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HIGHLIGHTS

¢ Inthe scenarios reviewed, GHG emission reduction targets drive electrification.
o If targets are met by 2050, 40-100% of heat and car transport will be electrified.
e The electricity consumption of heat and transport will increase to 400-800 TWh.
e Heat generation, at least in the building sector, favours direct electrification.

o Preferable electrification paths and technologies for road transport are unclear.

ABSTRACT

Energy scenarios provide guidance to energy policy, not least by presenting decarbonisation pathways for climate
change mitigation. We review such scenarios for the example of Germany 2050 with a focus on the decarbonisation
of heat generation and road transport. In this context, we characterize the role of renewable electricity and contrast
two rivalling narratives: direct electrification, using electric heat pumps, electric heaters, and battery electric
vehicles, versus indirect electrification, using gas heat pumps, gas heaters, fuel cell electric vehicles, and internal
combustion engine vehicles, in combination with power-to-gas and power-to-liquid processes. To GHG emission
reduction targets, our findings imply for energy stakeholders to (1) plan for the significant additional demand for
renewable electricity for heat and road transport, (2) pave the way for system-friendly direct heat electrification,
(3) be aware of technological uncertainty in the transport sector, (4) clarify the decarbonisation vision, particularly
for road transport, and (5) use holistic and more comparable scenario frameworks.
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1 INTRODUCTION

In line with the Paris Agreement [1], Germany aims to reduce its GHG emissions by 80-95% [2, 3].
Today, around 85% of these emissions are energy-related, more precisely related to electricity
generation (43%), heat generation (34%) and road transport (22%) [4]. Hence, the decarbonisation of
these three energy applications is pivotal to reach the climate policy targets. As the rise of wind and
solar energy in the electricity sector gains momentum, the focus of the German energy policy shifts
towards their variable electricity output. Not only is renewable electricity considered a major option for
the decarbonisation of the electricity sector, but also might it imply challenges for the electricity system
balance. Furthermore, it could potentially fuel the decarbonisation of the yet largely non-electric energy
end-uses heat generation and road transport.

Further integration of electricity into energy end-use applications can follow different paths, which we
refer to as direct and indirect electrification (Figure 1). In the category of direct electrification, we
include the devices providing heat and road transport that directly use electricity as an input. For heat
generation, this is obviously the case for all kinds of electric heaters but also for electric heat pumps,
which additionally exploit ambient or waste heat. For road transport, our definition of direct
electrification includes battery electric vehicles, the battery-fuelled mileage of plug-in hybrids, and
trolley vehicles, which take electricity from overhead wires. In contrast, our concept of indirect
electrification implies that the heating and transport devices indirectly consume electricity in the form
of synthetic fuels. Thus, the indirect electrification firstly always comprises a fuel synthesis, e.g.
electrolysis for synthetic hydrogen and methanation for synthetic methane, and is therefore usually
discussed under the heading of power-to-gas or power-to-liquid (e.g. Gétz et al. [5] and Schiebahn et al.
[6]). Secondly, the synthetic fuel is converted into heat, using gas heaters, gas heat pumps and
cogeneration plants (with simultaneous electricity output), or into traction energy, using fuel cell electric
vehicles and internal combustion engines. It is noteworthy that the use of synthetic fuels is not limited
to our definition of indirect electrification, which excludes their reconversion to electricity to provide

long-term power-to-power storage.
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Figure 1: Direct and indirect electrification of heat and road transport.



Direct and indirect electrification are competitors for the flexible use of renewable electricity as well as
for the decarbonisation of heat and road transport. The outcome of this rivalry, the dominance or a
combination of direct or indirect paths, is not trivial as both options feature advantages and
disadvantages. For example, the direct paths are generally superior in terms of efficiency, while the
indirect paths are more suitable for long-term storage [7, 8]. Furthermore, many of the electrification

technologies have not reached maturity yet, so that their eventual performance is subject to uncertainty.

Existing energy scenario reviews have ignored this interdependency whilst focusing on electricity only
[9], or on either direct electrification [10] or indirect electrification, e.g. on hydrogen futures [11]. Yet,
these studies identify climate change and the resulting need for decarbonisation as key drivers for both
electrification types.

This study aims to fill this gap with a comparative analysis of various electrification paths in published
energy scenarios that answers the following questions. What role will the electrification of heat and road
transport play in future energy systems? How much additional renewable electricity will be needed for
newly electrified energy end-uses? To what extent do direct and indirect electrification substitute and

complement each other?

Our analysis summarizes the results of a variety of 22 energy scenarios for the example of Germany
2050, which are presented in section 2. Despite the regional focus, we think our analysis is representative
and informative also for other countries, probably with restriction to temperate climate countries for the
analysis of heat generation. To provide some recent examples, direct electrification scenarios are
discussed by Quiggin and Buswell [12] for the UK and presented by Jacobson et al. [13] for 139
countries of the world, and indirect electrification is proposed by Scamman and Newborough [14] for
France and by Vo et al. [15] for Ireland. To enable an appropriate and concise comparison of direct and
indirect electrification in energy scenarios, we present a novel evaluation and visualization framework
as described in section 3. Particularly, we focus on the share of direct and indirect electrification in terms
of useful energy rather than the share of electricity in final energy as it was used by Edmonds et al. [16]
and Sugiyama [10]. The results of our analysis are presented in section 4 from the perspectives of the
electricity system, of heat generation, and of road transport, in turn. For a better interpretation of our
findings on the scenario results, we complement our evaluation with a review of the underlying
technological assumptions. Section 5 concludes with implications for policy makers, scenario builders,

and other stakeholders in the field of energy.



2 REVIEWED ENERGY SCENARIOS

As shown by Robinius et al. [17], studies on the future of the German energy system started to consider
substantial additional electricity consumption for an increasing energy end-use electrification only
recently, since 2014. In our evaluation, we focus on 12 of these studies with a total number of 22
scenarios (Table 1). To allow for a meaningful comparison and interpretation of the results, various
studies and scenarios are distinguished by two criteria: the GHG emission reduction that is achieved and

the energy end-use applications of which the electrification has been explicitly considered.

Table 1: Studies reviewed in this paper.

Heat Electrification Transport Electrification AGHG
No. Reference Buildings  Industry Cars Trucks Trend >80% =>85%
1 DLR et al. [18] v v 80%
80%
2 Oeko-Institut [19] v v 84% 90%
Prognos et al. [20] v v v v 65% 80%
UBA [21] v implicit v v 100%
DLR et al. [22] v v 80%
80%
80%
Heilek [23] v 80%
Oeko-Institut and v implicit v v 54% 80% 95%
Fraunhofer ISI [24]
Robinius [25] v 80%
Nitsch [26]? v v v v 58% 95%
10  Palzer [28] v implicit v v 80% 86%
11 Quaschning [29]° v v v v 100%
12 Fraunhofer IWES/IBP v v v v 83% 95%
[30]°
Total 3 12 7

@ The study presents three scenarios in total, but the two 95% scenarios are very similar for the year 2050.
Thus, we evaluate only one of the 95% scenarios (KLIMA 2050). Note that this study is an updated
version of the well-known study from DLR et al. (2012).

b This study assumes that the German emission target has already to be reached by 2040. Thus, a scenario
for the German energy system in 2040 is presented, but it is very comparable to other studies’ 2050
scenarios.

¢ Numerical details are retrieved from data appendix. Note that this study is an updated and extended
version of the study from Fraunhofer IWES et al. (2015), which provides further transport scenarios at

80% GHG reduction that we evaluate in subsection 4.3.



The 1.5 °C target and 2 °C limit of the Paris Agreement translates into an 80-95% reduction of GHG
emissions in the EU, which is also the declared objective of German climate policy [2, 3]. Accordingly,

we introduce the following clusters, which are applied to the scenarios in Table 1:

1. Trend: This cluster comprises all business-as-usual scenarios that do not meet the emission
reduction target. Across all the reviewed studies, there are three scenarios fitting into this cluster,
in which emissions are reduced by 54-65%.

2. AGHG > 80%: This cluster gathers all scenarios in which emissions are reduced sufficiently to
reach the lower bound of the climate target (at least by 80%) but not much further (maximally
by 84%). Most of the scenarios reviewed (13) belongs to this cluster.

3. AGHG > 85%: This cluster consists of all scenarios, where the emissions are reduced by 85%
or more. Seven scenarios are associated with this cluster. In two of them, energy-related
emissions are even completely mitigated (AGHG = 100%).

Regarding the energy end-use applications, we distinguish between heat for buildings and for industrial
processes as well as between cars and trucks, which proves useful for our scenario evaluation (cf. section
3). As it can be seen in Table 1, several studies are restricted to heat applications in buildings [23], to
road transport [18, 19, 22], or to car transport [25]. Furthermore, Oeko-Institut and Fraunhofer ISI [24],
Palzer [28], and UBA [21] provide no explicit information on heat for industrial processes but present
only aggregated results for heat and non-heat applications in the industry sector. Likewise, Nitsch [26]
and Prognos et al. [20] only allow for drawing conclusions on the aggregated road transport, i.e. cars
and trucks cannot be distinguished as necessary for our evaluation. Note that some studies also include
non-road transport and some even consider its electrification (e.g. Quaschning [29] and Oeko-Institut

and Fraunhofer ISI [24]), but this is beyond the scope of this study.

Some studies present several scenarios for the same end-use applications with the same mitigation target.
These scenarios can be distinguished by the ex-ante defined mix of transport decarbonisation
technologies. The two mitigation scenarios by DLR et al. [18] contrast a focus on synthetic methane
with a mix of synthetic methane, synthetic hydrogen, and battery electric vehicles. Similarly, DLR et al.
[22] present one scenario with mainly direct electrification, another with mainly synthetic methane, and

a third with mainly synthetic hydrogen.



3 REVIEW METHODOLOGY

We characterize the expected role of direct and indirect electrification of heat and road transport in the
German energy system in 2050 from two different perspectives: the electricity system and the energy

end-uses.

From the electricity system’s point of view, we determine the electricity consumption for heat and road
transport, which we distinguish by two dimensions: subject of electrification, i.e. heat generation and
road transport, and type of electrification, i.e. direct and indirect. Regarding indirect electrification, we
identify the amount of electricity that is converted into synthetic gases and, unless otherwise stated in
the studies, we partly assign it to heat generation and road transport according to the share of these end-

uses in the total gas consumption.

From the energy end-use perspective, we calculate the share of electrification in terms of useful energy:

electrified useful energy demand
total useful energy demand

share of electrification =

@)

We think that useful energy enables a more intuitive interpretation as it is directly related to the energy
end-use, in contrast to final energy as evaluated by Edmonds et al. [16] and Sugiyama [10], which also
depends on the final-to-useful-energy conversion efficiency. For example, if every second car is a
battery electric vehicle and every second mile is driven electrically, the electrification share in useful
energy will be 50%. In contrast, the electrification share in final energy will be much lower because the
conversion efficiency is higher for electric drives than for combustion engines. Similar effects occur

when comparing electric heat pumps to conventional boilers.

Consequently, the electrification share in heat generation is quantified in terms of useful heat®. Within
the heat demand, we distinguish between heat applications in buildings, which include space heating
and warm water, and heat for industrial processes to account for the specific characteristics of each of
these applications. For example, industrial processes require heat at a much higher temperature level
than space heating, which has implications on the applicability of heat pumps for electrification. Note
that heat for buildings and for industrial processes cannot be separated consistently for all studies, as
some report aggregated results for the industry sector including both processes and buildings (e.g. Nitsch
[26]), while others separate industrial processes and buildings (e.g. Fraunhofer IWES/IBP [30]).

However, the impacts of this inaccuracy should be limited, as the heat demand for buildings in the

! For some studies, which report final energy only, we transform the reported values into useful heat. If the relevant

conversion efficiencies are not stated in the respective study, we consider the average efficiency of all other studies.



industry sector is small as compared to the heat demand for industrial processes and the heat demand
for other buildings (53 TWh as compared to 468 TWh and 726 TWh in 2015 [32]).

For the electrification share in road transport, useful energy can be quantified in terms of traction
energy, as used by Palzer [28]. For most of the studies, however, traction energy is not reported, and we
consider the mileage as a proxy for the useful energy. We distinguish between cars and trucks as they
feature substantially different requirements in terms of weight, range and, eventually, in terms of energy
demand. Also, the unit of the mileage differs: vehicle kilometres for the case of cars and ton kilometres
for the case of trucks. The exact vehicle categories vary across the studies reviewed, e.g. light-duty
vehicles are attributed to cars in some cases (e.g. Fraunhofer IWES/IBP [30]) and aggregated with trucks
in others (e.g. Oeko-Institut [19]). Further inaccuracies are due to motorized two-wheelers and busses.
However, the implications of these inaccuracies should be limited, as cars and trucks are very dominant
in road transport as compared to other vehicle types.

Whereas calculating the direct electrification share is straightforward, the indirect electrification share
involves some complexity as synthetic fuels are often not explicitly assigned to heat and transport
applications in the scenarios. If so, as for the calculation of electricity consumption, we partly assign

synthetic fuels to applications according to the share of these applications in the total fuel consumption.

For the presentation of the results, we use a novel visualization framework inspired by operations
research (e.g. Dantzig [33]). We interpret the above-defined electricity consumption for electrification
and the electrification shares of heat and road transport as decision variables. In our figures, we display
these variables in pairs on the axes of a two-dimensional coordinate system. When only considering the
restriction that all variables must be greater than zero, the first quadrant in the coordinate system defines
solution space, i.e. all possible combinations of the decision variables. For the case of electrification
shares, the solution space is further limited by the total electrification of heat and road transport (100%).
Every scenario is represented as one point in the figures, i.e. one concrete combination of the decision
variables out of all possible combinations. Of course, the number of possible combinations is further
limited by technical and political restrictions, but these vary across different scenarios and cannot be
generalized. However, we will display one of these scenario-specific constraints, which is particularly
interesting in the context of decarbonisation: the GHG reduction target is indicated by the colour of the
points (the darker the point the more ambitious the mitigation target). In fact, many energy scenarios
rely on mathematical models, but the decision variables and constraints are more numerous. By focusing
on direct and indirect electrification of heat and road transport, we reduce this complexity and enable an
informative comparison of various scenarios. Furthermore, conclusions can be drawn on how these are

related to decarbonisation targets.



4 RESULTS

This section presents the results of the scenario review focusing on the electricity consumption for heat
and road transport (subsection 4.1) and on the electrification shares of heat (subsection 4.2) and road
transport (subsection 4.3), in turn. Finally, the underlying technology assumptions are reviewed and
linked to the preceding findings (subsection 4.4).

4.1 Electricity consumption for heat and road transport

Few scenarios cover the whole spectrum of heat and road transport such that there is a trade-off between
presenting as complete information as possible and including as many studies as possible. Therefore,
we evaluate the electricity consumption for electrification twice: once considering all heat and road
transport applications with only few scenarios (6) and once more considering heat only for buildings,

i.e. heat for industrial processes is excluded, with a more significant number of scenarios (12).

Figure 2 presents a break-down of the electricity consumption by the first dimension of our analysis:
subject of electrification. Thus, in the context of our visualization framework, the electricity
consumption for road transport and the electricity consumption for heat are the two “decision variables”
on the axes that define the position of the scenario points. The diagonal contour lines indicate the total
electricity consumption for both heat generation and road transport.
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Figure 2: Electricity consumption for heat and road transport, with heat for industrial processes included (left)

and excluded (right). The points are labelled with the study numbers from Table 1.
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Across all scenarios that meet the emission reduction targets (AGHG > 80% and AGHG > 85%), the
electricity for heat generation, which is consumed by electric heaters, electric heat pumps, and power-
to-gas processes generating synthetic gases that are transformed into heat, is in the range of 269-
517 TWh [30] if heat for industrial processes is included (left plot) and in the range of 63-199 TWh [24,
30] if it is not (right plot). The electricity for road transport, which is consumed by battery electric
vehicles, trolleys, and power-to-fuel (gaseous or liquid) processes generating synthetic fuels that are
used for road transport, is between 71 TWh [24] and 281 TWh [30], except for one study, which reports
as much as 545 TWh [21] of electricity consumption for transport. The total electricity consumption for
the electrification of both heat generation and road transport accounts for 392-798 TWh [30] and for
134-666 TWh [21, 24] if heat for industrial processes is included and if it is not, respectively. Note that
this electricity consumption does not include the electricity consumption for non-heat applications in
the sectors industry and buildings, which amounted to 399 TWh in 2015 [32].

The different clusters in Figure 2 reveal that electrification is highly sensitive to GHG mitigation: the
more emissions are to be reduced, the more electricity is consumed for the electrification of both heat
generation and road transport. Of course, this additional electricity must be generated from carbon-free
sources to have a positive effect on GHG emission. Put differently, the scenarios anticipate that
additional GHG savings in heat generation and road transport are rather realized by decarbonised
electricity generation than by other decarbonisation measures. This connection is very pronounced for
road transport: in the right plot of Figure 2, the electricity consumption is in the range of 71 TWh [24]
to 146 TWh [28] in the “AGHG > 80%” cluster, whereas it reaches 156 TWh [24] to 281 TWh [30] in
the “AGHG > 85%" cluster (or even 545 TWh for the outlier UBA [21]). In contrast, the connection
between GHG mitigation and the electricity consumption for heat in buildings is quite weak: the latter
varies between 63 TWh [24] and 138 TWh [28] in the “AGHG > 80%” cluster and between 70 TWh
[26] and 199 TWh [30] in the “AGHG > 85%" cluster. Apparently, electrification is of major importance
for the reduction of GHG emissions from road transport, whereas it can partly be substituted by other
decarbonisation options for the case of heat generation, e.g. by building retrofit or non-electric
renewables (solar thermal and biomass). However, if heat for industrial processes is included in the
analysis (left part of Figure 2), the connection between GHG mitigation and heat electrification becomes
much more distinct, which is indicative of the fact that heat for industrial processes can hardly be

decarbonised without renewable electricity.

Figure 3 evaluates the electricity consumption for heat and road transport by the second dimension of
our analysis: type of electrification. Thus, the electricity consumption for direct electrification and the
electricity consumption for indirect electrification are displayed on the axes. As before, the total

electricity consumption can be read from the contour lines.
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Figure 3: Electricity consumption for direct and indirect electrification, with heat for industrial processes
included (left) and excluded (right). The points are labelled with the study numbers from Table 1.

For the scenarios meeting the emission reduction targets (AGHG > 80% and AGHG > 85%)), it can be
seen that the electricity consumption for indirect electrification varies in a much wider range than the
electricity consumption for direct electrification, e.g. 0 TWh [24] to 552 TWh [21] as compared to 113
TWh [21] to 278 TWh [30] when heat for industrial processes is excluded (right plot). This can possibly
be explained by the low conversion efficiency of indirect electrification paths, which amplifies the
electricity consumption for these.

Again, the clusters allow for drawing conclusions on the connection between GHG emission reductions
and electrification. For the scenarios that reach the lower bound of the emission targets (AGHG > 80%),
the electricity consumption for direct electrification is significantly larger than the electricity
consumption for indirect electrification. The fact that direct electrification is deployed first seems
plausible in view of higher efficiencies of direct electrification paths. If emissions are reduced further
(AGHG > 85%), this primarily amplifies the amount of indirect electrification, which could be explained
by the extended need for (long-term) storages to balance the electricity generation from variable
renewables with consumption.
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Note that some studies consider the import of synthetic gases and that the foreign electricity
consumption for the synthesis of these gases is included in the calculations above. Thus, part of the
electricity consumption that we have identified does not affect the German electricity system but occurs
abroad (e.g. Fraunhofer IWES/IBP [30]).

4.2 Electrification of heat

From the energy end-use perspective of heat generation, we analyse different electrification types: direct
electrification, using electric heaters and electric heat pumps, and indirect electrification, using synthetic
gases in gas heaters, gas heat pumps, and cogeneration plants. The results are depicted in Figure 4,
separated into heat for buildings (left plot) and heat for industrial processes (right plot). In all scenarios
that fulfil the GHG emission reduction target (AGHG > 80% and AGHG > 85%), a considerable amount
of heat is generated by direct electrification, more precisely 39-84% of heat for buildings [26, 30] and
35-88% of heat for industrial processes [26, 29]. In contrast, the share of indirect electrification is limited

to 22% [21] for the case of buildings and to 35% [26] for the case of industrial processes.
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Figure 4: Share of direct and indirect electrification and the share of total electrification (grey lines)
related to useful energy in heat for buildings (left) and heat for industrial processes (right).

The points are labelled with the study numbers from Table 1.

There is a slight tendency that large shares of total electrification (which can be read from the grey
contour lines) coincide with extensive emission reductions, but there is a wide variance within the
different GHG clusters: 14% [26] to 45% [24] of total electrification occurs in the “Trend” cluster, 45%
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[24] to 66% [30] in the “AGHG > 80%" cluster, and 39% [26] to 94% [21] in the “AGHG > 85%”
cluster. The variance can be traced back to the role of other emission reduction options such as
efficiency, which reduces the useful energy demand, and the use of non-electric renewables such as
solar thermal and biomass. Obviously, various studies do not agree on the optimal mix of different
decarbonisation options, particularly in the context of extensive GHG mitigation, where the variance of
the electrification share is the largest. Note that significant shares of indirect electrification only occur
in some of the scenarios where GHG emissions are reduced by more than 85%, which could be explained
by its unfavourable low efficiency but the need for long-term energy storage when decarbonisation
proceeds.

Figure 5 breaks down the share of direct electrification into electric heaters and electric heat pumps. For
heat in buildings, one can notice that electric heat pumps dominate the electrification with a share of up
to 75% [30] and a minimum of 27% [26], while the electric heater share is maximally 12% [26].
However, electric heaters are the dominant technology for the heat electrification of industrial processes,

whereas electric heat pumps for industrial processes are only present in one scenario.
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Figure 5: Share of direct electrification related to useful energy in building heat (left) and industrial heat
(right).

4.3  Electrification of road transport

From the energy end-use perspective of road transport, we compare direct electrification, using battery
electric vehicles and trolleys, with indirect electrification, using synthetic hydrogen in fuel cell electric
vehicles and synthetic methane or liquids in internal combustion engine vehicles. Figure 6 presents the

results of our analysis.
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Figure 6: Share of direct and indirect electrification and the share of total electrification (grey lines)
related to useful energy in car transport (left) and in truck transport (right).

The points are labelled with the study numbers from Table 1.

Regarding car transport (left plot), the different scenario clusters can be clearly differentiated from each
other with respect to the share of total electrification (which can be read from the grey contour lines): in
the scenarios that reach the lower bound of the emission reduction target (AGHG > 80%), it is in the
range of 41% [30] to 75% [25], whereas further GHG reductions (AGHG > 85%) lead to total
electrification shares of 70% [28] to 100% [21, 29]. Apparently, other decarbonisation options, namely
efficiency and biofuels, can substitute electrification and enable successful GHG mitigation at car
transport electrification shares as low as 40% but, compared to heat generation in buildings, the limits
of these substitutes are assessed more homogeneously across various scenarios. Within the identified
boundaries of total electrification, however, the scenarios in each cluster disagree on the dominant type
of car transport electrification, even though a tendency towards direct electrification of cars can be
observed. Except from one study that ex ante focuses on indirect electrification only [25], the share of
direct electrification is in the range of 19% [18, 22] to 66% [30] in the “AGHG > 80%” cluster and in
the range of 38% [28] to 95% [29] in the “AGHG > 85%” cluster, and the share of indirect electrification

varies between 0% and 46% [18] for both clusters.

For the case of truck transport (right plot in Figure 6), two clusters of scenarios can be distinguished
and related to one critical assumption: the five scenarios with mainly direct electrification consider
overhead lines for truck transport and the others do not (cf. subsection 4.4). The share of total

electrification is also very different in the scenarios reviewed. In the “AGHG > 80%"” cluster, some
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scenarios feature no or little electrification [30], while others include up to 95% [18, 21, 29] of electrified
truck transportation. If emissions are to be reduced beyond 85%, however, all scenarios comprise at
least 51% of total electrification. The high variance of total electrification can be explained by the fact
that, in some scenarios, truck transport is either decarbonised by non-electric renewables (biofuels) or
increased efficiency and that, in other scenarios, the degree of decarbonisation in the truck sector is
rather low such that trucks make a major contribution to the remaining, non-mitigated GHG emissions
[30].

Figure 7 depicts the share of synthetic fuels for car and truck transport. The indirectly electrified car
transport is dominated by synthetic hydrogen, which poses as major fuel in seven out of ten scenarios,
where synthetic fuels supply more than 20% of total car transport (up to 75% for the case of Robinius
[25]). In contrast, scenarios with a high share of methane are more likely to be found in the truck
segment. A possible explanation for this is that methane can be used in conventional internal combustion
engines while the higher demand for fuel due to the higher weight of trucks would require larger and
thus heavier fuel cells if one wanted to fuel truck transport with hydrogen. Interestingly, both car and

truck transport, synthetic liquids are only considered for AGHG > 85%.
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Figure 7: Share of synthetic fuels related to useful energy in car transport (left) and truck transport (right).

4.4  Electrification technologies

To substantiate the preceding review of the scenario results, this subsection sheds a light on the

underlying assumptions on technological development.
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Technologies for synthesising fuels from electricity and for their distribution are key to all indirect
electrification paths. Focusing on the main fuels, hydrogen and methane, Table 2 summarises the
assumed conversion efficiencies for all studies that provide this information. The efficiency assumptions
on the power-to-hydrogen conversion, i.e. electrolysis, vary substantially between 65% [22] and 80%
[28], which can be traced back to (implicit) assumptions on the availability of the more efficient yet
commercially unproved high-temperature electrolysis (see, e.g., Oeko-Institut [19]). The power-to-
methane conversion efficiency is expected to range from 53% [19] to 64% [28]. Here, the uncertain
efficiency of electrolysis multiplies with the uncertain efficiency of methanation, which is in addition
mainly dependent on the type of CO, source. The values in Table 2 imply that a concentrated CO, source
is available and thus risk being worse if this was not the case. Regarding the large-scale distribution of
hydrogen, an unprecedented and thus technological uncertain infrastructure would be needed — based
either on distributed or on central pipeline systems. In contrast, synthetic methane could be distributed
and stored using the existing technological mature natural gas infrastructure.

Table 2: Conversion efficiencies for fuel syntheses assumed in the studies reviewed.

No.  Reference Power-to-hydrogen  Power-to-methane
1 DLR et al. [18] 76% 61%

2 Oeko-Institut [19] 70% 53%

4 UBA [21] 72% 58%

5 DLRetal. [22] 65% 56%

8 Robinius [25] 70% -

10 Palzer [28] 80% 64%

The perspectives of building heat generation technologies are relatively clear. Combustion and electric
boilers are fully developed, and their efficiency is assumed to stagnate around 95% and 98%,
respectively (e.g., Heilek [23]). Furthermore, electric heat pumps are a proven technology that is
considered in all studies (Table 3) but with increasing efficiencies ranging from 4 [23] to 5 [29].
However, these efficiency gains are mainly due to improved heat sources (ground instead of air) and
heat sinks (low-temperature heating in well-isolated houses) rather than being the result of heat pump
technology improvement. Gas heat pumps are considered only in four out of eight studies but even in

these, they do not play a major role if any (e.g., Fraunhofer IWES et al. [31]).

Despite only few studies are explicitly discussing industrial heat, they disagree on its technological
outlook. While Quaschning [29] focuses on electric heaters, Oeko-Institut and Fraunhofer 1SI [24] and
Fraunhofer IWES et al. [31] expect new heat pumps to be able to provide heat at temperature levels up
to 100°C and more thus becoming relevant for some industrial processes. In contrast, Nitsch [26]

assumes hydrogen-based combined heat and power to be available for industry use.
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Table 3: Efficiency (annual coefficient of performance) and consideration of building heat technologies in 2050,

as assumed in the studies reviewed.

No. Reference Electric heat pumps  Gas heat pumps
3 Prognos et al. [20] 4,29 Considered
TREND [TARGET] [4,97]
4 UBA [21] Considered Not considered
6 Heilek [23] 4,0 Not considered
7 Oeko-Institut and Considered Not considered
Fraunhofer ISI [24]
9 Nitsch [26]2 Considered Not considered
10 Palzer [28] Considered Considered
11 Quaschning [29] Upto5 2
12 Fraunhofer IWES et al. Air: 3,8 1,8
[31] Ground: 4,4

For the main car transport technologies, Table 4 provides an overview of the assumed efficiency
increase in 2050 as compared to the 2010s. Even though combustion engine vehicles are a mature
technology, all studies assume substantial efficiency gains from 27% [22] to 64% [19], which reduces
the demand for synthetic and bio fuels and the emissions of the remaining fossil-fuelled cars. According
to Oeko-Institut and Fraunhofer ISI [24], the lower bound of this wide range can be associated with the
current technological trend and the upper bound implies additional efforts. In both cases, not only the
engine but also the weight and aerodynamics of the car need to be refined. Ranging from 18% [24] to
39% [19], the assumed efficiency increase of battery electric vehicles is likewise variable yet generally
lower, which can be explained by the electric engine being already more efficient. Besides efficiency
gains, some studies explicitly assume massive cost reductions (-55% in Palzer [28] and cost parity with
conventional technologies in DLR et al. [18] and Oeko-Institut [19]) and increased ranges (250 km in
UBA [21] and 300 km in Oeko-Institut and Fraunhofer ISI [24]). All these improvements boil down to
massive innovations in existing lithium-ion battery technology or even the breakthrough of post-lithium-
ion technology [19]. Information on efficiency improvements of fuel cell electric vehicles is scarce in
the studies reviewed, and some studies do not at all consider this technology in their scenarios (UBA
[21] and Oeko-Institut and Fraunhofer 1SI [24]). Frequently discussed challenges are the robustness and
durability of the technology, but several studies assume these to be overcome at competitive prices (e.g.,
DLR et al. [18]). Note that hybrid electric vehicles, which are a combination of the previously discussed

combustion engine and battery electric technologies, play a major role in many scenarios.
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Table 4: Efficiency gains and consideration of car transport technologies in 2050, as assumed in the studies

reviewed.
Combustion Battery Fuel cell

No. Reference engine vehicles electric vehicles electric vehicles
2 Oeko-Institut [19] 54-64% 39% Considered

3 Prognos et al. [20] 40% 27% 21%

5 DLR et al. [22] 27-30% 27% 28%

7 Oeko-Institut and Fraunhofer 30-36% 18% Not considered

ISI [24] TREND [TARGET] [49-57%] [31%]
12 Fraunhofer IWES et al. [31] 37-30% Considered Considered

Concerning truck transport, technological alternatives to the combustion engine are yet at an even earlier
stage than for car transport. Against this background, is not surprising that electric vehicles with
batteries, fuel cells or overhead wires are heterogeneously considered in the studies reviewed (Table 5).
Interestingly, none of these alternative truck technologies is included in more than five out of eight
studies, and only one study [21] neglects them all but assumes instead an efficiency gain as high as 50%
in conventional technologies. In other words, all scenarios rely on major yet different technological
breakthroughs in the truck segment.

Table 5: Efficiency gains and consideration of truck transport technologies in 2050, as assumed in the studies

reviewed.
Combustion Electric vehicles with
No.  Reference engine vehicles Batteries ~ Overhead wires  Fuel cells
1 DLR et al. [18] Considered Not considered  Not considered Considered
2 Oeko-Institut [19] 30-40% 16% Considered Not considered
3 Prognos et al. [20] 15-30% 29% Not considered  Not considered
4 UBA [21] 50% Not considered  Not considered  Not considered
5 DLR et al. [22] 31-36% Not considered Considered Considered
7 Oeko-Institut and Fraunhofer 30% Considered Not considered  Not considered
ISI [24] TREND [TARGET] [Considered]
10 Palzer [28] Considered Considered Not considered Considered
11 Quaschning [29] Considered Not considered Considered Not considered
12 Fraunhofer IWES et al. [31] 31-34% Considered Considered Considered

The degree of technological uncertainty is reflected in the heterogeneity of the electrification scenarios.
For building heat, the technological dominance of heat pumps as an efficient and proven technology
explains the scenarios clearly favouring direct electrification. Regarding car transport and industrial
heat, technologies and scenarios become more divers, even though there seems to be a consensus on the
availability and a corresponding minimum level of battery electric cars and electric process heaters. The
immaturity of various alternative truck technologies is in line with the wide scenario range. Particularly,
as discussed above, overhead wires seem to be a necessary condition to increase the direct electrification

share for trucks beyond 20%.
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5 CONCLUSION AND POLICY IMPLICATIONS

This scenario review demonstrates the paramount role of further end-use electrification for successful
GHG mitigation in the German energy system by 2050. From our findings, we can draw at least five

conclusions that are relevant for energy stakeholders:

1. Due to an intensified end-use electrification, the electricity consumption for heat and road
transport in Germany is expected to rise to 400-800 TWh by 2050. Within this range, one driver
of the electricity consumption that we identified is the targeted level of GHG emission
reduction: The more the emissions are to be reduced, the more fossil fuels in the energy end-
use sectors are expected to be substituted by renewable electricity. Policy makers should
consider this additional need for renewable electricity when planning capacity expansion and
focus on maintaining the high social acceptance of the energy transition, which is crucial to
enable further growth of wind and solar electricity.

2. We have shown that electricity is expected to supply 40-95% of heat generation in Germany by
2050. Our results indicate that building heat electrification will occur mainly directly and can
partly be substituted by energy efficiency and non-electric renewables (solar thermal and
biomass), which explains the wide range of the results. Few studies explicitly include industrial
heat, yet revealing larger technological uncertainty, e.g. concerning the availability of high
temperature heat pumps and hydrogen-fuelled combined heat and power. The electricity
consumption for heating can be highly variable and imply major challenges for the electricity
system balance if no demand side management is applied [12, 34]. Therefore, while supporting
alternative decarbonisation measures to minimize the residual need for electrification, energy
regulation should pave the way for system-friendly direct heat electrification. For example,
electric heaters and heat pumps can be operated more flexibly if combined with thermal

storages.

3. Electrification is likewise expected to make up 40-100% of road transport in Germany by 2050.
The variance of the electrification level can partly be traced back to the assumed GHG
mitigation target: the more the emissions are to be reduced, the more road transport is expected
to be electrified. The scenarios reviewed show no clear preference whether to directly or
indirectly electrify road transport. Whereas at least 20% of car transport are expected to rely on
battery electric vehicles, the fate of the remaining car transport seems to be unclear and not least
related to technological innovation: further battery electric vehicles need improved battery
technology and hydrogen fuel cell electric vehicles depend on a hydrogen infrastructure. Truck

transport scenarios reflect the even more uncertain truck technology outlook in terms of very

18



heterogeneous degrees and types of electrification as well as, for the indirect option, the
synthetic fuels to use. This is highly relevant to policy makers as financial incentives, with or
without preference for certain technologies, and infrastructure programmes are required for the
large-scale development of both battery electric and hydrogen mobility [35, 36]. Policy makers
should be aware of the variety of road transport scenarios, particularly because the transport
sector is characterized by strong “lock-in” effects, i.e. positive feedbacks on a selected

technology even though it might be suboptimal [37].

Even though the results of various energy scenarios reveal a clear electrification trend, the exact
level and, at least for the transport sector, the portfolio of electrification vary widely. The
variations certainly reflect the intrinsic uncertainty of the energy future by 2050, which can
partly be traced back to uncertain technological development. The range of possible futures may
even exceed that of the scenarios reviewed because, just as decision makers in the industry often
fail to anticipate disruptive technologies [38], scenario builders will not succeed in predicting
all possible technology breakthroughs. Nevertheless, our review of the scenario assumptions
reveals that every study implies major yet different disruptive and sustaining technology
changes. Thus, we conclude that innovation is key to reach any of the proposed electrified
decarbonisation pathways. Despite the natural uncertainty, policy makers and scenario builders
should intensify and consolidate the debate on different transport electrification paths. Not only
can a shared vision of decarbonisation — including clarity on the optimal role of different
innovative transport technologies — provide orientation for necessary climate and energy policy,
but also can it reduce uncertainty for private investors and end-users, which can in turn replace

expensive subsidies [39].

Our analysis coped with difficulties in the comparability of various studies. Firstly, some studies
focus on a selection of electrification paths and energy end-uses, which ignores that these are
competitors for the flexible use of GHG-neutral electricity. Secondly, the definitions of sectors
and applications, such as heat in the industry sector and different truck segments, vary. Thirdly,
different measures are used to quantify the useful energy demand in the transport sector (traction
energy and ton kilometres). To enhance the significance of energy scenarios and to ease future
and more detailed scenarios comparisons, we encourage scenario builders to always draw
holistic electrification pictures, use more coherent modelling frameworks and promote the idea

of open data.
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