Power sector effects of alternative options for electrifying heavy-duty vehicles
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SHORT SUMMARY

In the passenger car segment, battery-electric vehicles have emerged as the most promising option
to decarbonize transportation. For heavy-duty vehicles, the technology space still appears to be
more open. Aside from stationary-charged battery-electric trucks, electric road systems (ERS) for
dynamic power transfer to electric vehicles are also discussed, as well as trucks that use hydrogen
fuel cells or e-fuels. Here we investigate the power sector implications of these different options.
We apply an open-source power sector capacity expansion model to future scenarios of Germany
with high renewable energy shares, drawing on detailed route-based truck mobility data. Results
show that power sector costs are highest in the case of e-fuels, and lowest for battery-electric and
ERS trucks. The latter technologies can generally provide more temporal flexibility to the power
sector than battery-electric and ERS trucks. Yet, these flexibility benefits do not outweigh their
disadvantages in terms of energy efficiency. In equilibrium, the different flexibility characteristics
lead to higher capacity expansion and use of solar PV for battery-electric and ERS trucks, and to
a higher use of wind power for hydrogen and e-fuel trucks. If battery-electric and ERS trucks are
charged in a non-optimized manner, power sector costs increase, but still remain below those of
hydrogen and e-fuel trucks.

Keywords: Battery-electric vehicles, Catenary, Electrification and decarbonization of transport,
Heavy-duty vehicles, Hydrogen, Power sector modeling.

1 INTRODUCTION

Making energy consumption climate neutral in all end-use sectors is of paramount importance for
mitigating climate change [de Coninck et al. (2018)). A key strategy for achieving this is to substi-
tute fossil fuels by renewable electricity, facilitated by direct or indirect electrification of end uses
in mobility, heating, and industrial applications [Shukla et al.| (2022). In the transportation sector,
battery-electric vehicles (BEV) have emerged as the most promising option for the passenger car
segment. Already today, BEV can lead to sizeable greenhouse gas emission reductions compared
to internal combustion engines [Hoekstra| (2019), which will further increase when the electricity
mix becomes cleaner. In many countries, markets for electric passenger cars have been soaring in
the past years, and are expected to continue to grow strongly in the near future IEA| (2022)). For
heavy-duty vehicles (HDV), however, the technology space still appears to be more open. While
the feasibility of pure battery-electric HDV has been assessed to be increasing Nykvist & Olsson
(2021)), they compete with other options. This includes electric road systems (ERS), which allow
for dynamic power transfer to electric vehicles on the road (Boltze et all [2020; [Speth & Funke,
2021)); trucks with hydrogen fuel cells; or conventional HDV with internal combustion engines that
use liquid e-fuels which are produced with renewable electricity Hannula & Reiner| (2019)); [Laje-
vardi et al| (2022); [Plotz| (2022); [Li et al.| (2022).

These options of direct or indirect electrification of HDV have different properties concerning, on
the one hand, energy efficiency, and, on the other hand, temporal flexibility of electricity use. For
example, direct electrification via BEV is more energy efficient compared to indirect electrification
via electrolysis-based hydrogen or e-fuels [Ueckerdt et al.| (2021)); Lajevardi et al|(2022)). Yet, the
temporal flexibility of BEV may be constrained by charging availability and limited battery ca-
pacities, as vehicle batteries are costly and heavy. In contrast, indirect electrification via hydrogen



or e-fuels may entail large-scale and low-cost storage options [Taljegard et al.| (2017)); [Stockl et al.
(2021)), but the overall energy efficiency of these supply chains is lower compared to BEV. Tempo-
ral power sector flexibility becomes increasingly important with growing shares of renewables, as
the potential for firm renewable generation such as hydropower, bioenergy, or geothermal power is
limited in many countries. In contrast, wind and solar power potentials are often abundant, but
they have variable generation profiles that depend on weather conditions and daily and seasonal
cycles (Lopez-Prol & Schilll |2021)). Integrating growing shares of such variable renewables thus
requires an increasing use of flexibility options in the power sector (Kondziella & Bruckner), [2016).

Against this background, we investigate the power sector implications of different options for (in-
)directly electrifying HDV, particularly focusing on the trade-off between energy efficiency and
temporal flexibility. To do so, we apply an open-source capacity expansion model [Zerrahn & Schill
(2017);|Gaete-Morales, Kittel, et al.| (2021) to 2030 scenarios of the Central European power sector
with high renewable energy shares. We focus on the domestic traffic of HDV in Germany with
a gross vehicle weight above 26 tonnes, drawing on a detailed data set of truck trips on inner-
German origin-destination pairs. We include stationary-charged BEV trucks as well as hybrid
battery-catenary trucks as a particular example of an electric road system technology (ERS-BEV),
fuel-cell hydrogen electric trucks (FCEV), and such with internal diesel combustion engines pow-
ered by e-fuels (ICEV PtL). For hydrogen, we further differentiate two domestic supply chains,
either decentralized electrolysis at filling stations, which is temporally inflexible, or centralized
electrolysis and transport via gaseous hydrogen, which also comes with low-cost storage opportu-
nities and is thus more flexible. We compare the power sector costs of these options, as well as
their repercussions on the optimal power plant fleet, under different assumptions on the temporal
flexibility of the electric load of electric HDV usage.

While there is a broad literature on the potential power sector impacts of battery-electric passenger
cars [Richardson| (2013); [Muratori & Mai| (2020); Mangipinto et al.| (2022]), according research for
electric HDV is sparse [Schill & Gerbaulet| (2015); |Gnann et al.| (2018)); [Sadeghian et al.| (2022]);
Pickering et al.| (2022)).

We contribute to the literature by providing, to the best of our knowledge, the first analysis that co-
optimizes the charging and discharging operations (including V2G) of different types of electrified
HDV with capacity and dispatch decisions in the power sector. We do so for a wide range of HDV
technologies, including dynamic power supply via electric road systems. We use a power sector
model that fully captures the hourly variability of load and renewable generation over all hours of
a full year, and apply it to a future scenario with high shares of variable renewables. The model
code and all input data, including detailed hourly HDV mission profiles for domestic transport in
Germany, are provided open source for transparency and reproducibility.

2 METHODOLOGY
The power sector model DIETER

We use the open-source power sector model Dispatch and Investment Evaluation Tool with En-
dogenous Renewables (DIETER). It is a linear program that minimizes power sector costs by
optimizing capacity and dispatch decisions for a full year in an hourly resolution [Zerrahn & Schill
(2017); |Gaete-Morales, Kittel, et al.| (2021). Its objective function includes fixed an variable costs
of all electricity generation and storage technologies, electrolysis and PtL plants, as well as hydro-
gen or e-fuel transportation. It does not include the costs of charging or catenary infrastructure,
hydrogen filling stations, or PtL filling stations. Accordingly, the power sector cost figures provided
above do not include the costs of HDV electrification infrastructure. We further do not consider
the option of hydrogen imports, as these are likely to be unavailable at scale by 2030. In general,
the global scaling up of green hydrogen supply remains uncertain [Odenweller et al.| (2022).

Endogenous model variables include power sector costs, optimal generation and electricity storage
capacities (Germany) and their hourly use (all countries), hourly decisions for HDV charging and
discharging, as well as the capacity and operational decisions of electrolysis and PtL generation
and storage infrastructure. In addition, we interpret the marginals of the hourly energy balance
as wholesale prices (compare (Brown et al., [2018))).



Exogenous model inputs include fixed and variable costs of all electricity generation and storage
technologies, efficiency parameters, as well as time-series variable renewable energy availability
profiles and electric load. In the case of inflexible HDV charging (BEV Inflex, ERS-BEV Inflex),
we assume that the vehicles always start charging as soon as an opportunity arises, and that ve-
hicles batteries are fully charged by the time the next trip starts, if possible. The charging power
is set to facilitate exactly this for each charging period, i.e., charging power is generally lower, the
longer a vehicle is connected to the grid. This resembles the “balanced” charging profile defined
in |Gaete-Morales, Kramer, et al.| (2021). For Germany, we further assume upper limits for invest-
ments in fossil generation capacities as given by the federal Grid Development Plan 2030.

The geographic scope of the model version used here includes Germany and its neighboring coun-
tries plus Italy. In order to reduce numerical complexity and improve tractability, we allow for
endogenous generation capacity investment only in Germany, and fix the power plant portfolio
for the other countries to values derived from ENTSO-E’s Ten Year Network Development Plans
ENTSOE]| (2018). The model is required to satisfy at least 80 percent of the load in Germany with
domestic renewable electricity generation. This includes the additional load related to directly or
indirectly electrifying HDV. This reflects the current German government’s target for 2030 that
has also been set out in the Renewable Energy Sources Act.

Mobility data of heavy-duty vehicles

We generate synthetic truck usage patterns that are intended to approximate the German fleet of
HDV larger than 26 tons. The main data source for the usage patterns is the traffic model PTV
Validate, from which we extract a database of daily truck trips in domestic German road freight
transport.

For these profiles, the time series of charging availability (in the depot, during idle and driver’s
resting times) and of the electricity demand of pure BEV-HDV (500 km battery range) and ERS-
HDV (150 km battery range) are calculated. The resulting electricity demands and charging
availabilities are used as inputs for the DIETER model.

3 RESULTS AND DISCUSSION
Lowest power sector costs and electricity prices for BEV with V2G

Compared to the reference case without electrified HDV, yearly power sector costs increase in all
scenarios with electrified HDV (Figure |1} upper panel). That is, the cost of the additional elec-
tricity demand induced by HDVs always outweighs their potential flexibility benefits. Cost effects,
however, vary strongly between different options. Flexible BEV with V2G incur the lowest addi-
tional power sector costs (1.8 bn Euros/year, or around 5,600 Euros/year per vehicle), followed by
BEV without V2G (2.3 bn Euros/year, or around 7,200 Euros/year per vehicle). If BEV charging
is not optimized, system costs are markedly higher (3.8 bn Euros/year, or 11,900 Euros/year per
vehicle). Results are qualitatively similar for ERS-BEV, but on a slightly higher cost level. The
differences between the three ERS-BEV cases are much less pronounced than for pure BEV, as
their temporal flexibility potential is much smaller. The battery capacity of an ERS-BEV fleet
is only around a quarter of that of an alternative pure BEV fleet (655 kWh usable capacity per
pure BEV and 181 kWh per ERS-BEV truck). In contrast, power sector cost are substantially
higher for FCEV (12.6 or 12.7 bn Euros/year, for decentralized or centralized hydrogen provi-
sion, i.e. around 39,700 Euros/year per vehicle) and even more so for PtL (16.8 bn Euros/year, or
52,700 Euros/year per vehicle). This is a direct consequence of high conversion losses of hydrogen
and PtL supply chains and vehicles drive trains. Because of these losses, the two hydrogen supply
chains increase the electricity demand more than twice as much as the battery-electric options.
The electricity demand of PtL-HDV is nearly four times as high as in the case of BEV. Notably,
the cost differences between BEV and ERS-BEV are much smaller than the differences between
these direct-electric options and indirect electrification via hydrogen or PtL.

Complementary to power sector costs, we also evaluate average yearly wholesale electricity prices
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Figure 1: Changes in yearly power sector costs and electricity demand induced by different
HDV options (upper panel), and average wholesale market prices of charging electricity
(lower panel).

for HDV electricity (Figure lower panel). This allows to largely separate the differences in overall
electricity consumption of the various HDV options from their ability to make use of low-cost elec-
tricity. Average prices are calculated by multiplying hourly wholesale prices of electricity consumed
by the different HDV options or fed back to the grid with respective hourly quantities, summing
up over the whole year, and dividing by the overall electricity consumption of the fleet. That is,
the numbers also account for revenues of electricity sold via V2GE| BEV with V2G face the lowest
average electricity prices, as these also benefit from revenues of feeding back to the grid, followed
by BEV without V2G. Average electricity prices paid by ERS-BEV are somewhat higher, as their
smaller batteries limit the ability for temporally optimizing their charging and V2G decisions. In
contrast, pure BEV can leverage their larger battery capacity to make better use of hours with low
electricity prices.

In contrast, average electricity prices faced by inflexibly charged BEV are high, and even slightly
above those of inflexible ERS-BEV. Note that inflexibly charged BEV generally benefit less from
cheap electricity prices around midday related to abundant PV feed-in than inflexible ERS-BEV,
while they are driving. With flexible charging, BEV can compensate for this charging availability
disadvantage at midday by making better use of low prices in other periods, e.g., in windy nights,
leveraging their larger batteries. In the case of inflexible charging, however, this is no longer
possible, and the higher day-time grid availability of ERS-BEV gives them a slight competitive
edge over BEV in terms of average charging prices. Prices for electricity used in hydrogen and

'Here we assume that HDV operators receive the respective hourly wholesale price whenever they feed
electricity back to the grid.



PtL supply chains are in the same range as those of ERS-BEV options. Centralized hydrogen
and PtL supply can make use of lower prices than decentralized supply, because their low-cost
storage options allow for higher temporal flexibility. Electricity prices of centralized hydrogen
supply chains and PtL are also cheaper than those faced by inflexibly operated BEV or ERS-BEV.
In terms of overall costs, these temporal flexibility benefits are, however, by far outweighed by the
higher overall energy consumption of the FCEV and PtL options (Figure |1} upper panel).

Capacity and dispatch effects

The upper panel of Figure [2| shows optimal generation capacities in the reference (on the left) and
the changes induced by HDV (on the right) in Germany, where minimum renewable energy share
of 80% applies. In the reference, variable solar PV and onshore wind power dominate the capacity
mix. These are complemented by smaller firm capacities of natural gas and bioenergy. The capacity
additions related to the electrification of HDVs are predominantly a mix of solar PV and onshore
wind power. Flexible BEV and ERS-BEV lead to the highest PV shares in the capacity additions,
especially if combined with V2G. BEV with V2G essentially serve as short-duration grid storage,
which favors the expansion of solar PV. HDV options that are temporally less flexible or that,
overall, require more electricity favor higher onshore wind power capacities. If, alternatively, more
PV was built, this would lead to increasing amounts of unused renewable surplus energy. Offshore
wind power is not added here because of relatively unfavourable costs. FCEV and PtL options
have the highest capacity needs because of substantial conversion losses. Decentralized electrolysis
further requires a substantial addition of long-duration electricity storage capacity (9.4 GW) to
compensate for the temporal inflexibility of the additional electricity demand (10.3 TWh). Aside
from natural gas and oil, no fossil fuel generation capacities are used, partly due to a CO4 price of
100 Euros/ton which discourages such investments. However, in the more inflexible scenarios (BEV
Inflex, ERS-BEV Inflex and FCEV Distributed), investments into natural gas and oil generation
capacity are at the assumed maxima.

The changes in yearly electricity generation are shown in the lower panel of Figure On the
left-hand side the overall electricity generation of the reference scenario is displayed. Whereas
the right-hand side figure shows electricity additions or reductions according to the HDV options
and generating technologiesﬂ Here, the share of wind power in additional electricity generation is
higher than in additional capacity because of its higher full-load hours as compared to solar PV.

Flexible BEV and ERS-BEV options show large solar PV generation, the lowest gas and oil gen-
eration and an inferior electricity import that led them to reach a higher renewable share (above
81%) than the reference case (80%). Centralized FCEV and PtL increased the gas power output of
the most efficient plants, the combined-cycle ones, even without investing in more capacity leading
to an increase in the capacity factor and maintaining the same low renewable share as the reference
scenario (80%). As the coal power investment was disincentivized due to the high carbon price
and having reached the maximum investment in gas and oil power, FCEV distributed option was
forced to increase the share of renewables to 82.6% to fulfil the highest energy consumption. It
also replaced in part power import by long-term storage, P2G2P, to overcome the inflexibility that
distributed hydrogen entailed to the power sector.

Direct carbon emissions

Among all scenarios, COy emissions increase the most if the HDV fleet uses e-fuels or hydrogen
(Figure [3)). This is a consequence of additional electricity generation from natural gas in these
scenarios. Among the two hydrogen cases, on-site electrolysis at filling stations leads to lower
emissions impacts compared to centralized electrolysis, as its temporal flexibility limitations require
additional long-duration electricity storage, which in turn is charged to a substantial extent by
renewable surplus energy. Emission effects are smaller for BEV and ERS-BEV, and even negative
for flexibly charged BEV, especially if combined with V2G. The latter is driven by an additional
expansion of solar PV facilitated by V2G, as shown above. For neighboring countries, relative
emission effects are smaller, as by assumption they have lower renewable energy shares and, in
turn, higher emissions, as well as no electrified truck fleets.

2This chart also shows the output power associated with storage options. These figures do not represent
generation as long as it corresponds to energy throughput.
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Figure 2: Effects of different HDV scenarios on optimal generation capacity (upper panel)
and on yearly generation (lower panel) in Germany

Time series reveal differences in flexibility characteristics

Figure [ illustrates that flexible BEV HDV are able to charge their batteries in hours of low resid-
ual load, and especially to make use of renewable surplus energy to a substantial extent. They
also make use of the V2G option to some extent to feed back renewable surplus energy to the
grid, whenever the battery capacity is not needed for driving. In the exemplary illustration, this
is visible particularly in summer (right panel). Note that the time series shown begins on a Sat-
urdayEl BEV with V2G store a substantial amount of renewable (i.e., solar PV) surplus energy
on Saturday afternoon, and feed it back to the grid in the night between Saturday and Sunday
(top right time series shown in Figure . This is possible because HDV are not used on Sunday,
so the battery capacity is idle. Note that this is different in the following days, as HDV are used
between Monday and Friday, and much less battery capacity is available for V2G. If BEV charging
is not optimized, but follows an inflexible, pre-determined pattern, charging profiles are less peaky
and much more balanced (second panels from top). This especially means that BEV are not able
to make much use of cheap renewable surplus electricity in this case, but also carry out a lot of
charging in hours with positive residual load.

ERS-BEV generally follow similar patterns as non-catenary BEV. Yet, their smaller batteries make
ERS-BEV temporally less flexible, so they can make less use of renewable surplus events and also

3For simplification, we assume that both Saturday and Sunday are truck-free.
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Figure 3: Direct CO9 emissions from electricity generation. The left panel shows annual
emissions from Germany, while in the right panel are the emissions from Germany’s neigh-
bouring countries. Each panel contains, on the left, the overall emissions of a reference
scenario with no trucks. On the right is the emissions difference of the scenarios with direct
or indirect power demand.

have to draw electricity from the grid during hours with positive residual load to some extent.
For the same reason, their potential for feeding electricity back to the grid is also much smaller
than in the case of pure BEV. Note that ERS-BEV partly also charge their batteries during driving.

Hydrogen and PtL supply chains show very different patterns of electricity use compared to BEV
or ERS-BEV. FCEV with centralized hydrogen supply chains (i.e., centralized electrolyzers with
large-scale hydrogen storage capacities) generally have a flat consumption profile in many hours,
as their high fixed costs make it optimal to use them with relatively high full load hours. This
also limits their ability to make use of renewable surplus energy (lower electricity consumption on
first summer day shown in the graph compared to BEV V2G). Yet, they can use the temporal
flexibility provided by centralized, large-scale hydrogen storage to reduce electricity consumption
in hours of high positive residual load, i.e., high prices. In contrast, on-site electrolysis follows the
actual hydrogen demand much more closely. This is because decentralized electrolyzers sited at
filling stations by assumption only come with very limited hydrogen storage. Accordingly, they
can avoid electricity consumption in hours of high residual load only to a minor extent, and much
less than centralized electrolyzers. The PtL supply chain has a relatively similar pattern as the
one for centralized hydrogen. The peak load is however higher because of higher overall energy
consumption which also goes along with the highers PEM electrolysis capacity (24.4 GW)H

4 CONCLUSIONS

We analyze the power sector effects of alternatives options for electrifying heavy-duty vehicles in
Germany, focussing on power sector costs costs, investment decisions, dispatch and direct carbon
emission in the power sector. Temporal flexibility and energy efficiency are important drivers of
results.

4PEM electrolyzer capacity. FCEV centralized: 13.5 GW, FCEV distributed: 19.1 GW, ICEV PtL:
24.4 GW.
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Figure 4: Five days sample for winter and summer of electricity flow time series. It
contains residual load, electricity consumed to fulfil the demand for mobility (loading) and
electricity returned to the grid in case of Vehicle to Grid (V2G) in GW. The samples start
on Saturday.

Flexibly operated BEV and ERS-BEV, especially if combined with vehicle-to-grid, lead to the
lowest power sector costs because of their energy efficiency benefits. In contrast, FCEV and PtL
are temporally more flexible, but this does not outweigh their energy efficiency drawbacks.

From a pure power sector perspective, direct electrification of the truck fleet would be clearly
preferable. Moreover, temporally flexible charging, including V2G, is desirable, as this leads to the
lowest electricity sector costs and carbon emissions, and the highest use of renewable electricity.
In contrast, inflexible charging should be discouraged as it performs poorly compared to flexible
and bi-directional charging.

Future research may investigate overall system cost effects, also considering cost differences of
charging and ERS infrastructures, as well as purchase cost differences of the trucks, which was
beyond the scope of this study.
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