104] and accompanying
research [102, 103, 105].
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Weighting reflects the relative importance of an impact category and requires prior normalization [60,
p. 192]. In the following, the resulting single score as given by Equation (2.3) is called Environmental
Impact Index (EIll):

IS
Environmental Impact Index:=Ell = > w.— , Vc<€[1,Ilmpact Categories]. (2.3)
C

C
nC
While the equation remains equal for different weighting approaches, the determination of the weighting

factors w, differs. In their review, Pizzol et al. [102] identified three (scientific) options for obtaining
weighting factors:

» Distance-to-target
* Panel weighting

* Monetization

A distance-to-target approach ranks the impact categories according to their distance to either a
policy or planetary-boundary-based target value [102, 104, p. 4]. An early example is the weighting
set proposed by Hauschild and Potting [106] in 2005 that translates reduction goals for specific
substances into weights for impact categories. Castellani et al. [105] applied a similar approach with a
focus on European targets and policies to derive normalization factors for Europe and the year 2020.
Their publication represents one of the most recent, policy-based distance-to-target weighting sets.
In contrast, Tuomisto et al. [107] proposed a weighting approach taking the distance to planetary
boundaries into consideration. Their approach was further developed by Bjgrn and Hauschild [108].
Huppes et al. [66] used a meta-model to combine three weighting approaches into a single score.
While this approach incorporates multiple perspectives, its interpretation becomes more complex
[104, p. 59] and, thus, contradicts the purpose of weighting. Implemented in the ReCiPe model by
Hujgbregts et al. [67], Ponsioen and Goedkoop [109] proposed the conversion of mid- to endpoint
weighting factors published in the JRC report [104, p. 127]. Table 2.2 summarizes these weighting
approaches.

Table 2.2: The summary of environmental impact weighting methods and the respective scope shows the
recently increasing attention to panel or mixed approaches [66, 105—109]. This trend can be attributed
as a result of missing consensus on distance-to-target based methods as described in the JRC
report [104].

Author Year Indicator Method Scope

Hauschild & Potting 2005 Mid-point  Distance-to-target Global

Tuomisto et al. 2012 Mid-point  Distance-to-target Global, Europe
Huppes et al. 2012 Mid-point  Meta model Europe
Bjorn & Hauschild 2015 Mid-point  Distance-to-target Global
Ponsioen & Goedkoop 2015 End-Point Panel Global, Europe
Castellani et al. 2016 Mid-point  Distance-to-target Europe
Sala et al. 2018 Mid-Point  Mixed Global, Europe

As these examples illustrate, a variety of weighting approaches exist and, as Table 2.3 shows, their
ranking of impact categories differs broadly. For example, climate change is weighted between 2 %
and 44 %, and ionizing radiation is only included in 4 out of 9 weighting sets. To create an appropriate
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weighting set at the European level, the JRC organized an expert workshop in 2015—in which many
of the previously mentioned authors participated—and evaluated available weighting approaches.
Because they discussed scientifically based distance-to-target methods with an extensive expert panel,
their approach categorizes as hybrid or mixed and provides the most recent and comprehensive
weighting set. The resulting weighting set (Table 2.3, right column) was published by Sala et al. [104]
and, subsequently, became part of the European Environmental Footprint method—a guideline for
policy-making [110, p. 105].

Table 2.3: The summary of the weighting sets assessed and presented by the JRC shows the differences
in the weighting as well as the number of considered impact categories [104]. For this work, the
JRC weighting set is used (marked as bold). All values are given in %. Some categories are not
considered by all weightings sets (marked as -). Differences to 100 % are due to rounding errors.

T S s s

2 2 T = © 2 .
Impact Category (=C“ E % g § g B § % g

g5 23 0t oef g8 & & =

3¢ 88 2 2ad @ & 2 &
GWP 71 54 10 25 26 443 232 210
AP 7.2 5.5 8 1 1 - 4.2 6.2
Ecotoxicity 6.1 5.1 - 2 - - 109 1.9
EP freshwater 6.2 4.7 7 9 2 - 2.3 2.8
EP marine 6.9 5.2 28 1 - 23 3.0
EP terrestrial 7.0 5.3 28 1 - - 2.3 3.7
Human toxicity, cancer 6.9 5.2 - - - 1.4 6.5 21
Human toxicity, non-cancer 6.2 4.7 - - - 4.3 4.1 1.8
IR 6.1 4.6 - - - 0.3 6.5 5.0
ODP 6.4 49 8 1 2 - 3.6 6.3
PM 7.4 5.6 - - - 8.0 6.6 9.0
POCP 7.8 5.9 - 34 48 - 5.4 438
WD 6.1 29.6 5 1 4 3.2 5.1 8.5
RD and FD* 6.1 3.0 - - - 19.0 6.9 159
Land Use’ 6.4 5.3 6 25 16 19.0 10.2 8.3

* Weighting sets do not distinguish types of resource depletion

" not included in the ILCD recommendations

Monetization methods rank environmental impact based on some economic value. Examples are
estimations of a certain stakeholder’s willingness or ability to pay for a specific environmental damage
[104, p. 8]. Furthermore, abatement or mitigation costs can serve as a ranking. Although addressed in
the report, Sala et al. [104, p. 53] conclude that monetization methods are not compatible with midpoint
assessment and thus the ILCD recommended impact categories. Consequently, these methods are
excluded in this work and reference is made to the JRC Report for further information [104].

2.2 Application to Freight Transport

A LCA models the life cycle of a defined product or system. As shown in the introduction, commercial
vehicles, and heavy-duty vehicles, in particular, play a key role in the transformation of the transport
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sector. Therefore, this section defines the general terminology and the requirements for heavy-duty
vehicles, as the product is assessed. Furthermore, the underlying technological principles of each
vehicle concept are summarized to provide a better understanding of the obtained results. Additionally,
the state of science regarding the economic and ecological potential of heavy-duty vehicle concepts is
presented. The section is structured by the vehicle concepts and their respective source of energy:

» Diesel as the reference, and alternative or synthetic fuels
* Hybrid (HET) and overhead catenary (OBET) powered trucks
» Battery electric trucks (BETS)

» Hydrogen-powered vehicles, including fuel cell trucks (FCET) and hydrogen internal
combustion engine trucks (HICET)

Commercial vehicles are defined as vehicles for transporting goods (trucks) and people (buses).
Trucks are further categorized by gross combination weight (GCW), vehicle concept, and purpose [111,
p. 24-26, 112, p. 57, 113]. Regarding vehicle weight, three general categories exist: light, medium, and
heavy-duty vehicles. However, the associated gross vehicle weight (GVW) varies depending on the
country or source. The European legislation 2007/46/EG [114] distinguishes between vehicles lighter
than 3.5t (light-duty), between 3.5t and 12t (medium-duty), and above 12t (heavy-duty). In the course
of the introduction of CO, limits for heavy commercial vehicles in 2019, the regulation 2019/1242 [40]
distinguishes by vehicle concept (axle configuration, cab type, and engine power) in addition to weight.
The subgroup LH5 describes 4x2 tractors with a GCW above 16t and is the most frequent (68 %)
among nine subgroups [115], which are given in Appendix A. For this reason, in this work, the term
heavy-duty refers to the vehicle with a GCW above 16t, which includes the subgroups LH4, LH5, LH9,
and LH10. Combined they comprise 84 % of all vehicles and all long-haul applications with a typical
daily distance greater than 150 km [115, 116]. Mustafi¢ [117] summarizes further legal requirements
on the vehicle concepts.

Besides weight, mileage is an important characteristic of heavy-duty vehicles. As Figure 2.3a (a) shows,
the average heavy-duty vehicle drives 120 000 km/a [118]. However, mileages above 150 000 km/a are
rarely achieved. Due to their high mileage, the fuel consumption of heavy-duty vehicles is traditionally an
important design objective. Besides that, general requirements for heavy-duty vehicles are discussed
in previous publications [35, 100] and summarized as follows:

» Low total cost of ownership

» Sufficient payload or useful volume

» Sufficient range

* Low environmental impact (e.g., air and noise emissions)

+ Safety

* Reliability

* Legal requirements (e.g., dimensions, GCW, and axle load)

From a customer perspective, range and payload are of special interest. Both can be regarded as a
lower boundary that may lead to a decision being made for or against a particular vehicle. Gnann et al.
[118] analyzed the daily ranges for heavy-duty vehicles. They found that, on average, vehicles travel
approximately 400 km/d (Figure 2.3b). However, the daily distance follows a Gaussian distribution,
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Figure 2.3: The data (n=1018 vehicles) highlights the importance of low fuel consumption due to high mileages
(a) that require daily ranges of 400 km/d to 600 km/d (b). Different data sets from 2010 for heavy-
duty vehicles (=——; n=1018 vehicles) and 2016 for long-haul vehicles (===; n=51 trips) show a
trend to slightly shorter ranges. For long-haul applications, the payload (= = = ) shows a uniform
distribution with an average of 13.6t (n=264 trips) [118, 53, p. 35, 119, p. 79].

which means that a range of 658 km/d is sufficient for 80 % of the vehicles. The data collected by Fries
et al. [53] focuses on long-haul vehicles, but yields similar results. The data’s average is at 495 km/d,
while 80 % require less than 617 km/d. Consequently, a range of 400 km/d to 600 km/d imposes the
lower boundary for current long-haul vehicles and the corresponding purchase decisions.

In contrast, the payload distribution (Figure 2.3c) obtained by Sifmann [119, p. 79] shows a uniform
distribution and, accordingly, a linear, cumulative course. The average payload is at 13.6t, which is
comparable to the estimated payload for automotive goods by Fries et al. [53, p. 35] of 12t to 13t.
However, the current EU certification tool VECTO uses a higher payload of 19.3t. Apart from the
absolute payload, the payload ratio can be used to compare different vehicle concepts. It is defined
as the ratio of the maximum payload—depending on the allowed GVW—and empty vehicle weight
(Equation (2.4) [111, p. 158f]:

G* = Mpayload,max . GVWmaX — Myeh. empty
p - - .

mveh.,empty

(2.4)

mveh.,empty

The question remains how these requirements can be fulfilled while reducing the overall environmental
impact. The application of an eco-efficiency assessment can do just that: Combining economic with
ecological objectives, it becomes possible to analyze different alternatives with regard to these objec-
tives. Subsequent optimization minimizes costs and environmental impact, establishing eco-efficiency
as an ideal concept to facilitate the cost-efficient transition to road transport’s low environmental impact.

Currently, there is a variety of alternatives aiming to achieve this goal. To give an overview of tech-
nologies, existing on the market, Bstieler [120] carried out a benchmark analysis. As a result, the
morphological box presented in Figure 2.4 shows that European manufacturers focus on BETs, over-
head catenary battery electric trucks (OBETs), and fuel cell electric trucks (FCETS).

It can also be seen that the alternatives differ strongly in the extent to which the requirements are
met. Additionally, it becomes evident, that there is no common trend, incorporated by the OEMs. None
of the shown vehicles excel prototypes or even the concept phase, no operating costs are available.
Consequently, the following section will give a comprehensive overview of zero or near-zero-emissions
technologies for heavy-duty vehicles. Besides the technological basics, a literature review assesses
the economic and environmental potential.
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Manufacturer E-Force DAF Daimler Scania Reference
®
Model ER18 CF Electric Gen H2 R450 Hybrid EURO VI
Powertrain B'v\ HICE FCEV oc ICE
Payload Ratio <1,1 1,2 1,3 m)& ‘ 1,6 57 ‘ 1,8 1.9 ‘ >2
Dual ?u(fm/ Cenptral, Distributed, eAxle, Central,
Topology multiple gears| fixed gear fixed gear fixed,gear | mutliple gears
Range in km 20 400-599 600-799 8002999 >1000
Charging Power in kW 150 360 500 >4000
Hydrogen, Hydrogen, Hydrogen; pe
Energy Storage Bat@®ries 350 bar 700bar liquid Dicsel

Figure 2.4: The morphological box of current zero-emission prototype vehicles shows that there is no clear trend
regarding the technologies. Neither the energy carrier nor corresponding storage nor powertrain
topology is currently determined. However, the payload ratio increases from BET over FCET to
diesel vehicles.

2.3 Alternative Powertrains for Heavy-Duty Vehicles

Although 97 %, diesel combustion engines dominate the transport sector [121], alternative powertrains
have already been investigated in the past. Gaines et al. [122] performed the first published LCA
for heavy-duty vehicles in 1998, comparing the environmental life-cycle impact of liquid natural gas
(LNG) with conventional diesel. Although they concluded that LNG neither reduces energy demand nor
greenhouse gases (GHGs), the technology currently experiences an upswing. In 2020, for example,
90 % of newly registered heavy trucks in Germany that do not run on diesel were powered by natural
gas [123]. The reason for this is the lower fuel consumption (-22 % to —-28 %) and, consequently,
potential tank-to-wheel CO, savings between 12 % and 29 % [53, p. 93, 124]. However, compared
to diesel sales, the total number of vehicles remains low: 201 LNG trucks and 18 BET compared to
128 814 diesel vehicles.

Yet LNG is not without controversy. Mottschall et al. [125, p. 7] concluded that LNG “is not a suitable
measure for climate protection in road freight transport” because of extensive well-to-tank emissions.
Similarly, Fries [53, p. 83f] showed marginal CO, reduction between 3 % and 5 % compared to diesel if
methane slip (unburned fuel escaping the engine) is considered. Sen et al. [126] even showed increas-
ing well-to-wheel emissions for compressed natural gas (CNG) vehicles used for road-transportation
due to additional fuel production (GHG: 33 %; Pollutants: 200 %). However, there might be a cost
reduction potential by using natural gas, which is not quantified in more detail due to model uncertainties
Fries [53, p. 83f] estimated cost savings between 8 % and 9 % for LNG vehicles. In contrast, Gnann et
al. [118] forecasted a cost increase of LNG vehicles of 5 % to 12 % depending on vehicle mileage.

Nevertheless, LNG can contribute to GHG reduction if biogas or synthetic gas are considered. The
former requires the planting of bioenergy crops, which “impedes the achievement of numerous Sus-
tainable Development Goals” [127, p. 18], as stated in the joint IPBES and IPCC report on biodiversity
and climate change. To be climate-positive, the latter has the same requirements for green energy as
synthetic diesel, including a similar production process. Consequently, this work assumes these two
options interchangeably. For these reasons, LNG is not regarded as an option for improving long-haul
transport eco-efficiency and, consequently, is excluded from this study.
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Apart from that, several non-gas-powered alternative powertrains exist. In the context of GHG emission
reduction targets, Kirchner et al. [128] estimated the potential of reducing German GHG emissions by
transitioning to alternative powertrains in heavy-duty vehicles at 20 % to 23 %. This study provides the
basis for the German National Platform Mobility’s (Ger.: Nationale Plattform Zukunft der Mobilitat—a
commission set up by the German Ministry of Transport) roadmap on the transition to zero-emission
transportation [129]. As Prognos et al. [130] concluded, electrification will play a key role in that
transition. Electrification with overhead catenary, battery, or hydrogen fuel cell electric trucks of 27 %
by 2030 and 78 % by 2050 is required to achieve the goals set by the Paris Agreement [130, p. 23].
These vehicle concepts will be discussed in the subsequent chapters.

2.3.1 Diesel, Bio and Synthetic-Fuel-Powered Trucks

The diesel tractor, as depicted in Figure 2.5, is a state-of-the-art vehicle and provides the reference for
further studies. These rear-driven vehicles are equipped with an internal combustion engine (ICE),
mounted in the front of the vehicle underneath the driver’s cab. Apart from the shown 4x2 configuration
(5-LH), 6x2 (10-LH) axle configurations with an additional rear axle are common on European roads.
For a detailed description of the structure and the components independent of the drivetrain, refer to
the previous publication [100].

Radiator & Fan

Diesel Combustion Engine

Air Compressor

/% AdBlue Tank

m ) Transmission

Exhaust System

Diesel Tank

Figure 2.5: Isometric view of a diesel ICE heavy-duty vehicle package. The European cab-over-engine results
in a short front overhang and a short wheelbase. Two diesel tanks mounted outside the frame hold
up to 1200 L. Additionally, the exhaust treatment system including the AdBlue tank is mounted on
the sides. The powertrain sits between the two side members [120, 112, p. 17].

The European tank-to-wheel reduction targets practically do not allow conventional diesel as future
energy for transportation and, thus, in its current form, synthetic or biofuels either. The former refers
to fuels produced by synthetic processes using raw materials and energy. For example, hydrogen is
first obtained by electrolysis, which is then processed into liquid fuel by Fischer-Tropsch synthesis. If
carbon is extracted from the air via direct air capture, these fuels are climate-neutral. Because the
CO, emitted during combustion was extracted from the air before. Biofuels are also climate-neutral
[131, 132]. Because they are processed from biomass (e.g., plants), which captured carbon during
their life, they also emit the same amount of CO, during combustion. The complete processes are
complex and not within the scope of this study. Therefore, refer to Schmidt et al. [131, p. 65-99] and
the Agora study [132, p. 61-76] for further information.
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Studies addressing either economic, ecological or both potentials of synthetic fuels are summarized
in the following. Gaines et al. [122] pointed out that synthetic fuels could be benéeficial if the overall
process efficiency improves. Since then, several studies addressed this. First of all, den Boer et al.
[133] forecasted a stagnation of costs for fossil diesel (-3 % to 5 %) until 2030 compared to 2012 levels.
However, new regulations such as Germany’s carbon tax and EU GHG reduction targets, influencing
the retail price were neither included nor foreseen.

Schmidt et al. [131] compared the well-to-tank greenhouse gas emissions, energy demand, and costs
of synthetic fuels with those of hydrogen or battery electric vehicles. They estimated that synthetic
fuel pathways—also known as power-to-x (PTX)—increase costs per kilometer for passenger cars by
a factor of 3 to 5 in an optimistic scenario for the year 2050. Among the pathways, the direct use of
hydrogen has the lowest CO, mitigation costs. The study only mentions internal combustion engine
truck (ICET) and FCET as alternatives for long-haul transportation but quantifies neither their economic
nor environmental potential.

Schmied et al. [134] analyzed the PTX and biofuel potential for the cross-modal transformation of
national traffic with regard to the Paris Climate Agreement. With costs of 0.45 EUR/km to 0.65 EUR/km,
they estimated the total costs for vehicles operated with PTX 13 % to 27 % higher than those operated
with fossil diesel (0.40 EUR/km to 0.51 EUR/km) [134, p. 66]. They concluded that fuel cells are better
in costs and GHG emissions than PTX and biofuels [134, p. 67]. Furthermore, they highlighted the
limited availability of biofuels. Without extending first-generation bio-fuels, second-generation bio-fuels
could supply 10 % of global transportation energy demand by 2050. However, this covers either air or
sea transport [134, p. 51f]. Thus, the application for road transport is limited.

The primary reason for this cost increase was pointed out by Agora [132], who indicated the low well-to-
wheel efficiency of power-to-liquid fuels. The fuel production has an efficiency of 44 % (well-to-pump)
that equals approximately 17 % well-to-wheel for heavy-duty diesel engines [132, p. 12]. Consequently,
the production plants must have a high proportion of full load hours [132, p. 34] to be profitable and
use atmospheric carbon dioxide to achieve climate neutrality [132, p. 30]. Compared to fossil oil, they
forecast a cost increase of 400 % to 600 % during the ramp-up-phase (2020 onward) and 100 % in
2030, if extensive production capacities (globally >100 GW) are achieved. Consequently, the study
concluded that synthetic fuels (liquid or hydrogen) should only be applied where direct electrification
is not possible—long-haul transport being none of the applications [132, p. 12]. Ueckerdt et al. [135]
backed up this finding, concluding that PTX fuels have high climate mitigation costs and “should be
prioritized for sectors inaccessible to direct electrification.” Nevertheless, PTX pathways are subject to
great uncertainties, Ueckerdt et al. [135] left their assessment ambiguous. Six years earlier, Fulton et
al. [136] also found no clear advantage of any technology, which underlines the process complexity,
the associated uncertainties, and the potential risks.

2.3.2 Battery Electric Trucks

While bio and synthetic fuels both use the same vehicle setup as fossil diesel, a battery electric truck
requires major changes to the vehicle components and package. As Figure 2.6 shows, the ladder
frame with two side members remains unchanged. Because the electric powertrain can be built more
compact, battery capacity utilizes the remaining space. Besides the powertrain, components such as
the air compressor must be adopted from the ICET, ensuring compatibility with the pneumatic braking
system of the vehicle and the trailer. A previous publication summarizes the similarities and differences
between battery electric truck concepts and diesel-powered concepts [100]. Apart from the wheel-
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independent hub motor concept shown in Figure 2.6, other vehicle architectures exist (Appendix B). A
basic distinction can be made between central and wheel-independent drive. Furthermore, a central
drive can be rigidly coupled to the drive axle or decoupled, as is the case with the diesel engine.
Regardless of the engine position, direct-drive or shiftable transmissions can be used. The topologies
efficiencies were discussed by Verbruggen et al. [137] and in a previously published simulative case
study [138]. While Verbruggen et al. [137] found that a wheel-independent topology with a two-speed
gearbox achieves the highest efficiency, the case study of current vehicles and prototypes shows
that a central, direct-drive topology has the best efficiency [138]. These contradicting results highlight
the necessity of comprehensive powertrain optimization and the need for further research. However,
throughout this study, the central topology will be used for BET.

Radiator & Fan

Air Compressor

Power Electronics

Battery Modules

Electric Machine (Hub)

Figure 2.6: Isometric view of a battery electric heavy-duty vehicle package. The high-energy battery, the electric
machine, and the power electronics are integrated into the frame and in the space freed up by
the elimination of the conventional drivetrain. The auxiliary consumers (air compressor), the fan
and the radiator remain, although the fan and radiator can be dimensioned smaller. The depicted
maximum utilization of the package space results in a range of approximately 500 km to 600 km
[120].

Although the efficiency of a battery electric truck is unbeaten, studies before 2017 did not consider
them an option for long-haul transportation [124, 131, 133, 134, 136, 139-142]. For example, Den Boer
et al. [133] estimated comparatively high costs between 1.12 EUR/km and 1.26 EUR/km for battery
electric, regional delivery trucks in the year 2020. Due to the battery weight and the limited range, Den
Boer et al. [133] did not consider BET an option for long-haul transport. However, it was not before the
presentation of the battery electric Tesla Semi truck in 2017 [143], when BET received greater public
attention for heavy-duty transport.

In 2017, Sen et al. [126] performed a simplified life cycle costing (LCC) and a LCA comparing diesel,
hybrid electric truck (HET), CNG and BET long-haul trucks. They conclude that BET decrease costs
by 16 % and 26 % compared to fossil diesel, while simultaneously reducing GHG emission by 16 %
and air pollutants by 50 %. The BET outperformed all other vehicle concepts in their study.

Mareev et al. [144] indicated the energy consumption, including an 845 kWh battery, between 1.23 kW h/km
and 1.94 kW h/km, which is 2.5 times more efficient than a diesel engine. Nevertheless, the battery
weight reduces the maximum payload by 20 %. This might be acceptable given that most trucks only
utilize about 70 % of their payload [144], and that “[T]the total life cycle costs show that battery electric
trucks can perform at the level of the same costs as the conventional diesel trucks. However, the life
cycle costs show also high dependency on battery lifetime and resulting battery exchanges” [144].
The study estimated the TCO between 0.69 EUR/km and 0.81 EUR/km, assuming battery pack costs
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of 140 EUR/KWHh, electricity costs of 0.139 EUR/kW, and (net) diesel costs of 0.949 EUR/L [144]. A
subsequent publication further specified the TCO at 0.76 EUR/km [145].

This conclusion is supported by Gnann et al. [118], who showed cost parity for BET in 2030 with
costs between -5 % and 2 % compared to diesel (0.65 EUR/km to 0.843 EUR/km). Gnann et al. [118]
assume battery pack costs of 186 EUR/kWh, electricity costs of 0.16 EUR/kW, and diesel costs of
1.53 EURIL, which is comparable to but less optimistic than the assumptions of Mareev et al. [144,
145]. Furthermore, they calculated CO, reductions of approximately 69 %. Hall and Lutsey [146] from
the International Council on Clean Transportation also predicted the cost parity of electrified heavy-duty
vehicles in the current decade. However, if infrastructure costs are included TCO could increase by
10 % in 2025 and 7 % in 2030 [146, p. 20].

2.3.3 Hybrid and Overhead Catenary Trucks

A hybrid powertrain consists of at least two energy converters and carriers [147, p. 4]. Typically these
are an ICE with fuel as a chemical energy carrier combined with an electric machine and a battery.
However, hydrogen fuel cell systems share these characteristics and can be referred to as HET.
Combining two powertrains creates several degrees of freedom that save energy if designed optimally.

According to Fries [53, p. 12], the P2-hybrid topology has the biggest (economic) potential for long-haul
applications, which is why other typologies are not further described in this work. For their description
refer to Hofmann [147] and Reif et al. [148]. Fries [53, p. 83] concluded that diesel-hybrid drivetrains
save 1.5 % to 2 % of costs compared to a conventional diesel, based on a TCO estimation. However,
the CO, savings at 13 % are not sufficient to reach the EU targets beyond 2025 [53, p. 84]. Sen et al.
[126] achieved similar results, with 13 % reduced GHG emissions and =16 % to =17 % air pollutants.
They did, however, achieve cost savings between 11 % and 16 %. Rupp et al. [149] performed a LCA,
comparing one conventional diesel with a diesel-hybrid long-haul truck. In the best case, they reported
even lower emission savings of 6 % on a well-to-wheel perspective, including vehicle production.
However, they highlighted the strong dependence of fuel savings on road topology, leaving no savings
in the worst case [149].

Because of its two power sources and following the definition above, vehicles equipped with overhead
catenary wires, which enable dynamic charging, categorize as HET. In this case, the overhead line is
defined as a second energy carrier. Strictly speaking, however, the second energy converter is missing.
The OBET is, consequently, described within this section. Figure 2.7 shows the vehicle package for
such a vehicle, which is similar to the BET shown in Section 2.3.2. At this point, a central drive topology
with a conventional rear axle is shown as an example. Figure 2.7 shows the maximum possible battery
capacity, although it could be reduced due to the dynamic charging, which is the essential advantage
of the OBET compared to BET. While the prototype vehicles, currently tested on German highways,
still have a diesel engine combined with an electric machine, OBET achieve lower GHG emissions and
costs [118, 150, p. 39, 45]. This is why overhead diesel hybrid trucks are only considered a transition
technology and not further considered in this study.

Therefore, Wietschel et al. [140] and Gnann et al. [118] performed a feasibility study on the electrification
of German highways with overhead catenary systems, assuming 2000 km of electrified road. The
study compares electric highways (or e-roads) with diesel, LNG and hydrogen-powered vehicles [118].
Gnann et al. [118] estimated the costs of LNG and FCET as 10 % to 25 % higher than diesel, while the
BET’s—with or without pantograph—are similar to diesel. Specifically, they estimated the OBET’s costs
between 0.64 EUR/km and 0.80 EUR/km depending on the mileage, which is 2 % to 6 % lower than
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the studied ICET. Thereby, a CO, reduction of 22 % was achieved, of which the secondary powertrain
(i.e., diesel) comprises 82 %. The BET has 75 % lower well-to-wheel emissions compared to diesel,
and the lowest of all vehicle concepts. Gnann et al. [118] concluded that battery electric trucks are
superior. However, Gnann et al. [118] excluded the solution due to limitations of range and mass,
because of the battery technology (at that time). This led to the conclusion that overhead catenary
systems provide high efficiency and comparatively low emissions but at the expense of increased
infrastructure costs. However, they argue that other systems also require infrastructure investments.

To overcome the diesel engine’s emissions, Schmied et al. [134, p. 67] assumed the use of synthetic
or biofuels for hybrid catenary vehicles, which results in well-to-wheel emissions comparable to the
OBET. However, the OBET has the lowest emissions. Both overhead systems (diesel hybrid and fully
electric) achieve costs of 0.3 EUR/km in 2050 and excluding taxes [134, p. 66], which is 25 % to 40 %
lower than the projected diesel costs, whereby these costs do not include the required overhead
infrastructure investment.

DCDC Pantograph
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Electric Machine (Central Unit)

Battery Modules

Figure 2.7: Isometric view of a battery electric overhead catenary vehicle package. The packaging is similar to
a BET with an additional DCDC pantograph mounted behind the cab. The pantograph requires
two contact points to achieve a closed electrical circuit. The total height of the shown, extended
pantograph is 4.5 m. To reduce costs and weight, several battery modules can be omitted depending
on the use case. The maximum utilization of the battery package space results in a range of
approximately 400 km to 550 km without dynamic charging [120].

The life cycle costing approach presented by Mareev et al. [145] included the per-vehicle infrastructure
costs. They found that despite superior energy consumption (1.66 kWh/km to 1.82 kWh/km), the
costs remained equal to those of the ICET. The OBET achieved costs between 0.68 EUR/km and
0.72 EUR/km, depending on the e-road expansion, while the diesel obtained 0.71 EUR/km. This shows
that the e-road network plays an important role in cost assessment. Mareev et al. [145] analyzed an
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e-road network covering 3000 km, which corresponds to approximately 30 % of German highways.
Additionally, they examined a network with 100 %, resulting in the upper-cost boundary. The former
was first proposed by Wietschel et al [140, p. 2]. Without quantifying costs, Kirchner et al. [128] saw a
potential already at an expansion of 2500 km or approximately 20 % of German highways.

Dynamic charging can also be achieved with inductive, wireless systems, integrated beneath the road
surface. Olsson et al. [139] showed the technical feasibility of an inductive road system. They estimated
the overall (well-to-wheel) efficiency at 79 % and 6 Mio. EUR/km as infrastructure costs—more than
three times as high than overhead catenary systems. Nevertheless, den Boer et al. [133] forecasted
the cost-parity of dynamically charged BETs in 2020. From 1.05 EUR/km to 1.17 EUR/km in 2020, the
costs further decrease (1.02 EUR/km to 1.10 EUR/km), the lower limits being identical for catenary and
inductive systems. Altogether, den Boer et al. [133] estimate the cost reduction potential of dynamically
charged systems at 6 % to 9 % in 2020 and 12 % in 2030. In contrast, Limb et al. [151] estimated a
63 % economic benefit, comparing an electric US-class 8 truck with wireless, dynamic charging with
diesel on a per-mile basis. However, they assumed infrastructure costs of only 1.6 Mio $/km [151].
For the US, they calculated a GHG reduction between 49 % and 85 % depending on the state (i.e.,
electricity mix), which is similar to the other studies [118, 134]. Limb et al. [151] also addressed other
emissions such as CO, NOy, PM and SO finding that the former two decreased, while the latter two
increased due to the average US electricity mix.

2.3.4 Hydrogen Powered Vehicles

Hydrogen is another alternative energy carrier for transport applications [152, p. 10, 153, p. 13]. Inits
national hydrogen strategy, the German Federal Ministry for Economic Affairs and Energy [154, p. 28]
distinguishes between four hydrogen categories—sometimes referred to as colors—depending on the
production process:

* Gray hydrogen is produced with steam methane reforming (SMR) and, thus, relies on
fossil hydrocarbons. This process is currently the most used [153, p. 14].

» Blue hydrogen uses carbon capture and storage technology to prevent the CO, from
gray hydrogen entering the atmosphere. It is, thus, carbon-neutral.

* Green hydrogen is produced from renewable electricity via electrolysis from water. Al-
though it comprises 0.1 % of current, global hydrogen production, capacities increased
rapidly during the last decade [153, p. 42, 45].

» Turquoise hydrogen relies on fossil hydrocarbons, similar to gray H,. Due to a different,
thermal process, the extracted carbon is solid and can be stored without affecting the
atmosphere. However, the prerequisite is that the process heat is provided with renewable
energy.

Being a precursor for synthetic fuels, hydrogen production via electrolysis requires fewer process
steps and is approximately 50 % cheaper than synthetic fuels (independently of fluid or gaseous) [132,
p. 24]. This renders direct hydrogen use attractive for cost-competitive industries, such as long-haul
transportation.Therefore, FCET and hydrogen internal combustion engine truck (HICET) are among
the technologies that allow direct hydrogen use, as the International Energy Agency states [153, p. 42,
45, 129]. Both technologies will be presented in the subsequent sections. For trucks, the Hydrogen
Council [152, p. 17] estimates cost parity of hydrogen compared to battery electric trucks at a hydrogen
price of 4 $/kg to 6 $/kg. According to the study, this can be achieved as soon as 2025 [152, p. 32].
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Fuel Cell Electric Trucks

The powertrain of an fuel cell electric truck is equal to a BET, but with an additional fuel cell to convert
the energy, chemically stored as hydrogen, and one or more tanks to store the hydrogen [155, p. 178f].
The battery enables recuperation and compensates for (fast) power peaks that cannot be handled
due to the slower response characteristics of the fuel cell system. As Figure 2.8 shows, the battery
can be designed smaller compared to a BET. The presence of the battery renders the FCET a hybrid,
however, it is usually referred to separately.
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Figure 2.8: Isometric view of a fuel cell electric heavy-duty vehicle package. The packaging of the fuel cell
stacks, their compressors, and auxiliaries (e.g., thermal control) is comparable to an ICE. The
electric drivetrain is situated inside the frame while the two hydrogen tanks are located outside the
side members. Their capacity depends on storage technology. The shown package space results
in a range of approximately 500 km to 600 km [120].

The fuel cell’'s main advantage is its higher efficiency compared to combustion-based processes. On
system-level, maximum efficiencies between 55 % and 60 % are possible [155, p. 148f and 154, 156,
p. 17], which can be lower under dynamic operating conditions. However, fuel cells are also subject to
three types of losses, which are depicted in the polarization curves (Figure 2.9) and depend on the cell
current [155, p. 152f]. The fuel cell efficiency correlates with the cell voltage and decreases with higher
currents. However, the power P = UI increases until the voltage drops significantly.

The activation losses are caused by the limited load passage speed of electrons transferring between
the electrode and electrolyte. The region of linear ohmic losses is determined by inner electrical
resistance of the fuel cell and dominated by the electrolyte. This region is typically the main operating
range. With increasing current, the physically limited gas transport slows down the reaction and causes
the voltage drop and the diffusion losses, respectively. For further details on the reaction and the
losses please refer to Klell et al. [155]. Despite its high efficiency, the fuel cell is subject to cold start
difficulties [157, p. 86]. Furthermore, the fuel cell membrane’s low durability remains a challenge, in
particular for long-haul transportation [133, p. 126, 155, p. 141, 158, p. 52].

Regarding eco-efficiency, FCETs are frequently addressed for long-haul transport. Den Boer et al.
[133] see the greatest GHG reduction potential in long-haul for the FCET, on the one hand. On the
other hand, they forecast a cost increase between 12 % and 45 % in 2020 and 3 % to 37 % in 2030
compared to the respective diesel level (up to 52 % compared to 2012 diesel level). Furthermore, they
highlight the high uncertainty in hydrogen cost assessment. Similarly, Gnann et al. [118] estimate
a cost increase of 20 %, depending on the mileage. Accordingly, shorter distances are subject to a
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Figure 2.9: The polarization curve of a fuel cell with characteristic voltages and currents correlates with the
thermodynamic efficiency. The three regions represent the different types of losses dominating the
respective region.

greater increase in costs. However, they calculate a CO, reduction of 14 %, using gray hydrogen.
Altenburg et al. [142, p. 72] regard FCET as the only valid option for heavy-duty vehicles. They calculate
additional costs in the year 2015 of 260 % compared to the diesel (75000< /a vs. 200 000<€/a). The
costs decline, however, eventually undercutting the diesel in the 2030 scenario by 6 %. According to
their study, the shift towards FCET cuts emissions by 67 % compared to current diesel levels [142,
p. 92], if green hydrogen is used. In contrast, Moultak et al. [141] conclude that FCETs cost 5 % to 30 %
less than conventional diesel, if hydrogen costs drop below diesel equivalent. According to Agora et al.
[132, p. 24], this could be the case in 2050. Furthermore, TCO could increase by an additional 9 % if
infrastructure investment is included [146, p. 20]. Thus, cost parity to diesel is only possible for high
volumes (>10 000 trucks) [146, p. 24]. All of the mentioned studies share the conclusion that hydrogen
costs are primarily responsible for the increase in TCO.

Hydrogen Internal Combustion Engine

The overall design of a hydrogen internal combustion engine truck (HICET) is similar to those of
conventional (i.e., diesel) combustion engines. Apart from the hydrogen tanks, the system integration
and packaging are equal to an ICET, which Figure 2.10 visualizes. However, due to the lower energy
density of hydrogen compared to diesel, the required installation space can be—depending on the
desired range—noticeably bigger. The vehicle package shown in Figure 2.10 represents the current
maximum utilization resulting in approximately 1000 km to 1500 km of range [120]. In that case, the
hydrogen tanks increase the weight by approximately 1t, containing 100 kgH, to 150 kgH,, when
compared to a full diesel tank filled with 1000 L diesel (approximately 1t). If only the side-mounted
tanks are considered, the full tanks weight 60 % to 70 % less than a diesel system, although at the
expense of significantly lower (i.e., =90 %) range. Nevertheless, with approximately 500 km, this range
is comparable to BETSs. In total, the vehicle weights are, however, still comparable to standard diesel.
[159, p. 1173, 160, 161]. Hydrogen storage remains a critical component and is discussed separately
in the next section.
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As a combustion process, hydrogen combustion emits no carbon dioxide because no carbon atom is
involved in the reaction [162, 163]. During the oxyhydrogen reaction, hydrogen reacts with oxygen
and water is formed. However, in the internal combustion engine, the reaction takes place with a
hydrogen-air mixture, so the high combustion temperatures also produce emissions such as nitrogen
oxides. Because these emissions are also present in diesel engines, a similar exhaust gas treatment
must be used to comply with emission standards. For example, NOyx emissions can be significantly
reduced by SCR catalysts [164] or, in the case of stoichiometric operation, by three-way catalysts [157,
p. 209].

Compared to diesel, hydrogen has good combustion properties [165, p. 4, 166], which are summarized
in Table C.1. The properties allow a wide A-range and, consequently, good qualitative combustion
control and the possibility of direct injection. This reduces pumping losses and increases the engine’s
efficiency [157, p. 55, 167, p. 540, 165]. In addition, the higher combustion temperature improves
the knocking behavior, which allows higher compression and, thus, also results in a higher efficiency
compared to a diesel-powered engine [157, p. 55, 165, 167-170, p. 182]. However, high temperatures
and compression ratios also increase mechanical stress on the components and lead to potentially
increased engine weight [155, p. 222, 163, 168, 169, 171]. Additionally, the reported engine speed
and resulting operating points are approximately twice as high as a heavy-duty diesel engine. The
speed range is between 1000 min~' and 5000 min™", with operating points between 1500 min~" and
2000 min~" [168, 172—-174]. With a compression ratio between 11 to 16 and a stroke-bore ratio between
1.07 to 1.23, the research engines are comparable to modern heavy-duty engines [111].

Eidkum [175] reviewed state-of-the-art hydrogen combustion strategies and compared them regarding
their respective indicated (i.e., thermal) efficiency, their possible exhaust treatment and their speed
range. Appendix C contains further information on the combustion process timing, the induced effi-
ciencies, and—where applicable—the respective ignition times. Table 2.4 summarizes his results and
shows the superiority of compression ignition (Cl) processes—equal to diesel combustion engines
[157, p. 12]. Consequently, Cl is well suited for heavy-duty applications, due to its low modification
effort of the components as well as easy system integration.

Table 2.4: Overview of mixture formation and ignition possibilities with efficiency and required exhaust gas
aftertreatment systems [175].

Combustion Strategy Indicated Efficiency Exhaust Treatment
External carburetion 40% to 44 % 3-way catalytic converter
Direct injection, spark ignition 33% to 45% SCR-catalytic converter
Direct injection, compression ignition 43 % to 46 % SCR-catalytic converter
Direct injection, SI/ClI 44 % to 46 % SCR-catalytic converter
Direct injection, glow spark 44 % to 49% SCR-catalytic converter

In Table 2.4, it can also be seen that HICET have a lower efficiency compared to fuel cell systems. This
translates to 20 % to 30 % increased fuel consumption and requires lower hydrogen costs of the same
magnitude in order to be economically competitive [118]. However, compared to fuel cell systems, an
advantage of hydrogen combustion is the lower H,-purity, required for the process [170, 172, 176].
This facilitates hydrogen production, logistics and storage, which can potentially yield lower costs.
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Hydrogen Storage

Regardless of the energy conversion, the hydrogen tank is a critical component. Due to hydrogen’s
low density, its transport and storage are challenging. Klell et al. [155, p. 109] categorizes three typical
storage processes:

» Gaseous, compressed at 300 bar to 700 bar is referred to as compressed hydrogen (CH,)
* Fluid, at temperatures below —252.85 °C is referred to as liquid hydrogen (LH2)

» Solid, chemically or physically stored in or at solids or fluids, currently in the laboratory
stage

Currently, CH, is most frequently used for automotive applications. Because of the high pressure, fiber
winding reinforced metal vessels (Type Ill) or solid carbon fiber vessels (Type 1V) can be considered
for this purpose [157, p. 88f]. Although the stainless steel Type Il tanks are equally diffusion proof and
secure [155, p. 117, 177, p. 487], carbon fiber reinforced Type IV tanks are—despite higher costs—
preferred because of their lower weight [157, p. 88, 155, 178, p. 114]. In the following, therefore, this
type of tank is used for further analysis. While high pressures increase the volumetric energy density of
the hydrogen (Figure 2.11), they require heavier tanks, which reduces the gravimetric energy density
of the tank system. According to Topler et al. [157, p. 90], gaseous storage at 700 bar represents the
best trade-off for automotive applications.

Liquid hydrogen storage offers further improvements in energy density (Figure 2.11). Itis, thus, currently
discussed for range-critical (i.e., long-haul) applications [155, p. 114]. Tanks for LH2 have the same
requirements as pressure tanks, but with additional isolation to maintain the temperature of —252.85 °C
[155, p. 120f, 177, p. 488]. Because these cryo-tanks have no active cooling system, external heat
input such as ambient temperature and solar radiation, however, results in hydrogen boil-off (<3 %/d)
due to increased pressure [155, p. 114]. The main disadvantages of LH2 storage are the increased
system complexity and the associated higher costs compared to gaseous storage alternatives. They
are, consequently, not further considered in this work.

Apart from the state-of-the-art CH, and LH2, hydrogen can also be stored as a solid state in metal
hydrides—compounds of metals with hydrogen. Although prototypes of this storage technology have
a lower energy density than CH, or LH2, their theoretical densities are higher. Additionally, hydrid
storage is regarded as safer due to the lower operating pressure [155, p. 138, 157, p. 56]. The lower
compression energy during refueling is also advantageous [179]. On the contrary, there is the higher
weight, the higher consumption of resources, and the temperature differences when loading and
unloading the hydrides [155, p. 138, 157, p. 56, 179].

Analogously, hydrogen can be chemically bound to liquid organic hydrogen carriers, which are in the
experimental stage [179]. Currently, they offer poor energy release rates [180] and complex system
integration due to required heat control and are, consequently, not pursued by any automotive OEM.
However, their transport and storage are similar to current fuel logistics and thus the technology’s
primary advantage [176, 181]. Because of their currently not competitive energy densities neither
solid-state nor LOHC are further considered in this work. A detailed summary of solid-state and LOHC
can be found in Eidkum [175].

The same problems that occur with in-vehicle storage also occur with storage at service stations.
Additionally, compressed hydrogen requires a pressure increase to approximately 900 bar at the station
to exceed the storage pressure in the vehicle [156]. This compression results in energy losses of
15 % [155, p. 133]. Furthermore, refueling times are slow (1 kg/min; 33 kWh/min) compared to diesel
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Isometric view of a hydrogen combustion heavy-duty vehicle package. The packaging of the
hydrogen combustion engine is similar to a diesel engine. The two hydrogen tanks replace the
diesel tanks. The shown packaging has additional tanks behind the cabin to extend capacity and
thus range. This maximum utilization of the package space results in a range of approximately
1000 km to 1500 km depending on the hydrogen storage technology. The auxiliary consumers,
fan, and radiator are equivalent to a conventional ICET [120].
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Comparing volumetric (top) and gravimetric (bottom) energy densities of hydrogen storage options
for automotive applications shows that higher pressures or liquid storage offer the highest densities.
However, losses between the energy carrier and system level are immense. They can also be
interpreted as a measure of system complexity, rendering the solid-state or LOHC a valid option.
For reference, the values for diesel are shown as well [175].
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refueling (90 L/min; 882 kWh/min) [155, p. 120f, 182]. Fluid hydrogen stations also require boil-offs
to reduce pressure. However, this boil-off hydrogen can produce electricity, operating the station. In
addition, hydrogen liquefaction has a high energy demand, which amounts to 20 % to 46 % of the
stored energy [155, p. 124, 177, p. 488].

2.4 Existing Assessment Models

The previous section summarized the technologies, currently being considered for zero-emission
heavy-duty transport. Several studies estimated and compared their ecological as well as economic
potential. Apart from these (high-level) studies, detailed assessment models exist, which replicate and
compare different powertrains.

The Greenhouse gases, Regulated Emissions, and Energy use in Technologies Model (GREET) model
is the first to mention. Published in 1996 by the Argonne National Lab (ANL), the first version only
included the fuel cycle for 17 light-duty vehicle energy carriers [183]. The goal was to estimate their
greenhouse gases and energy demands. In 2006, GREET was extended by a vehicle-cycle, rendering
it a comprehensive, life-cycle-based approach for passenger vehicles [184]. The fuel cycles were
combined with ICE, hybrid and fuel cell powertrains and supplemented with battery electric powertrains
in further updates. Built on the knowledge and data of GREET, the ANL developed the Alternative Fuel
Life-Cycle Environmental and Economic Transportation that combined environmental and ecological
assessment for light and heavy-duty transportation [185]. While GREET is one of the most commonly
used and extensive models, its applicability for the European market is limited due to their selection
of—mostly US market—vehicles. Additionally, only the 2021 version includes a vehicle cycle for (US)
heavy-duty vehicles, which was, consequently, not available for this work [186].

Due to the shortcomings of GREET and other models, Delucchi [187] created the Lifecycle Emissions
Model (LEM). Although the overall approach is similar to GREET, LEM has a broader system boundary:
“it covers more countries, wider time frames, more transport modes, more pollutants, more aspects of
the life cycle (such as materials), and more relevant effects (such as price effects)” [187, p. 29]. The
model’s major contributions are the full vehicle life cycle (i.e., cradle-to-grave), results for the years
1970 to 2050, 30 different countries and (simplified) infrastructure consideration. Compared to GREET,
LEM can be used as a tool for showing certain trends and deriving policy recommendations. However,
the model has not received updates since its publication in 2003, rendering it impractical for this work.

A recent extension to life cycle assessment models is the open-source model carculator_truck, pub-
lished in 2021 by Sacchi et al. [188]. They focused on the different applications and size classes for
road transport and included several relations between powertrain and vehicle weight or payload. Similar
to Delucchi, they performed a prospective assessment until the year 2050. Additionally, they performed
a LCA to evaluate the vehicles’ environmental impacts, which extends the scope of both, GREET and
LEM. To the author’s knowledge, carculator_truck is the most recent addition to transportation life
cycle models. Sacchi et al. [188] built on the life cycle inventory, previously published by the author
[100], but performed the LCA separately. The approach of both works is therefore similar. However,
carculator_truck focuses on LCA and does not consider the aspect of costs in detail as this work does.
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2.5 Critics and Research Questions

The previous section discussed the necessity to address environmental impacts in conjunction with
costs. This requirement applies, particularly, to the transportation sector. Although a variety of studies
evaluate different transportation technologies from the environmental and cost perspective, there are
several shortcomings in the current literature.

First of all, studies before 2017 completely neglect the possibility of battery-electric long-haul transporta-
tion. This even contradicts the conclusion of some of these studies that BETs provide a cost-efficient
solution. At the latest, with the presentation of the Tesla Semi in 2017, this option was seriously
considered in various studies.

Another shortcoming is the studies’ incomparability because the studies do not have the same scope.
This means that some studies consider either cost or environmental factors and only a few consider
both together. Further, the different system boundaries are a major obstacle to the results’ comparability.
While some studies only consider the operation of the vehicle, others take a cradle-to-grave perspective.
Likewise, the depth of the upstream processes varies and, accordingly, the influence of the energy
sources or production supply chains is contained differently. Apart from this, the modeling depth is
also different. Thus, all modeling depths can be found in the literature, from model-free conceptual
considerations to component-exactly modeled (vehicle) systems.

Table 2.5 categorizes the sources, summarized in this section, by their sustainability pillar, vehicle
modeling and system boundary. The last column shows the respective preferred technology for long-
haul transportation. Altogether, it can be seen that a comprehensive assessment covering all relevant
technological alternatives within a unified system boundary is missing. This section also showed that
eco-efficiency provides a valuable concept for such a combined assessment, which has neither been
applied to the transportation sector nor in a prospective manner. Based on this review of the state of
science, the following two research questions are derived:

Which long-haul transport vehicle concept has the best eco-efficiency?

What is the most eco-efficient roadmap to low-emission freight transport if the infrastructure
is included?

To answer these questions, an eco-efficiency assessment based on a detailed vehicle simulation—
modeled at the component level—will be performed. This way, it is possible to include technological
advancements, for example, cost decreases or efficiency improvements, and, consequently, enable
a prospective approach. The assessment will be performed with the same system boundary and
boundary conditions for all technologies. This means that all technologies are assessed with the same
set of parameters—for example either best-case or worst-case. Apart from the vehicle perspective, an
estimation of their influence on different decarbonization pathways will be performed. Therefore, the
overall system costs, including vehicle and infrastructure, for a specific pathway will be calculated.
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Table 2.5: Summary of the reviewed literature including the respective preferred vehicle concept for future
road-transportation: @ diesel or synthetic fuels; @ natural gas; @ overhead catenary or inductive
power transfer; @ hybrid electric; @ battery electric; @ hydrogen powered.
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3 System Boundary

The system boundary is at the base of the presented eco-efficiency assessment and—according
to DIN EN 14044 [59]—a mandatory step in a LCA. To comprehensively estimate costs as well as
environmental impact, a holistic system boundary is required. Figure 3.1 shows a cradle-to-grave
system boundary, fulfilling this requirement. Each life cycle stage is characterized by material and
energy inputs and outputs such as waste (i.e., material) and emissions to air, water or land. This
boundary goes beyond the scope of a well-to-wheel analysis, which would only include the inputs
and outputs of the use phase stage. A similar system boundary can be found in GREET and is also
commonly used in LCA [60, p. 350]. The cradle-to-gate aspects that describe the flow from raw material
extraction to the final manufactured product—in this case one heavy-duty truck—are described in a
previous publication [100].

Materials . . . .

Energy

Raw Material Product

Extraction Manufacturing Use Phase End of Life

Waste

Emissions

Cradle-to-Grave
Cradle-to-Gate

Figure 3.1: A simplified and linear representation of different system boundary definitions according to
Hauschild et al. [60, p. 102] shows the four product life-cycle phases. The color coding rep-
resents the respective material and energy inputs (@ @) as well as waste and emission outputs (
®). The well-to-tank fuel life-cycle is regarded as use-phase input and thus not explicitly shown.
Fuel life-cycle combined with use-phase are regarded as well-to-wheel. The symbol sizes do not
correlate with the respective inputs and outputs [100].

3.1 Considered Systems

The previous section summarized the most relevant technologies for zero-emission heavy-duty vehicles.
Accordingly, these are the central components of the eco-efficiency assessment:

» Diesel vehicles provide the reference case and become zero-emission with the usage of
e-fuels.

» Hybrid electric vehicles are considered analogous to diesel.
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» Battery electric vehicles have only recently been considered technically feasible, although
studies have already shown their potential. Additionally, overhead catenary concepts are
addressed based on BETs.

» Fuel cell electric vehicles are equally zero-emission than BETs and they are attributed
advantageous in practical operation.

* Hydrogen combustion engines are also considered, although only zero-emission regard-
ing carbon-dioxide emissions.

However, it was also shown that infrastructure is of importance for most of these technologies. New
energy carriers require new infrastructure for distribution and to ensure logistics operations. Particularly
expensive concepts, such as overhead catenary infrastructure, highlight the importance to assess them
in conjunction with vehicle technology. Therefore, the infrastructure, necessary to provide the respective
energy carrier to the vehicle, will complement the vehicle-centered eco-efficiency assessment.

Infrastructure that is further upstream is not considered directly. Thus, neither the construction of
renewable energy power plants (photovoltaic, wind) nor electrolyzers or e-fuel synthesis plants are
included in the model. However, they are indirectly covered by aggregated environmental impacts and
corresponding energy production costs.

3.2 Scenarios

After defining the system boundaries and the technical systems under consideration, two scenarios
represent the time-dependent aspects. The first scenario, labeled Status Quo, poses the reference
case. The second scenario shows the expected maximum potential of each technology in the current
decade. Consequently, this best-case scenario is called Potential. The scenarios differ in the respective
energy production pathways and the associated economic changes and environmental impacts.

It must be noted that all the costs exclude externalities such as taxes or subsidies. Without externalities,
a solely technical comparison is possible, reducing the overall uncertainty [190]. Additionally, as
Rebitzer et al. [191] conclude, such a free and unregulated market is valid if supplemented with an
environmental assessment. Consequently, the costs represent production costs, which are lower than
the prices paid by (end-)consumers, for example, at gas stations. As the International Energy Agency
showed, energy production costs for crude oil are less volatile than the end consumer prices, which
are subject to local policies and demand [192].

3.2.1 Status Quo

First, as a reference, the Status-Quo scenario describes the current status regarding fuel and technology
costs. Furthermore, it excludes synthetic diesel for this scenario because it is not available in sufficient
quantities. The conventional diesel is modeled with data from the ecoinvent database [193, 194].
Today’s hydrogen comes exclusively from steam reforming and is, therefore, labeled gray [195]. The
cost is assumed to be 8.67 EUR/kg, which corresponds to the current production cost without taxes.
Both fuel cells and hydrogen tanks are currently produced in small batches, resulting in 130 EUR/kW
for the stacks and 580 EUR/kg for the type IV tank [33]. The electricity mix corresponds to the 2019
European electricity mix, which has 0.403 kg CO, -eq./kWh. The battery production in China results in
approximately 110 kg CO, -eq./kWh and costs of 140 EUR/kWh at pack level. The scenario assumes

38



3 System Boundary

electricity costs of 0.11 EUR/kWh, again excluding all taxes and surcharges. Table 3.1 summarizes
the cost assumptions of both scenarios. The data and underlying review and own assumptions are

previously published [31, 33, 196].

Table 3.1: The production cost assumptions, used for the optimization, represent values from the year 2020
and assumed costs for the year 2030 (Potential) to account for the technological advancement [96,

196]. [Note: PtL = Power-to-Liquid]

Costs 2020 Potential Unit
Diesel 0.45 0.54 EURIL
PtL Diesel - 121 EURIL
Electricity 0.11 0.12 EUR/kWh
Hydrogen 8.67 247 EUR/kg
Battery 140 70 EUR/KWh
H, Tank 580 290 EUR/kg
Fuel Cell System 130 33.5 EUR/KW

3.2.2 Potential in 2030

The Potential scenario assumes equally good development for all technologies until 2030. This is
accompanied, above all, by cost reductions. The technology costs for batteries (70 EUR/kWh), hydrogen
tanks (290 EUR/Kkg) and fuel cell stacks (33.5 EUR/kW) are approaching the material costs from today’s
perspective. The electricity is produced primarily with renewable energies (0.02kg CO, -eq./kWh) at a
cost of 0.12 EUR/kWh [197]. Hydrogen is produced with electrolysis powered with renewables and
thus reduced environmental impact [195, 198]. The electrolysis, as well as the e-fuel plants, run
under high utilization in sunny regions of the Middle East and North Africa, which significantly reduces
the production costs for hydrogen (2.47 EUR/kg) and synthetic diesel (1.21 EUR/L) [31, 196]. The
environmental impact of synthetic diesel is based on data from the 2020 GREET model [199, 200].
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Although the system boundary expands beyond it, the vehicle concept—in particular, the powertrain—is
at the center of this work. However, the urgency to improve the transport sector’s environmental footprint
also requires recommendations to policy and decision-makers. To support technical and political
decisions, the tool considers vehicle concepts beyond their state of the art to map their technological
progress. Therefore, the developed approach uses a genetic (or evolutionary) algorithm that optimizes
each vehicle concept, improving its performance, and, thus, showing its technological progress. In the
sense of an ex-ante LCA, this improvement is essential to derive consistent policy recommendations
[22]. The optimization generates vehicle concepts that fulfill the trade-off between ecological and
economic performances to varying degrees. It, thus, answers the question, of to which extent zero-
emission vehicles solve the conflict between these two objectives. The methodology highlighting
the novelty of using vehicle concept optimization as a prospective eco-efficiency assessment was
previously published [56].

Figure 4.1 depicts the overall modeling concept (»). In the beginning, the vehicle model simulates the
energy consumption for a given set of vehicle parameters and a defined driving cycle (I). The life cycle
costing (lla) and life cycle analysis (lIb) utilize the resulting energy consumption supplemented with
component-specific models. As a result, the TCO and the environmental impact index—the weighted
sum of environmental impacts—are combined as an eco-efficiency assessment (lll). The outer loop
() feeds the eco-efficiency results into the optimization algorithm, which iteratively adapts the vehicle
parameter inputs to step |. The following sections provide detailed descriptions of steps I-IV.

| Vehicle Model fla Life Cycle Costing l Ill Eco-Efficiency
*Driving Cycle *Energy Consumption *TCO
*\/ehicle Parameters Acquisition Costs ¢ Weighted Impacts
Energy Consumption) | - Operating Costs ) Eco-Efficiency
l (1Ib Life Cycle Analysis ) I
* \ehicle Mass
k ¢ Energy Consumption J
! Impacts F
(v Optimization )
* Eco-Efficiency
| *Vehicle Parameters |

Figure 4.1: Vehicle concept optimization methodology with model flow »-, optimization loop -, essential
inputs @, and outputs @ of each process step [56].
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4.1 Life Cycle Costing

A life cycle costing calculation captures the economic dimension as described in Figure 4.1 lla. The
energy consumption, as a crucial input, is the vehicle model’s output and is described separately in
Section 4.3. The life cycle costing builds on the work of Fries [53] who implemented a parametrizable
total cost of ownership model in Matlab/Simulink. His model follows the calculation as described by
Wittenbrink [52] and consists of four cost aspects:

e Variable costs * Personell costs
* Fixed costs e Overhead costs

A publication preceding this work [56] expanded Fries’ model, which only covered the use phase, to
account for the whole vehicle life cycle of ten years. Additionally, the component cost data was updated
[196] to account for recent development in particular for zero-emission technologies. The Model’s
key assumptions are summarized in this section for ease of understanding. For details refer to the
mentioned publications [53, 56, 196].

Apart from the energy consumption, the daily driving time and range are important inputs to calculate
the variable costs. The latter is particularly critical for battery-electric vehicles. To account for the
negative effects of low range, Fries’ model was extended to either use for the total daily-driven distance,
based on average speed and working hours, or the maximum possible range, which is limited by the
battery capacity, depending on which is lower. This corresponds to the assumption that the vehicles
are only charged in depots and overnight. The assumption is motivated by the limited charging power
for BET, which does not yet allow sufficiently fast charging during rest breaks [201]. The daily-driven
distance is the net driving time available multiplied by the average speed. Additional variable costs
include maintenance such as tire exchange, which is based on a lifetime service of 140000 km and
450 EUR per tire. Further costs are summarized as a lump sum of 0.13 EUR/km [202]. Except for
energy consumption, the variable costs remain equal for all vehicle concepts.

Comprising the majority of the fixed costs, the acquisition costs are modeled for each set of vehicle
parameters. The underlying models are component-specific regressions as proposed in the works of
Fries [53, 54, 203]. His cost model was updated, as described in Kénig et al. [196]. To account for
the total vehicle cycle, an operation of ten years is assumed after which the residual vehicle value
is zero [56]. For electric vehicle concepts, at a state of health of 80 %, the battery is replaced and
transferred to recycling. Under these conditions, Rohr et al. [204] estimated the battery’s residual pack
value of 25 EUR/kWhg,,ss and 80 % state of health. The model assumes a battery cycle life of 3000
full cycles and a complete battery swap after the state of health falls below the threshold during the
vehicle’s operating time [205]. The model developed by Lajunen et al. [206] estimates the state of
health in correlation with an average battery load, resulting from the vehicle operation. A discount rate
of 3.5 %/a accounts for the time value of the vehicle acquisition [202].

The personnel and overhead costs are equal for all vehicle types. For details refer to the model
described in an earlier publication [56]. All costs are given in EUR,q,9 and without considering inflation.

4.1.1 Infrastructure Costs

Section 2.3 showed that zero-emission heavy-duty vehicles require dedicated infrastructure. On the
one hand, except for synthetic fuels, diesel refueling stations cannot be used further. On the other hand,
the current zero-emission passenger car infrastructure is of limited use for heavy-duty applications.
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Current hydrogen fuel stations for passenger cars already operate at 700 bar. However, the low flow
rates limit the application for heavy-duty vehicles. Therefore, an additional system operating at 350 bar
is currently being installed along German highways, despite the lower energy density and, thus, limited
future viability [207].

Charging infrastructure can potentially be shared among passenger cars and heavy-duty vehicles, due
to equal standardization (Combined Charging System and Megawatt Charging System)[201]. However,
the higher energy demand, and thus larger battery capacity, leads to higher charging powers than
passenger cars. Otherwise, satisfactory charging times cannot be achieved. For an overnight charging
process, a power of 150 kW is sufficient to charge a long-haul vehicle (450 km range; approximately
500 kWh) in under nine hours [55, 144]. More frequent and shorter charging times require higher
powers that are currently not available at large scale and—as a simplification—not considered in the
infrastructure cost model [55].

Dynamically charged concepts, such as overhead wires or inductive charging, require a dense network
of infrastructure. Regardless of the power transfer, several thousand kilometers of road network must be
electrified in order to provide sufficient infrastructure. Depending on the use case, additional, charging
infrastructure is required to charge the vehicles while they are not driving (e.g., overnight).

The developed model does not consider infrastructure further upstream: The expansion of renewable
energies, the installation of electrolyzers for green hydrogen production, and the construction of plants
for the synthesis of liquid fuels are not explicitly modeled. However, the costs for these measures are
indirectly present in the production costs of the individual energy sources, whose system boundary in
each case extends to distribution in the respective vehicles. Analogously, the losses during transport
and refueling are already included in the fuel costs and represent average values independent of the
storage technology. Table 4.1 summarizes the cost assumptions for the presented infrastructure.

Table 4.1:  The cost per unit and the respective amount of energy that can be provided daily are required to
obtain the vehicle-specific and total infrastructure costs. The costs are based on two prepublications
[196, 55]. The selected assumptions for the model are marked bold.

Infrastructure Type Investment Costs  Unit Daily Energy*
Catenary 2-25 MEUR/Km' n.a.
E-Road Conductive 0.5-1.2 MEUR/Km™ n.a.
Inductive 26-36 MEUR/Km' n.a.
22kW AC 5500 EUR 220 kWh/d
. . 24kW DC 18500 EUR 240kWh/d
Charging Point
50kw DC 33500 EUR 500 kWh/d
150 kW DC 59000 EUR 1.5MWh/d
Fuel Station Hydrogen dispenser 1.25 MEUR 5MW h/d

* assuming 10 hours per day utilization; ™ costs per lane

As infrastructure is shared among multiple vehicles, it is necessary to convert the associated costs
to a per-vehicle base. A model presented in a previous publication, uses the vehicle-specific energy
demand E, ;. to obtain the lower boundary of the infrastructure, satisfying this demand [55]. As
shown in Equation (4.1), the resulting infrastructure costs C; can be adapted for charging points and
refueling stations. While each charging or refueling point can be used by a single vehicle, electrified
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roads will be used by several vehicles at the same time. Consequently, dynamic charging costs require
a specific amount of vehicles to be converted in per-vehicle costs.

_ Evehicle ddaily

(== Cunics (4.1
infrastructure
C; = Infrastructure costs on EUR
E ehicle = Vehicle energy consumption in kWh/km
ddaily = Daily driving distance km/d

Einfrastructure = Specific, daily energy supply in kWh/d

Cunit = Specific infrastructure costs in EUR.

4.1.2 National Vehicle Stock

Estimation of vehicle stock is necessary for two reasons: 1) when infrastructure is used by several
vehicles at the same time, and 2) in order to obtain a macroeconomic perspective in terms of infras-
tructure investment. For the former, the investment per vehicle decreases if more vehicles share the
infrastructure. For the latter, a larger vehicle stock requires more infrastructure investment to satisfy
the (energy-)demand as described in the previous section. Consequently, there is a dependency on
economic performance and vehicle stock.

The German heavy-duty vehicle market is a lead market with approximately 25 % of the total European
market share, followed by France and the UK with 15 % share each [208]. Two German heavy-duty
OEMs (Volkswagen/ Traton and Daimler) comprise 53 % of the European vehicle sales. For this reason,
the German market does not only represent technological leadership but is also representative of
the European market [209]. Accordingly, the market has an important role to play in meeting climate
targets and the necessary transition to zero-emission powertrains.

In order to assess the development of the German commercial vehicle market the German Industry
Association (Ger.: Bundesverband der Deutschen Industrie [BDI]), the German Ministry of Economics
and the Ministry of Transport commissioned one study each [128, 210, 211]. Five future scenarios
(Figure 4.2) have emerged from these studies to inform policy decisions:

* 80% climate protection path [210, p. 6]

*  95% climate protection path [210, p. 6]

» Climate Protection Program from Prognos study [211]
» BCG scenario E (Electrification) [128]

»  BCG scenario K (Alternative and E-Fuels) [128]
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Figure 4.2: Assuming average, annual new vehicle registrations, the vehicle stocks from the five scenarios
(right column) are converted to new vehicle registrations (left column). This enables a comparison
with the penalties stipulated in EU regulation for exceeding emission limits. Kemmler at al. [211]
developed the 80 % (a) and 95 % (b) reduction path scenarios for the German Ministry of Economics.
Gerbert et al. [210] created the Climate Protection Program (c) on behalf of the German Industry
Association. The electrification (d) and the carbon neutral fuel (e) scenario were developed by
Kirchner et al. by order of the German Ministry of Transportation. It can be seen that the newer (c,d)
or more ambitious scenarios (b) require higher electrification rates and a stronger transformation
of the vehicle stock.
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For details on the scenarios and their development, refer to the respective sources [128, 210, 211].
While all these scenarios forecast the vehicle stock composition in the year 2030, they do not disclose
the temporal change, for example in new vehicle registration. However, the European CO,-reduction
targets for heavy-duty vehicles refer to new vehicle registration. Accordingly, OEMs are expected to
develop a strategy that leads precisely to the achievement of these goals and, thus, the avoidance
of the penalties. It is, therefore, necessary to compare the scenarios from the studies, with the EU
regulation and evaluate them in terms of penalties.

The European legislation does not differentiate between zero-emission vehicles, as the three studies do.
Instead, BET, FCET and OBET are all attributed 0 g CO,/tkm. For this reason, these technologies are
summarized as zero-emission vehicles (ZEVs) (Figure 4.2). Based on average new vehicle registration
and assuming a linear development of newly registered vehicles, the left column in Figure 4.2 shows
the development of new registrations for each concept. Accordingly, the right column shows the total
vehicle stock. The resulting deviation between the studies and the calculated vehicle stock is between
1% and 4 % and, thus, considered sufficiently accurate. Appendix D summarizes the assumptions to
obtain the missing data regarding new vehicle registrations.

To determine the amount of the penalties for exceeding the emission limits, Mustafi¢ [117] used the new
registrations to obtain an average European commercial vehicle OEM. For this purpose, an average
vehicle sales value was calculated on the basis of the production figures of the European OEMs.
Appendix D shows the underlying data and the resulting average OEM. In order to accurately reflect
the vehicle categories, the studies’ categories were leveled to match the specific vehicle concepts
of the regulation (Table A.1). Mustafi¢ [117] used the LOTUS simulation model [116] to derive each
concept’s energy consumption and further calculate the respective penalty.
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Figure 4.3: Different penalties per vehicle arise in the year 2030 due to varying excess CO,-emissions.
Penalties cannot fall below zero. Only the scenarios Electrification and E-Fuels achieve sufficient
CO,-reductions to avoid penalties.

Figure 4.3 shows the resulting penalty (mmm) and emissions (mmm) for each scenario. It becomes evident
that both scenarios (BCG E and K) by Kirchner et al. [128] avoid penalties while the other three
scenarios lead to significant additional costs. It is striking that the carbon neutral fuel scenario has the
greatest savings in emissions, although the share of ZEV is low. This is achieved by the largest share
of gas vehicles, lowering the total tank-to-wheel emissions. Achieving such a high share requires every
second newly registered vehicle in 2030 to be gas-powered. Given that in 2020, their share was 2 %
[212], this scenario requires the largest transformation, which is why this scenario is not considered
further. As it is unlikely that OEM pursue any scenario resulting in fines, the former three scenarios
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are also not further assessed. Consequently, only the electrification scenario (BCG E) will be further
considered for the macro-perspective eco-efficiency assessment.

4.1.3 Overhead Catenary Costs

With data on new vehicle registration and vehicle stock trends, a model can convert e-road infrastructure
costs C; ..0aq t0 vehicle level (Equation (4.2)). To obtain the length of the e-road network, a ratio b, 4
relates the total road network to the expansion stages described in Section 2.3.3. To obtain a temporal
resolution, linear infrastructure development is assumed. The National Platform Future of Mobility
estimates the upper expansion speed at 500 km/a for the German road network (ca. 130 000 km) [213].
This equals an electrification rate of b,_,.,.q = 4 %/a.

be-road droad, total CUnit

CI, e-road — > (42)
NMyehicles
where:
Cl eroad = E-road infrastructure costs EUR
bo-road = E-road share of total road in %

droqd, torar = TOtal road network length in km
Cunit = Specific infrastructure costs in EUR/km

Nyehicles = Number of e-road capable vehicles.

4.1.4 Concept of System Costs

The costs per vehicle described in the previous sections are an economic assessment from a business
administration—or microeconomic —perspective. While these costs are highly relevant for OEMs or
logistic companies, they are less relevant for policy-makers, because they do not scale to a national or
international vehicle stock. Therefore, the system cost concept expands the per-vehicle perspective
from a macroeconomic perspective, allowing policymakers to compare vehicle concepts.

A previous publication outlines the concept of system costs [55]. In this publication, the system costs
provide a performance indicator to compare vehicle concepts on a national or international level.
Therefore, the model relates the TCO and the infrastructure costs to the transportation performance
and the vehicle stock, which is regionally confined (e.g., Germany, Europe etc.).

To obtain the system costs, the vehicle-specific TCO; are multiplied by the transport performance
Qr, measured in tonne-kilometer per year. The performance indicator C; is comparable to the total,
monetary turnover of the transport industry. Based on the vehicle-specific energy consumption, the
infrastructure costs are determined from the product of specific infrastructure costs C; and the total
vehicle stock np, . This relation is given by Equation (4.3). In this context, the system costs estimate a
complete exchange of the vehicle stock. The concept-specific transportation demand Qr; weights the
total transportation demand Q by the powertrain split (Figure 4.2). This links the economic performance
of a single vehicle—including the associated infrastructure costs—with the temporal development of
the vehicle stock.
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Cr
—
Csi = TCO; Qr +Cy nyep ;- (4.3)

4.2 Life Cycle Assessment

In addition to the life cycle costing, a life cycle assessment is the second component of the eco-
efficiency analysis Figure 4.1. As described in Section 2.1.2, the LCA complies with the DIN 14040
and DIN 14044 [58, 59]. With the goal and scope definition as well as the system boundary, Chapter 3
already outlined the first and second steps of the LCA process. Additionally, the functional unit of the
assessment is defined as the transport of one ton of goods over a distance of one kilometer [56]. The
respective unit is tkm and, therefore, analogous to the TCO, which is measured in EUR/tkm. The
subsequent inventory analysis and the selection of impact categories is part of Section 4.2.1 and 4.2.2.

4.2.1 Life Cycle Inventory

The life cycle inventory is necessary to quantify the inputs and outputs, relevant to the product system.
Therefore, data must be collected that adequately describes the processes inside the system boundary.
A bill of materials (BOM), which contains “component parts, raw materials, and quantities of each
needed to produce one final product” [214, p. 529], summarizes this for technical products.

In 1998, Gaines et al. [122] presented a bill of materials for ICE heavy-duty trucks. However, this cannot
be used for two reasons: 1) although the general appearance of trucks did not change significantly,
this data lacks more than 20 years of technological advancement (e.g., exhaust treatment), and 2) the
data address US class 8 trucks and cannot be completely transferred to European vehicles, due to
their different cabs and dimensions. To overcome this lack, a life cycle inventory was developed in a
previous publication [100].

The developed LCI has two advantages. On the hand, it also includes BET. Additionally, Mauk [215]
expanded the model by fuel cell stacks and hydrogen type IV tanks based on Agostini et al. [179]
and Simons and Bauer [216]. With this addition, all zero-emission technologies from Section 2.2
can be represented. On the other hand, the LCI links the bill of materials to vehicle-design specific
parameters, which is shown in Figure 4.4. Thus, for example, gearbox input torque, the number of
gears and transmission ratio can be used to determine the amount of steel, iron and other materials
present in the gearbox. This enables the generation of any vehicle concepts with different drive types
and design parameters and to transfer it to an LCI. To achieve this, multiple component-based mass
models developed by Fries [53] were combined with generic component-based BOMs. For the model’s
details, please refer to the previously published LCI [100].

The material mix is the output of the scalable LCI model. Figure 4.5 shows the resulting tractor for
the five considered powertrain concepts. The vehicle design parameters for the shown results are
summarized in Appendix E. They represent typical long-haul vehicles and—for BET, FCET, and
HICET—a range of approximately 400 km. The shown results are an example, of how the scalable LCI
links one specific set of design parameters to the output required for further LCA. It should be noted
that the model can output any European heavy-duty vehicle design with an error of 5% regarding
material mix [100].
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Figure 4.4: To obtain a scalable LCI, component-based mass models convert engineering design parameters
(@) to a BOM. Subsequently, the respective materials are assigned and linked to the life cycle
impact assessment (@) and, thus, to a database covering all the processes up to the extraction of
raw materials. For detailed information refer to the previously published model [100].

It can be seen that the tractor mass of the BET is significantly higher than the remaining vehicle
concepts. From Figure 4.5, it becomes evident that the Li-ion battery and the respective materials
(aluminum, cathode powder, graphite, and copper) primarily cause the mass increase.

The model uses data for automotive batteries, published by Dai et al. [217], and, therefore, the NMC111
chemistry. Although this chemistry is not state of the art, their LCI is still the most recent, based
on real-world data. For other chemistries, only model-based estimates exist. Advanced chemistries
allow higher gravimetric energy densities, which is why the share of batteries in the material mix will
decrease.

It must be noted that the FCET and HICET do not offer the same range as the diesel, albeit the mass
is comparable. A further discussion on the changes in the material mix can be found in the publication
[100].
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Figure 4.5: The LCI analysis of the absolute material masses shows decreases in steel and iron materials and
an increase of battery-related materials (Cathode powder, graphite and aluminum) for the BEV
concept. Only materials >5% are shown. Diesel is only present in ICET and plug in hybrid electric
truck (PHET), while cathode powder and graphite are only relevant for BET and FCET, although in
different quantities.
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4.2.2 Life Cycle Impact Assessment

According to DIN EN ISO 14040 [58], the life-cycle impact assessment links the data gathered in the LCI
with environmental impact categories (Section 2.1.2). According to the norm, there are three mandatory
steps: 1) selection of impact categories, 2) classification based on LCI results, and 3) calculation of
impact categories. This work uses the impact categories recommended by the ILCD, which were
summarized in Section 2.1.2. To support the process of classification and calculation, different LCA
software offer an extensive possibility for modeling. Gordon [218] and Alvarez [219] reviewed several
applications with particular attention to applicability in an automotive context. In this context, the LCA
software GaBi (Ger.: Ganzheitliche Bilanzierung [GaBi]), is widely used and suitable to answer the
questions of this work [220].

To perform the classification (second step), Gordon [218] and Alvarez [219] built a LCA model for a
generic tractor with a conventional, hybrid and battery electric powertrain. Mauk [215] expanded their
model and added fuel cell-specific components (stack and tank). Because of their technical similarity,
the same model represents both, the ICET and the HICET. However, the type IV hydrogen tanks
replace the steel tanks of the ICET.

The models consist of multiple connected processes (Figure 4.6), of which there are three types
[221, p. 35]. First, aggregated processes map materials, energies, and emissions up to a defined
processing step (e.g., semi-finished product or electricity). These processes have a cradle-to-gate
system boundary and include LCI data from the database linked to GaBi. For example, aggregated
processes describe steel materials from raw material extraction (cradle) to a semi-finished product,
ready for machining (gate). These processes only have data outputs and are used as input for other
processes. As the second category, basic processes describe a gate-to-gate process and do not
contain any LCI data or elementary flows and, thus, no direct emissions. The final assembly step is an
example of this. These processes require additional data as input to yield an output—for example, a
machined steel part. The third category is partly linked processes, which are a mixture of the other two.
They have a cradle-to-gate system boundary but do contain certain inputs. In the given example, a
partly-linked milling machining process contains LCI data on energy and lubricant usage but requires
an (aggregated) semi-finished steel process as input.

Life Cycle Assessment Model
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Cradle-to-Gate Process
e.g., 1 MJ electric

energy or heat Basic Process Final
: Emissions/// Emissions/// eg., f::;:rzgponent > Product
: |Cradle-to-Gate Process Partly Linked Process y :
| e.g., 1 kg semi finished > e.g., milling of 1 kg, incl. :

steel product energy and lubricants

Figure 4.6: A simplified component model illustrates the three process categories in GaBi [221, p. 35]. A basic
process itself has no direct emissions. In the assessment, these are only mapped via the upstream
chain (i.e., cradle-to-gate processes).

A database contains the information, required to calculate the environmental impacts. Consistent with
the system boundary, all built LCA models extend to raw materials and, thus, aggregated processes.
This completely maps emissions and environmental impacts at the material level. However, processing
and assembly steps are still necessary for the production of components and vehicles. These were
either modeled with generic, aggregated processing data provided in the database or with partly linked
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processes built on data from the literature. The latter was used primarily for the steps involved in
manufacturing and assembling vehicle components and the associated energy input. The pre-published,
scalable LCI [100] summarizes the vehicles’ manufacturing data.

The Technical University of Munich’s Institute of Automotive Technology owns licenses for the thinkstep
2017 [222] and the ecoinvent 3.3 [194] databases. Both were linked to GaBi and provided the back-
ground database for all LCA models. As discussed in previous publications [56, 100], the databases’
validity represents a challenge, due to outdated data. However, because technological progress has
mainly taken place at the component level (e.g. battery cells), this development is adequately rep-
resented via the use of up-to-date LCls. Namely, the battery [217], electric machine [223], fuel cell
system [179], the hydrogen [195] and synthetic fuel [199] pathways build on recent data. In order to
represent the end-of-life or recycling of a vehicle, the material flows can be given a negative sign. This
closes the material cycle in the material flow balance.

Although GaBi allows parametric modeling, it cannot be used directly as an element of the methodology
shown in Figure 4.1. Mainly because there is no interface to external software, Seidenfus [224]
transferred the aggregated LCA results to a vehicle simulation framework in Matlab/Simulink. This
results in increased flexibility, modularity, scalability and, last but not least, automation capability,
which is essential for vehicle concept optimization. However, the step loses the information about the
individual elementary flows, which are only contained in the GaBi model. It should be mentioned that
this step is only possible because GaBi exclusively represents linear relationships and all environmental
factors scale linearly with material and energy demand. Consequently, the results also behave linearly.
Since the information on material masses and energy demand is also available in the Matlab framework,
the results can be scaled there without the intermediate step of the LCA model and integrated into the
overall methodology.

The eco-efficiency assessment requires two additional steps, which are optional in the DIN EN ISO
14040: 1) Normalization of the results’ magnitude, and 2) weighting of the results. Both steps follow
the procedures described in Section 2.1.3 and 2.1.3. Seidenfus [224] applied the normalization and
weighting factors presented in these sections and implemented them into the vehicle simulation
framework. Both, the life-cycle costing and the life-cycle assessment, require vehicle-specific energy
consumption as an input variable. This is calculated by the long-haul truck simulation LOTUS [116],
whose structure is described in the following chapter.

4.3 Longitudinal Vehicle Simulation Model

Energy consumption is a crucial input to calculate a vehicle’s economic and environmental perfor-
mance. The fuel costs of a current diesel vehicle account for approximately one-third of its TCO [225].
Fuel consumption also dominates the use phase and, due to the high mileage, the environmental
impact. An eco-efficiency assessment for heavy-duty vehicles, therefore, requires an adequate energy
consumption model.

Every moving vehicle is subject to driving resistance forces and requires energy to overcome them.
Equation (4.4) is a general description of these resistance forces [226, p. 23].
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In addition to the mass-dependent rolling resistance F, and the gravitational force F,, there is also the
velocity-dependent aerodynamic drag F,. The last term describes the acceleration resistance F,,, which
must be overcome to accelerate the vehicle. It depends on the vehicle mass and represents the inertia
of the moving parts. Figure 4.7 shows the driving resistance forces for four typical heavy-duty use cases.
In contrast to passenger cars, mass-related forces comprise the majority of energy consumption.
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Figure 4.7: Energy consumption per driving resistance force of a 40t diesel tractor for different types of
operation. The vehicle cannot recuperate. The average velocity on the highway is 72 km/h, and
57 km/h on the country road [111, p. 37].

A longitudinal simulation implements the driving forces to calculate the energy consumption for any
speed v, slope a, and acceleration a. [226, p. 38]. Consequently, the total mechanical power P,,; can
be derived:

Piot = Fiorv- (4.5)

Considering the powertrain’s efficiency 7., yields the total energy E,;:

P,
Ey = f P g (4.6)

Mveh

Guzzella and Sciaretti [226, p. 34-41] distinguish between a (quasi-)static and a dynamic approach,
which are both shown in Figure 4.8 a) and b), respectively. Both have a driving cycle in common, which
must be known in advance. The key difference between the two simulations is the assumption that
in a quasi-static simulation, the vehicle can reach any operating point of the driving cycle. Due to
the low power-to-weight ratio (truck: 5 kW/t to 11 kW/t vs. car: >40 kW/t [227, p. 117, 228, p. 15]), this
assumption is not valid for commercial vehicles. Especially on uphill gradients, trucks do not reach
the desired speed, for example, 80 km/h on highways. Consequently, the quasi-static approach is not
suitable (without adaptations) for the simulation of heavy-duty vehicles. Stissmann [119] discussed this
issue in detail and derived the need for a dynamic simulation to accurately model driving characteristics
and energy consumption.
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(a) Quasi-static, backward longitudinal simulation
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Figure 4.8: The diagrams show two simplified approaches to model a vehicle’s energy consumption. The
quasi-static approach (a) calculates the consumption based on static operating points, which result
from the driving cycle, and efficiency or consumption maps. The dynamic approach (b) uses a
driver controller, which accelerates the vehicle to minimize the deviation between the target and
actual speed.

While the static approach essentially maps Equation (4.4), the driving resistances in the dynamic
approach take the form of differential equations of motion:

m ¥(t)=F(x(t),u(t)), x(t)eR",ueR™. (4.7)

This means that the force depends on position x(t), tractive forces u(t), and time t and yields the
acceleration x(t), which in turn depends on time. The considered system vehicle is both non-linear
and discontinuous and, thus, cannot be solved analytically. The downside of a closed-loop simulation
is the high computational effort and associated long computation times.

The EU regulation 2017/1151 stipulated that starting in January 2019, emissions from heavy-duty
vehicles should be calculated and certified using a simulation program [229]. The Graz University of
Technology was commissioned to develop the Vehicle Energy Consumption Calculation Tool (VECTO)
for this purpose. Additionally, standardized test procedures to parametrize the models, generic data
sets for driving cycles and driver behavior, and validation procedures were developed [230]. VECTO
is a backward simulation with the ability to include driver behavior, which is primarily performed by
limiting the acceleration [230, p. 35]. The tool has two main advantages: 1) the quasi-static simulation
results in fast computation times and 2) all component models and the generic data are validated.
However, VECTO cannot be used for this work because it does not offer any interfaces for automation
(e.g., optimization algorithms) or extensions such as an eco-efficiency assessment. Furthermore, it
currently does not include any zero-emission powertrains such as BET or FCET. The regulation aims
to certify tank-to-wheel emissions, whereby these two powertrains are classified as zero-emissions
and, consequently, do not have to be included in the simulation.

Sussmann [119] developed a dynamic, heavy-duty vehicle model in Matlab/Simulink to evaluate
the fuel-savings of different measures, reducing the single driving forces. He used quasi-stationary
engine models that utilize specific fuel consumption maps of EURO V combustion engines. The model
calculated the consumption of a diesel vehicle on a real route with 2 % deviation from the measurement
[119, p. 108]. In multiple works, Fries et al. [53, 54, 203, 231-233] further developed the model to include
new powertrains (gas, dual-fuel and hybrid), an operating strategy, and a TCO model. Analogously
to Sissmann, Fries implemented quasi-stationary efficiency maps for gas-powered engines, electric
powertrain components and the transmission. Both, the consumption and cost results, are within the
bounds of a validation space derived from real, published test drives and expert statements [53, p. 79].
Nevertheless, the closed-loop approach yields long computation times. The diesel model, for example,
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requires—depending on the hardware—approximately 1 min, while VECTO requires approximately 3 s
per simulation run.

In contrast to VECTO, the model’s source code is open-source available, which allows diverse interfaces
and extensions. Apart from the eco-efficiency assessment, the work at hand expanded certain aspects
of Stissmanns and Fries’ model, which are described in Section 4.3.1 to 4.3.4. The simulation model
is previously published GitHub under the name LOTUS and contains the eco-efficiency framework of
this work in addition to the publications by Siissmann and Fries [116].

Furthermore, a preliminary publication updates the map of internal combustion engines [234]. The
Institute of Internal Combustion Engines at the Technical University of Munich developed and optimized
a six-cylinder EURO VI engine model. The optimization of engine design parameters resulted in an
induced best-point efficiency of 53 % (=188 g/kWhpjese;)- The engine model’s output provides a suitable
input for the LOTUS simulation.

Until the introduction of VECTO, no standardized driving cycles, reflecting the use of commercial
vehicles, existed. Instead, stationary engine test cycles determined the values of exhaust emissions.
Therefore, Stissmann and Fries both derived their own driving cycles. While Stissmann recreated a
route in Germany [235], Fries et al. [236] used a statistical representation of logged fleet test data.
Assuming that the VECTO driving cycles set the new standard in the industry, their driving cycles were
replaced with the VECTO driving cycles. A preliminary publication showed the distance-based version
of the VECTO long-haul and regional delivery cycle, which can also be seen in Figure 4.9. Due to the
focus on long-haul applications, the regional delivery cycle is also rejected in this work but included in
the LOTUS GitHub repository [116].
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Figure 4.9: The speed profile and road gradient of the VECTO driving cycles characterize two use cases. The
long-haul cycle (a) has an average velocity of 83 km/h and a stopping time of 67 s during two stops.
The regional delivery cycle has a lower average velocity (66 km/h) but a higher dynamic with 11
stops and 746 s stopping time. Both cycles have a similar, average road gradient of 6.6 % and
6.2 %, respectively.

To be consistent and comparable with VECTO, the payload is also set to the according value (19.31).
Table 4.2 summarizes the other vehicle parameters included in the driving resistance equation. The
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values for the frontal area and drag coefficient are taken from Fries [53]. Verbruggen et al. [237] and
Naunheimer [227] estimate the rolling drag coefficient at 7 %0 and, thus, higher than Fries (5.2 %o) [53].
LOTUS utilizes the more conservative value. Naunheimer [227] estimated the (dynamic) tire radius as
well as the drivetrain efficiency, implemented in LOTUS. The transmission efficiency depends on the
selected gear, modelled by an efficiency map [53, 227].

Table 4.2: Constant vehicle parameters to calculate tractive forces with the closed-loop longitudinal simulation

model LOTUS.
Parameter Symbol Unit Value Source
Payload Mpayicad kg 19300 [230]
Frontal area A m? 10.2  [53]
Air drag (Pantograph) Cp - 0.53 (0.55) [53]
Rolling drag Cr - 0.007 [227, 237]
Tire radius Myre m 0.4465 [227]
Efficiency axle-drive ) Axle-drive - 0.98 [227]
Efficiency transmission  Mansmission - 0.96-0.99 [227]

4.3.1 Non-CO, Emissions

Neither Stissmann nor Fries nor VECTO addressed non-CO, emissions such as particulate matter,
nitrogen oxides or hydrocarbon (HC). As shown in Section 2.1.2, these emissions have a major impact
on ecosystems and human health, which is why they are also strictly regulated in many countries. The
emission regulations include carbon monoxide, nitrogen oxides, hydrocarbons, and particulate matter.
In Europe, EURO | to EURO VI and, expected between 2025 and 2030, the future EURO VIl regulates
these emissions for all vehicle classes [238, 239]. Similarly, the EPA defines emission standards for
the United States of America, although there can be stricter local deviations (e.g., California) [240,
241]. Comparable standards exist in China, Japan, India, and other countries [242].

Before EURO VI, technical regulations for heavy-duty vehicles were based on the Worldwide Harmo-
nized Stationary Cycle (WHSC) [238]. Introduced in 2011, the Worldwide Harmonized Transient Cycle
(WHTC) replaced the stationary for heavy-duty vehicles [243]. Both test procedures are engine-only
dynamometer tests. The effective EURO VI norm measures emissions in relation to the vehicle’s
fuel consumption in g/kWh or ppm/kWh, whereby the energy refers to the engine work in kWh. In
contrast, CO, emissions are measured in absolute mass in kg [243, p. 75f] or related to the transport
performance kg CO,/t km.

Emissions from non-combustion-related sources, such as tire and brake wear are currently not
regulated [244]. Both cause a significant amount of particulate matter, which, combined, are of the
same magnitude as EURO VI exhaust emissions (8 mg/km) [244]. According to Grigoratos et al. [244],
brake wear comprises 16 % to 55 % and tire wear 5 % to 30 % of the total PM,y-emissions. Aerosols
from road dust and dirt cause the remaining amount (28 % to 59 %). The exact mechanisms are not
fully understood, which explains the large variance. Furthermore, it is unclear how and to what extent
the particulate matter is distributed in the air [244, p. 42].

Pan [245] reviewed (semi-)empirical non-CO, emission models and evaluated their integration in
LOTUS. Regarding NO,, PM, and HC, three models represent dynamic driving conditions and, thus,
can be considered. The Comprehensive Modal Emissions Modeling is a physically-based approach

55



4 Eco-Efficiency Assessment

that calculates the emissions empirically in relation to the driving dynamics (speed, acceleration)
and the engine’s operating conditions [245, 246]. In contrast, the US EPA’s Motor Vehicle Emissions
Simulator (MOVES) is an empirical model that uses the vehicle-specific power VSP = F,; Vyen/Myep iN
kWh/t as input. The model developed by Zhang et al. uses a similar approach with input data from a
Chinese fleet test [247].

Pan [245] implemented these three models into the LOTUS framework. Table 4.3 summarizes the
models’ characteristics and the results from LOTUS. For reference, the EURO VI regulation is also
shown. It can be seen that all models yield values below the emission regulation, which can be
explained by different operating conditions. While both test cycles demand a high average engine
torque, the average power during the VECTO cycle is higher (34 % vs. 25 % for a standard tractor with
2100 N m and 320 kW). In conclusion, differing test scenarios, limitations in data accessibility and lack
of validated (EURO VI) experimental data limit the application of semi-empirical models. Altogether,
Pan’s [245] results underestimate EURO VI standard. To implement the more conservative values, the
EURO VI limits were implemented in the LCA use-phase model.

Table 4.3: Pan’s [245] study distinguishes four types (CO, HC, NO,, PM) and three sources (exhaust, tires,
brakes) of non-CO, emissions. The simulated exhaust emissions are all lower than the WHTC-test
limits. The results for tire and brake wear show a large scatter, as well as a large deviation from the
literature and thus a high uncertainty. [Note: FR=Fuel rate; VSP=Vehicle Specific Power]

Emission
Name Source Input (o0) HC NO, PM
Exhaust Emissions in g/lkWh
EURO VIWHSC [243] 1.50 0.13 040 0.01
EURO VIWHTC [243] 400 0.16 0.46 0.01
CMEM [246] FR, Speed, Acceleration 1.38 0.13 0.16 -
MOVES [248] VSP, Speed 0.84 0.01 0.72 0.01
Zhang et al. [247] VSP 0.71 0.03 0.26 -
Tire Wear in g/km
Lu et al. [249] PM ratio - - - 8.90
MOVES [248] Speed - - - 19.87
Pan [245] 40.28
Brake Wear in g/km
lijima et al. [250] Speed, Braking Duration - - - 1.99
MOVES [248] VSP, Speed - - - 102.60
Pan [245] 74.55

In the same way, Pan [245] implemented two empirical models each for brake and tire wear. The
MOVES model includes calculation methods for both emission types and is also based on the vehicle-
specific power. The model by Lu et al. [249] uses a statistical distribution of particle size. In combination
with average tire wear rates, the mass of PM,q can be derived. However, this neglects the vehicle’s
driving dynamics.

lijima et al. [250] derived an empirical model for brake wear based on experimental brake dynamometer
data. The model enables the calculation of individual braking processes depending on the vehicle
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parameters and speed. Because no regulation for non-exhaust PM-emissions exists, Table 4.3 shows
the average value for tire and brake wear based on the Pans [245] literature review. It becomes
apparent that the models deviate and none of them matches the average literature values. On the one
hand, different driving conditions and vehicle parameters explain this behavior. On the other hand, the
approaches differ in their level of detail. None of the models can be validated for the given use case of
European long-haul trucks.

Altogether, there is a high uncertainty associated with the use of empirical models for non-CO,
emissions. Regarding exhaust emissions, the more conservative—compared to the simulation results—
regulation values were used. This is also true in comparison to the real-driving emissions for EURO
V and EURO VI commercial vehicles measured by Ko et al. [251]. Due to their high uncertainty, PM
emissions from tire and brake wear are subsequently neglected. The deviation due to the neglect of
tire wear is identical for all vehicle concepts and, thus, has no effect on the (relative) overall results.
Brake wear also occurs in all vehicle concepts, but can vary in intensity due to recuperation. Only the
model of lijima et al. [250] can depict this relationship. However, the model is two orders of magnitude
below the average literature values, and, therefore, the overall error is negligibly small.

4.3.2 Fuel Cell Electric Vehicle Model

To enable LOTUS to simulate fuel cell vehicles, Weil} [252] has integrated a fuel cell model. For this
scope, he added the generic fuel cell stack model developed by Njoya et al. [253], which was already
applied for passenger vehicles [254]. The electric components modeled by Fries [231] provide the
remaining powertrain. Due to efficiency advantages, the LOTUS fuel cell model uses the central drive
topology with a fixed gear ratio, as discussed in a previous publication [138]. Figure B.1 shows these
topologies, and, for reference, other topologies.

The model only operates in the Ohmic region of the polarisation curve (Figure 2.9), thus neglecting
activation and mass transport losses. A PT1 member models the stack dynamics.

Because it is based on existing data sheets, the electrical equivalent circuit requires only a few
parameters to simulate a state-of-the-art fuel cell (proton exchange membrane). Njoya et al. [253]
achieved a stack voltage accuracy between +1 %. As parametrization, the model requires two cell-
characteristic tuples ([Uyoms Inom] @Nd [Unaxs Imax]) from two regions of the polarization curve as inputs.
Additionally, the voltages at 0 A and 1 A, U, and U, are required. Typically these can be obtained from
data sheets but in order to enable a scalable approach, the inputs are reduced to two—vehicle concept
defining—stack-parameters:

* Nominal power Pnom, stack
* Nominal voltage U,

These two parameters yield the nominal stack current I, (Equation (F.1)). The electrochemical
correlations calculate the remaining unknown input variables, which were implemented in LOTUS by
Weilk [252]. The model of a 50 kW fuel cell [253] as well as experimental data [255] provide assumptions
for technical specifications of the fuel cell that cannot be calculated with the aforementioned correlations.

Consequently, the open circuit voltage can be derived as:

I
Uo = Upom + N by In =22 +R; I, (4.8)
%)
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Equation 4.8 requires further parameters that can be derived from electrochemical relations:
* Cell surface A * Tafel slope by

*  Number of cells N * Inner resistance R;.

Equation (F.2) - (F.5) show their derivation based on physical relations. The Butler-Volmer equation
(Equation (F.6)), which describes the reaction kinetics, can calculate the cell exchange current iy = %".
Here, the hydrogen concentration- and temperature-dependent exchange current can be considered
as a measure of the reaction speed [255, p. 71]. Consequently, all parameters are known in order to
derive the characteristic voltages U; and U,,4 (Equation (4.9) and (4.10)). The stack current at the end
of the Ohmic region I.,4 depends on the stack surface A (Equation (F.7)). Appendix F summarizes all
derived formulas and assumptions for the fuel cell model.

Uy =Upom +N bTafel lnInorn +R; I, (49)

where:

U; = Cell voltage at 1 A.

Iena
Uend = UO +N bTafel In ;_n +Ri Iend’ (41 0)
0
where:
Ueng = Maximum cell voltage.

As discussed in Section 2.3.4, a FCET is a hybrid vehicle. That means that the fuel cell stack power
is not (at all times) equal to the electric machine power and, thus, the vehicle requires an operating
strategy controlling the power output. Schmid et al. [256] performed experiments with a Hyundai ix35
FC and showed that the vehicle uses the battery’s state of charge (SOC) as a control variable. Their
results hint at a discrete control strategy with fixed fuel cell operating points. Based on their findings,
Weil} [252] implemented a discrete control strategy with five empirical operating points. Figure 4.10
shows the operating strategy for an exemplary FCET. Depending on the SOC, the focus is either
on high efficiency (high SOC) or high power with decreasing efficiency at lower SOC. The strategy
manipulates the fuel flow [257, p. 369f] and, thus, the corresponding power output. To prevent the fuel
cell's output from oscillating, the switching between operating points is carried out under a hysteresis
[252, p. 43f]. For example, if the SOC falls below 45 %, the power output increases until the SOC
surpasses 50 %. The dotted lines (---) in Figure 4.10 show the switching between operating points
and the hysteresis.
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Figure 4.10: The discrete fuel cell operating strategy controls the power depending on the SOC. To prevent
oscillating, each operating point consists of a hysteresis. The figure shows a FCET with a stack
power of 300 kW, an electric motor with 2200 N m and a battery capacity of 40 kWh. The vehicle
operates the VECTO long-haul cycle.

4.3.3 Hydrogen Internal Combustion Engine Vehicle Model

Regarding costs and environmental manufacturing impact, the hydrogen combustion engine is—apart
from the tank—equal to its diesel counterpart (Section 2.3.4). However, LOTUS requires an extension
to model the energy consumption of a HICET. Therefore, Eidkum [175] reviewed and modeled different
hydrogen combustion technologies.

LOTUS uses specific consumption maps to obtain the fuel and, consequently, the energy consumption.
Thus, the different hydrogen characteristics must be transferred to engine maps that can be used
in LOTUS. In the first step, the specific diesel consumption map (in g/kWh) [234] is converted to an
induced efficiency map (in %) [175]. Due to the lower overall efficiency of current hydrogen combustion
engines, the map is scaled based on the average efficiency. This results in an efficiency conversion
factor of 44/48.88 = 0.90, which can be applied to any diesel consumption map.

Section 2.3.4 showed that hydrogen engines have a higher rotational speed than diesel engines.
Therefore, the speed and, consequently, the efficiency map’s torque, must be further adjusted. Due to
the physical relationship P =2 © T n, the resulting torque must be lower while the speed increases to
have an equal power output. Figure 4.11 visualizes this correlation. The shifting points and gear ratios
are adapted accordingly to yield the same behavior as the diesel ICET. Tschochner [258] and Fries
et al. [203] successfully used this approach to simulate different, continuous combustion engine and
electric motor maps.

Eidkum [175] obtained simulation results for two powertrain topologies using LOTUS. The standard
HICET with compression ignition (Cl) uses the efficiency map derived by Méahrle et al. [234]. To check
the approach’s transferability, Eidkum [175] implemented the high-pressure direct injection (HPDI)
process as developed by the Westport company [259]. The HPDI configuration is scaled, based on
the LNG HPDI engine maps provided by Fries [53]. The hydrogen internal combustion engine and the
HPDI process yield consumptions of 9.8 kg H,/100 km and 9.6 kg H,/100 km, respectively.
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It must be noted that, although literature justifies the approach [203, 258], the conversion from one
energy source to another is subject to simplifications. The obtained engine maps, therefore, only
present an estimation of the HICET’s energy consumption. In comparison, the optimized hydrogen
combustion processes by Munshi et al. [259] achieve higher efficiencies. However, three (unpublished)
expert opinions confirm the achieved consumption between 8 kg H,/100 km and 10 kg H,/100 km and,
therefore, the model’s plausibility. All expert opinions are from the year 2020 and incorporated into a
previous publication [33]. Two of the experts are involved with the development of hydrogen combustion
engines in a leading management position at a supplier and an OEM, respectively. The third expert is
directly involved in development at an OEM.
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Figure 4.11:  To convert engine maps with different characteristics into each other, the maps are scaled based
on speed and torque. The power remains equal P, = P,. To achieve this, the maximum rotational
velocities as well as the maximum torque are adapted accordingly. Thereby applies n; < n, and
T, > T,.

4.3.4 Overhead Catenary Design

Section 2.3.3 showed that overhead catenary systems provide a solution to overcome the weight and
range limitations of BETs. Dynamic charging enables smaller battery capacities while maintaining
the same range. To investigate this relationship in more detail, Shen [260] studied various dynamic
charging strategies and their impact on vehicle design.

Shen [260] based the BET’s model on the StratON research project [150], where a DC-pantograph
is connected to two contact wires above the road. The pantograph moves automatically to reduce
aerodynamic drag when no overhead line is available. Shen [260] estimated the drag coefficient in the
extended state at 8 %, compared to the retracted state, which equals an optimized version used for
trains [261]. In the closed state, the drag coefficient is equal to a conventional truck [150].

The LOTUS implementation first calculates the minimum pantograph power Pp,, in order to sustain
the velocity [145]. The power depends on the e-road segments’ total length dq:

1 dcycle
pPan. :EVehiclev (1+— _); (411)
MBat. MPan. dOC

where:

Evenice = Specific energy consumption, estimated at 1.83 kWh/km [150]
y = Vehicle velocity, 80 km/h
Npan. = Conductive efficiency, estimated at 99 % [150]

Npae. = Charging efficiency, estimated at 97 % [150].
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Except for the electrified length dy, all parameters are known. The correlation between electrified
road kilometers dy and their share on total utilization is non-linear because not all roads or road
segments are equally frequented. If the electrified sections are located on the most frequently traveled
highways, higher utilization can be achieved. This means that, in the best case, an e-road network
of 15 % results in a share of 38 % of the mileage [140, p. 125]. For analyzing the effect of electrified
roads on the vehicle concept, the mileage share represents the overall electrification. Additionally, it is
assumed that a maximum of 90 % of the road network can be equipped with an overhead catenary
system due to technical limitations such as tunnels and bridges [150, p. 96]. Figure 4.12 visualizes
the correlation between possible electrification and e-road network expansion. Additionally, the three
suggested e-road networks, as discussed in Section 2.3.3, are shown.
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Figure 4.12: The relation between electrified road network length and electrified mileage (or utilization) is
non-linear. For example, with 10 % of the most frequented road kilometers, 42 % of the mileage
can be covered by an overhead contact line. The three expansion stages shown correspond to
the proposal by Wietschel et al. [140]. An expansion above 90 % is technically impossible due to
tunnels or bridges.

Consequently, these three network expansion stages are analyzed with the developed charging
strategy and their respective electrification. Assuming that the overhead line can always provide the
power according to Equation (4.11), Figure 4.13 shows the resulting SOC. The same vehicle completes
the VECTO LH cycle with three increasing e-road expansion stages. For reference, the SOC without
dynamic charging is shown. The vehicle is equipped with a battery capacity of 160 kWh. The interaction
between battery size and expansion can be derived from this. Each electrified kilometer leads to a
reduction in battery capacity of 1.1 kWh. The remaining range at the end of the cycle remains the same.
For a typical daily driving distance of 400 km/d, this equals a reduction of 185 kW h for the e-road
network of 10 % and 300 kW h for the network of 30 %, respectively.

Depending on traffic density, an overhead line would also allow higher charging capacities. This would
not only keep the SOC constant but also charge the battery. However, the simulation yields technically
impossible C-rates of 6/h to 7/h for the battery size investigated. Larger capacities would lower the
C-rates, but the cost and weight advantage of the OC systems shrinks with it. In the following, the
model uses a constant SOC strategy with variable power, representing a lower boundary regarding
the range advantages.
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Figure 4.13: A vehicle with a 160 kWh achieves different remaining battery capacities depending on the e-road
expansion by, b,, and b;. The gray areas represent the road sections with dynamic charging.
For the given VECTO LH driving cycle, each electrified road kilometer potentially decreases the
battery capacity by 1.1 kWh.
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5 Multi-Objective Optimization Problem

With the different powertrain models, a genetic (or evolutionary) algorithm optimizes each vehicle
design. This can be regarded as an “ex-ante LCA” [22], which includes the technological improvements
of each vehicle concept, enabling a fair and foremost prospective technology assessment. This is
necessary to derive recommendations on future or emerging technologies. As discussed in a previous
publication, this methodology is an innovation in the field of LCA and eco-efficiency analysis [56]. The
evolutionary algorithm derives Pareto-optimal vehicle concepts, which help to analyze whether the
conflict between environmentally and economically optimized vehicles can be resolved with alternative
powertrains. This approach aspires to an easy selection by a decision-maker afterward (a posteriori).

This type of algorithm has already proven its applicability for improving vehicle performance in various
applications. For example, Luo et al. [262] optimized the charging component’s efficiency of BETs. Yu
et al. [263] and Da Silva et al. [264] both applied a genetic algorithm and optimized hybrid operating
strategies. They achieved cost savings, lowered emissions, and extended the battery cycle life.
Additionally, Ju et al. [265] and Pathak et al. [266] optimized vehicle concepts and aimed to resolve
the conflicting customer requirements (e.g., acceleration and travel time) and costs. Fries [53] applied
an evolutionary algorithm to heavy-duty vehicle design and optimized transport efficiency.

Before any optimization, the problem must be formulated in a mathematical form that the algorithm can
solve. In the following, a summary of the multiobjective optimization problem (MOP) is given. Further
fundamentals on optimization problems can be found in Kruse et al. [267] and Coello et al. [268]. As
a mathematical definition, a multiobjective optimization problem (MOP) is the extension of a single
objective optimization. The objective of evaluation function F : 2 — A maps the vector x of n decision
variables to an output vector y of k objectives. The decision variables can be continuous or discrete
and are part of the decision variable space (some universe 2). All possible solutions y are part of some
universe A [268, p. 7]. Optimization problems can further be subject to a number of m inequality g; or
p equality h; constraints. Equation (5.1) shows the standard form of such a MOP:

mXin Fx) = [, ..., @], x=[x1,..,x,]T €Q
s.t. gi(x) < 0,i={1,..,m}, and (5.1)
h;(x) = 0,i={1,...,p}.

Multi-objective problems typically have conflicting objectives. The improvement of one objective leads
to the deterioration of another. Two solutions that fulfill this criterion are called Pareto optimal—
named after the Italian engineer and economist Vilfredo Pareto. Equation (5.2) gives the mathematical
expression of Pareto-optimality. It means that a set of solutions P* is Pareto-optimal, if no vector x’
exists “which would decrease some criterion without causing a simultaneous increase in at least one
other criterion” [268, p. 8] (F(x) < F(x)).
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Pr={xeQ|ix € QFXE)<FX)}. (5.2)

To solve a MOP, multiple objectives are to be solved simultaneously. At the point, where no solution
can improve (i.e., minimize) one objective without increasing another one, the set P* achieved Pareto
optimality [268, p. 11]. Consequently, there is no single, optimal solution, but a set of solutions, and
the problem requires a posteriori decision maker [268, p. 7].

The non-dominated sorting algorithm Il (NSGA-II) developed by Deb et al. [269] is an evolutionary,
multi-objective algorithm. It is particularly capable “of preserving spread on the non-dominated front”
[269] and shows a good convergence due to its selection method and good computational performance
[268, p. 110, 269, 270]. Furthermore, the NSGA-Il can handle non-linear and unsteady objective
functions and continuous and discrete design variables. Both are present in a vehicle simulation. The
presented approach builds on Fries’ [231] NSGA-Il implementation into the vehicle simulation.

Figure 5.1 shows the algorithm’s procedure. The original population P, contains a specified number
of individuals. An individual is a set of design variables x—or genes in the evolutionary algorithm’s
terminology. As a first step, stochastic operations (recombination and random mutation) generate
the offspring generation Q, from the starting population P,. Non-dominated sorting divides the overall
population R, into individual (Pareto) fronts F; of non-dominated individuals [270]. Because R, is larger
than the available slots for the new generation P, ;, the least fit (i.e., the ones with the worst fitness
value) individuals are rejected. To enhance diversity in the new population, a crowding distance sorting
selects the individuals of the last front (here F;), which are carried over to the new population. Because
the algorithm allows individuals from the original population P, to move to the new population, the
selection is called elitist [268, p. 110]. The new population P, is the start of the next iteration. Typically,
for multi-objective optimizations, the user specifies a maximum number of iterations [270] as the
termination criterion.

Stochastic Non-Dominated Crowding Distance
Operations  Sorting Sorting

P,

Q

. @Rejected

Figure 5.1: The evolutionary algorithm NSGA-I| creates an offspring generation Q, and evaluates its fitness.
Subsequently, a non-dominated sorting applies. The algorithm sorts the obtained Pareto-fronts F;
based on crowding distance criteria to enhance the front’s diversity. The least fit Pareto-fronts are
rejected.

Each set of design variables x denotes a unique vehicle that can be optimized with regard to the
objectives f; (Figure 4.1, IV). In addition to the economic (f;) and environmental (f,) objective, the third
objective (f3) is the remaining climbing ability (RCA), which represents a customer requirement. The
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RCA is the maximum, additional gradient that a vehicle can travel at a certain speed (here: 85 km/h)
without shifting gears. A low RCA results in frequent gear shifts, which is an unwanted property by the
drivers. Thus, it represents a customer requirement, which can lead to unreasonable choices. For exam-
ple, a customer does not always select the smallest possible engine to fulfill the requirements. Instead,
a customer can choose the larger and more expensive—and thus economically unreasonable—engine
based on subjective criteria. This example illustrates that optimizing such a customer requirement
better reflects the customer’s choices and thus developed vehicles. Consequently, we define the
climbing ability as the third objective instead of a boundary condition. To formulate a minimization
problem, the remaining climbing ability has a negative sign so that it is maximized:

fl (X') :=TCO
H}(in F(x) fo(x) :=EII

f3(x) :==—RCA
(5.3)
5h™!, if BEV
st g1 Cpax <
20h™!, if HEV

€21 g < 400A.

Supplementary to the two constraints g; and g,, limiting the battery’s (dis-)charge rate and average
current to currently achievable values [138, 271], a hidden constraint applies if the vehicle cannot
complete the driving cycle and stops. The algorithm excludes these vehicles from the solution space.

It must be noted that not all vehicle configurations are valid solutions because they result in the
termination of the vehicle simulation (i.e., the vehicle stops because the slope cannot be climbed or the
battery is empty). These vehicles are given an infinite objective value and the algorithm consequently
excludes them from the population.

The boundaries for the ICET and HET design variables are borrowed from Fries et al. [203, 231].
The HICET optimization uses the same values as the ICET. Table 5.1 summarizes the design space
for the BET and FCET optimization. There, the lower and upper bounds are selected based on a
previously conducted benchmark [138]. It should be noted that a depth of discharge (DOD) below 50 %,
would result in unfeasible large gross capacities for the BET, exceeding the GVW-limit. The battery
is assumed a best-in-class high-energy battery with a gravimetric energy density of 161 kWh/kg on
pack-level [196]. Extended limits allow the algorithm an exploration of the design space.

All optimizations were performed with 520 individuals and 100 generations—values, which Fries [53]
successfully applied by. Due to the FCET model’s longer computation time, the optimization had to be
performed with 160 individuals. The computation time for all optimization was approximately 8 h on a
Linux cluster with 32 processors (Intel®@Xeon®Gold 6148 CPU with 2.4 GHz).

In comparison to single-objective optimization problems, a MOP’s solution does not converge in the
same way. Due to the solutions’ Pareto-optimality, a simple threshold cannot be used to determine when
the algorithm terminates. Therefore, Goel and Stander [272] propose a metric to obtain a convergence
curve for MOPs, which is specifically designed for genetic algorithms. Their proposed improvement
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Table 5.1: Lower and upper boundaries for the design variables x for BEV and FCEV concept optimization.
[Note: EM=Electrical Machine; RPM=Revolutions per Minute; DOD=Depth of Discharge; PSM=Per-

manent Synchronous Machine; ASM=Asynchronous Machine)]

Design Variable Unit Lower Upper
Max. torque T, Nm 500 2000
Rated EM RPM min-! 1000 5000
DOD (Fuel Cell) - 0.5(0.1) 1
Capacity Cyq, kWh 560 1600
Ratio axle-drive - 0.5 25
Gear spread - 1 22
No. of gears discrete 1,2,4,6

Lower shift min”! 750 1200
Upper shift min! 1200 1750
EM-type discrete PSM or ASM

Power fuel cell' kW 100 140
Battery capacity' kWh 50 300

"only for FCEV concept optimization

ratio (Equation (5.4)) relates the population size n(P) to the number of non-dominated individuals of
the previous and the current generation n(4;).

_ n(P)

IR 5
n(A;)

P={ai_p:ai_p <0}, apn€A_p aEA;: (5.4)

Figure 5.2 shows the improvement ratio obtained for the BET optimization. It can be seen that the
optimization starts to converge after 70 generations (----). “Since the evolution is locally random, the
parameter A (generation gap) acts as a filter to reduce noise” [272]. Therefore, Figure 5.2 also shows
the average improvement ratio (——) as a convergence metric. The generation gap delta corresponds
to the number of generations (A =i). Appendix G shows the convergence metrics for the remaining
vehicle optimizations. Although all optimizations converge within the maximum generation, the different
number of design variables causes the convergence to occur in varying generations.

100% e
T 80% d i,
o Rt N HIAS I
2 60% A : it
2 ¥ P A%
g 40% LR LAETR A B Y
’g. 20% | —— Average
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0%
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Figure 5.2: The absolute improvement ratio shows that the BET optimization converges after 70 generations
(©)- Locally random evolution creates noise, which the average improvement ratio filters out [272].
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6 Validation and Uncertainty

Before presenting the results, the simulation model’s correctness must be evaluated. Section 6.1
validates the model, comparing the diesel simulation to real-world data. Because no publicly available
data on zero-emission vehicles exists, only validated submodels and physical completeness can verify
the model. AMonte-Carlo-based uncertainty quantification extends the model’s validation, counteracting
this flaw. A framework quantifies and compares the system-inherent with the scenario-dependent
(using the payload as an example) uncertainties.

6.1 Validation

To evaluate a model’s quality, it can be verified and validated [273—-275]. Danquah et al. [275] define
verification and validation as follows:

» Verification: The process of determining that a computational model accurately represents
the underlying mathematical model and its solution.

» Validation: The process of determining the degree to which a model is an accurate
representation of the real world from the perspective of the intended uses of the model.

SuRmann [119] developed the predecessor of LOTUS to evaluate consumption reduction measures.
Because some of these measures only yield a 0.3 L/100 km reduction, the simulation had to be able
to show savings of this magnitude [119, p. 91]. Accordingly, the vehicle model had to represent
the powertrain of a diesel vehicle in detail. SURmann’s model achieved an accuracy of 5.4 % when
compared with test drives.

During the development of VECTO, ACEA [115] released consumption data for the European vehicle
categories (Section 2.2 and Appendix A). Mustafi¢ [117] modeled a diesel vehicle for each category
with LOTUS and compared the results to the published data. Table 6.1 compares the simulation results
with the real-world data, confirming StiRmann’s results [119, p. 91]. Except for the 5-LD subgroup, all
categories show a Gaussian distribution. Mustafi¢ [117] compares the mean values of the data with
the results from LOTUS. Because subgroup 5-RD has a near-uniform distribution, the comparison
of the mean value is not representative and explains the comparatively high inaccuracy. However,
the simulation results are within the 50 % confidence interval around the mean value. Furthermore,
the subgroup represents a niche, with 0.8 % share of the total driving performance. It can be seen
that LOTUS achieves an average accuracy of 5.3 % over the vehicle categories. This comparison and
SuBmann’s results show both the model’s verification and its validity for simulating diesel powertrains.

To model other vehicle concepts, Fries et al. [203] included LNG engine maps. Furthermore, a previous
publication [54] incorporates electrical components into the simulation to evaluate hybrid and LNG
powertrains. For these vehicle concepts, no publicly available real-world data exists, which could
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Table 6.1: To validate LOTUS, Mustafi¢ [117] compared the results to previously published data. This data
represents the preliminary average reference values from ACEA, which serve as a baseline for the
consumption reductions set by the EU [115]. [Note: MAPE=Mean Absolute Percentage Error]

Vehicle Type Subcategory Vehicle sales LOTUS g CO,/tkm ACEA g CO,/tkm MAPE %

Chassis 4-RD 7.9% 206.31 198.1 4
Chassis 4-LH 1.9% 97.59 102.9 3
Tractor 5-RD 0.8% 73.53 84.0 12
Tractor 5-LH 62.8% 57.98 56.5 3
Chassis 9-RD 7.2% 113.65 110.9 2
Chassis 9-LH 9.2% 60.84 64.7 6
Tractor 10-RD 0.1% 78.99 84.0 6
Tractor 10-LH 9.7 % 61.79 58.6 5

Average 5.13

validate the overall simulation. Consequently, Fries [53, p. 78] did not validate the alternative powertrains
from a vehicle perspective. Instead, he used validated submodels to ensure the results’ quality.

As described in Section 4.3.2 and 4.3.3, both the FCET and HICET simulations use valid submodels.
As with Fries [53], on the one hand, no publicly available data allows validation. Only the validated
submodels can justify the validity of LOTUS. The (physically) complete representation of the different
powertrains, on the other hand, represents the simulation’s verification. Analogous to StiRmann [119]
and Fries [53], LOTUS can represent all relevant relationships determining energy consumption.

As explained in Section 4.2.2, two previous publications discuss and verify the life cycle inventory’s
and the life cycle assessment’s data quality [56, 100]. The LCC consists of four parts, of which two
(personnel and overhead) are assumed identical for all vehicle concepts (Section 4.1). There is no
data, explicitly evaluating the influence of zero-emission vehicle’s on personnel and overhead costs
[56]. However, it can be assumed that the logistic processes and, thus, personnel and overhead
costs, remain unchanged by alternative powertrains—at least in the current decade. Dominating the
fixed costs, the acquisition costs are essential for the costs’ accuracy. The LCC builds on the specific
component costs, which a previous publication [196] discusses. Furthermore, they are in line with
current literature [49, 96, 276]. The same applies to the assumed energy costs, which comprise the
majority of the variable costs. They correspond to current European cost forecasts [197, 277], which
have been summarized in a previous publication [196].

Overall, the model cannot be fully validated due to a lack of experimental data. However, the model’s
physical completeness includes all primary powertrain components and, consequently, represents a
verification. Lumped auxiliary consumers (here 3.5 kW) model the secondary powertrain components,
such as thermal management. Advancements (e.g., Tesla’s Octalink) in these components could easily
be included if their effect on average auxiliary power consumption can be determined. Furthermore, all
submodels are validated [53]. The assumptions for the economic evaluation can also not be validated
because they are partly future costs of components or fuels. However, a comparison with data available
in the literature [49, 96, 197, 276, 277] shows that these assumptions are plausible. The ecological
assessment cannot be validated per se [278]. However, it was performed according to widely used
standards DIN ISO 14040 and 14044 [58, 59] and the ILCD guidelines [68]. Data from current literature
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allows the modeling of components [179, 217, 223], energy sources [195, 199], and electricity mixes
[279, 280] down to material extraction. Data at this stage is scarce and seldomly updated [281]. An
updated database version, therefore, does not significantly influence the results, because the data on
the raw-material level remains the same. However, this cannot be evaluated conclusively, although
the relative comparison remains valid regardless of the database version.

6.2 Uncertainty Quantification

Although single component models were validated for specific applications, it is necessary to quantify
the associated overall uncertainty: While the use of simulations for product development is state
of the art, Danquah et al. [282] highlighted the necessity of uncertainty quantification and model
validation, which is rarely considered in an automotive context. These are, however, indispensable in
order to derive valid conclusions and increase the overall system knowledge. This chapter, therefore,
introduces a combined uncertainty quantification regarding the aleatoric and epistemic uncertainties.
Apart from this, uncertainties may arise due to a lack of knowledge about the scenario. To counteract
this, Section 3.2 defines the status quo and a best-case scenario, which can be achieved in 2030.
Assuming that an improvement of the status quo in terms of energy mix and costs continues to take
place, all possible solutions lie between today and this best-case scenario. Consequently, the scenario
uncertainty is excluded from the uncertainty quantification and separately discussed in Section 7.4.

Aleatoric uncertainties are system-inherent variances [283, p. 4, 284, p. 50]. Because aleatoric uncer-
tainties are known in advance, better system knowledge or more precise measurements cannot reduce
these random fluctuations. For example, air pressure and temperature fluctuate naturally, affecting
the calculation of driving resistances. According to Johnson et al. [285], probability density functions
(PDFs) and cumulative distribution functions (CDFs) are adequate visual representations, typically
in the shape of Gaussian, Weibull or exponential distribution. If these fluctuations are not known
analytically (such as a coin toss), they can be measured experimentally and described mathematically,
which expands the representation to an empirical probability denisity function. Seidenfus [286, p. 17]
provides illustrating examples of PDFs and CDFs, respectively.

Epistemic uncertainties describe the lack of knowledge about the system [283, p. 4, 284, p. 50]. Sullivan
[283, p. 17] further distinguishes between model shape and parametric uncertainty. The former reflects
the doubt about the model’s correctness, while the latter describes doubts about the correctness of
certain parameters. In an engineering context, epistemic uncertainties are mathematically described
by technically possible intervals [a, b]. The vehicle mass or the payload are examples of epistemic
uncertainties. A vehicle’s mass might be unknown because the exact mass of a vehicle depends on
the individual vehicle configuration up to the exact filling level of individual liquids. Analogously, a
commercial vehicle’s payload depends on the use case and the type of goods. An interval in this case
describes the uncertainties, for example via minimum and maximum values. According to Roy et al.
[287], a probability box (PBox) visualizes combined aleatoric and epistemic uncertainties.

In order to quantify a model’s uncertainty, aleatoric uncertainties are fed into the system with a
fixed sample of epistemic uncertainties. This procedure is repeated with multiple samples from the
epistemic probability boundaries [287, 288]. Danquah et al. [275, 289] and Riedmaier et al. [290]
combined this approach with a Monte-Carlo sampling to create a unified framework for epistemic and
aleatoric uncertainty quantification of technical, automotive systems. The generic Validation Verification
Uncertainty Quantification Framework (VVUQ) is available at GitHub under open-source license [291].
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Uncertainties are not an integral part of the DIN EN ISO 14044 and—even in a scientific—context
seldom considered in LCA, although the topic’s attention is increasing [292, 293]. In particular for
prospective LCA approaches, the scenario-related uncertainties can significantly influence the results
[294]. In the case of use-phase-intense products—such as heavy-duty vehicles—uncertainties can
shift the results and, thus, the LCA’s results [295]. Therefore, Seidenfus [286] quantified and analyzed
the uncertainty associated with component and scenario-related parameters on the two eco-efficiency
objectives Ell and TCO. For this, he applied the VVUQ framework to the LOTUS eco-efficiency
assessment.

The methodology allows the analysis of several indicators. Based on vehicle optimization, the TCO
and the Ell are the two variables of interest. Additionally, energy consumption provides a practical
figure to analyze the results. Table 6.2 shows the range of parameters that Seidenfus [286] identified
as aleatory errors. The relative motor efficiency represents the uncertainties of a motor map. The
Truck 2030 engine map from LOTUS represents the reference (100 %), whose efficiency is changed
with a variance of +3 %. The resulting constant factor is transferred to the entire map.

The payload represents an epistemic error, covering an interval from 10t to 251, which is also identical
for all vehicles. Payload is used here as an example of epistemic (or scenario-dependent) uncertainty,
although the relationship between higher payload and higher consumption is obvious.

Table 6.2: Vehicle parameters and corresponding epistemic and aleatoric intervals [286]. The parameters are
passed through the LOTUS vehicle simulation and evaulauted with the VVUQ framework, developed
by Danquah et al. [291].

. Aleatoric
Paramter Symbol Unit

Mean u Variance o
Air drag coefficient Cp - 0.5373 0.0037
Roll drag coefficient Cr - 0.007 0.0004
Relative Motor Efficiency  7engine % 100 0.3
Fuel Cell Stack Efficiency  Mget cen % 55 4

Epistemic
Min Max
Payload Moayioad K9 10000 25000

Figure 6.1 shows the resulting PBoxes for the two eco-efficiency objectives TCO and Ell for the
optimized BET concept (Section 7.3.1). Additionally, the figure shows the PBox for the overall energy
consumption. It can be seen that the influence of the epistemic uncertainty (i.e., the payload) exceeds
the influence of the aleatoric errors. While this effect is present in all scenarios, it is more pronounced
for the two eco-efficiency objectives.
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Figure 6.1: The cumulative distribution function shows the BET’s uncertainty quantification of the two opti-
mization objectives and its energy consumption. For each of the three aleatoric scenarios (mean,
low, and high payload), the vehicle input parameters are altered in their epistemic intervals (Ta-
ble 6.2). While the epistemic errors are visible in the energy consumption’s uncertainty, their effect
diminishes for the two objectives. Furthermore, the aleatoric uncertainty associated with differing
payloads exceeds the epistemic uncertainties.
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The same study was performed for the ICET, the HET, and the FCET concept. The HICET is not
included as the results would be—apart from the engine map’s conversion factor—identical to the
ICET, due to equal simulation structure and scope. Appendix H shows these results. Although the
absolute values differ, the picture is the same for all studies: The payload has a significantly higher

influence on the results than the (not exactly determinable) vehicle parameters.

Uncertainty quantification allows a statement about how parameters that are not exactly known or
determined influence the result. Seidenfus’ [286] study on the uncertainty of vehicle parameters allows

three conclusions:

72

Parameters such as rolling resistance or air resistance have a non-negligible influence on
the consumption of individual vehicles. However, the resulting quality of the eco-efficient
analysis is only marginally influenced by this for two reasons. First, these parameters
are—except the OBET’s dynamic air drag coefficient—identical for all vehicles, which is
why the relative vehicle comparison is valid. Secondly, the validation of the previous work
showed that for diesel vehicles a small deviation was obtained compared to different
measurements. Therefore, it can be assumed that the selected set of vehicle parameters
achieves high-quality results and that this quality is transferable to other vehicle concepts.

The influence of the (epistemic) payload exceeds the influence of the aleatory uncertain-
ties. This is especially true for the two eco-efficiency objectives TCO and Ell, both of
which are linked to the payload. In reality, the payload depends on the specific application.
However, the simulation uses a generic payload published by the EU, which is used by
VECTO to certify commercial vehicle emissions. Although the reference to reality cannot
be conclusively ensured, the eco-efficiency analysis results are, nevertheless, valid in
comparison with VECTO.

The payload example shows that a scenario comparison can ignore aleatoric uncertainties.
In particular, for results normalized on the functional unit (tkm), it can be assumed that
there are no fundamentally different results when aleatoric uncertainties are included.
Therefore, the remainder of this work does not present these. However, it should always
be noted that these uncertainties occur in reality.



7 Results

The following section presents the vehicle concept optimization results, which are Pareto-optimal
regarding costs and environmental impact. First, Section 7.1 describes the LCC results and Section 7.2
summarizes the obtained LCA results. Both are on based on a previous publication [138] and sup-
plemented by the HICET concept. Figure 7.1 shows the solution space with a Pareto-front for each
vehicle concept. In addition, a diesel vehicle, representing a modern tractor (such as MAN TGX EURO
V), provides a reference to compare the results [53]. Table 7.1 shows the three optimization objectives
with additional vehicle performance indicators for each vehicle concept. For each indicator, the mean,
minimum, and maximum value from the respective Pareto-front is shown, which indicates the degrees
of freedom of the respective vehicle design. The optimization was performed with the Status Quo
scenario assumptions.
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Figure 7.1: Trade-off (a) between Eco-Impact Index and cost of ownership for Diesel, HET, BET, FCET, and

HICET concept optimization. For the TCO, a vehicle lifetime of 10 years is assumed. The reference
vehicle has a RCA of 14 %. The color-coding shows the superior climbing ability at 85 km/h of all
electrified vehicle concepts (darker) compared to the diesel. For better readability, the individuals
with the lowest TCO are highlighted and two details of the solution space (b, ¢) are shown.
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Each vehicle concept will be described separately and from a technological point of view in Section 7.3.1.
Because no vehicle concepts are compared there, these results apply regardless of the chosen scenario
(here: Status Quo).

Choosing the most cost-efficient (i.e., the lowest TCO) vehicle from each Pareto-front, Section 7.3.2
analyzes the environmental impact of each cost-optimal vehicle concept. Section 7.4 shows the
resulting changes of each vehicle, if the Potential scenario assumptions are applied. Eventually,
Section 7.5 combines the two scenarios with an assumed vehicle stock development, providing a
macroeconomic perspective beyond single vehicles.

Table 7.1:  Summary of the three Pareto-optimal optimization objectives per vehicle. Additionally, the values for
the EURO VI reference vehicle are shown. Additionally, the energy consumption has a significant
influence on both costs and environmental impact, especially during the use phase. With the average
spped, the TCO model calculates the annual mileage and the functional unit. The tractor mass
provides is factor for the environmental production-phase impacts, which are scaled by the respective
vehicle mass.

Reference Diesel HEV BEV FCEV HICE
Mean 0.071 0.074 0.102 0.118 0.115
TCO (EUR/tkm) Min 0.070 0.070 0.071 0.076 0.095 0.114
Max 0.071 0.083 0.127 0.132 0.117
Mean 7.23 7.66 24.23 8.04 8.33
Ell (107"5/t km) Min 7.28 7.07 7.34 22.35 6.80 8.11
Max 7.42 8.47 25.72 9.11 8.54
Mean 14 24 92 91 13
RCA (%) Min 14 9 17 33 28 8
Max 17 30 173 173 17
Mean 313 306 140 204 329

Consumption ) 317
(kWh/100 km) Min 303 296 128 184 317
Max 324 314 149 226 340
Mean 102984 105420 70096 105287 103989
Mileage (km/a) Min 103777 100640 105046 49600 103729 102310
Max 104177 105723 105185 105732 104704
Mean 7187 7668 9006 7993 7250
Tractor mass (kg)  Min 7237 6937 7380 7852 7057 7106
Max 7379 7984 10950 9847 7379

7.1 Life Cycle Costing Results

Compared to the reference vehicle, the optimized diesel has a low potential of improving TCO (cf.
Figure 7.1 b), despite lower energy consumption (Table 7.1). However, the concept has the lowest
TCO of all alternatives.

The HET reduces the energy consumption by up to 7 % and simultaneously increases the mileage
(1% to 2 %) due to improved longitudinal dynamics and, consequently, higher average velocity. On the
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one hand, both aspects lead to lower costs. On the other hand, the powertrain’s complexity increases
acquisition costs, which reduces the advantage due to the two aforementioned aspects. It should be
noted that the cost of diesel and electricity does not include externalities (taxes, subsidies etc.). This
makes diesel cheaper than electricity. Consequently, the HET increases TCO by up to 17 % compared
to the reference vehicle.

The BET has the lowest energy consumption of all vehicle concepts, which is 53 % to 60 % lower than
the reference. As Figure 7.1 shows, the BET has a large range regarding TCO, resulting in a cost
increase between 8 % and 81 % compared to the reference. In the same way, the mileage shows a
large spread, which explains the spread in costs due to the measurement in “per ton kilometer.” The
reason for this is the calculation of the mileage, which depends on the battery capacity, as explained
in Section 4.1. Here, higher mileage correlates with a larger battery and lower TCO (Section 7.3.1).

Compared to the reference, the FCETs achieve a higher mileage and—on average—perform better
than the BETs. However, the TCO of the FCET concepts are up to 88 % higher than those of the
diesel-powered concepts and, thus, equally high as the BETs’. Here, the high energy consumption in
conjunction with high hydrogen costs, explains the high TCO. Regarding TCO, Figure 7.1 shows that
two Pareto-fronts emerged. The technical relationships among the design variables that lead to this
are discussed in Section 7.3.1.

The HICET achieves similar driving performance as the reference vehicle. Due to the same reasons
as the FCET, the HICETs’ TCO are 63 % to 67 % higher than those of the reference. Although the
HICET concepts have the highest energy consumption, their average costs are in the same range as
the FCET. Due to the simpler powertrain, the HICET concepts can partly compensate for their higher
energy consumption. However, as Figure 7.1 shows, the FCETs’ left Pareto-front achieves lower TCO
than the HICET.

HICET I

ICET I

90% 100% 110% 120% 130% 140% 150% 160% 170% 180% 190% 200%
TCO relative to the reference vehicle

Figure 7.2: The normalized TCO of each vehicle concept show that only the optimized diesel achieves cost
parity with the reference vehicle. Due to the higher production costs of electricity compared to
diesel, the HET cannot achieve a cost advantage. Both fully electric concepts show (significantly)
increased costs in the status quo scenario. Due to the high energy consumption and expensive
hydrogen, the HICET costs are also higher. The wide range covered by the two electric concepts
is striking, which is explained by the strong influence of the battery as a key component.

7.2 Life Cycle Assessment Results

Similar to the total costs, the energy consumption and mileage comprise the EllI’'s majority. The
tractor mass (Table 7.1) is an additional indicator, hinting at the environmental performance during the
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production phase: higher mass equals higher material consumption and, thus, increased environmental
impact.

As Figure 7.1 shows, the optimized diesel concepts perform better than the reference. This is due to a
similar vehicle design (tractor mass) but lower energy consumption. Nevertheless, the bow-shaped
Pareto-front (Figure 7.1, Detail 1) suggests that combinations with worse environmental performance
and increased costs exist.

The electrified HET, BET, and FCET concepts all require additional powertrain components and (partly)
rely on electric energy. Due to the assumed European electricity mix during the production and use
phase, these concepts perform worse than the reference [138]. In the given status-quo scenario, the
BET performs worst and increases Ell by 307 % to 353 % compared to the reference. Only single
individuals in the FCETS’ right Pareto-front (i.e., most expensive) fall below the reference by a maximum
of 7 %. Due to the higher hydrogen consumption, the HICETs’ simpler powertrain and, thus, lower
production phase-related Ell cannot compensate for the increased use-phase impact. Section 7.3.1
explains the details of the technical relationships leading to the results for each vehicle concept.

Regarding the tractor mass, the optimized diesel, HETs, FCETs, and HICET are comparable to the
reference (6 % to 10 %). The hybrid and the fuel cell powertrain are the most complex among the
vehicle concepts, which explains their additional tractor mass compared to the reference. As expected,
the BETs have the highest tractor mass; 9 % to 51 % above the reference. Their high mass suggests
that the BETs’ environmental performance is more dependent on their production phase than is the
case for the other concepts This will be discussed in Section 7.3.2.

HICET I

et | [
BET I
HET .
ICET I

100% 120% 140% 160% 180% 200% 220% 240% 260% 280% 300%
Ell relative to the reference vehicle

Figure 7.3: In the status quo scenario, the optimized diesel and the FCETs (SMR hydrogen) outperform the
reference vehicle. The European energy mix diminishes the HETs’ environmental performance.
For the same reason, the BET performs worst. In addition, battery production worsens the ElII.

7.3 Optimization Results

The vehicle concepts studied differ from each other technically. Section 7.3.1, therefore, analyzes which
technological relationships have a relevant influence on the three objectives. Additionally, Section 7.3.2
shows the composition of the environmental impact. The most cost-efficient vehicle is selected from the
optimization results, and its life cycle phases are evaluated based on the individual impact categories.
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7.3.1 Vehicle Concepts

Section 7.1 and 7.2 summarized the differences between the vehicle concepts regarding their economic
and environmental performance. Each vehicle concept has distinct design parameters and, accordingly,
other degrees of freedom that the engineer can utilize, resulting in technical correlations between the
parameters and the objectives. These interrelationships are discussed below for each concept. The
results are previously published [138] and extended by the HICET in this work. Within this publication,
the optimization results’ raw data has been published on Github as part of LOTUS [116].

Diesel Concept

Figure 7.4 shows the correlation between the three objectives TCO, Ell, and RCA for the optimized
diesel concepts. This representation highlights the trade-offs resulting from the Pareto-optimality. On
the one hand, TCO and EIll behave similarly in certain solution space regions (top center, and center
left). They can be optimized together, reducing costs and environmental impact at the same time. On
the other hand, an improved (i.e., higher) RCA always correlates with deteriorating Ell. It must be
noted that the results show an optimal trade-off between costs and RCA at approximately 14 %.

The histograms in the diagonal are an indicator of the optimization algorithm’s performance. The
algorithm sorts the Pareto-optimal individuals to achieve an even distribution among the Pareto-front.
This results in a near-uniform distribution as can be seen in the center and the bottom right corner
of Figure 7.4. The accumulation of individuals around a TCO of 7.05 EUR/100 km (top left) can be
explained by the minimum TCO at a RCA of approximately 14 %.

If RCA is taken as an indicator of driving characteristics, a simple insight is reflected in the results:
higher-performing vehicles have higher costs and environmental impacts. An analysis of the design
variables shows that the maximum engine torque Ticg 1o« iS the significant technical lever for this.

Figure 7.5 shows that the optimization algorithm utilizes the complete engine torque design space
With Ticg max Detween 1500 N m and 2500 N m. Figure 7.5 (left) shows the correlation between engine
torque, TCO and Ell. Regarding costs, the torque has an optimum of approximately 2000 N m. Less
torque reduces the average velocity and impairs the costs. In contrast, higher torque also increases
the (average) energy consumption and, thus, costs (5 %). In Ell, the influence of the average speed
is subordinate, which is why a higher motor torque always leads to increased resource input and
higher energy consumption. With increasing engine torque, the Ell deteriorates up to 10 %. However,
increased torque strongly improves the RCA (80 %). Besides the ICET torque, the gearbox design
influences the objectives. Most solutions (97 %) have eight gears with an average gear spread of 21.6
with a standard deviation o = £1.2 and an average rear-axle ratio of 2.70 + 0.03.
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Figure 7.4: The plot matrix for the diesel optimization results shows the correlation between the three objectives

1600

as well as their distribution on the diagonal. While the algorithm can reduce costs and environmental
impact at the same time, improving driving performance or RCA leads to a deterioration of the
other two target variables. However, the TCO has a minimum at an RCA of approximately 14 %
because a lower driving performance reduces the average vehicle speed and, thus, increases the
costs per tonne-kilometer.
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Figure 7.5: The engine torque T ., has the largest influence on the three optimization objectives. Higher
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torque always improves RCA and deteriorates Ell. Regarding costs, there is an optimum torque
of approximately 2000 N m. Higher torque increases energy consumption and, thus, TCO, while
lower torque reduces the average vehicle speed and, thus, mileage, which also increases costs.
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Hybrid Electric Concept

Figure 7.6 shows the correlation between the three objectives as a result of the HET optimization.
The results show a similar picture to diesel optimization: costs and environmental impact are not
conflicting objectives. However, it is noticeable that there is no optimum concerning the RCA and,
thus, the engine torque. The electric motor compensates for the disadvantage of smaller combustion
engines. Furthermore, it can be seen that the RCA of the HET population is higher than that of the
diesel population. Here, the electric motor leads to an improvement in driving performance for all
vehicles.
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Figure 7.6: The plot matrix for the HETs show the same correlation as the diesel results. While TCO and Ell

can be minimized together, an improvement in RCA always leads to a deterioration of the other
two objectives. Due to the additional torque provided by the electric machine, the HETs’ RCA are

higher than the diesel.

Figure 7.7 (left) shows that the electric machine torque Ty 1.« has the same effect on costs and Ell
as the ICET torque: With increasing torque, both TCO and Ell also increase. In addition, the battery
capacity Cg, has a strong influence on the two objectives. Here, higher Cg,, yields lower TCO while
it does not significantly affect the Ell (Figure 7.7, right). However, most individuals have a small-
sized battery capacity of 29.0 + 6.3 kWh. The algorithm chose an asynchronous electrical machine for
all individuals. Because the threshold for electric-only driving is at a low torque of 226.0 + 80.6 Nm,
the electric machine is used foremost for load-point shifts and boosting and not for electric-only
driving. Accordingly, Ty max IS a@lso low (725.0 £ 82.6 Nm) compared to the average ICET torque
(2458.0 £ 88.0N m).
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Figure 7.7: The two HET design variables electric machine torque Ty .., (l€ft) and gross battery capacity
Cga: (right) have the largest impact on the objectives. In this context, an increase in motor torque
predominantly leads to a worsening of the environmental impact with no influence on the TCO. In
contrast, the battery capacity affects the costs but not the EllI.

Battery Electric Concept

Figure 7.8 shows the BETs’ large spread in TCO and at the same time low spread in the Ell. Analogously
to the two previous concepts, the BETs show that low TCO correlates with reduced environmental
impact, while a better RCA deteriorates the other two objectives. The plot matrix shows no visible
correlation between costs and environmental impact, which can explain the wide spread in TCO.

Figure 7.9 (left) indicates that the large spread in costs is related to battery capacity. Here, larger battery
capacities achieve lower costs, due to higher mileage. Although this increases the vehicles’ weight and,
consequently, their energy consumption, there is no clear correlation between battery capacity and Ell.
On the right side in Figure 7.9, it can be seen that increasing motor torque leads to improved RCA and
higher environmental impact. This suggests that the use phase and the associated energy consumption
dominate the Ell, with the electric torque being the important design variable. On average, the battery
capacity is 515.0 £ 119.8 kWh, and the average electrical torque is 2444.0 + 432.4 Nm provided by a
permanent synchronous machine (PSM). All solutions have a direct-drive transmission with a gear
spread between 10 to 14 and a rear-axle ratio between 1 to 1.36.
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Figure 7.8: The plot matrix for the BET optimization shows that there is no visible correlation between TCO,
Ell, and RCA, which could explain the large spread in costs. However, improved RCA leads to
higher environmental impact.
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Figure 7.9: The two BET design variables battery capacity (left) and electric machine (EM) torque (right) have
the greatest influence on the objectives. A higher battery capacity enables greater ranges and,
thus, mileage resulting in lower costs. However, the influence of capacity on the Ell is small. The
Ell is mainly influenced by the motor torque: improving the RCA by increasing the torque worsens

the EIl.
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Fuel Cell Electric Concept

Similar to the other results, costs and environmental impacts increase with RCA improvement (Fig-
ure 7.10). The first feature standing out about the FCET results are the two Pareto-fronts that emerged
(Figure 7.1 and Figure 7.10). One Pareto-front is located at approximately 10 EUR/tkm, the other
between 11 EUR/tkm and 13 EUR/tkm. The DOD is the prevailing design variable here.

While all individuals have a similar and small battery capacity of 63.0 + 1.0 kWh, the DOD varies
between 13 % and 80 % (Figure 7.11), where a higher DOD correlates with increased TCO due to
reduced battery life. The effect on the Ell, however, is small, as this is again dominated by energy
consumption. This means that there is mainly a trade-off between battery utilization and costs. All
solutions are equipped with a PSM with an average torque of 3586.0 £ 95.0 Nm and have a fuel cell
power Pr. of 283.0 + 12.8 kW close to the upper boundary of 300 kW. Although a truck requires only
approximately 120 kW to drive at cruising speed on the highway, the high fuel cell powers can be
explained by their improved efficiency under partial load. The, consequently, more expensive fuel cell
stack is offset by the gain in efficiency and is, thus, worthwhile from a cost perspective.
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Figure 7.10: The plot matrix for the FCET optimization shows that six distinct Pareto-fronts with different costs
emerged. One is located around 10 EUR/t km, while the other have costs in the range 11 EUR/tkm
to 13 EUR/tkm.
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The two design variables DOD (left) and EM torque (right) have the greatest influence on the

objectives. A higher DOD enables longer ranges and, thus, mileage at the expense of reduced
cycle life. The latter effect dominates, resulting in higher costs. The influence of the DOD on the
Ell is small. The Ell is mainly influenced by the motor torque: improving the RCA by increasing

the torque worsens the EIl.

Hydrogen Combustion Engine Concept

The plot matrix of the HICET optimization (Figure 7.12) shows the same behavior as the diesel
optimization with increased TCO and Ell in favor of RCA. However, there is no cost minimum as seen
in the diesel results, although both optimizations were performed with the same system power and are
based on the same engine maps. While underpowering of vehicles explains this behavior in the case
of diesel, the HICET results do not allow this conclusion. The conversion of the diesel engine map into
the hydrogen engine map yields a flatter maximum torque curve (Section 4.3.3), which means that the
maximum torque can be delivered in a wider speed band. As a result, the torque curve is flatter in the
engine’s operating range and noticeable underpowering does not occur in the operating range of the
drive cycle. Nevertheless, the correlation of higher torques, which yield better RCA, at the expense of
higher costs and worse environmental performance remains. It should be noted, however, that the
HICET optimization results’ range is wider than that of diesel optimization.
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Figure 7.12: The plot matrix for the HICET optimization shows a distinctive Pareto-front. Similar to diesel
optimization, the trade-off between good RCA at the expense of costs and environmental perfor-
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Figure 7.13: The HICET engine torque has the greatest influence on the objectives. TCO, Ell, and RCA are all
primarily influenced by the engine torque: improving the RCA by increasing the torque worsens
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7.3.2 Individual Eco-Impact

As an aggregated and weighted metric, the Ell shows the relative performance without the influence of
the individual impact categories (Section 2.1.2). Because the powertrain concepts presumably differ in
these categories, the individuals with the lowest TCO will be compared. Therefore, Figure 7.14 shows a
breakdown of the environmental impact categories. Because normalization applies, the (dimensionless)
categories can be compared against each other.

The optimized diesel vehicle shows the second highest values for GWP, almost exclusively caused by
the combustion of diesel, which is also reflected in the fossil resource depletion value. Compared to
the diesel, the HET concept has a higher total Ell (7.37 x 107 "5/tkm vs. 7.16 x 107'%/tkm), caused by
the electricity mix and the battery production impact, which can be seen as increased eutrophication,
human toxicity, ionizing radiation, and resource depletion. For the BET, this effect becomes more
dominant, rendering the vehicle worst in total environmental impact (22.3 x 10~'5/tkm), although it
has, for example, the best performance in GWP. The nuclear power share in the European electricity
mix and the associated up and downstream nuclear fuel processes are responsible for the high values
of human toxicity and ionizing radiation. Additionally, the resource depletion increases due to the
share of photovoltaic power plants and their manufacturing. This applies equally to the electricity used
in the production and use phase. Regarding electricity and battery production, the FCET concept
(8.08 x 107 "5/t km) performs similar to the HET. The FCET, however, has better performance in the
remaining categories due to the lack of fuel combustion. Furthermore, the FCET production impact
of each category is lower than the BET’s, which is due to a smaller battery and, consequently, less
energy and resource consumption in the production phase. Due to its lower efficiency, the HICET has
higher GWP than the diesel. It should be noted that the SMR hydrogen production, here, is accounted
as use-phase impact (Figure 3.1).

The recycling impact for all vehicles is one to two magnitudes smaller than the other two life cycle
phases, which is primarily due to lower energy consumption, particularly compared to the use phase.
Although recycling lowers the impact of raw material extraction (Section 4.2.2), its influence is negligible.
Thus, the recycling impact cannot be seen in the figure.
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Figure 7.14: Selection of normalized environmental impact categories for the individuals with lowest TCO. For

comparison between the categories, all values are given in 107"5/tkm. Because the diesel opti-
mization results are very close to the reference vehicle, the latter is not shown. The normalization
is based on Sala et al. [104] and the factors are given in Table 2.1. [Note: GWP=Global Warming
Potential; AP=Acidification Potential; EP=Eutrophication Potential; HT=Human Toxicity; IR=loniz-
ing Radiation; ODP= Ozone Depletion Potential; PM= Particulate Matter; POCP=Photochemical
Ozone Creation Potential; WD=Water Depletion; RD=Resource Depletion, Minerals; FD=Fossil
Resource Depletion]



7 Results

7.4 Eco-Efficiency Potential

The presented optimization results assume the status-quo energy mix, energy production paths, and
energy and component costs (Section 3.2.1). In the Status Quo scenario, none of the alternative
powertrain concepts outperforms the diesel, being either worse in costs or environmental impact
or both. The question remains, how future developments affect the results and if or how much the
alternative powertrain concepts can improve? The Potential scenario (Section 3.2) represents these
developments with the major influencing factors regarding environmental and economic impact being
changed. The prospective assessment (Section 7.4), hereby, shows eco-efficiency potential for each
vehicle concept. Again, the individuals with the lowest TCO are used, applying the new parameter set.

Figure 7.15 compares the eco-efficiency potential for each powertrain concept (blue markers; @) with
the optimization results (blue markers; @). While the BET mainly improves in Ell, which is due to the use
of renewable energy, the hydrogen-powered vehicles strongly improve their costs, primarily because
of decreasing hydrogen costs. Utilizing synthetic diesel, both the diesel and the HET deteriorate.
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Figure 7.15: The vehicle concepts’ technological potential (blue markers; @) shows the improvement in eco-
efficiency of the BEV and the FCEV, while the diesel and HEV deteriorate. The black markers
(black markers; @) indicate the optimization results presented in this study. The potential scenario
assumes renewable energy, hydrogen via electrolysis, and synthetic diesel—both produced with
renewable energy.

The assumed battery cost reduction benefits the BET’s acquisition costs and its TCO. The significant
improvement in Ell highlights the importance of a renewable energy mix for electric vehicles. This
is particularly important for use-phase intense applications, such as heavy-duty vehicles. With the
future developments considered, the BET outperforms the state-of-the-art diesel-powered vehicles,
undercutting their Ell at similar TCO.

The electrolysis hydrogen path results in Ell improvement, but due to the lower well-to-wheel efficiency,
the resource depletion is also worse than the BET. Accordingly, the FCETs’ Ell is 2 % higher than
the BET. The FCET shows the highest cost reduction potential, with costs also at the level of today’s
diesel venhicles.

It should be noted that synthetic diesel reduces global warming potential by approximately 35 %;
yet, the overall Ell worsens due to the additional well-to-tank emissions. Furthermore, there are still
non-CO, tank-to-wheel emissions present in both diesel-powered powertrains, albeit, due to lower
energy consumption, the effect is smaller on the HET. Thus, neither the use of synthetic diesel nor the
hybridization of heavy-duty vehicles provides an improvement in eco-efficiency.
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With 94 %, the HICET shows the highest GWP reduction (Figure 7.16). At the same time, the FCET
and the BET reduce their cradle-to.grave GWP by 91 % and 80 %, respectively. The lower GWP is
also reflected in decreasing fossil resource consumption. However, the results show that the reduced
FD comes at the expense of increased mineral resource depletion, whereby photovoltaic electricity
generation and rare earth metals, present in the battery and the electric motor, contribute the most. In
both cases, though, research is underway to reduce rare earth metals [296, 297].
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Figure 7.16: The technological potential (blue markers; @) shows vehicle concepts’ reduction of life-cycle
GWP. The black markers (black markers; @) indicate the optimization results presented in this
study. The potential scenario assumes renewable energy, hydrogen via electrolysis, and synthetic
diesel—both produced with renewable energy. It should be noted that these values are not relevant
for the tank-to-wheel EU regulation.

The reduction of greenhouse gases is a key reason to develop alternative powertrains. Nevertheless, the
results show that reduced fossil consumption comes at the cost of increased mineral resource depletion.
Altenburg et al. [142, p. 97] confirm that there is a “shift towards resources that are currently not intensely
used ones. Cobalt is critical, but overall environmental improvements prevail.” Resource depletion
is a measure of resource scarcity and, thus, refers to inter-generational sustainability. Therefore, it
is an important, time-dependent, socio-economic measure, but as Klinglmaier et al. [90] conclude,
“it is arguable whether resource availability is an environmental or economic issue and whether this
should be subject to characterisation models.” Furthermore, Slowik et al. [298] found that no resource
shortages occur, due to increased (global) electric-vehicle shares. Consequently, and as discussed in
a previous publication [56], the application of resource depletion as part of a prospective environmental
assessment is questionable.

In addition to the results according to the ILCD impact categories, Figure 7.17 shows the status-quo
(O) and the potential scenario (O) with an adapted weighting set, excluding both resource depletion
categories. As expected, the environmental impact index decreases for all vehicle concepts. Compared
to the status-quo diesel, battery electric and hydrogen-powered powertrains reduce Ell by nearly half.
Synthetic diesel, on the other hand, increases EIl. All costs remain unchanged.
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Figure 7.17: An adapted weighting set excludes the mineral and fossil resource depletion as a measure of
direct environmental impact. The filled markers (@) indicate the results including RD and FD. The
empty markers show the optimization results (O) and the potential scenario (O), each excluding
RD and FD from the weighting. For a better visibility, only the potential results, excluding RD and
FD, for the BET, FCET, and HICET are shown.

7.5 System Cost Results

The preceding considerations describe the conclusions related to the comparison of individual vehicles
and, consequently, a micro(-economic) perspective. As described at the beginning, a macroeconomic
perspective is still required for policymakers. The system cost approach transfers the results from a
single-vehicle perspective to a likely, future vehicle stock, estimating its eco-efficiency and including
infrastructure costs.

To perform this analysis, the zero-emission powertrain’s system costs, which fulfill the long-term EU
reduction targets, are used. Accordingly, neither Diesel nor HET are included. The BCG electrification
scenario (Section 4.1.4) serves as a basis for this. On the one hand, this scenario fulfills the requirements
of the EU regulation, so that no penalties are due. On the other hand, it requires a smaller change in the
vehicle stock, which means that this scenario is easier to implement and is, therefore, assumed to be
more likely. Furthermore, the assumption is made that the entire share of ZEVs is represented by one
vehicle concept in each case. This simplification is necessary because the model assumes best-case
costs for each vehicle concept. This assumption is only valid if economies of scale are exploited to the
best possible extent, which is not the case with a distribution between technologies. Accordingly, a
distribution would inevitably lead to higher costs than would be the case for a single technology. The
costs are probably non-linearly related to the distribution, which the system cost approach cannot
represent. This relationship is outside the scope of this work and could be investigated in further work.
Additionally, a correct distribution, for example between BET and FCET, is impossible to predict and,
thus, the uncertainty of the observation is inadmissibly increased.

To consider the technology development based on the two scenarios, the status quo scenario is
assigned to the year 2020. The potential scenario corresponds to the year 2030. The values in between
are interpolated linearly.
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Furthermore, the battery electric overhead catenary truck is considered here. According to the results
from Section 4.3.4, a reduced battery size is assumed, which has no impact on the daily range. This
reduces the acquisition costs and, consequently, the TCO. It is assumed that starting in 2022, an over-
head line network of 3000 km is built by 2030 (which corresponds to a realistic expansion of 500 km/a).
Over this period, the TCO reduce linearly: Beginning with equal costs as a BET (7.5 EUR/100 km), they
decrease to 6.5 EUR/100 km, including the maximum battery reduction of 300 kW h. For reference, the
optimized BET has a battery capacity of 675 kWh.

Figure 7.18 shows the resulting system costs with the vehicle stock development for reference. Because
the system costs multiply the different TCO of the vehicle concepts with increasing vehicle population,
the previous results are more clearly reflected here: While hydrogen-powered vehicles in particular
benefit from cost reductions, the costs of the BET decrease less. However, all vehicle concepts can
compensate for the progressive stock growth, showing a degressive course in system costs. Comparing
the two BET with the two hydrogen-powered concepts, this course is more pronounced for the latter.
Because the transportation costs—comparable to total industry turnover—correlate with the TCO and
comprise the majority of the system costs, the hydrogen cost reduction leads to a more degressive
course. Additionally, Figure 7.18 shows that, despite lower TCO, the OBET's system costs are the
highest, due to the high infrastructure costs, starting in 2022. It has to be mentioned, that after 2030,
no or little additional catenary infrastructure has to be built. This means that the OBET system cost
slope decreases and only increases with the continued need for charging infrastructure.

For the two assumed scenarios, the FCET outperforms the BET regarding TCO from the mid-decade
onward. By the year 2030, the BET system costs reach the level of the HICET, which is because of
lower infrastructure costs.
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Figure 7.18: The system costs for the BCG E scenario show that all vehicle concepts overcompensate for the
progressive vehicle stock growth. From the system costs perspective, FCET and BET perform
best, achieving similar overall performance. HICET and OBET deviate due to lower efficiency
and higher infrastructure costs, respectively.

Analogous to the system costs, the total Ell can be obtained from Equation (4.3) by replacing TCO;
from C; with the vehicle-specific Ell. Figure 7.19 shows the results for the BCG electrification scenario.
The vehicle-specific effects also intensify, so that both BETs benefit from their improvement in EIl.
The effect is strong enough that around the year 2025, despite the growing vehicle stock, there is a
declining overall Ell. In contrast, the hydrogen-powered vehicles Ell show a slightly degressive course.

Overall, the BET and the OBET are the better vehicle concepts for reducing environmental impact
in the long term. However, the OBET is always the most expensive option due to its infrastructure
costs. Because of lower infrastructure costs and stronger TCO reduction, the FCET is preferable from
a cost perspective, although the BET obtains similar infrastructure costs by the end of the decade. It
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should be noted that the charging and hydrogen infrastructure costs are sensitive to the daily usage
parameter (Appendix |). However, assuming equal usage for both, the hydrogen infrastructure remains
less expensive. At the end of the period under review, the FCET is the vehicle concept with the best
(i.e., highest) overall eco-efficiency. However, due to the improvement of the electricity mix and the
declining Ell, it can be assumed that post-2030, the BET will achieve better eco-efficiency.
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Figure 7.19: The total Ell for the BCG E scenario show that all vehicle concepts overcompensate the pro-
gressive vehicle stock growth. From the environmental perspective, the BET perform best. The
increasingly renewable energy mix results in the BET’s decreasing environmental impact mid-
decade. FCET, HICET, and OBET deviate due to lower efficiency and higher infrastructure costs,
respectively.
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8 Discussion and Conclusion

The optimization showed that eco-efficiency provides good and robust objectives for vehicle concept
optimization. Applying a normalized and weighted life cycle assessment and a life cycle costing, the
eco-efficiency yields understandable and intuitive results and is suitable for comparing emerging
technologies.

However, the Ell is a lumped index, losing the information of the single impact categories. Furthermore,
as Sala et al. [104, p. 16] conclude, “no science can tell whether weighting based on the distance to
policy, precautionary boundaries, stakeholders’ and experts’ opinions or any other method is the ‘right’
one to be applied, in general terms.” This can lead to individual positive effects being weakened by
others, worsening effects or even disappearing altogether. Due to this, the weighted and normalized
Ell should never be used as the only measure to assess technology, but always in conjunction with the
individual impact categories. Only the analysis of individual categories allows well-founded trade-offs
to be made.

Nevertheless, this easy-to-use method does not only support engineers in the early design phase to
develop cost-efficient vehicles with reducing environmental impact at the same time. The method also
helps the scientific community by, first, applying vehicle concept optimization as a method of prospective
technology assessment. Second, generic data sets for the cost and environmental assessment of
heavy-duty vehicles have been published as part of the preliminary publications [31, 55, 56, 100,
196]. In particular, the life cycle inventory of heavy commercial vehicles [100] enables the scientific
community to perform its own calculations on the environmental impact of commercial vehicles.

8.1 Stakeholder Survey

The eco-efficiency assessment has the underlying assumption that costs (vehicle and infrastructure)
and environmental impact are sufficient objectives to compare zero-emission vehicle concepts. Fur-
thermore, this work assumes that a transition towards zero-emission vehicles will occur. Dominated
by environmental reasons, the current EU regulation mandates this transition. However, it should be
checked if there are further, possibly contradicting, motives for the industry’s stakeholders. A survey-
based confirmatory factor analysis (CFA) will, therefore, determine whether relevant stakeholders
confirm these assumptions and how these stakeholders relate to the transition towards zero-emission
vehicles.

Barré’s stakeholder survey [299], identified relevant stakeholders and determined their attitudes toward
the powertrain technologies. Based on a literature review, he identified four stakeholders:

» The OEM due to their responsibility not only in vehicle development but also customer
education and (public) communication [300].
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» The public, on the one hand, due to their (increasingly green) consumer choices and, on
the other hand, being represented by the politics and their governmental choices [301].

» The fleet owners or operators, being the products’ customers, represent a crucial stake-
holder. Apart from economical choices, their attitude (e.g., brand image, emotions, sense
of responsibility) towards a technology strongly influences the decision-making process
[301, 302].

» The drivers who—although rarely addressed—play a key role in technology acceptance
[303].

Barré [299, p. 29f] analyzed the four stakeholders using 16 attributes of ZEVs taken from the literature
[304]:

1. Travel range 9. Local air quality

2. Charging or refueling time 10. Global CO,-emissions

3. Acquisition costs 11. Traffic noise

4. Energy costs 12. Traffic safety

5. Maintenance costs 13. Job creation

6. Infrastructure costs 14. Industry and job attractiveness
7. Infrastructure availability 15. National energy independency '
8. Incentive needed 16. Economic development

The attributes 1 to 8 reflect the economic and operational performance of the vehicles. These attributes
can be directly assigned to the individual vehicle concepts and compared with each other. In addition,
the attributes 9 to 16 represent socio-ecological influences. These cannot be directly assigned to a
vehicle concept, but refer to the transition to zero-emission vehicles in general. Besides BET and
FCET, Barré included LNG vehicles as an option, because these vehicles currently experience a
strong market growth (Section 2.3). Overhead catenary vehicles were also included, but the response
rate was too low to allow a statistical evaluation.

The 16 attributes were first grouped into six independent variables, which in turn can be correlated into
two higher-level factors. To correlate the former variables with the proposed two factors, Barré applied
a CFA. In terms of data reduction, this statistical method infers a few factors from many, independent
variables. The CFA produces a value that indicates the extent to which the variance of the independent
variables is reflected by the underlying factors. Multiple studies [305-307], successfully applied this
method in the case of electric passenger vehicles to answer similar problems. Figure 8.1 shows the
16 attributes (left column) with their respective independent variables (center column) and the two
high-level factors (right column, @ and ). The complete survey is given in Section J.1.

Figure 8.2 shows the three aggregated, economic and technical variables for each vehicle concept.
Overall, there is a low variation in responses among stakeholders. However, it can be observed
that OEMs assess the technologies more positively. Drivers and the public, in particular, are more
critical of all technologies. Only the FCET infrastructure is rated worst by the OEMs. While this
reflects the results of the literature review (Section 2.3.4), it is unclear whether the participants

"This study was performed in 2021 and, thus, does not reflect potential changes due to the war in Ukraine and the
subsequent discussion about Russian oil and gas imports.
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Figure 8.1: Two regression models evaluate the trust for each technology @ and the general support for the
transition to ZEVs « . Therefore, a survey (n = 61) collected 16 independent variables (left column),
which were subsequently aggregated (center column). A CFA correlated them with the two factors
(right column).

evaluated only the (comparatively low) fuel dispenser costs or the development of an overall hydrogen
infrastructure. Altogether, the survey’s results adequately reflect the obtained eco-efficiency results,
although participants are closer to the status quo scenario.

Figure 8.3 shows the stakeholder’s response to the socio-environmental attributes. It is striking
that—regardless of the technology—a transition to ZEV is generally viewed positively. Throughout all
stakeholders, the weighting, shown as circle-size, renders CO,-emissions and air quality the two most
important reasons for this transition, which is in line with the literature review. Again, the OEMs have a
more positive attitude towards the transition than the drivers and the public.

Across all stakeholders, economic factors as well as infrastructure costs and availability have a
significant (p-value < 0.05) or barely non-significant (p-value < 0.1) influence on trust in technology
(Table J.4). Applying the R?-test, both models (Trust in the technology and Support for ZEV transition),
show a goodness-of-fit of at least 70 % among the four stakeholders (Table J.3). Only the OEMSs’ trust
in the technology could not be related sufficiently. This model failed the R?-test with 47 %, which could
be due to the imbalance in knowledge level and expertise about the technologies: Assuming that the
OEM-participants know much more about the technologies, they can give more differentiated answers.

Overall, the survey, thus, confirms the two key assumptions of the eco-efficiency assessment. CO,-
emissions and air quality, and, thus, environmental impact are relevant drivers for ZEV introduction.
Assessing these (and other) environmental impacts is, therefore, necessary to weigh up the tech-
nologies against each other. From a technical perspective, economic factors and infrastructure play a
crucial role. These aspects were represented in the eco-efficiency assessment, on the one hand, by a
detailed TCO model, and, on the other hand, by the system cost approach.

Eventually, the question remains as to who should make the first move. Therefore, Barré [299] asked the
participants to estimate their own and the remaining stakeholder’s responsibility in the transition toward
ZEV. In a departure from the previous survey, politics and charging operators are also assessable
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Figure 8.2: Based on Barré’s [299] 2021 data, the survey (n = 61) results describe each stakeholder’s (OEM,
public, fleet owners, and driver) trust in three technologies (FCET, BET, LNG). A Likert scale
assesses three independent, aggregate variables for this purpose. Overall the OEMs evaluate the
technologies more positively, while the drivers and the public are less optimistic.

options there. The gathered data allows mapping the perceived and assigned responsibilities between
the stakeholders, which Figure 8.4 shows. There, each row shows the responsibility assigned to
the respective column. For the first four columns, the values in the diagonal are the self-perceived
responsibilities of these four stakeholders.

The data shows two things: First, each stakeholder overestimates their own responsibility so that the
own value in the column is always the highest. Second, the government has, on average, the highest
assigned responsibility, followed by the OEMs and fleet owners, which have almost the same values.
The government’s important role in the transition can also be found in the literature. Moultak et al. [141,
p. 34] highlight the necessity of governments not only “in setting a clear vision,” but also in creating
incentives and investing in new technologies. In the same way, Altenburg et al. [142, p. 101] give
concrete recommendations for political measures:

» Financial benefits
» Stricter regulations for conventional vehicles during registration and at the local level
(e.g. driving bans)

» Extended standardization

The financial benefits are not limited to the vehicles but—more importantly—refer to the infrastructure.
This conclusion is reached by Lozzi et al. [308], as well as Mathieu et al. [309], both of which identify
targeted support for (charging) infrastructure as an important political measure. ACEA [310] even
calls for binding targets for infrastructure development. Accordingly, there is an important relationship
between the government and charging infrastructure, which the survey data also reflect.
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In Barré’s [299] survey (n = 61), eight independent variables assess the general support of each
stakeholder (OEM, public, fleet owners, and driver) for the transition to ZEVs. All stakeholders have
a positive or very positive attitude toward the transition. The weighting highlights CO,-emissions
and air quality as the transition’s most important drivers. Overall, OEMs have a more positive

attitude than the public and the drivers.
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The correlation matrix shows how each stakeholder (row) assigns responsibility (color coding and
circle size) in the transition to ZEVs to the other stakeholders (column). The diagonal of the first
four columns represents the self-perceived responsibility, where all stakeholders overestimate
themselves. The most responsibility is assigned to the government, followed by OEM and fleet

owners.
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8.2 Conclusions

The eco-efficiency assessment, combined with the system cost approach, can aid policy-makers.
Likewise, OEMs benefit from the prospective method of vehicle concept optimization, which enables
a comparison of concepts and identifies future technological developments and relevant technical
levers. This is particularly relevant in the early vehicle development phase, where fundamental concept
decisions are made. The generic approach has been developed specifically for this purpose. Both
fleet operators and charging operators can use the results of the method to estimate the potential
of the technologies, which helps to improve planning reliability. In the sense of a technology impact
assessment, both methods can contribute to making technically sound decisions.

Based on the vehicle optimization and the two scenarios, the following conclusions can be made from
a technological perspective:

» Electrified powertrains solve the trade-off between low costs, low environmental impact
and good practicability (i.e., climbing ability) better than ICETs.

* As of today, no vehicle concept can outperform conventional diesel. Either costs are too
high, due to increased energy and acquisition costs, or environmental impact increases
because of the current electricity production. Thus, while the BET shows near cost parity
with diesel, the electricity mix leads to a significantly higher environmental impact. In
contrast, an SMR hydrogen-powered vehicle has similar environmental impacts to diesel
but results in significantly higher costs.

+ The BET, as well as both hydrogen-powered vehicles, have great potential if their techno-
logical progress is taken into account. The BET benefits from the renewable energy mix in
the Potential scenario, improving its production and use phase impact and, consequently,
reducing environmental impact. Furthermore, falling battery costs lead to a reduction in
TCO to a level comparable to today’s vehicles. The FCET also benefits from this: Falling
hydrogen costs mean that the TCO of both hydrogen powertrains fall and, in the case of
the FCET, are lower than that of today’s diesel vehicles. Additionally, GWP decreases by
66 % to 86 % in the potential scenario. Here, the BET has the largest reduction, followed
by the FCET. Due to its higher hydrogen consumption, the HICET performs worse among
the three vehicle concepts.

+ Synthetic diesel leads to a deterioration in eco-efficiency. Apart from increasing costs,
large amounts of well-to-tank energy required for synthetic diesel result in increased
mineral resource depletion. Although this also applies to the other powertrains, its negative
effect on environmental impact strongly correlates with decreasing powertrain efficiency.

» The Potential scenario causes a shift from fossil resource depletion to mineral resource
depletion. Although both, the BET and the FCET, require large amounts of rare earth
metals, they still perform better than the conventional and synthetic diesel in Ell. Excluding
resource depletion from the weighting set shows that all options reduce environmental
impacts albeit at different costs. From an economic perspective, the FCET and the BET
are the best future alternatives.
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8.3 Outlook

Apart from the powertrain, future vehicle technology could enhance the vehicles’ economic and
environmental performance. For example, Sen et al. [63] showed the positive impact of autonomously
driving trucks in reducing costs and environmental impact.

The currently installed capacities of charging stations are not sufficient to enable fast intermediate
charging (e.g., rest areas). This work, therefore, assumes that trucks are only charged overnight at
depots. However, current developments already indicate that megawatt charging systems will be
available soon. Due to the strong dependency on battery size, charging time and charging strategy,
there are further potentials that speak for the use of BETs [311-313].

The rapid increase in battery-powered passenger cars leads to synergy effects that can soon be
exploited by commercial vehicles. For example, Teichert et al. [314] showed that particular Li-ion cells
already bring the TCO of heavy commercial vehicles to the level of diesel vehicles. Candar [296]
highlighted the influence of different cell chemistries on their costs, environmental, and social impact.
Furthermore, Duffner et al. [315] showed the potential (and challenges) of post-lithium-ion battery
cell production. Thus, future research should, on the one hand, include other cell chemistries and
new battery technologies in the eco-efficiency assessment. On the other hand, an expansion towards
an life cycle sustainability assessment, as proposed by Candar [296], covering all three pillars of
sustainability, should be pursued.
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9 Summary

The commercial vehicle industry experiences severe changes. These are not only caused by tightened
regulations in order to reduce greenhouse gas emissions and limit global warming. The ongoing
destruction of nature leads to social change, which is reflected in changing consumer choices, ultimately
demanding new, green products. Commercial vehicles significantly contribute to global warming and
require large amounts of resources, yet they are indispensable for global economies.

This work, therefore, deals with the economic performance and environmental impacts of emerging
heavy-duty vehicle technologies. Combining a total cost of ownership-model with a life cycle assess-
ment, an eco-efficiency assessment compares the performances of diesel, hybrid electric trucks,
battery electric trucks, fuel cell electric trucks, and hydrogen internal combustion engine trucks. An
evolutionary algorithm optimizes each powertrain’s technical design variables, minimizing costs and
environmental impacts while improving driving performance. This optimization predicts technological
progress in the sense of a prospective technology assessment. The comparison of the simulation
results and published data, used for the current EU legislation, validates the underlying consumption
model. Subsequently, uncertainty quantification of the most cost-efficient Pareto-optimal vehicles
justifies the scenario-based comparison.

The charging or refueling infrastructure is crucial for the success of each technology. The system
cost approach merges the vehicle-specific costs with the respective infrastructure costs in a single
economic figure. Eventually, vehicle stock development scenarios, taken from literature, compare the
system costs and environmental impacts of BET, FCET, and HICET for the current decade.

The results show that neither diesel nor hybrid trucks achieve the reduction mandated by the EU
regulation. The use of synthetic diesel reduces CO,-emission but increases overall environmental
impact with simultaneously increased costs. Status-quo, the BET performs comparable to today’s
diesel costs but with significantly worse eco-impact. The FCET results are the contrary, with higher
costs but slightly lower environmental impact. An optimistic, future scenario shows that the BET’s
environmental impact reduces with increasing renewable electricity in production and use-phase. At
the same time, hydrogen costs decrease. Eventually, both powertrains outperform the current diesel in
costs as well as environmental impact. While in a direct comparison of the individual vehicles, both
technologies are almost on par, the system costs show an advantage for the FCET until 2030, which
can be attributed to marginal lower infrastructure costs. The BET, on the other hand, leads to a lower
environmental impact. Consequently, the eco-efficiency assessment cannot favor any technology but it
shows the respective advantages and disadvantages and the relevant developments: On the one hand,
the share of renewable energies must be increased for both BETs and hydrogen-powered vehicles.
On the other hand, energy costs must decrease to reduce the high costs of hydrogen production.

The presented method can not only support this future research but also facilitate the vehicle concept
development process for OEMs. Eventually, it can motivate them to reduce their products’ environmental
footprint and “to act as you would in a crisis” [1].
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A EU Vehicle Concepts

Table A.1 summarizes the vehicle concepts according to the current EU legislation. The EU categorizes
heavy-duty vehicles by the number of axles, the cab type and their engine power.

Table A.1: The regulation 2019/1241 defines the vehicle concepts, respectively subgroups, subject CO, targets
for heavy-duty vehicles. [Note: urban delivery (UD); regional delivery (RD); long-haul (LH))]

Heavy-Duty Vehicles Cab Type Engine Power Vehicle Sub-Group
All <170 kW 4-UD
o . Day cab >170 kW
4x2 rigid lorries, GCW > 16t 4-RD
Sleepercab >170kW and < 265 kW
Sleepercab >265kW 4-LH
o . Day cab 9-RD
6x2 rigid lorries All
Sleeper cab 9-LH
Day cab All
5-RD
4x2 tractors, GCW > 16t Sleepercab < 265kW
Sleepercab >265kW 5-LH
Day cab 10-RD
6x2 tractors All
Sleeper cab 10-LH
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B BEV Topologies

Figure B.1 shows the six drivetrain topologies for BET, which were examined in a preliminary publication
[138]. The topologies can be categorized by the number and position of the electric machine, as well
as the number of (shiftable) gears. The number of gears influences the size of the transmission, which
is not shown for reasons of clarity.

2y ity e

Central Central Dual central
Fixed gear ratio Multiple gears Multiple gears

il WLl N

Dual central (eAxle) Central (eAxle) Distributed (Hub)
Fixed gear ratio Multiple gears Fixed gear ratio
. Electric machine . Final drive/fixed gear Transmission

Figure B.1: Depending on the number and position of the electric machine(s), and the number of shiftable gears,
there are six BET drivetrain topologies. The topologies are based on a preliminary publication
[138].
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C Hydrogen Combustion Properties and Pro-
cesses

Table C.1 summarizes the relevant properties for a hydrogen internal combustion engine. Additionally,
Figure C.1-C.5 show the hydrogen combustion processes, analyzed by Eidkum [175].

Table C.1: General and combustion specific properties of hydrogen and hydrogen-air-mixtures [155, p. 54f].
While the ignition limits describe the general flammability of hydrogen, the narrower detonation
limits represent the application for combustion engines with sufficient flame speeds [155, p. 277].

Property Value Unit

Fluid at 1.013 25 bar and 20.271 K
Density 70.828 g/L
Volumetric calorific value 2.333 kW h/L

Gaseous at 1.013 25 bar and 273.15K

Density 0.898 82 g/L
Volumetric calorific value 2.9918 W h/L
Gravimetric calorific value 33.286 kW h/kg

Hydrogen-air-mixtures

o 4 vol %H,
Lower ignition limit
(A=10.1)
o 18 vol %H,
Lower detonation limit
(A=1.9)
I . 29.6 vol %H,
Stoichiometric
(A=1)
o 58.9 vol %H,
Upper detonation limit
(A =0.29)
e 75.6 vol %H,
Upper ignition limit
(A=0.13)
Ignition temperature 585 °C
Minimal ignition energy 0.017 mJ
Maximum laminar flame speed 3 m/s
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C Hydrogen Combustion Properties and Processes
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Figure C.1: Operating point of a hydrogen engine with late direct injection and spark plug ignition at 2000 rpm
at part load [175].
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Figure C.2: Operating point of a hydrogen engine with direct injection and compression ignition at 2000 rpm at
part load [175].

e 0.2
S
£ 01}
2 0
(/) —
<4100 ©
e}
£
150 £
w0
wn
o
-0 o
5 60
c
% 40
S 20 -
o O T T T T T | |
-120 -100 -80 -60 -40 -20 0 20 40 60

Crank angle in °

Figure C.3: Operating point of a hydrogen engine with dual direct injection and compression ignition at 2000
rpm in partial load [175].
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Figure C.4: Operating point of a hydrogen engine with dual direct injection, spark ignition, and compression
ignition at 2000 rpm at part load [175].

g 0.2
=
£ 01
[
% A
& 0
1100 2
e
=
‘A * 3
?
]
o
10 o
— 60
c
% 40 |-
o) 20 |-
m o 1 1 1 1 1
-120 -100 -80 -60 -40 -20 0 20 40 60

Crank angle in ®

Figure C.5: Operating point of a hydrogen engine with direct injection and glow plug at 2000 rpm at part load

[175].

xliii



D Average Vehicle Fleet Derivation

Table D.1 shows the 2019 heavy-duty sales data of six major European truck OEMs. Based on this
data, Mustafi¢ [117] derived an average vehicle fleet in order to estimate the penalties that arise with
the new EU regulation.

Table D.1: Based on the vehicle sales for six major European truck OEMs, Mustafi¢ [117] derived an average
vehicle heavy-duty fleet to estimate the penalties due to the EU legislation. Semi tractors and
chassis with a 4x2 and 6x2 configuration were considered.

Tractor Chassis
OEM Number Total Tractor 4x2 6x2 Total Chassis 4x2 6x2

DAF 34740 22029 20786 1242 10868 3469 7399
Daimler 63767 40435 38154 2281 19949 6368 13581
Iveco 35041 22220 20966 1253 10962 3499 7463
MAN 46 366 29401 27742 1658 14050 4630 9875
Scania 37 867 24012 22657 1354 11847 3781 8065
Volvo 41653 25412 24922 1490 13031 4159 8871
Renault 24169 15326 14461 864 7561 2414 5148
Average 40515 25548 24241 1449 12610 4046 8629

To obtain data for new vehicle registration, several assumptions were made. First, the average, annually
registered heavy-duty vehicles are calculated. In 2019, new 66 428 new heavy-duty vehicles were
registered. Under an assumed market decline of 2.5 %/a until 2030 (11 years), Equation (D.1) yields
the average registration:

6428 + 66428 x (1 —0.025)"
New Registrations :=n,, = 06428 + 664 82><( ) = 58354. (D.1)

Since current non-diesel vehicle registrations are near-zero, the vehicle stock in 2030 must consist
entirely of vehicles newly registered in the next decade. Therefore, for each category (diesel, gas,
hybrid, and zero-emission), the share of the 2030 vehicle stock must equal the average share of new
registrations (Equation (D.2) and (D.3)).

Total New Registrations := nyey, total = Myears Mnew = 11 X 58354 = 641898. (D.2)
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D Average Vehicle Fleet Derivation

nnew, cat., total

Total Share of New Registrations := ppey, cat., total = (D.3)

Mpew, total

Assuming that the vehicle registrations increase linearly per category, Equation (D.4) yields the annual
share of new registrations:

_ _ Pnew, cat.
= Pnew, cat. —

Annual Share of New Registrations : (D.4)

Nyears

With the annual share of new registrations per category, the data for each year can be calculated
recursively according to Equation (D.5). This is based on the assumption that the share of new
registrations per category doubles annually.

Annual New RegiStrationS = Mpew, cat., i+1 = Mnew, cat., i 2pnew, cat. (D5)
The period under consideration is known and extends from 2019 to 2030. The start value ney, car ;11 =0

is assumed. Thus, for any given year ny.,,, the number of new registrations per category can also be
calculated using Equation (D.6) together with Equation (D.2)-(D.4):

nnew,cat. = NMpew 2 pnew, cat. (2019 - nyear)° (D6)
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E Material Mix Vehicle Design Parameters

The design parameters are based on a previous publication [100]. From this publication, the concept
PHEV and BEV1 are shown. The FCET design parameters are derived from the pre-published vehicle
design optimization [56]. Analogously, the HICET parameters are the optimization results presented in
this work. Table E.1 summarizes the parameters. Additionally, Figure E.1 shows the relative material
mix. Each bar is relative to the respective total vehicle weight.

Table E.1: Powertrain design parameters for five different long haul vehicle concepts. The capacity indicates
the gross capacity. Depths-of-discharge of 31% for HET, and 80% for both BET and FCET were
assumed [54, 55, 237].

Configuration Unit ICE HEV BEV FCEV HICE

Internal Combustion Engine

Maximum Power kW 352 320 - - 323
Maximum Torque Nm 2100 1900 - - 801

Transmission

No. Of Gears - 12 10 1 1 8

Electric Machine

Nominal Power kW - 94 774 2x469 -
Nominal Torque Nm - 679 1720 2x1600 -
Battery
Capacity kWh - 715 675 219 -

Xlvi



E Material Mix Vehicle Design Parameters

100%
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Figure E.1: The LCI analysis of the relative material masses shows decreases of steel and iron materials and
an increase of battery related materials (NMC111 powder, graphite and aluminum) for the BEV
concept. Only materials >5% are shown. Diesel is only present in ICET and PHET, while NMC111
powder and graphite are only relevant for BET and FCET, although in different quantities. [Note:
NMC: nickel manganese cobalt]
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F Fuel Cell Parameter Derivation

The nominal current is a key parameter of a fuel cell design. To ensure intuitive compatibility to the
existing vehicle simulation model, the required voltage and consequently the fuel cell stack power are
the input parameters of the fuel cell design model:

P
IIlOIIl = &J (F'1)

UIIOIII

where:

Iom = Nominal stack currentin A
P..m = Nominal stack power in kWh

U,om = Nominal stack voltage in V.

The area depends on the required, nominal current and the cell current density:

I
A= —20 (F.2)
Lhom,cell
where:
A = Cell surface area in cm?

Tnom,cell = Current density per cell, estimated at 0.175 Alcm? [255]

The number of cells depends on the electro-chemical reaction and thus the resulting voltages:

N — Unom — ZF UIlOIIl , (F3)
unom,cell AH m,Lannom
where:
Unomcen = Nominal cell voltage in V
Z = Number of moving electrons (z = 2)
F = Faraday constant (96 485 A s/mol)

AHp, v = Lower heating value 241.83 MJ/mol

Nnom = Nominal stack efficiency (55 %) [253]
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F Fuel Cell Parameter Derivation

The Tafel slope as a simplification of the Butler-Volmers-equation

RT

Tafel — 2aF

)

where:

R =|deal gas constant (8.3145 J/kmol)
T = Operating temperature (338 K) [253]
a = Charge transfer coefficient (0.264 02 at 338 K [253])

With the assumption that all cells are connected in serial, the internal resistance is:

Ri,stack = Ri,cellN >
where
R; .11 = Internal cell resistance, estimated at 0.7378 mQ [253].

The stack exchange current is:

—AG

RT |
Rh

] zFk(py, + Po,)Av
lp = e

where:

k = Boltzmann constant (1.380 649 x 10722 J/K)

pu, = Absolute hydrogen supply pressure, estimated at 151 988 Pa [253]
Po, = Absolute air supply pressure, estimated at 101 325 Pa [253]

Av = Activation barrier volume factor, estimated at 1 m3 [253]

AG = Activation energy barrier, estimated at 129 kJ [253]

h = Planck constant (6.626 07015 x 10734 J s)

Eventually the stack current at the end of the Ohmic region equals to:

Ieng = Aleng,

where

i.na = Cell current density at end of Ohmic region, estimated at 0.25 A/cm? [255].

(F.4)

(F.5)

(F.6)

(F.7)
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G Convergence Studies

Figure G.1-G.4 show the remaining convergence studies.
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Figure G.1: The absolute improvement ratio shows that the diesel optimization converges after 15 generations.
Locally random evolution creates noise, which the average improvement ratio filters out [272].
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Figure G.2: The absolute improvement ratio shows that the HET optimization converges within the set gener-
ations. Locally random evolution creates noise, which the average improvement ratio filters out
[272]. The optimization terminated at generation 85 and had to be restarted. Due to server issues,
the earlier generation data was lost, which is why the plot starts at generation 85. The proof of
convergence as well as the final optimization results are not affected by this.
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Figure G.3: The absolute improvement ratio shows that the FCET optimization converges after 70 generations.

Locally random evolution creates noise, which the average improvement ratio filters out [272].
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H Uncertainty Quantification

The results for diesel, hybrid, fuel cell and hydrogen combustion engine are analogous to the BEV
results presented in Section 6.2.
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Figure H.1: The cumulative distribution function shows the diesel’s uncertainty quantification of the two opti-
mization objectives and it's energy consumption. For each of the three aleatoric scenarios (mean,
low, and high payload), the vehicle input parameters are altered in their epistemic intervals (Ta-
ble 6.2). While the epistemic errors are clearly visible in the energy consumption’s uncertainty,
their effect diminishes for the two objectives. Furthermore, the aleatoric uncertainty associated
with differing payloads exceeds the epistemic uncertainties.



H Uncertainty Quantification
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Figure H.2: The cumulative distribution function shows the HET’s uncertainty quantification of the two optimiza-
tion objectives and it's energy consumption. For each of the three aleatoric scenarios (mean, low,
and high payload), the vehicle input parameters are altered in their epistemic intervals (Table 6.2).
While the epistemic errors are clearly visible in the energy consumption’s uncertainty, their effect
diminishes for the two objectives. Furthermore, the aleatoric uncertainty associated with differing
payloads exceeds the epistemic uncertainties.



H Uncertainty Quantification
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The cumulative distribution function shows the FCET’s uncertainty quantification of the two opti-
mization objectives and it's energy consumption. For each of the three aleatoric scenarios (mean,
low, and high payload), the vehicle input parameters are altered in their epistemic intervals (Ta-
ble 6.2). While the epistemic errors are clearly visible in the energy consumption’s uncertainty,
their effect diminishes for the two objectives. Furthermore, the aleatoric uncertainty associated
with differing payloads exceeds the epistemic uncertainties.
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Figure H.4: The cumulative distribution function shows the HICET’s uncertainty quantification of the two

optimization objectives and it's energy consumption. For each of the three aleatoric scenarios
(mean, low, and high payload), the vehicle input parameters are altered in their epistemic intervals
(Table 6.2). While the epistemic errors are clearly visible in the energy consumption’s uncertainty,
their effect diminishes for the two objectives. Furthermore, the aleatoric uncertainty associated
with differing payloads exceeds the epistemic uncertainties.



| Infrastructure Cost Sensitivity

To test the infrastructure costs sensitivity to the usage parameter, it is varied in the range of +20 %. The
system costs model assumes a usage of 10 h/d, consequently, the margins are at 8 h/d and 12 h/d,
respectively. The area of overlap between charging and hydrogen infrastructure is small and only
present if the low charging and high hydrogen usage exist.
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Figure 1.1: The infrastructure costs (BCG E scenario) for BET and FCET are sensitive to the usage parameter.
However, if the same assumptions for both are used, the relative results are not affected.
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J Stakeholder Analysis

The stakeholder analysis consists of a survey Section J.1, which was conducted by Barré [299] in
2021. A confirmatory factor analysis (Section J.2) matches the survey’s results to the overall trust and
support for the transition towards zero-emission trucks.

J.1 Survey

Barré [299] acquired the survey participants according to the following procedure:

* Find out the usual e-mail layout of the targeted company.

+ Target on Linkedin the respondents among the employees with respect to the targeting
strategy.

+ E-Mailing.
Table J.1 shows the response rate for each of the four stakeholders. In total, he received 61 valid

answers. Table J.2 summarizes the survey form, Barré [299] used.

Table J.1: The total number of valid (i.e., complete answering of all questions) answers for each stakeholder
sums up to n = 61. Despite direct inquiries, the response rates were low for OEMs and fleet owners.
Because drivers were reached via flyers, it is not possible to determine a response rate [299].

Stakeholder Valid answers Response rate
Manufacturers 10 1%

Fleet companies 14 16 %

Drivers 11 n.a.

Public 26 62 %

Table J.2: Stakeholder survey developed by Barré [299]. The survey was conducted online. Participants were
acquired via direct e-mailing or, in the case of the drivers, flyers.

Participant Affiliation

a Driver

m| Fleet company

m| Public

a Charging Operators
m| OEMs
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J.2 Confirmatory Factor Analysis

Barré [299] performed the confirmatory factor analysis according to the following steps:

1. Review of the literature to support modelling

2. Specification of a model
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Model identification

Collection of the relevant data
Statistical analysis

Estimation of the model’s parameters

Evaluation of the fitness of the model

© N o 0o b~ @

Interpretation of the results

The model’s fitness is assessed with two indices. To indicate the amount of variance, the R?-test was
performed. The R?-value should be greater than 0.1, for the model to be valid [299]. As part of the
CFA, R? indicates the percentage of variance present in the endogenous variables. Table J.3 shows
the results for the R?-test.

Table J.3: R2-test for the two exogenous variables of the CFA. A threshold for R > 0.1 renders a model valid.

OEM Fleet Owner Drivers Public

Trust 0.474 0.962 0.744 -
Support  0.914 0.979 0.834 0.742

Additionally, two criteria evaluate the correlation between endogenous and exogenous variables. The
p-Value describes the statistical significant relationships. The value should be lower than 0.05, for
the relationship to be significant. If the value is below 0.1, the relationship is labeled as barely non-
significant. The second criteria is the 3-coefficient, or coefficient of regression, describes the direction
(positive or negative) of a relationship between endogenous and exogenous variables. Table J.4 shows
the p-Value and S-coefficient for each exogenous variable and each stakeholder.

Table J.4: The p-value and -coefficent, describe the correlation between endogenous and exogenous vari-
ables. A p-value lower than 0.05 classifies a variable statistically relevant. Additionally, a p-value
lower than 0.1 is rated as barely significant.

Manufacturer Fleet Owner Drivers Public

p-value fB-coef. p-value pB-coef p-value p-coef p-value p-coef

Technical 0.586 0.122 0.469 0.087 0.48 0.106  0.245 -0.37
Economic 0.002 0.764 0.01 0.792 0.15 0.215  0.801 0.144
Infrastructure 0.064 0.299 0.092 0389 0 0.493  0.507 0.33
Environmental Impact 0.99 0 0.103 0.177  0.017 0447 O 0.63
Development Potetial 0 1.16 0.999 0 0.3 0.115 0 1.068
Traffic Impact 0.001 0.395 0.001 0395 0 0.652 0.848 -0.02
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