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Abstract 

In the EU, the transport sector is the only sector with increasing GHG emissions compared to 1990. While harmful 
emissions have decreased due to successful regulation, transport performance, fossil fuel consumption and thus  CO2 
emissions have continued to increase, despite powertrain efficiency improvements. Meaningful regulation, which can 
be market-based (MBI) and non-market-based (NMBI) by nature, is needed to meet climate targets. To understand the 
mechanisms, effects and limitations of MBI and NMBI, this study investigates and evaluates selected regulations in the 
German road transportation sector until 2020. Therefore, this study identifies, describes, and categorizes environmen-
tal policy instrument types. Based on this step, selected instruments in the road transportation sector are identified by 
their type and implemented policies are described and assessed. Furthermore, an assessment methodology is devel-
oped to evaluate and score target achievement, cost-efficiency and practical feasibility by linking the outcomes of 
instruments to its goals. Based on the findings of this assessment, conclusions and recommendations are developed 
and discussed. Finally, results and general properties of policies and their type of instruments are extrapolated, and 
general statements about market and non-market-based instruments in a broader context for future regulation and 
market designs are projected. The study discovers that fuel producers and distributors, vehicle manufacturers and sell-
ers are directly regulated by non-marked-based instruments, despite the EU Emissions Trading Scheme (ETS). On the 
customer side, primarily market-based implemented except for low-emission zones, which are direct regulations. The 
study finds that holistic representation and realistic internalization of external effects in a market is complex and will 
never be complete. Still, sufficient representation can be enough to drive transformation in the transport sector. The 
 CO2 price itself is not sufficiently representing the consequential costs of climate change induced by road transport, 
but it helps to make low-carbon alternatives economically viable. Overall, the study finds that most implemented 
regulations in the German road transport sector were successful in relation to their goals.
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Introduction
Burning fossil hydrocarbons releases energy by form-
ing, among other airborne substances, carbon dioxide 
 (CO2). This combustion product is released as waste into 
the atmosphere. The vast amount of  CO2 produced by 
human activities throughout the last 150 years is slowly 

causing an imbalance in the earth´s climate system, 
resulting in climate change. This change can create signif-
icant threats to nations, societies and—apart from other 
environmental damage—human existence. Therefore, the 
global society has decided to limit additional fossil fuel-
based  CO2 emissions to keep global warming well below 
1.5 °C relative to pre-industrial times.

As a consequence, societies need to transition toward 
a more sustainable and  CO2-neutral energy system. A 
wide spectrum of very diverse policy instruments (EPI) 
has been developed in recent years to address the various 
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sources of climate change and to move our society toward 
less GHG emissions. These policy instruments are based 
on various principles—such as polluter pays or preven-
tion principles—and differ in their way of operation.

While within the European Union (EU), the power and 
industrial sector decreased their  CO2—and other harm-
ful—emissions during the last decades, the road trans-
portation sector emission levels have steadily increased. 
But also, road transportation capacity and individual 
passenger mobility demand rose during this timeframe. 
Therefore, improvements in efficiency have been fully 
compensated in terms of the overall  CO2 emissions from 
this sector. In addition, projections show that especially 
the commercial road transportation demand will con-
tinue to grow within the EU.

To address this development and to force the trans-
portation sector to contribute to  CO2 mitigation, well-
designed environmental policy instruments need to be 
applied to accelerate the shift to low- or even zero-carbon 
transport technologies and behaviors. Within this con-
text, assessing such instruments already applied within 
the transportation sector within the EU is fundamental.

The present study identifies, describes, and categorizes 
environmental policy instrument types (see Additional 
file 1). Based on this step, applied instruments in the road 
transportation sector are identified by their type and 
implemented policies are described and assessed. There-
fore, an assessment methodology is developed to evaluate 
and score target achievement, cost-efficiency and practi-
cal feasibility. Based on the findings of this assessment, 
conclusions and recommendations are developed and 
discussed. Eventually, results and general properties of 
policies and their type of instruments are extrapolated, 
and general statements about market and non-market-
based instruments in a broader context for future regula-
tion and market designs are projected.

Assessment of selected policies
Brief profile of road transportation in Germany
Road transport has a significant impact on the climate. 
The German transport sector emitted 164 Mil. tons 
 CO2eq in 2019 (pre-COVID), representing 20% of Ger-
man GHG emissions. 160 million tons of  CO2eq were 
produced alone by the road transport sector (see Addi-
tional file 1: 10 and 11). Compared to 1990, the transport 
sector has shown no total reduction in GHG emissions, 
while its share increased by 7% of total German GHG 
emissions [74]. The final energy demand (FED) from 
transport slightly decreased from 655 TWh in 1990 to 
638 TWh in 2019, a reduction of 2.6%. In 2019, the road 
transport sector represented 592 TWh representing 93% 
of transport sectors FED (see Additional file 1: 12 and 13) 
[38, 64]. The number of registered passenger cars steadily 

increased from 30,6 Mil. in 1990 to 47,1 Mil. Cars in 2019 
(2021: 48,3 Mil.) in Germany [66]. Furthermore, the aver-
age power of cars increased by 66% between 1995 and 
2019. Cars became 11% heavier due to a rising share of 
sport utility vehicles (SUV) [47]. In 2019, 98% of cars 
were fueled by petrol (66%) and diesel (32%), while alter-
native powertrains were only 2% (see Additional file  1: 
12) [1, 56]. More supporting statistics are shown in Addi-
tional file 1 in chapter 3. The data indicate that Germany’s 
road transportation sector has not moved toward climate 
neutrality since 1990. Similar behavior can be observed 
in other European countries. Therefore, a bouquet of var-
ious environmental policy instruments was implemented 
to reduce the transport sector’s impact on tackling the 
road transport sector. Further policy and revisions are yet 
to come due to the “fit for 55” package.

Selected policies
Different environmental policy instruments have been 
applied to realize environmental protection within this 
sector [55]. Some instruments focus on mitigating rela-
tive or specific emissions or performance standards, 
while others aim to reduce the overall absolute emis-
sion amount. Figure  1 places the regulations applied in 
the context of total emission reductions. Total emissions 
are a product of the total fuel demand and the emission 
intensity of the respective vehicles. Therefore, reducing 
total emissions can be achieved by mitigating one or all 
of those factors. While the fuel demand depends on user 
behavior, the emission intensity is related to the fuel type 
and the respective vehicle specifications. Each of these 
factors can be addressed with different environmental 
policy instruments to meet the set goals.

For example, the German government regulates—
partly based on EU Directives—the transport sector by 
a spectrum of environmental policy instruments with 
overall 42 policies in 2021  [53]. Table  1 summarizes 
the central policies in road transportation in Germany. 
Non-market-based instruments are mainly applied for 
minimizing harmful emissions from fuels and exhaust 
gases (burning products). Market-based instruments 
are additionally used for emission reductions, e.g., by 
vehicle taxation—based on vehicle properties—and 
consumption of fuels. These instruments are listed by 
their objective downward the supply chain. Notably, 
non-market-based instruments are preferably applied 
to producers and distributors, whereas market-based 
instruments are chosen for consumer regulation. From a 
lifecycle assessment standpoint, cradle-to-gate impacts 
are regulated by non-market-based instruments, as mar-
kets do not fully internalize all relevant (external) effects 
for a holistic assessment. ETS certificates required to 
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produce fuels and vehicles are not mentioned, because 
this is not a road transportation-specific mechanism.

Thus,  CO2 emissions are regulated by different instru-
ments in Germany. On the one hand,  CO2 is controlled 
passively by preferences of the fuel,  CO2 fleet limits and 
car labeling. On the other hand, market-based instru-
ments policed by vehicle, energy and  CO2 taxes are based 
on the polluter-pays principle. Consequently, the trans-
portation sector has a higher implicit  CO2 price com-
pared to the explicit costs for  CO2 within the ETS [45].

Evaluation criteria
Environmental policy instruments affect different areas 
of the economy, environment, and society. Therefore, 
the evaluation of such instruments is based on the 
assessment of target achievement, cost-effectiveness, 
and practical feasibility [45], adopted from the EU envi-
ronmental policy evaluation. Relevant studies and data 
sets are investigated for each criterion to emphasize 
key performance points.

Fig. 1 Relation of policy instruments in 2020 in road transport according to the total emissions

Table 1 Regulatory framework for commercial vehicles and passenger cars

M market-based, NM non-market-based, PC passenger car, CV commercial vehicles, EV electric vehicles

Designation Orientation Category EPI-Type Regulated objective

Fuel quality directive Fuel Producer/distributor NM Technology mandates Reducing GHG intensity of fuels

Euro norm Vehicle producer NM Performance/technology standard Limit harmful non-CO2 emissions

Directive on mobile air 
conditioning systems

Vehicle producer NM Performance Standard Refrigerant of light vehicles

CO2 fleet limits Vehicle producer NM Performance Standard Limit harmful  CO2 emissions for 
new PC and CV (after 2020 also for 
HDV)

Car energy labeling Vehicle producer/seller NM Labeling PC: Visualization of energy class

EV purchase incentive Consumer M Subsidy EV Incentive for PC and CV

Vehicle ownership tax Consumer M Tax Vehicle-related tax

Energy tax Consumer M Tax Fuel consumption

CO2 tax (NEHS) Consumer M Tax Fuel consumption

Low emission zones Consumer NM Performance Standard Harmful emissions limits for cities

Truck toll Consumer M Tax Toll for trucks > 7.5t per km
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• Target Achievement measures whether and to 
which degree a policy achieves the set objectives or 
goals. A policy measure serves different objectives, 
although a hierarchy of the different objectives is 
not necessarily discernible. Emissions reduction is 
often the explicit or implicit goal of such an envi-
ronmental policy instrument. Explicit regulations 
target the issue directly, while implicit policies tar-
get the reduction by regulating an objective related 
to emissions. Results of target achievement can be 
different: Policy outcomes (e.g., laws and directives 
issued), outputs (e.g., the share of biofuels), and 
impacts (e.g., mitigation of risks resulting from cli-
mate change).

• Cost-efficiency relates the inputs (cost) and results 
(effects) of policy intervention. It provides an eco-
nomic metric for efficiency and helps to compare 
different instrument types  [45]. The efficiency can 
be related to microeconomic cost (e.g., implementa-
tion cost for technology from a producer/consumer 
perspective) or macroeconomic cost (e.g., the social 
cost of health issues induced by air pollution). Fur-
thermore, micro- and macroeconomic costs can be 
compared to each other. Efficiency is divided into 
its static and dynamic components. Static efficiency 
reflects the most favorable avoidance variant at a 
given time (low-hanging-fruit principle; see Addi-
tional file  1: 1.6). The dynamic efficiency considers 
an intervention over a certain period. As a future-
oriented criterion, dynamic efficiency necessarily 
contains an element of uncertainty. Since the cost 
and profitability of new technologies cannot be fore-
casted with certainty, it will also be difficult to accu-
rately determine the efficient level of investment in 
low-carbon technology innovation and diffusion. To 
assess the cost-effectiveness of policy measures, the 
cumulative net costs discounted over time need to 
be considered. In a macroeconomic framework, this 
also includes the opportunity costs of investment [11, 
45]. In this analysis, the cost-efficiency represents the 
magnitude of the cost impacts of a measure in rela-
tion to their achieved targets, based on studies made 
for each applied instrument.

• Practical feasibility is a very heterogeneous criterion 
set. It summarizes other evaluation criteria associ-
ated with the instruments and the field applied. The 
various criteria thus refer to the difference between 
policies as designed on the drawing board and their 
actual implementation in practice. Therefore, they 
are grouped under the heading of feasibility. The 
spectrum of possible sub-criteria can include admin-
istrative implementation (e.g., reporting and review 
effort), unintended side effects, political acceptability, 

legal and institutional feasibility, flexibility, risk, and 
uncertainties [45].

Scoring
Each environmental policy instrument reviewed with the 
criteria defined in Sect. 2.3 is scored in a three-step range. 
The applied spectrum is presented in Table 2. As the cri-
terion practical feasibility is heterogeneous, the scoring 
is related to its impact on the relevant sub-criteria. The 
evaluation takes place from the regulator’s perspective or 
with a focus on the impact on society. For this purpose, 
the micro-economic costs (private-sector) incurred are 
placed in context with macroeconomic costs. Since the 
objectives of the environmental policy instruments (EPI) 
differ by their type, no overarching quantified assessment 
can be made here, either on an absolute or a relative 
scale. In some cases, several EPIs pursue the same reduc-
tion targets and changes, but the respective share of each 
EPI cannot be reliably determined. For example,  CO2 tax 
and energy tax both directly aim at a decline in demand 
and, therefore, indirectly at emissions reduction.

Moreover, the technological development (implied 
by the market pressure) toward higher efficiency, lower 
fuel consumption—and thus low emissions—is naturally 
brought about by lower operating costs. Reduction of 
 CO2 is thus automatically enforced by the market if fuel 
prices are sufficiently high. In contrast, reducing harmful 
emissions—covered by Euro standards—does not entail 
any cost savings for the user.

Evaluation profiles of policies in Germany´s road 
transportation sector
In the following, the applied instruments in the German 
road transportation sector are evaluated. Therefore, each 
instrument (shown in Table 1) is described, its targets are 
identified, the performance related to the criteria (shown 
in 2.3) is evaluated, and each performance key point is 
scored (based on Table 2).

Fuel quality directive (FQD)
Description
The Fuel Quality Directive (FQD) and its amendments 
establish environmental requirements for gasoline and 
diesel fuels to reduce their emissions of air pollutants 

Table 2 Scores and description

Score Key Effectiveness (Goals) Efficiency

High  Mostly achieved Mostly efficient

Intermediate  Partly achieved Partly efficient

Low  Hardly/not achieved Mostly inefficient
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issued by the EU. The FQD combined with the Renew-
able Energy Directive (RED II) set standards for envi-
ronmental emissions. The RED II targets to increase the 
share of renewable energy consumption mix by 32% by 
2030, and the member states require fuel suppliers to 
include a minimum of 14% renewable energy consumed 
in rail and road transport. Besides the Fuel Quality Direc-
tive (FQD) Implementing Directive, the ILUC Directive 
and the “Winter Package” contain further the regulations 
for fuel suppliers [25].

The targets of the fuel quality directive until 2020 can 
be summarized as follows [25, 33]:

1. Contribute to enhanced air quality
2. Contribute to greenhouse gas (GHG) reduction and 

biofuels sustainability. Reduction of the average life 
cycle GHG intensity of transport fuels brought into 
the market by a minimum of 6% by the end of 2020 
(Indirect land-use change (ILUC) is not taken into 
account)

3. Reduce impacts on health and environment from 
transport fuels

4. Reduce greenhouse gas and air pollutant emissions 
from the transport sector

5. Ensure proper functioning of engines and after-treat-
ment systems

6. Guarantee the quality of petrol and diesel
7. Ensure a single market for fuel (setting minimum 

standards for selected specifications)

Performance and score
In the following, the performance of key aspects for the 
selected criteria is summarized and shown in detail in 
Table 3.

• Most of the targets set for the FQD have been 
achieved, although the total GHG reduction targets 
have only been met partly or not at all. For exam-
ple, only 62% of the life cycle GHG intensity reduc-
tion goal of 6% has been completed within the EU 
(excluding ILUC). Furthermore, no absolute  CO2 
reduction was achieved by the FQD; instead,  CO2 
emissions increased due to an increased demand for 
fuels. However, the FQD does not directly handle fuel 
demand (see Fig. 1). The  CO2 intensity reduction of 
3.1% by 2020 has led to a less pronounced increase in 
emissions and is, thus—despite missing the target—
to be assessed as positive and in line with the policies 
overarching goals [15, 22].

• The cost-efficiency assessment is primarily based 
on an evaluation of the European Commission from 
2017. As the FQD is the only instrument directly 

aiming at the GHG intensity of fuels, the related 
costs cannot be compared and set into context with 
similar measures. The RED indirectly aims to reduce 
GHG intensity by setting goals for renewable energy 
shares. The costs mainly occur at a micro-economic 
level, which means at the industry or consumer level 
(unless the monitoring costs), while the benefits are 
at a macro-economic level. The occurring costs for 
the fuel distributors are at a much lower magnitude 
than the benefits for society due to avoided damage 
costs from harmful emissions.

• The FQD is considered practically, as the intervention 
is mostly coherent with existing measures, except 
for inconsistencies of biofuels with the Renewable 
Energy Directive (RED). Without the FQD, promot-
ing a single market for producers could not have 
been ensured.

Euro norms
Description
While the FQD regulates the fuel supply side, emissions 
standards are a common instrument regulating emis-
sions from vehicles that manufacturers must abide by. 
In Europe, two types of emission standards are applied. 
Non-CO2 emissions are limited by the Euro norms for all 
road vehicles (as described in the following), whereas the 
 CO2 fleet limits regulate  CO2 emissions of passenger cars 
and LDVs [30].

The Euro norms are emission standards for passen-
ger cars and commercial vehicles for motor vehicles and 
their specific replacement parts [25]. The policy aims to 
protect air quality, (indirectly) improve fuel economy, 
and encourage technological development and innova-
tion [30]. The policy covers a wide range of tailpipe, evap-
orative and crankcase emissions. Thus, in-cylinder and 
after-treatment technologies were developed and imple-
mented. Exclusively, harmful pollutants are regulated: 
carbon-monoxide (CO), non-methane hydrocarbons and 
total hydrocarbons  (CnHm), nitrogen oxides  (NOx), par-
ticulate matter (PM) and particle number (PN) [25].

Table 4 describes the evolution of Euro Norms for light-
duty vehicles. Several technologies to mitigate pollution 
became mandatory, and as the test procedures changed, 
real driving emissions were included. Emissions are 
measured in the use of a vehicle on the road. The Interna-
tional Council of Clean Transportation (ICCT) provides 
further studies on the emission standards compliances 
costs for diesel LDV and HDV, including estimated costs 
for EURO 7 [59, 60].

As these tests are hard to reproduce on the road, real 
driving emissions were higher than those reported in lab-
oratory tests, resulting in a confirmation factor by the EU 
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that relates laboratory and real driving emissions [2]. The 
EU limits air pollution to mitigate cardiovascular dis-
eases and premature statistical deaths. The World Health 
Organization (WHO) provides its Air Quality Guide-
line recommendations for outdoor and indoor pollution 

limits. The WHO defines the limits on several short- and 
long-term exposure studies investigating exposure–effect 
relationships. Lower limits are based on the so-called 
NOAEL (no observed adverse effect level), which shows 
no related effect of pollutants on health issues. Especially, 

Table 3 Performance and score of fuel quality directive

Performance Score Refs.

Target achievement

 (1) Reduction of  NOx, Pb,  SOx, PM and PAH emissions from transport 
vehicles significant

 [15, 46]

 (2) GHG reduction goal: 3.7% (62% of goal), respectively 2.1% (35% of 
goal) incl. ILUC
Upper limits for bioethanol (10%) and FAME (7%)
Lack of harmonization of biofuel mandates
Implementation of multiple counting of alternative fuels to 
promote certain fuels

 
 
 
 

[15, 22]

 (3) Combination with other measures (e.g., Low-emission zones 
(LEZ), Euro-Norms)
Historical data shows significant air pollutant reduction

 
 

[69, 73]

 (4) No reduction of total  CO2 emissions due to higher demand (see 
Additional file 1:  11)
Reduction of specific fuel GHG emissions by 3.7%
Reduction of harmful emissions (see target (1))

 
 
 

[15, 71]

 (5) Proper function of engines ensured  [15]

 (6) Overall quality is guaranteed according to CEN standards EN228 
and EN590
Petrol: majority placed on the market in the EU is compliant with 
Annex I specifications (almost 100%)
Diesel: the majority is in accordance with Annex II
The introduction of Euro IV was only possible after the regulation 
came into force

 [46]

 (7) A single market was mostly ensured by defining minimum 
standards for the quality of fuels and the technical compatibility 
of these of these fuels with internal combustion engines and 
after-treatment equipment
But bioethanol regulations were uneven across EU

 
 

[15]
[46]

Cost-efficiency

 Desulphurization: 2001–2011 cumulative benefits of 197 Mil. € per refinery  [15, 22]

 Estimated avoided damage cost: 695 Mil. € for a reduction in  SOx, and 8,611 Mil. € (damage cost functions) for a reduction in  NOx 
for EU28 over the period 2009–2013

 [15, 22]

 Member States: Monitoring and reporting costs 173,000–650,000 € per year—comparatively low administrative overhead  [15]

 Fuel suppliers: €202 million cumulative costs per refinery over 2001–2011 (51% corresponds to investment costs and 49% to opera-
tional costs)

 [15]

 Many petrol vapor emission derogations  [32]

 The significant benefits of the FQD outweigh all these costs  [15]

 Engine and emissions reduction performance benefits due to improved fuel specifications compatible with advanced engine 
standards

 [15]

Practical feasibility

 FQD is considered coherent with the rest of the environmental legislation
 Issues regarding biofuels, provisions within the FQD itself and in relation to the RED
 The flexibility provided in Article 4 is used only to a very limited extent
 FQD is still considered relevant overall, and no article is classified as not relevant
 Restrictions that the FQD places on gasoline and diesel fuels remain relevant to ensure the health and environmental benefits of 
the FQD and to promote a single market for fuels within its scope

 Member States agree that the internal market could not be achieved without the Directive and that the Directive, therefore, has EU 
added value

 Reduce barriers due to fuel specifications harmonization
 The strong intra-EU market for fuel suppliers and vehicle manufacturers created

 
 
 
 
 
 
 
 

[15]
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particular matter shows a harmful impact on health with 
every pollution level and is associated with the particular 
size. Limit values result from a political balancing pro-
cess, whereas health improvements versus feasibility and 
costs of the actions are weighted [63].

In 2017, WLTP and real-driving emission tests were 
introduced to improve testing procedures for passen-
ger cars. New cars must pass these tests in real driving 
conditions and improved laboratory tests before receiv-
ing approval for European roads. Euro IV became man-
datory for heavy-duty vehicles in 2013 [19]. Since 2019, 
newly produced trucks must determine and declare their 
 CO2 emissions and fuel consumption with the latest ver-
sion of the Vehicle Energy Consumption calculation Tool 
(VECTO) which was developed by the European Com-
mission [34]. Furthermore, real driving emissions are 
tested by the verification testing procedure (VTP) to ver-
ify emissions and fuel consumption from July 2020 [30].

The implementation of the Euro standards generates 
additional costs due to the mandatory technologies 
to reduce emissions to achieve the targets. The costs 
were estimated by the ICCT in 2012 and are shown 
in Table  5. According to Euro 1, gasoline cars were 
required to switch from carburetor to electronic fuel 
injection systems and install catalytic converters, which 
are more complex and more costly. From Euro 2, the 

costs for emissions reduction in diesel LDVs to meet 
regulations were always higher than for gasoline LDVs. 
Especially the mandatory installation of particulate fil-
ters (Euro 4) and selective catalytic reduction catalysts 
(SCR) led to increasing costs for diesel vehicles. The 
average car price in 2012 was 30,000 $, which resulted 
in a cost-share of 1% for gasoline and 5—6% for diesel 
LDVs [42]. However, the introduction of Euro 6 made 
gasoline particle filter necessary for some cars to meet 
the regulations, which implied costs for the transi-
tion of Euro 5 to Euro 6 for gasoline cars. These—not 
mandatory, but for some cars necessary—particle filter 
costs are not estimated in the cited study.

The targets of the Euro norms can be summarized as 
follows [13, 52, 77]:

1. Lower (harmful) air pollution from vehicles, improve 
air quality

2. Set fleet-wide performance standards (CO,  NOx, 
 SOx,  CnHm, PM, PN) for the type of engine (diesel, 
gasoline) and vehicle type (car, LDV, HDV, motorcy-
cles)

3. Indirect GHG emissions reduction (Euro 7 might 
include direct regulation of methane evaporation 
from CNG/LNG vehicles)

Table 4 Evolution of emission standards for light-duty vehicles [41]

Emissions 
standard

Issued Description

Euro 1 1993 Catalytic converter and electronic fuel injection mandatory for new registrations

Euro 2 1997 Limitations for petrol and diesel engines

Euro 3 2001 Obligation for On-Board Diagnostics (OBD) as an emissions diagnostics system for petrol engines (2004 for diesel)

Euro 4 2006 Adjustment of pollutant limits pave the way for diffusion of a particulate filter

Euro 5 2008 Limits tighten, the particulate filter becomes mandatory (for diesel)

Euro 6 2014 Stricter homologation and test procedures (WLTP and RDE), particulate filter for petrol cars and SCR for diesel cars

Euro 7 2025 Not issued yet (Legislative Proposal in 2022)—ammonia, methane (CNG fuels), and further regulations

Table 5 Incremental costs for LDVs meeting Euro Norms (in 2010 US dollars) [62]

Vd vehicle (engine) displacement

Engine Type Vehicle Class Euro 1 
(Baseline)

Euro 1 to 
Euro 2

Euro 2 to 
Euro 3

Euro 3 to 
Euro 4

Euro 4 to 
Euro 5

Euro 5 to 
Euro 6

No 
Control to 
Euro 6

Gasoline 4 cylinders
Vd = 1.5 L

142 63 122 25 10 – 362

Gasoline 4 cylinders
Vd = 2.5 L

232 3 137 15 30 – 417

Diesel 4 cylinders
Vd = 1.5 L

56 84 337 145 306 471 1399

Diesel 4 cylinders
Vd = 2.5 L

56 89 419 164 508 626 1862
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4. Implementation of representative and standardized 
laboratory test cycles and measure real driving emis-
sions (mandatory for Euro 6)

Performance and score
In the following, the performance of key aspects for the 
selected criteria is summarized and broken down in 
Table 6.

• The Euro norms emissions standards achieved almost 
all of the set targets. It led to a significant reduction 
of harmful emissions (see SM2). Representative test 
cycles were implemented and constantly adjusted, 
but those test cycles do not fully represent real-world 
behavior. To account for this, real driving emissions 
(RDE) were introduced with the Euro 6 in 2014.

• The cost-efficiency is hardly evaluated. Each new 
regulatory level requires certain technologies to meet 
the targets or are mandatory (see Table 3), which cre-
ates additional costs for emissions treatment. On the 
one hand, the microeconomic costs for customers 
for LDVs are shown in Table 5 and are 1–6% of car 
price (related to an average car price of 30,000 $). On 
the other hand, the macroeconomic avoided damage 
costs are estimated at 8,611 Mil. € only by reducing 
 NOx.

• Unified test cycles ensure comparability and make 
the policy practically feasible, but laboratory testing 
does not represent real-world emissions. Further-
more, real emissions are related to user behavior. This 
instrument has been implemented in several coun-
tries since 1990 (see SM9) [13].

CO2 fleet limit
Description
CO2 fleet limits define performance standards for spe-
cific  CO2 emissions per base unit (distance [g/km] for 
passenger cars and commercial vehicles below 3500  kg 
and engine energy output [g/kWh] for heavy-duty vehi-
cles). The base units are chosen differently, because those 
are related to the performance of a vehicle type. As the 
performance of passenger cars and light-duty vehicles 
is mobility itself, performance defined for heavy-duty is 
related to the transport capacity of a wide range of vehi-
cle sizes. In 2020, the limits are 95  gCO2/km for cars and 
147   gCO2/km for vans while targeting a 15% reduction 
for cars and vans in 2025 based on 2021 starting points 
[7, 28].

Table  7 summarizes the  CO2 fleet limits for cars and 
vans. As the fleet limits become more restrictive, a tech-
nology shift is indirectly induced, because standard 

internal combustion engines (ICE) cannot meet the 
emerging requirements. ICEs can meet those goals if they 
are verifiable fueled (blended or fully) with low-/zero-
carbon fuels, such as biofuels or synthetic fuels (E-Fuels). 
However, even if the verifiable use of low-carbon fuels is 
accepted for the  CO2 fleet limits, the vehicles still have to 
meet the Euro norms regarding harmful emissions from 
combustion. At the time of conduction of this study, the 
discussion has not been solved. The EU annually sets spe-
cific emission targets for each manufacturer based on the 
EU fleet-wide average mass of the producer’s new vehi-
cles registered with a limit value curve [27].

Figure 2 illustrates the specific  CO2 emissions of newly 
registered passenger cars in Europe between 2000 and 
2019. The blue line shows a constant reduction in  gCO2/
km during the NEDC test cycle. With the introduction of 
the WLTP test cycle, specific  CO2 emissions increased 
slightly due to a more demanding and realistic driving 
cycle. Until 2006, no mandatory regulations were set, and 
the voluntary agreements of car manufacturers only led 
to a reduction of 1.2% of specific emissions on average 
per year. When the regulation was announced in 2006, 
the average reduction rate increased to 2.4% per year. In 
2009, the regulation was implemented, which increased 
the reduction rate to 3.2% on average. During the vol-
untary agreement phase, the relative reduction between 
2000 and 2006 was 6.3%. The announcement and imple-
mentation of the policy led to a decrease of 24.2% 
between 2006 (161  gCO2/km) and 2019 (122  gCO2/km). 
Therefore, the regulation successfully impacts the average 
specific emissions of newly registered cars.

Overall, the targets of the  CO2 fleet limit can be sum-
marized as follows:

1. Limitation of  CO2 emissions from newly registered 
vehicles (cars and LDV)

2. No detriment to low-volume car manufactures

Performance and score
In the following, the performance of key aspects for the 
selected criteria is summarized and broken down in 
Table 8.

• The targets were achieved, as the  CO2 fleet limits 
resulted in an overall reduction of 29.3% regarding 
the specific  CO2 emissions of newly registered cars. 
Furthermore, low-volume manufacturers were not 
harmed by this regulation.

• According to Gibson et al. (2014), the  CO2 abatement 
costs of this regulation were estimated between 32.4 
and 39.8  €/tonCO2. Although the abatement costs 
are hard to evaluate due to the development cost of 
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manufacturers and the cost of developing and run-
ning the test cycles (with each car model), the regu-
lation is assessed as cost-effective. Furthermore, the 
penalties for non-compliance are high.

• Overall, the regulation is practically feasible as test 
cycles are standardized and reproducible. However, 
as laboratory test cycles on test facilities are used, 
they do not represent real-driving emissions (RDE). 
Therefore, RDE was added to WLTP. As RDE is much 
higher than the laboratory emissions, conformity fac-
tors were introduced.

Car labeling
Description
Car energy labeling ensures that relevant information 
about the vehicle is provided to consumers, containing 
fuel economy and  CO2 emissions (classification from 

“A”—high to “G”—low) [26, 49]. The car energy labels 
classification is based on the WLTP test cycles (for-
merly NEDC) results.

The “Trends of car purchase report 2021” provides 
selection criteria of surveyed customers, shown in 
Fig.  3. The criteria are categorized into economic and 
socio-psychologic criteria. Price–performance ratio, 
consumption, and price are the main economic crite-
ria for customers, while comfort, safety, and design are 
the leading socio-psychologic criteria. As environmen-
tal friendliness is in 8th place, it is less important for a 
purchase. Customers became more aware of emissions 
produced by their behavior during the last decade, but 
awareness and acceptance need to be further increased 
for less emitting cars [4]

The targets of car labeling can be summarized as 
follows:

1. Incentives for consumers to buy cars that use less fuel 
[49].

2. Visualize carbon dioxide and fuel efficiency [43].
3. The Car Labeling Directive (Directive 1999/94/EC) 

of December 1999 is a demand-side directive that 
should support manufacturers in meeting specific 
 CO2 targets [26].

4. Labeling aims at environmental and behavioral eco-
nomics by influencing customer’s choices [14, 48].

Table 7 CO2 fleet limits reduction goals

Timeframe CO2 reduction goals

2025–2029 15% compared to 2021 [7]

from 2030 55% for cars, and 50% for vans [27]

from 2035 100% for cars, and 100% for vans [27]
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Performance and score
In the following, the performance of key aspects for the 
selected criteria is summarized and detailly shown in 
Table 9.

• Car labels enhanced customer awareness due to dif-
ferent studies. However, major selection criteria for 
car purchases are price–performance ratio and com-
fort (1st and 2nd), while environmental friendliness 
is in 8th place. While consumption is another main 
criterion (4th place, see Fig.  3), car labeling might 
become more impactful due to rising  CO2 taxes and 
a subsequent increase in fuel costs.

• The results show that car labels are cost-effective in 
reaching customers, impacting purchase behavior, 
and creating awareness.

• The practical feasibility of labels is also given, as they 
provide essential consumption and emissions infor-
mation directly to the customer during the purchase 
process. Furthermore, car labels can help pave the 
way for a change to more environmental-friendly 
social norms.

Vehicle tax
Description
Vehicle (ownership) tax sets common rules for the taxa-
tion of all kinds of motor vehicles. Therefore, the EU lays 
down general principles in the Treaties to which national 
provisions must adapt [23, 31]. As the role of  CO2 emis-
sions evolved, the taxation was adjusted several times 
during the last decades [75]. Furthermore, the calculation 
became more complicated as it differentiates between 

vehicle types and size criteria. Typical criteria are fuels 
(diesel, gasoline, alternative), type (car, commercial vehi-
cles, motorcycles and more), emission standard (Euro 
Norm), registration year,  CO2 emissions (WLTP), and 
gross vehicle weight (commercial vehicles) [55, 81]. This 
study exclusively evaluates the influence of vehicle taxa-
tion on passenger cars. The taxation system in 2021 and 
before for cars in Germany is shown in the Additional 
file 1 (Cars: SM 3, SM 4; HDV: SM 6).

The targets of the vehicle tax can be summarized as 
follows:

1. Create unrestricted state revenue for the state budget 
from private and commercial vehicle ownership [76].

2. Environmental steering effect on alternative and low-
carbon powertrain technologies [76].

Performance and score
In the following, the performance of key aspects for the 
selected criteria is summarized and broken down in 
Table 10.

• The vehicle ownership tax achieved its tax revenue 
target due to a state income of 9.53 Bil. €. Regarding 
environmental effectiveness, the inclusion of  CO2 
emissions based on the WLTP test cycle (formerly 
NEDC) added an internalization of external effects 
from those emissions. It changed the displacement 
and fuel type-based tax system to a hybrid system. 
Furthermore, the former linear tax system was devel-
oped into a staggering tax system based on  CO2 
emissions to tax vehicles with higher emission values 
and thus heavier and larger vehicles more severely.

24% 
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Fig. 3 Selection criteria of car purchase from trends of car purchase 2021, based on [4]
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• The vehicle tax system is practical and flexible, as it 
allowed the change to a combination of a displace-
ment- and a  CO2-based system. Furthermore, older 
emission standards are higher taxed as well as diesel 
cars, which motivates buyers to buy more fuel-effi-
cient, low consumption and low emission vehicles.

Energy tax
Description
Energy tax applies to all energy carriers. The annual tax 
revenue in Germany amounts to around 38 billion euros. 
In the transport sector, diesel and gasoline are the most 
relevant. The tax per liter is about 0.47 € for diesel and 
0.67 € for gas, although the carbon- and thus the energy 
content of diesel is significantly higher [80]. The lower 
cost of diesel is because, in 2003, the EU adopted a direc-
tive to standardize oil prices. To reduce the distortion of 
competition between industries, a possibility of "special 
tax treatment" was introduced for diesel [37]. The energy 
tax is not further evaluated here, as it was not designed as 
an environmental steering instrument until 2020, which 
changed in 2021 with the revision of the energy tax direc-
tive [80].

CO2 Tax
Description
The  CO2 tax is a quantity-based levy that applies to Ger-
many’s transport and heat sectors. The tax started in 
2021 with a fixed price of 25€/ton and increased gradu-
ally to 55€/ton in 2025. In 2026, the tax will be trans-
ferred to a cap-and-trade system (NEHS), such as the EU 

ETS. In the long term, the plan is to transfer the national 
systems within the EU to the EU ETS [16]. Sweden and 
Switzerland already implemented  CO2 tax several years 
ago, but as their economies, population, GDP and land 
area are fully different, the results of this tax type are hard 
to project on Germany. In Germany, the  CO2 tax was 
recently implemented during the COVID-19 pandemic. 
The pandemic impacted fuel and energy consumption of 
the (road) transport sector heavily [74]. Therefore, reli-
able data is not available in 2022 to evaluate the impact 
on consumption behavior without other influences. Sub-
sequent studies might provide further insights on the 
performance of the  CO2 tax on-road transportation in 
Germany.

Low emission zones
Description
Low Emissions Zones (LEZ) are particularly aimed at 
curbing air pollution from road traffic. A LEZ is a geo-
graphical zone, usually in densely populated cities, into 
which only vehicles meeting a certain emission stand-
ard are allowed to enter [39]. First, it trailed in Sweden 
in 1996, LEZs were introduced in Germany in 2008. In 
2021, 57 German cities had established LEZs [70, 78]. 

The targets of LEZs can be summarized as follows:

• Limit air pollution to
• a yearly average of 40  mg/m3, a daily average of 

50 µg/m.3 for particles bigger than 10 nm (> PM10).
• a daily average may not exceed more than 35 days per 

calendar year.
• yearly average  NOx 40 µg/m3 [70].

Table 10 Performance and score of vehicle tax

Performance Score Refs.

Target achievement

 (1) In 2020, the state income from motor vehicle tax was 9.53 Bil. € in 
Germany (passenger cars, LDV and HDV)

 [65]

 (2) Fuel efficiency and operating cost reduction are not the primary 
choice objective. Therefore, the effects of  CO2-related taxing are 
not as effective as for commercial vehicles. (see Fig. 3)

 [4]

The staggered tax system for passenger cars taxes high-polluting 
vehicles more heavily than the previous linear system
Older emission standards and diesel vehicles will face higher taxes 
as a result of this system

 
 

[81]
[81]

Cost-efficiency

 Not evaluated due to lack of data and studies

Practical feasibility

 A reason given for levying the tax is the individual use of public infrastructure and the occupation of public space while parking  [76]

 Calculation based on Euro standard, engine type (diesel, gasoline, Wankel, alternative), displacement,  CO2 emissions from test cycles  [81]

 Average vehicle age increased from 7.7 years in 2005 to 8.2 years, which induced a more extended usage of vehicles and older tech-
nology (see Additional file 1: SM 15)

 [54]
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Performance and score
Pestel et al. (2019) investigated the effect of LEZ in Ger-
many on the nearby hospitalization for respiratory dis-
eases related to air pollution from traffic. The authors 
compared the number and severity of illnesses in hospi-
tal catchment areas before and after the introduction of 
LEZs. The study found that:

• Hospitals with catchment areas located in an envi-
ronmental zone (LEZ) diagnose significantly fewer 
air pollution-related diseases.

• Air quality improved considerably by reducing  NO2 
and PM10 concentrations [10].

• Improvement of public health, mainly by reducing 
the incidence of chronic diseases of the circulatory 
and respiratory systems.

• Traffic volumes and traffic-related diseases (stress, 
injuries) were not affected by environmental zones.

• 46 Bil. € for diseases of the circulatory system, mak-
ing them the most expensive type of disease with 2.9 
million cases.

• Reductions in the incidence of diseases of the circula-
tory system may directly reduce society’s healthcare 
costs [58].

Results from Euro standards 1–3, whether the diesel 
ban including Euro 4–6 would yield any further health 
improvement must be researched [58]. Analysis of data 
from 26 monitoring stations, after correction for changes 
measured at background stations and traffic stations 
outside the environmental zones, respectively, showed a 
decrease in pollution of 2.1 µg/m3 and 2.4 µg/m3 for fine 
particulate matter (PM10) and 3.7 and 1.2 µg/m3 for  NO2 
as an annual average.

Margaryan et  al. (2021) found that LEZ led to a 3% 
decline of PM10, while  NOx showed an insignificant 
reduction. The number of patients with cardiovascular 
disease declined by 2–3%, strongly for those aged above 
65. Back-of-the-envelope cost–benefit analysis suggests 
health benefits of nearly 4.43 billion Euro that have 
come at the cost of 2. 3 billion Euro for vehicle upgrad-
ing [57]. Similar results were found in other studies [3, 
39, 51].

In the following, the performance of key aspects for 
the selected criteria is shown in Table 11.

Truck road toll
Description
The Truck Toll is a distance-based road usage charge 
exclusively for heavy-duty vehicles in Germany. The 
toll was introduced in 2005 and represented a system 
change from tax-based to user-based financing of the 
national trunk road network. In 2020, the state income 
from the toll amounted to 7.4 Bil. € [8] Alternatively, 
the charge can be time-based (vignette), as applied in 
Austria.

The targets of the truck toll can be summarized as 
follows:

1. Shifting freight traffic to the railways (relief effects on 
the trunk roads, positive ecological effects, economic 
strengthening of the railways) [40, 69].

2. A gradual toll reduction for electric and natural gas 
vehicles (Federal Highway Toll Act) [8].

3. Helping to reach  CO2 reduction targets in the trans-
port sector [36].

4. A shift of investment costs from the state to the user 
(polluter-pays principle) [40].

Table 11 Evaluation of low emission zones

Performance Score Refs.

Target achievement

 (1) 10–12% less particulate matter, equivalent to 20 fewer exceed-
ance days

 [70, 78]

Two-thirds of close city measurement stations exceed  NOx 
limits

 [70, 78]

Nearby hospitalization data show a reduction of patients and 
respiratory diseases

 [58] [57]

Cost-efficiency

 Cars are equipped with a sticker indicating emission class. Missing sticker or wrong sticker fine is high: 80 €  [78]

 Savings in social costs are greater than upgrade costs by factor two  [3, 39, 51, 57]

Practical feasibility

 LEZ help to increase the share of vehicles with stricter emission standards due to access restrictions  

 Costs for measurement and implementation are relatively high  [57]
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Performance and score
In the following, the performance of key aspects for the 
selected criteria is summarized and detailly shown in 
Table 12.

• Set targets of the German truck toll are mostly 
achieved. While the total transport performance 
increased, the transport performance of road and rail 
transportation expanded as well. Road transportation 
increased by 28.2% and rail transport by only 17.4%, 
which led to a decrease in rail transport share and did 
not meet the goal of shifting from road to the more 
environmental-friendly rail (see Additional file 1: SM 
14 and SM 16). Implementation of a toll supports 
low-carbon technologies by freeing or partly charg-
ing those technologies. In other cities (e.g., Milan), a 
truck toll effectively achieved a  CO2 emissions reduc-
tion [12].

• The truck toll applies the polluter-pays principle, suc-
cessfully shifted road infrastructure investment costs, 
and reduced state expenditure by 80%. However, the 
toll collection costs account for 15% of the total rev-
enue.

• Except for the complex and cost-effective collection 
system implementation, the truck toll is practically 
feasible. Social and industrial acceptance is given due 
to the fact that this toll directly finances tax discounts 
and improved infrastructure. Furthermore, road tax 
reductions for low-carbon trucks help speed up tran-
sitions, reduce vehicle trips and rebound effects.

Final consideration
This study evaluated applied environmental policy 
instruments in the German road transportation sector 
until 2021. A wide range of instruments was applied to 
enhance air quality, reduce fuel consumption, and miti-
gate emissions. Findings demonstrate that non-market-
based instruments constitute the preferred application 
for producers and distributors, whereas market-based 
instruments are chosen for consumer regulation. Fur-
thermore, the study found:

• The effectiveness of single instruments is hard to 
assess and separate from other instruments, as some 
are aiming for the same goals

• Efficiency measures—partly induced by direct regu-
lations—toward more efficient engines and vehicles 
can have a rebound effect, leading to more demand, 
traffic and emissions

• Measures to shift the mode of transport were not 
pursued consistently—the number of vehicles and 
transport performance steadily increased

Although governments are setting the regulations, 
the influence of regulators on the transportation sec-
tor is somewhat limited. A regulator cannot control the 
total transport development. Therefore, specific emis-
sions can be reduced by implementing measures (e.g., 
fleet limits), but economic growth or side- and rebound 
effects might lead to higher transportation performance 
(e.g., more driven kilometers, traffic volume), nullifying 
the improvement from an emissions perspective. Other 
underlying reasons are changes in purchase power and 
processes of social change.

• Some of the criteria can only be applied to the 
respective instruments to a limited extent. For exam-
ple, the focus on CO2 effectiveness shows that some 
instruments do not have a direct CO2 reduction 
target but have an indirect effect, such as the Euro 
standard.

• Furthermore, the quantitative efficiency of Euro 
norms and vehicle tax cannot be evaluated due to a 
lack of research.

• Qualitative assessment of efficiency is also difficult, 
as the costs and benefits are incurred in different 
places that are not directly offset against each other. 
This study prefers the macroeconomic view of costs 
to the microeconomic perspective.

• While microeconomic costs are relevant for compa-
nies and individuals to implement a policy, macro-
economic costs are crucial for using mechanisms and 
instruments. Since EPIs pursue societal goals, such 
as environmental protection, CO2 reduction, and 
air quality, the countervailing macroeconomic costs 
must be considered first.

• Even though the transport sector has not shown 
a reduction in emissions, the impact of emission-
increasing developments—such as higher transport 
capacities, heavier vehicles and more power—has 
been mitigated through introduced policies.

Non-market-based instruments
The results identify several characteristics of non-mar-
ket-based instruments. Performance standards and tech-
nology mandates are popular direct regulations in the 
road transport sector (FQD, Euro Norm,  CO2 fleet limit, 
directive on mobile air conditioning systems).

Direct regulation is difficult to implement but can take 
effect very quickly and is helpful for urgent problems. 
Thus, direct regulation has been used in the Montreal 
Protocol for CFC Mitigation or emissions standards 
(Euro Norms). However, NMBIs are very static by nature, 
as they are designed for specific circumstances and, 
therefore, do not adapt well to change (e.g., technological 
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innovations). Moreover, they require the regulator in 
charge to reasonably predict technical and environmen-
tal conditions. Regulatory measures often have legislative 
gaps and are very complex when it comes to covering a 
large field. This property makes these measures—once 
established—resistant to innovation for alternative 
problem-solving.

A regulatory measure initially appears as a simple solu-
tion to a problem, but it entails a series of significant 
issues, revisions and adjustments. However, the effective-
ness of direct interventions is undisputed. Still, economic 
efficiency suffers from the intervention and severely limits 
the ability of the regulated group to act, thus reducing the 
potential for alternative and innovative solutions.

The market often relies on government assistance, as 
seen in the transportation transition. Direct interven-
tions—such as technology mandates—can be critical in 
planning government investments in necessary infra-
structure. For example, the development of a charging 
station infrastructure, which precedes the (indirect) tech-
nology mandate of battery–electric mobility, stands in 
competition with developing a hydrogen refueling station 
network from an investment perspective. However, as 
governments face a limited budget and both paths call for 
intense investment, the regulator must decide. This deci-
sion, however, significantly limits producers’ and custom-
ers’ choices.

Market-based instruments
Market-based instruments, especially emissions trading, 
represent economically more efficient approaches and 
do not restrict the range of solutions to the same extent. 
However, a fundamental problem of economic evaluation 
arises here:

The market and its imperfections:
As markets only cover a specific area of economic 

and private behavior and interactions with nature, an 
incomplete representation of reality arises. Thus, exter-
nal effects which have not yet been internalized—i.e., 
not monetized and thus not appearing in the market 
system—do not affect the decision-making of market 
participants.

History has shown that many relevant external effects 
on the economy and environment are not internalized in 
market systems. For example, social costs created from 
respiratory diseases related to air pollution from fossil 
fuel burning in power plants and the mobility sector are 
not represented in the fuels’ cost structure. Other con-
sequences are decreased quality of life, lower life expec-
tancy, or loss of workforce due to induced illness by air 
pollution. As those effects are hard to internalize, gov-
ernments decided to directly regulate air pollution (Euro 
standard and low emission zones). Furthermore, transport 

performance is not related to its eco-efficiency, which 
means high-emission vehicles can have the same transport 
performance but cause more air pollution. These costs 
only occur partly as higher fuel costs. The consumers’ per-
spective only shows higher fuel consumption and, there-
fore, higher transport costs, but these do not represent the 
actual occurring costs. As a result, many effects occur as 
social costs and remain public.

External effects, which affect markets, are called miss-
ing markets. Therefore, the scopes of the existing markets 
must be expanded to provide a sufficient representation 
of actual behavior and its effects (currently occurring as 
externalities and social costs).

An example of this is the ban on internal combustion 
vehicles. This mandate is an inefficient solution from 
an internalized market perspective as there are cheaper 
ways to reduce  CO2 (low-hanging fruit principle). How-
ever, harmful emissions to health are not priced in exist-
ing cost structures yet. Therefore, the occurring costs on 
the health system are not represented in this price, lead-
ing to an insufficient representation. Consequences are 
the reduced quality of life, costs of treatments and lost 
work due to respiratory illnesses. Insufficient internaliza-
tion of costs can be found in various energy policy exam-
ples in Germany (coal mining in the Ruhr area, nuclear 
power).

How much of the present can the future take?
The economic view causes tension to arise between cost-
efficiency indicators and generational fairness. There is a 
dilemma between static and dynamic efficiency: On the 
one hand, static efficiency is most relevant to align with 
the current economic situation and represents economic 
values like the return of investment or liquidity. Due to 
market imperfections, even static efficiency is not repre-
senting the actual costs of behaviors and might lead to a 
wrong path from a long-term perspective. Static efficiency 
does not include social costs, as those occur in the future. 
On the other hand, dynamic efficiency can represent these 
effects, but it is hard to predict, as future costs are highly 
uncertain. Static and dynamic efficiency can be weighed 
against each other using the interest rate and inflation. 
Thus, the return on investment of static efficiency is lower 
from the perspective of (future) dynamic efficiency. Fur-
thermore, cost-efficiency indicators are different from 
micro and macroeconomic perspectives, leading to ten-
sion between governments and market participants.

Internalization of climate change—CO2 as a determinant
Internalizing external effects is crucial for a realistic—or 
at least sufficient—market representation of behaviors 
and economic actions. Regarding the market representa-
tion of climate change effects,  CO2 is ideally suited as an 
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evaluation system for a spectrum of external effects. The 
concept of the global warming potential can convert the 
climate impact of different (atmospheric) gases into a sin-
gle unit—CO2eq—which is reflected in the market via a 
price, thus combining these systems. However, the inter-
nalization of  CO2 has some limitations:

• The instrument mainly focuses on emissions from 
fossil fuels. A complete representation of emissions 
will require a holistic assessment, such as the cradle-
to-grave approach.

• Time preference: Time preference describes how a 
resource used today is valued compared to the ability 
to use the same resource in the future. Assuming that 
the  CO2 budget is limited until 2050 or the end of the 
century,  CO2 becomes a resource that can only be 
"used up" to a certain extent. How the budget is used 
up over time presents the dilemma between current 
and future consumption.

• The pricing scheme in emission trading systems still 
does not reflect emissions’ time preference, as CO2 
pricing in emissions trading is statically formed.

• The comparison of current and future use of 
resources can be represented in a  CO2 interest rate. 
Thus, it can be argued that CO2 valuation shows a 
similar behavior with similar problems as a currency.

• Therefore, it can be argued that CO2 as the currency 
of our climate—when it is sufficiently developed and 
other externalities are internalized—could be the 
market-side representation of human interaction 
with nature.

Outlook
As long as a market system does not reflect all—or at least 
the most relevant—external effects of economic trade, a 
purely market-oriented approach via emissions trading are 
neither effective nor sufficiently reflects reality.

Therefore, internalizing other relevant external 
effects is desirable and leads to more market-oriented 
approaches, openness to solutions, and a reduced 
necessity for direct regulations. A realistic monetary 
representation is complicated in some cases (quality 
of life, happiness, health). Whether all relevant exter-
nal effects can be realistically mapped on the market 
side at all borders remains a technical, if not a philo-
sophical question. In conclusion, with regard to the 
study results, it can be claimed that there seems to be 
a historical development from direct regulations to a 
more market-oriented search for solutions using mar-
ket mechanisms, such as competition and efficiency 
enhancement. Integration of  CO2 into the market 

system allows comparing emissions to other cost fac-
tors, with the  CO2 price reflecting the weighting of this 
cost factor in the overall bill.

Even though the actual costs of today’s emissions are 
not yet fully reflected, the market systems are improv-
ing by internalization, and it is important to encour-
age this development. Nevertheless, the support of the 
market system by regulatory measures will continue to 
be necessary, mainly if market actions cause external 
effects that are hard to monetize.

We recommend studying and assessing the transport 
policy after 2021, with a special focus on heavy-duty 
transportation, EURO 7, and alternative powertrains/
fuels. Furthermore, we recommend taking life-cycle 
assessment into account for comparison of different pow-
ertrains and not only focusing on operative emissions.
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