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Abstract: Due to the continuous diurnal, seasonal, and annual changes in the German power supply,
prospective dynamic emission factors are needed to determine greenhouse gas (GHG) emissions from
hybrid and flexible electrification measures. For the calculation of average emission factors (AEF) and
marginal emission factors (MEF), detailed electricity market data are required to represent electricity
trading, energy storage, and the partial load behavior of the power plant park on a unit-by-unit,
hourly basis. Using two normative scenarios up to 2050, different emission factors of electricity
supply with regard to the degree of decarbonization of power production were developed in a
linear optimization model through different GHG emission caps (Business-As-Usual, BAU: −74%;
Climate-Action-Plan, CAP: −95%). The mean hourly German AEF drops to 182 gCO2eq/kWhel (2018:
468 gCO2eq/kWhel) in the BAU scenario by the year 2050 and even to 29 gCO2eq/kWhel in the CAP
scenario with 3700 almost emission-free hours from power supply per year. The overall higher
MEF decreases to 475 and 368 gCO2eq/kWhel, with a stricter emissions cap initially leading to a
higher MEF through more gas-fired power plants providing base load. If the emission intensity of the
imported electricity differs substantially and a storage factor is implemented, the AEF is significantly
affected. Hence, it is not sufficient to use the share of RES in net electricity generation as an indicator
of emission intensity. With these emission factors it is possible to calculate lifetime GHG emissions
and determine operating times of sector coupling technologies to mitigate GHG emissions in a future
flexible energy system. This is because it is decisive when lower-emission electricity can be used to
replace fossil energy sources.

Keywords: hourly emission factors; marginal emission factor; average emission factor; lifetime
emissions; life cycle assessment; electrification; sector coupling

1. Introduction

The main driver of the continuous rise in the Earth’s temperature is the increase in the
concentration of greenhouse gases in the atmosphere, of which carbon dioxide is the most
significant [1]. The German government has developed a climate action plan that stipulates
a reduction in GHG emissions of 80 to 95% by 2050, compared with 1990 levels [2].

The electric power industry is one of the largest emitters of GHG worldwide [3]. In
2018, 269 million tons of carbon dioxide (CO2) emissions were released in Germany as a
result of the combustion of energy sources to generate electricity. As the share of renewable
energy sources (RES) in net power production (NPP) has increased to 41% in 2018, absolute
and specific CO2 emissions have decreased [4]. The specific emission factor of electricity
supply is 31% lower in 2018 at 468 gCO2/kWhel than in 1990 at 764 gCO2/kWhel [5].
Preliminary data show a further decrease of the emission factor to about 401 gCO2/kWhel
in 2019 and a continuing increase of the share of RES in NPP to approximately 51% in
2020 [5,6].
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The environmental impact or carbon footprint of power supply is often analyzed
through a life cycle assessment using GHG emission factors. In the scope definition, the
functional unit, geographical and temporal boundaries, and the attributive or consequen-
tial perspective are defined. The following inventory analysis collects information about
the physical flows in terms of input of resources and, for example, the output of the
emissions [7]. Often, as in the case of electromobility, the use phase of a product is the
sub-process with the most significant impact on GHG [8,9]. Therefore, in this paper we
want to analyze the direct GHG emissions resulting from the electricity supply.

Because of the production of electricity with a mixed power plant park in Germany,
the emission factor of power production fluctuates continuously. This is due to the growing
share of fluctuating RES, such as photovoltaic and wind power plants, in power production
and the German coal phase-out by 2038 [10]. The future energy supply system must there-
fore be flexible, both on the supply side and on the demand side [11]. This development
will increase seasonal and diurnal fluctuations and cause an overall decrease in emission
factors [12]. For the assessment, GHG emissions of consumers with fluctuating energy
demand emission factors that vary over time must be used. The effects of demand-side
management, efficiency measures, or the expansion of RES on the emissions can only
be examined in detail with dynamic emission factors [13–15]. This necessity of varying
emission factors is clearly shown in previous studies by [8,12,16–19]. A significant error is
made when the yearly average emission factor is used for the ecological assessment as long
as the demand for electricity is not constant for every hour of a year [20,21]. In this paper
we develop prospective hourly emission factors for the German power supply. First, we
identify the various methodologies and interpretations of power supply emission factors.
Then we look at the publications of emission factors for the German electricity supply and
where their shortcomings lie.

A fundamental decision in defining the emission factor for power production is the
one between the electricity mix and the marginal emission factor [22]. The system-average
emission factor method takes into account all emissions from the power-generating plants
that produce to meet demand in the area under consideration with or without exchanged
power [23]. In scenario-based emission models, the AEF is often calculated using the
average emission factors of the generating power plant types, weighted according to the
share of demand met by each power plant type, for each time interval [22]. The AEF is
most commonly used in studies where the emission savings are a side effect of energy
savings from any kind of technoeconomic measures [24]. According to [23], the AEF is
correctly applied when the load to be analyzed is part of the existing demand or when the
consequences of an existing electricity use are to be calculated. However, if the load to
be analyzed represents a new change in demand, the use of MEFs is recommended [23].
If the new future demand is taken into account in the planning of power production,
according to [25], then the AEF can also be used for this new demand. The authors of [26]
conclude that the calculation of the emission factor should always be based on net power
consumption rather than on power production, otherwise the results may be misinterpreted
when applying the factors. The GHG emissions presented by the AEF in this paper are
thus based on the net power consumption. Net power consumption is defined as gross
power production plus imports and minus exports, auxiliary consumption, pumping, and
grid losses.

The MEF is used to determine the impact of a change in demand. The MEF represents
the emissions generated by the reacting generation units due to the change in demand and
is usually considerably higher than the AEF [27,28].

The general power supply system is a highly interconnected network in which elec-
tricity is supplied by various producers to different locations in the area of supply. The
system is dynamic and responds to economic signals (e.g., fuel and stock exchange prices),
technical restrictions (e.g., start-up times and frequency control), and transmission con-
straints [29]. The challenge is therefore to identify which power plants respond to changes
in demand at a given point in time and to what extent (marginal electricity mix or marginal
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power plant) [27]. In contrast to the AEF, the MEF approach is an ecological assessment
method that more realistically reflects the response of the power generation system [30].

Some of the established methods for calculating the MEF are divided into two groups,
the “top-down” and the “bottom-up” approaches [29]. In the first group, the normative
economic behavior of power plants in the event of a change in demand is examined. For
this purpose, a permanent marginal power plant can be defined in a simple manner, to
which the entire change in demand is attributed, or a merit order of the power plants
employed can be formed [31]. However, more than just one generation unit, but not all of
them as in the case of the AEF, reacts to changes in demand. Because of grid restrictions
or must-run feed-in, the generating units do not always react according to the theoretical
merit order [23,30,32].

The second group of methods comprises the top-down approaches. Simulation or
optimization models (electricity market models) are often used to assess the effects of
load changes when investigating future emission factors in order to capture the effects
of the entire power generation system. For a consideration of long-term changes, such
as new power plant construction and its dispatch, two scenarios are formed in energy
system models with a shifted demand. The principle of this approach is to investigate the
effects of a shifted load or demand in simulation or optimization models under otherwise
constant input parameters but dynamic conditions [8]. Böing and Regett, Pehnt et al., and
Klobasa and Sensfuß demonstrate this methodology for Germany [33–35]. For the creation
of detailed and complex energy system models, a considerable number of parameters
and input data have to be defined and many assumptions have to be made in order
to obtain reproducible results [36]. The associated computing and workload are huge,
and depending on the complexity of the investigation, not feasible and not necessarily
practicable for LCA [37,38].

Another less-complex methodology in the top-down approach is that of the average
MEF using the linear regression method, which is used in this paper. References [27,30]
calculate the difference between two consecutive hours from the amount of conventional
(fossil) power generation and the emissions produced. From the linear regression of
the difference in emissions over the difference in conventional power generation, the
gradient of the fitted regression line is calculated, which can be assumed to be a reasonable
approximation of the average MEF [30]. This approach works on the assumption that the
marginal power generators are always conventional fossil-fueled power plants, because
renewable energies are usually fluctuating, except bioenergy and some hydropower plants,
and are subject to feed-in priority [36,39]. The average MEF can be further specified by
time- or load-dependent classification (binning) [30,36].

In addition, the MEF can be divided into a direct (short-term) and indirect (long-term)
MEF. The latter describes the effects of changes in demand on the composition of the future
power plant park. In this paper, a direct MEF is formed which does not consider changes
in the composition of the power plant park in the long term. This is due to the fact that
the development of the generated scenarios is predetermined on the basis of national
expansion plans, such as the German nuclear and coal phase-out, and the promotion of
renewable energies and their regulated expansion volumes (tendering mechanism).

There are significant discrepancies in the choice of system boundaries, depth of
investigation and the distinction between the average electricity mix (AEF) and a marginal
emission factor (MEF) when determining the “appropriate” emission factor. Furthermore,
different methods of allocation (for cogeneration) and different fuel-based emission factors
can be used to calculate the emissions of the combusted energy source, depending on the
composition and the consideration of the upstream processes of the fuels. An overview
of the different methods and the application of the factors for the evaluation of electrical
appliances is further described in [8,22,23].

In an empirical context and with lower temporal resolution, the AEF and MEF are
rather easy to determine. The need for at least hourly resolved emission factors of electric-
ity supply (AEF) combined with analyses based on historical market data have already
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been shown by [13,17,40]. Historical hourly emission factors to evaluate emission saving
measures have been used in the areas of load shifting [20,41], energy efficiency mea-
sures in buildings [16], emission reduction in households [13], smart-home solutions [42],
electromobility [39,43–45], and emission reduction through the use of RES in power pro-
duction [15,46,47]. The analysis and application of hourly emission factors for Germany
was carried out by [12,18,39,48] from the respective current structure of power production
derived from empirical data. The authors of [49] determined an AEF and an indicator-based
MEF for Germany derived from the merit order of the power plants from an electricity
market model, as well as an annual and an hourly MEF using the linear regression method
according to [30]. These emission factors from historical data are used for the ecological
assessment and dispatch of battery storage systems. The authors of [19] showed that it
is essential for the development of low-emission local energy systems in Germany to use
dynamic, rather than constant, emission factors of power production. This is the only way
to achieve the emission reduction intended by sector coupling, by correctly planning the
use of flexible and hybrid technologies.

In addition to the current hourly emission factor, which is important for an accurate
ecological assessment, the emission factor of future electricity supply is also required
for the calculation of emissions over the entire lifetime of an electricity-using technology.
Prospective emission factors with high temporal resolution are calculated, for example,
by [32] for England and by [45] for California.

A future consideration of the emission factors for Germany was calculated by [50]
using capacity factors and the planned installed capacity from two different scenarios up
to the year 2030 with annual averages. The authors of [35] calculated an hourly AEF and
MEF until 2050, using a linear optimization model as a data basis, which represents a
trend scenario. The authors of [51] also used an energy model to calculate an hourly AEF
and an annual MEF for Germany explicitly for the years 2020 and 2030. Both MEFs of
the named authors are calculated by comparing two model runs with a changed demand.
However, the shortcoming of this method is that it compares two different energy systems.
The two optimization results are derived from different coverage of demand, storage use,
and trading activities. As a result, the single hours of the energy systems are no longer
comparable with each other, unless only one time step is changed at a time, while the
other 8759 time steps in the model remain unchanged. In the case of necessarily hourly
resolved optimization models, this results in 8760 comparable calculation runs for the
determination of the MEF of a single year. The computational time needed for such a task
is impractical. In [52], hourly AEF and MEF were also calculated for the year 2030 using an
energy model. This was done using the merit order, which serves as an indicator for the
marginal power plant. Thus, the MEF can be determined in hourly resolution. However, it
is already described above that the power system does not respond to changes in demand
strictly according to the merit order. A consideration of upstream emissions in Germany in
this literature summary is solely provided by [18].

Only [53] applies a prospective MEF with the linear regression method in a highly
simplified manner. The authors use historical gradients of the linear fit for groups of power
plants with the same energy carrier use and extrapolate these to the composition of power
production in future scenarios for Belgium. With the exception of Böing and Regett [35]
with a similar, but significantly different, method and scenarios, no prospective emission
factors of power consumption with high temporal resolution have yet been calculated for
the future German power supply (Energiewende).

Therefore, this research is the first to calculate prospective hourly average emission
factors of electricity consumption (AEF) using normative scenarios, and the first to calculate
a future annual marginal emission factor (MEF) using the linear regression method for
Germany until 2050. For the calculation of direct MEFs, the explicit use of normative
scenarios is recommended without implied large-scale influences on electricity demand [7].
The data we use is derived from two different normative scenarios for the development
of power production in Germany, based on different CO2 caps using an electricity market



Energies 2021, 14, 2527 5 of 22

model. The emission factors are determined with and without upstream emissions of the
energy carriers and other environmental impacts, which is a novelty for emission factors of
the German power supply as well. With the developed AEF, electricity from import, export,
and storage is also taken into account. These emission factors can be used to produce more
detailed analyses of the future GHG emissions from the use of sector coupling technologies
in Germany. The results will be made available for open-access use in life cycle assessment
(LCA) and for integration in life cycle inventories (LCI).

The remainder of the paper is organized as follows: Section 2 describes the electricity
market model used, the scenarios developed, and the calculation methods applied for the
hourly AEF and average MEF. Section 3 describes the hourly AEF statistically and explains
its development depending on the scenarios used. The results of the MEF generated are
also shown here and summarized together with the AEF. Section 4 compares the emission
factors with the existing research and discusses the results.

2. Materials and Methods

In a first step, the two power supply scenarios are calculated in an electricity market
model. Figure 1 shows the individual process stages with the respective software used
and the respective interfaces (arrows). The data basis and the emission model for the
determination of the hourly factors are described mathematically in Section 2. The scope of
the paper includes the developed scenarios, the emissions model, the presentation, and
discussion of the results.
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Figure 1. Setup and scope of the paper.

2.1. Data Basis: The Electricity Market Model E2M2

The data of hourly emission factors up to 2050 are based on scenarios of the power pro-
duction that were developed in the course of the Kopernikus project ENavi (Energiewende-
Navigationssystem) and were strongly adapted for this paper. The Institute for Energy
Economics and Rational Use of Energy (IER, Stuttgart, Germany) at the University of
Stuttgart worked on this research project and used the European Electricity Market Model
(E2M2) developed at the IER [54]. The E2M2 is a mixed-integer optimization model that
models the competitive electricity market, thereby determining investment decisions and
the dispatch of power plants endogenously under cost-optimal criteria [55].

As input parameters, the existing power plant park including fluctuating renewable
energies, storage facilities, potentials for renewable energies (e.g., wind offshore), elec-
tricity demand, political objectives, investment costs, technological and other economic
parameters, and flexibility options are taken into account. The electricity reduction method
(power loss factor) is used to allocate the fuel quantities for combined heat and power
plants, which is an important detail for the determination of emission factors [24]. The
total amount of the electricity trade balance is specified in the model as an annual sum for
each scenario and then distributed model-endogenously for each hour. This means that
in one year, either imports or exports are possible. Limitations of electricity transmission
within Germany were not considered—but limitations of transmission with surrounding
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countries were considered. Thus, the model determines the hourly power plant operation
in Germany in a myopic optimization for eight milestone-years from 2015, 2020 . . . to 2050.
The detailed configuration of the input parameters and the modeling process itself are
not part of the research in this paper. A more detailed model description can be found
in [55–58].

2.2. Utilised Scenarios

The scenarios do not constitute forecasts, but rather possible alternative developments
based on the current power plant park (brownfield scenario). Scenarios help to understand
these developments in complex systems such as energy supply [56]. The reproduction
of a functioning electricity market is the decisive point for the formation of prospective
hourly emission factors. In this way, the temporal dynamics of the emission factors, from
hourly fluctuations to long-term annual changes, can be taken into account. The scenario
results described in the following should therefore only be seen as two possible trends to
demonstrate the application of the methodology.

The construction and decommissioning of power plants, which have already been
decided upon, have been modeled unit by unit. For this paper, the German coal and nuclear
power phase-out was implemented with specific phase-out dates in accordance with the
regulatory requirements [59]. Since the date of phase-out for hard coal-fired plants will be
determined in an auctioning process, the order of shut-down is not yet known. Therefore,
it is assumed that hard coal-fired power plants are taken off the grid in an orderly manner
after the year of commissioning. This way, the oldest hard coal-fired power plants are
always taken off the grid one after the other in a linear ideal-typical decommissioning
path. This assumption can differ from actually being correct, as can be seen from the
decommissioning of the quite new Moorburg power plant.

In the Business-As-Usual (BAU) baseline scenario, emissions from power production
are reduced by 74% in 2050 compared to 1990, and the share of renewables in net power
production (NPP) increases to 57% (2030:43%).

In the Climate-Action-Plan (CAP) scenario, the emissions cap for the energy industry
is adjusted in line with the total emission reduction of the German climate action plan
(as shown in Figure 2). This means that GHG emissions from power production will
be reduced by 95% in 2050 compared to the base year 1990. The share of renewables in
NPP is 92% (2030:50%). The development of demand and the maximum power exchange
balance of the two scenarios was based on the scenarios of the study “Klimapfade für
Deutschland” [60]. In the scenarios, Germany develops from a net power exporting country
to a power importing country with a maximum power exchange balance of 60 TWh per
year. This external model parameter limits the annual power exchange balance to the
highest value that has occurred in Germany in the last 30 years. The assumption of a higher
demand in the CAP scenario is driven by more electrification measures in heat supply and
transportation sectors. This means that two scenarios are formed as a data basis, which
show a different but possible development of power production in Germany and enable
an illustration of the method that has been applied and developed. The results of the
optimization model are shown in Figures 3 and 4.

In addition to the phasing out of nuclear energy and coal, a continuous increase in
NPP from renewable energies can be seen. In the BAU scenario, the GHG emission cap is
still at a level that allows for the massive expansion of gas-fired power plants. In the CAP
scenario, this expansion must be increasingly replaced by electricity from photovoltaic
and wind power plants, which is accompanied by a massive expansion of the installed
capacity of renewables and storage facilities and cheap backup capacity with oil-fired
power plants. Additionally, the expansion of renewables leads to very high quantities of
curtailed electricity (curtailment BAU 2050:16.3 TWh; CAP 2050:123.9 TWh). The lack of
power from bioenergy in 2045 and 2050 is due to an increased price for biogenic fuels,
driven by the competing use of the relatively low potentials in the industrial and mobility
sector. From the beginning of the optimization in 2015 with 7.68 €/t to 18 €/t in 2020, the
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price for CO2 (EU allowances) increases continuously to 150 €/t in 2050. These assumptions
apply to both scenarios.
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Figure 2. Course of the minimum emission reduction of power production as an exogenous model
parameter (GHG emissions cap), derived from the targets of the German government for the total
GHG reduction.
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Figure 3. Results of the linear programming of the electricity market model E2M2: Net power
production including trade balance in the BAU and CAP scenarios. Values below 3 TWh are not
labeled.
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Figure 4. Results of the linear programming of the electricity market model E2M2: Installed capacity
of the two scenarios BAU and CAP to the year 2050. Values below 3 TWh are not labeled.
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2.3. Calculation of the Developed Emission Factors
2.3.1. Fuel-Specific Emission Factors

To comply with the GHG emission cap in the electricity market model, only GHG
emissions from direct combustion without upstream emissions from the German power
production were used. This corresponds to the UNFCCC calculation guideline for the de-
termination of GHG emissions from power production, which was used as the underlying
basis for the development of the scenarios. The electricity market model also takes into
account the efficiency of the various fossil power plants and their start-up and shut-down
behavior. Therefore, an emission factor for the amount of electricity generated cannot be
given, but more precisely, a factor for the thermal energy released by the fossil fuel can
be given (as shown in Table 1). The fuel-specific factors are taken from the mandatory
National Inventory Report for Germany [61].

Table 1. Emission factors used for the different energy sources.

gCO2eq/kWhth (Efec) gCO2eq/kWhel (Efre)

Type of Energy Source 3 Fuel
Combustion 1 Upstream 2 LCA-Ef LCA-Ef

Natural Gas 204.4 33.1 237.5 -
Hardcoal 338.2 50.5 388.7 -
Lignite 404.4 9.3 413.7 -

Miscellaneous 4 270.3 20.2 290.5 -
Oil 282.6 12.3 294.9 -

Nuclear 13
Bioenergy - - - 41

Photovoltaic 46.8
Runoff River 6.6

Wind
Offshore 11.4
Onshore 11.1

1 Lower heating value, with climate carbon feedback and GWP100 for methane and nitrous oxide [1]. 2 The entire
life cycle, including transport and material input up to the provision of the energy sources without disposal and
incineration according to the Global Emission Model of Integrated Systems—GEMIS [62]. 3 Weighted averages
from the German mining regions [61,63] and the median of the meta-analysis of the National Renewable Energy
Laboratory [64] {XE “NREL”\t “National Renewable Energy Laboratory”}. 4 Landfill gas, sewage gas, municipal
waste, wood residues, and biomass [61].

2.3.2. Average Emission Factor

The fuel input of fossil Eec,t,y and renewable sources Ere,t,y resulting from the generat-
ing units and their efficiency of power production is multiplied by the respective specific
emission factor of the fuel E fec (Equation (1)). Specific emission factors related to the power
generated from RES and nuclear energy E fre are used to calculate the emissions of RES.
This results in the total hourly GHG emissions of gross power production EmGPP

tot,t,y in one
milestone-year y.

EmGPP
tot,t,y =

(
∑n

ec=1 E fec·Eec,t,y

)
+

(
∑m

re=1 E fre·Ere,t,y

)
(1)

In the case of exports, the trading balance Eex,t,y is assessed with the hourly emission
factor of net power production E f NPP

t,y shown in Equation (2), and the resulting GHG
emissions are deducted from total GHG emissions (Equation (4)), with ENPP

t,y as the net
power production in hour t and milestone-year y.

E f NPP
t,y =

EmGPP
tot,t,y

ENPP
t,y

(2)

Following [16], which calculates an electricity mix factor from data of the European
Network of Transmission System Operators for Electricity (ENTSO-E, Brussels, Belgium),
the European emission factor E fEU,t,y is used for the assessment of electricity imports Eim,t,y
(Equation (4)). The IEA provides daily load profiles of electricity demand and average
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emission factors of the European Union in hourly resolution. In a “Stated Policies” and a
“Sustainable Development Scenario”, possible future developments up to the year 2040
are modeled and continued on a linear basis until 2050 [65]. The grid losses associated
with hourly net power consumption are calculated on the basis of the current German grid
losses for 2018 at 4% of gross power production, comparable with [36,66].

For an emission factor of power consumption, the energy for electricity storage is first
not assigned to final energy consumption. The energy from discharging pumped storage
and battery storage facilities is already burdened with GHG emissions when the storage
facilities are charged. The energy from the discharging process is therefore compulsorily
regarded as emission-free and reduces the emission factor in the hour concerned. At
the time of charging, the electricity required for this purpose is consequently not made
available in the power grid, the emission factor will therefore become higher at this time
and a temporal distortion will occur when emission factors are considered on an hourly
basis [35,67]. Traceability of emissions is impossible due to intermittent charging and
discharging processes, as well as variations in storage duration and the non-traceability of
charge carriers (electrons). In order to minimize these distortions and to better reflect the
emission factor of net power consumption, a specific emission factor for electricity storage,
based on [67], is calculated endogenously.

First, the virtual emissions of the charging process, thus the required charging power,
are calculated. For this purpose, the hourly emission factor of the net power production
E f NPP

t,y is multiplied by the power demand of the storage facilities’ charging process EStI
(storage in) at hour t. The annual sum of the virtual emissions is divided by the annual
sum of the electricity quantity from storage EStO (storage out). This results in an annual
emission factor E fStO,y for the electricity produced from storage facilities, based on the
average emissions emerged during the storage period (Equation (3)). The lower the
emission factor for charging, the lower the emissions of the electricity provided from the
discharging process. It is assumed that imported and discharged electricity is not used
for charging.

E fStO,y =
∑8760

t=1

(
EStI,t,y·E f NPP

t,y

)
EStO,y

(3)

As shown in Equation (4), the total GHG emissions of gross power production at
hour t, minus exported GHG emissions and those from charging, plus imported GHG
emissions and emissions of the amount of electricity discharged, are divided by the total
net power consumption ENPC

t,y . This creates the hourly average emission factor of net power
consumption AEFt,y. Depending on which fuel-specific emission factors are used, the AEF
is referred to as AEFfc for fuel combustion or AEFlca for life cycle assessment.

AEFt,y =
EmGPP

tot,t,y −
(

Eex,t,y·E f NPP
t,y

)
+

(
Eim,t,y·E fEU,t,y

)
+

(
EStO,t,y·E fStO,y

)
−

(
EStI,t,y·E f NPP

t,y

)
ENPC

t,y
(4)

2.3.3. Marginal Emission Factor

The direct (short-term) MEF presented in this paper is calculated according to [30]
using the linear regression method from the amount of net power production provided
by dispatchable (d) and fossil-fueled power plants ENPP

d,t and the resulting emissions Emd
between two consecutive hours t− 1 and t (Equation (5)). The gradient of the regression
line from ∆Emd,t over ∆ENPP

d,t represents the yearly average MEF. The regression line is
derived from 8760 hourly values for each milestone-year. The authors of [49] demonstrate
that a more detailed temporal granularity for Germany is associated with an increasing
deterioration of the coefficient of determination.

∆ENPP
d,t = ENPP

d,t − ENPP
d,t−1

∆Emd,t = Emd,t − Emd,t−1
(5)



Energies 2021, 14, 2527 10 of 22

The MEF is intended to reflect the change in emissions through an active change in
demand within Germany. Renewables such as wind power and photovoltaics will not
take on this active role due to the functioning of the German electricity market and the
feed-in priority of RES [35,36,39]. Thus, the MEF does not take into account renewable
energy production, storage, and trading volumes. Storage technologies can only provide a
limited amount of power under certain conditions. Although electricity trading volumes
can be considered a hypothetical marginal “power plant” [39], they are not included in this
analysis. Theoretically dispatchable power plants include thermal power plants burning
fossil fuels and nuclear power plants. Similar to the AEF, the MEF is referred to as MEFfc
for fuel combustion or MEFlca for life cycle assessment.

3. Results
3.1. Analysis of the Average Emission Factor

The duration curves for the two scenarios shown in Figure 5 illustrate the wide range
of the developed AEFs. The median of the annual AEFfc decreases continuously due to the
forced phase-out of coal combustion in both scenarios. The coal phase-out is clearly shown
by a jump in the duration curves from 2035 onwards. Merely in the BAU scenario, the AEFfc
decreases only insignificantly from 2040 on. Caused by the phase-out of bioenergy, despite
meeting the emissions cap, the median even rises slightly to 2045. The spread of the values
and also the peak AEFfc remain constantly at a high level and only reach lower values in
2050 in the scenario CAP, where the highest AEFfc is then 100 gCO2eq/kWhel. The AEFfc
can drop much further in CAP and reach almost 0 gCO2eq/kWhel, because the expansion
of RES and electricity storage massively increases. Due to the applied calculation method
of GHG emissions from electricity storage and must-run restrictions, reaching exactly
0 gCO2eq/kWhel in these scenarios is almost impossible. Furthermore, for imports from
the EU for the years 2045 and 2050, in some hours the power is already being produced
exclusively emission-free. Overall, in 2050, CAP in 3709 h and BAU in 660 h will fall below
10 gCO2eq/kWhel.
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Figure 5. (a) Distribution of the AEFfc in 7 milestone-years in the two scenarios BAU and CAP
shown in boxplots. Whisker length w = 1.5; q3 + w·(q3 − q1) < Outlier < q1 − w·(q3 − q1). This
corresponds approximately to 99.3 percent coverage if the data is normally distributed; (b) yearly
duration curves of the corresponding scenarios and milestone-years. Model results.
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With a GHG reduction of 74% in BAU, the average annual AEFfc by 2050 falls only
slightly to 183 gCO2eq/kWhel. While the other duration curves show a clear reduction
of the emission factors in the peak values from year to year, those of 2025 in the BAU
scenario are initially higher than the present-day peak values. This fact has to be credited
to the phase-out of nuclear energy and its substitution by increased power production from
lignite-and gas-fired power plants. The situation is similar in the years 2045 and 2050 with
the decreasing amount of bioenergy. The peak values of the AEFfc when no renewables are
fed into the grid result from the adjustment with gas-fired power plants, whereas in 2040,
bioenergy could still contribute a part to that.

When calculating the AEFlca with the corresponding LCA-Ef (as shown in Table 1), a
similar course of the duration curves and distribution of the values can be seen. However,
the average annual AEFlca in all milestone-years is between 30 and 60 gCO2eq/kWhel higher
than the AEFfc. Because of the continuously decreasing AEF until 2050, the average annual
AEFlca in 2020 is still less than 10% higher than the AEFfc, while in 2050 it is twice as high
in the CAP scenario.

3.1.1. Distribution within the Year

Figure 6 shows the AEFfc for 2015, 2020, 2030, and 2040 in the CAP scenario in a heat
map (b) and as a scatterplot (a) with the hourly values’ relation to net power consumption
and the share of RES. The data from 2015 are shown for comparison, as a backtesting of
the model was carried out here with respect to the electricity production volumes and
installed capacities. The area with low AEFfc values is clearly visible due to the influence
of photovoltaics and wind energy during the increased solar radiation at midday and in
early summer to autumn. In addition, periods of increased wind power input over several
hours can be seen as a vertical strip.
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demanded load, the net power consumption; as well as (b) the temporal distribution of the 8760 AEFfc throughout the year
as a heat map. Model results.

3.1.2. Intraday Distribution

When looking at the intraday fluctuations of the AEFfc,lca, it can be seen that in
2020 the highest values still occur in the morning between hours 6 and 8 and in the
evening hours between hours 21 and 23. This peak value shifts in later years to the earlier
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morning between hours 3 and 6 and weakens in the evening hours. Due to the feed-in from
photovoltaics, typically the lowest values are at midday in all scenarios and years. That
photovoltaic sink is less visible in the CAP scenario from the year 2045 on and is no longer
visible in 2050 with the LCA-Ef.

3.1.3. Load and Renewables Feed-in

The share of RES in net power production in 2020 varies between 8.5% und 70.7%
(as shown in Figure 6). The AEFfc and the share of RES are negatively correlated
(r2020 = −0.96; r2030 = −0.94; r2040 = −0.95). While the share of RES and the distribution
of AEFfc values occur in almost all load ranges, it can be seen that in 2020, higher AEFfc of
more than 400 gCO2eq/kWhel will occur more frequently, even at higher loads. This effect is
reversed in 2030 and 2040—with increasing demand, the AEFfc decreases. The integration
and expansion of RES will make it easier to cover peak load periods, although in 2030
the absolute peak load (>80 GWel) will not yet show values below 200 gCO2eq/kWhel. In
addition, in 2030, fossil-fueled power plants still in existence will be running at base and
medium load, which will greatly increase the AEFfc when demand is low. For the year
2040, this effect can also be explained by the simultaneity of little wind and photovoltaic
feed-in and the low demand between Christmas and New Year.

Figure 7 shows the connection between the RES feed-in and the AEFfc. The shift of
the data cloud from 2020 towards lower values (to the left) in 2040 shows the influence
of the coal phase-out. The scattering of data points without significant trading or storage
impacts at the same share of renewables can be explained by the different composition
of the residual load in terms of power plant efficiency and energy carriers. The largest
export volumes in 2020 will appear when there are high shares of RES in the power supply
(as shown in Figure 7b). Export power is assessed with the emission factor of net power
production, which means that exports do not significantly affect the hourly specific AEFfc,
because the two emission factors have similar values. However, the absolute emission level
of power production is still influenced by the export of mainly RES electricity.
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In 2040, AEFfc of less than 300 gCO2eq/kWhel will be apparent, despite low RES shares
of less than 20%. Although gas-fired power plants meet the majority of demand here, the
fairly low-emission imported electricity and the lower-emission electricity from storage
facilities reduces the AEFfc in these times (Figure 7a). Here, the emission factor of imported
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electricity is significantly different from the emission factor of net power production. Due
to higher demand in 2040 than in 2030, with the installed capacity of fossil power plants
remaining unchanged, it is possible that, despite the ongoing expansion of renewables and
a reduction in GHG emissions, lower shares of renewables in NPP may still occur in some
cases (as shown in Figure 6). The BAU scenario tends to show the same effects with overall
higher factors.

3.2. Analysis of the Marginal Emission Factor

The average MEFfc in 2020 is over 770 gCO2eq/kWhel in both scenarios. These are the
GHG emissions that an additional demand increase by one kilowatt-hour in 2020 causes on
average. It is assumed that the demand change will only be met by domestic, conventional,
dispatchable power plants. Figure 8 shows the hourly values of the change in load ∆ENPP

d,t
and the corresponding change in emissions ∆Emd,t. The gradient β of the linear regression
line represents the average annual MEFfc. The coefficient of determination R2 is above 0.93
in all milestone-years.
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In 2020, the MEFfc is still strongly influenced by coal-fired power plants, which play a
significant role in load changes. The higher value in the lower-emissions scenario CAP is
due to the fact that here, more gas-fired power plants also provide base load and coal-fired
power plants react to load changes more often than in the BAU scenario and provide less
base load. In other words, although the entire generation is lower-emission, the more
emission-intensive power plants also react to changes in demand and peak load. The
capacity factor (Cf) of the group of gas-fired power plants is 34.5% in the BAU scenario
(CfCoal,2020: 77.2%; CfLignite,2020: 49.6%) and 48.4% in the CAP scenario (CfCoal,2020: 69.0%;
CfLignite,2020: 33.1%).

Furthermore, it can be seen that the data points spread out slightly from the zero
crossing. The load changes are characterized by different emission-intensive power plants
and the data cloud indicates a line of coal and a line of gas power plants comparable to [27].
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The same effect of spreading out around the linear fit caused by the different shares in
the change in demand of the different power plant classes can also be observed in 2030,
especially in the BAU scenario. The higher MEFfc of the CAP scenario is also caused here
by the gas-fired power plants running in more base load compared to the BAU scenario.
The Cf of the gas-fired power plants in the BAU scenario is 32.3% (CfCoal,2030: 80.3%;
CfLignite,2030: 86.6%) and in the CAP scenario 35.8% (CfCoal,2030: 76.7%; CfLignite,2030: 73.4%).

In 2040, only natural gas and, in very small quantities, oil will be combusted for fossil,
dispatchable power production. This means that, with a similar use and efficiency of the
power plants, the MEFfc of the scenarios becomes more or less the same.

Despite the fact that in both scenarios, almost exclusively gas-fired power plants act as
marginal power plants, the MEFfc in the CAP scenario falls to 368 gCO2eq/kWhel by 2050
and is thus significantly lower than the MEFfc of 475 gCO2eq/kWhel in the BAU scenario.
This discrepancy is due to the fact that in the CAP scenario, considerably less installed
capacity and energy quantities of gas-fired power plants are used and thus relatively more
combined-cycle gas turbine power plants with combined heat and power generation are
used to react to changes in load than the more inefficient open cycle gas turbine power
plants. The annual average net efficiency of the aggregated gas-fired power plants in 2050
is 45.4% for the BAU scenario and 54.7% for CAP.

3.3. Summary of the Evaluated Emission Factors

The average annual emission factors shown in Figure 9 still show the origin of the
scenarios in 2015 with, depending on the characteristics and type of emission factor,
identical starting conditions in both scenarios. The level of the emission factors differs
greatly from the type, AEF or MEF, and additionally in the selection of the fuel- or energy
source-specific emission factors with regard to the life cycle perspective. Table 2 shows the
corresponding values and associated standard deviation of the hourly values. The hourly
values of both scenarios are made available in the Supplementary Materials.
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Table 2. Annual average emission factors by characteristic, scenario, fuel-specific factors, and the
associated standard deviation of the hourly values. Model results.

Yearly Average in gCO2eq/kWhel

Type Scenario Specific Ef 2020 2025 2030 2035 2040 2045 2050

AEF

BAU

fuel combustion (fc) 420 402 358 311 194 203 182

standard deviation 110 136 95 91 90 109 114
upstream (lca) 480 459 408 357 239 247 225

standard deviation 112 127 98 100 91 75 26

CAP

fuel combustion (fc) 380 346 301 232 170 93 29

standard deviation 112 127 98 100 91 75 26
upstream (lca) 439 395 344 271 211 127 59

standard deviation 119 133 103 101 96 79 26

MEF
BAU

fuel combustion (fc) 774 642 526 501 472 476 475
upstream (lca) 824 712 599 569 546 552 552

CAP
fuel combustion (fc) 808 726 592 582 462 429 368

upstream (lca) 858 792 649 635 529 498 428

4. Discussion
4.1. Application and Use of Emission Factors

On the basis of the two current scenarios for the development of power production, the
timely course of the planned power plant decommissioning and the German government’s
objectives for the expansion of RES and the reduction of GHG emissions can be depicted
with varying intensity. Thus, it is possible to use the emission factors generated in life
cycle inventories, which correspond to a conservative, slower transformation of energy
systems and a faster, lower-emissions power production by 2050. From this, different
implementation dates for electrification measures or also implementation dates for a
bivalent use of energy sources and flexibility options can be determined.

The heat maps in Figure 6 show the effects of the underlying average weather year
used. The fluctuating renewable energies depend on the meteorological conditions and
influence the AEF directly on the basis of this profile.

The EU-Joint Research Centre (JRC, Brussels, Belgium) differentiates the application of
life cycle assessments into four types, also called situations. According to the International
Reference Life Cycle Data System (ILCD-standards) [68], the calculated direct MEF is
counted to situation A, with which decisions on changes in demand, for example through
the implementation of electrification measures, can be assessed. In situation A, the effects
of the decision are so incremental that, regardless of which choice is made, no structural
changes, such as a resulting new construction of power plants, occur. The developed AEF
can be counted to Situation C. If the purpose of the LCA is solely descriptive and does not
lead to structural decisions and changes, then situation C is applied.

4.2. Importance of Hourly Emission Factors

Röder et al. applying constant and dynamic emission factors (AEFfc) in today’s and
future sector-coupled urban energy systems [19]. They come to the conclusion that the
wider the distribution of the emission factor, the bigger is the impact whether a constant
instead of a time-resolved emission factor is used [19]. Figure 5 shows that the range of the
values is constantly over 400 gCO2eq/kWhel in all years, except for the year 2050 in the CAP
scenario, thus again emphasizing the advantages of the hourly dynamic emission factors
for ecological assessment methods.

4.3. Improvement of the Calculation Method

The methodological enhancement allows the correct allocation of emissions from
electricity exchange between different regions and storage at the time of the actual use
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of electricity. By using an endogenously determined emission factor for export volumes
and discharging processes, taking into account grid losses, auxiliary consumption, and
imported emissions from the EU, the actual emission factor of power consumption, and
not that of power production, can be determined. This will allow a more accurate calcula-
tion of the emissions from electrification measures and life cycle assessments of electric
applications, which usually use the electricity from the public power grid at the very end of
the transmission chain. Furthermore, the prospective scenarios can also take into account
the change in the system of power generation and thus calculate lifetime emissions for the
use of electricity-based applications.

4.4. Comparison with Other Research

The results of the relevant publications described hereafter are presented compara-
tively in Table 3. The fuel-specific emission factors used in [18] are derived from ecoinvent’s
LCI, taking into account life cycle emissions and assessing the amount of electricity pro-
duced, whereas in this paper, the used fuel-specific emission factors were determined for
the combustion of fossil fuels prior to their conversion in thermal power plants. This way,
different efficiencies and a partial load operation of the power plants could be considered.
Similar to [18], the effect could be observed that lower AEFs occurring at times of increased
photovoltaic feed-in and also at weekends at lower load (Figure 6a). However, the more
prospective consideration here shows that the load-dependent effect is reversing further in
the future.

Table 3. Comparison of the AEF and MEF with other research examining prospective emission factors
for Germany.

Yearly Average in gCO2eq/kWhel

Type Reference Scenario 2020 2030 2040 2050

AEFfc

Seckinger and Radgen BAU 420 358 194 182
CAP 380 301 170 29

Böing and Regett [35] Trend 357 238 97 75
Jochem et al. [51] 1 - 380 290 - -

Maennel and Kim [50] 1,2 Reference 460 460 - -
Target 400 360 - -

MEFfc

Seckinger and Radgen BAU 774 526 472 475
CAP 808 592 462 368

Böing and Regett [35] Trend 633 434 375 332
Jochem et al. [51] - - 550 - -

1 Emission factors of power production. 2 Yearly average, no hourly values.

The AEFfc calculated by [50] is higher in both comparable scenarios. The calculation
is based on several energy scenarios with information on the installed capacity of the
generation units in the future power plant park. The average annual CO2 emissions from
power production are determined using the capacity factor and a power plant-specific
emission factor. The authors consider different values of fuel-specific emission factors
using a Monte Carlo simulation. The available emission factors of this research work were
formed on the basis of the National Inventory Report for Germany, taking into account
regional and technological specifications (Table 1). Furthermore, the hourly values with
different power plant efficiencies (partial load behavior) and the data basis of an hourly
optimization model of the German electricity market are not necessarily comparable with
the annual calculations of [50].

In [51], hourly emission factors of power production were calculated using three type
days per season in an energy system model. The time horizon extends to the year 2030
with the aim of determining different charging times based on the emission intensity of the
electricity used at the same time. No trading effects were considered, and specific emission
factors per generation class (coal, lignite, . . . ) were applied. To determine the indirect MEF,
a specific load profile derived from the charging cycles of battery electric vehicles is added
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to the conventional load in the optimization model. From this, an emission difference due
to a changed dispatch and newly built power plants was calculated. Hence, the indirect
MEF here is only valid for that particular load change and cannot essentially be compared
to a more general MEF.

The exploratory scenario used by [35] for the generated hourly prospective emission
factors is most comparable to the CAP scenario. However, the exploratory type is recom-
mended for modeling indirect MEF [7]. In the normative scenarios presented here, the
linear optimization model determined the expansion of power plant capacity endogenously
for each unit by meeting the CO2 caps. Consistent with a trend scenario, the increase in
demand in [35] until 2050 is lower than in the CAP scenario shown here. Furthermore,
there is a stronger expansion of wind power plants and a lower expansion of photovoltaic
plants, but a similar development in the capacity of gas-fired power plants. The lower
values of the AEFfc (except 2050) are mainly explained by a much faster expansion of
RES and the allocation method used (Carnot method). In [35], all emissions generated
were directly allocated to the simultaneous demand for electricity, so the emission factor
of discharged power automatically corresponds to that of the simultaneously reduced
generation capacity. Basically, the same assumptions and methods were used to account for
trading and its emissions. The main difference is that in this research work, the emission
factor of the neighboring countries from which the power is imported is aggregated as an
exogenous model parameter at a European level. Due to a completely different choice of
methods, even lower MEFs than those of this research work may occur there.

4.5. Share of Renewable Energies as an Indicator for the AEF

The authors of [52] demonstrated that RES can be used as an indicator with a similarly
high coefficient of determination for the AEF. However, the shift due to trading effects,
pumped storage, and the assessment of the net power consumption showed that a deeper
analysis is needed to determine the actual AEF of a particular hour (Figure 7). The share of
RES in the NPP should therefore not be used as an indicator of the emission intensity of
the electricity used.

4.6. Critical Review of the Emission Factors

A general point of criticism of the development of prospective emission factors is
the quality of the data basis and the underlying assumptions of the scenarios and the
development of the future power supply. The focus here is not necessarily on the influ-
ence of a possible earlier coal phase-out, a different expansion of renewable energies, or
the development of energy carrier prices, but rather on changes in energy-specific laws,
assumptions on dispatch rules, grid restrictions, exchanged trading volumes, and storage
management. The authors are thus aware that future emission factors can and will develop
differently due to the actual evolution of power supply in Germany and Europe. Therefore,
the focus of the analysis was on the calculation method for hourly prospective emission
factors and the consideration of trading and storage effects. The scenarios used can always
be updated and improved. This only changes the data basis, and the calculation model can
still be applied.

An inaccuracy in the calculation method is the exclusive consideration of the trade
balance. Due to the export of virtual emissions and the import of relatively low-emission
power from other European countries, the emission factor could reach even slightly lower
values. To generate trading volumes between different countries in hourly resolution as
endogenous model parameters requires very sophisticated energy system models with
long calculation durations and is therefore not met in full detail in any publication known
to the authors for prospective emission factors.

Another possible inaccuracy is the determination of virtual emissions of the charged
power. The created discharge factor E fStO,y is an annual average of the virtual stored
emissions. This is necessary, because otherwise it would not be possible to assign an
emission value to the power usage at the corresponding hour. Average storage durations
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and intervals could perhaps be used as an indicator and the annual discharge factor could
be differentiated more precisely.

The MEF is strongly influenced by the assumptions made on the dispatch of the
power plants. In the future power generation system in Germany, bioenergy could become
a marginal power plant. The Renewable Energy Sources Act-tariff ensures that a high
capacity factor of renewable energy plants is most economical. This is also probably the
most likely way to reduce GHG emissions at the present time. That is why bioenergy power
plants in Germany are still inflexible, even though there is a flexibility bonus. Because
of the increased need for flexibility due to a decrease and negative residual load and the
integration of renewables, the currently typical dispatch of power plants could be changing.
A marginal change in demand can be compensated by the availability of a flexibility option
rather than by an adjustment in load by conventional power plants. Furthermore, the
method shown does not take into account the occurrence of non-grid related excess power
but could be subject to future research.

5. Conclusions

The main results of this paper are the generated prospective hourly AEF and annual
MEF. In order to improve the adequate ecological assessment of electrification measures
over their lifetime, the emission factors were calculated from two scenarios with different
degrees of decarbonization up to the year 2050. This was accomplished by utilizing
an electricity market model (optimization model) based on CO2 caps and by creating
brownfield scenarios with possible future developments. From this data basis, the effects
of electricity trading and the storage facilities could be integrated into the AEF using the
emissions model. In combination with the grid losses, the GHG emissions were correctly
applied to the power consumption. This has the consequence that imported and exported
power is given an emissions intensity and thus the impact of an electricity import can
also be credited in proportion to the final consumer of the electricity. The discharged
power from storage facilities is assigned an emission intensity depending on the emission
intensity of the stored power. Thus, the hourly AEF is significantly less distorted by the
discharged power. The emission factors can also be used to demonstrate the influence of
the German coal phase-out implemented in the scenarios. The additional use of upstream
emission factors for the energy sources used in power production show that the influence of
upstream emissions plays an increasing role in a strongly decarbonized power production
system. The hourly emission factors have been made available for open-access use in life
cycle inventories.

The AEF generated takes into account, through the calculation method, effects from
electricity trading, GHG emissions caused and delayed by electricity storage, the varying
efficiency of the power plants, and varying specific emissions from the power generation
of individual power plants (partial load behavior) caused by constraints on the electricity
market. Although the AEF falls substantially in all scenarios, the value remains con-
stant in the BAU scenario (−74% GHG emissions) in the later years at a level just below
200 gCO2eq/kWhel and can only fall significantly further in the CAP scenario after 2040.
A significant number of hours per year of almost emission-free power only occurs in the
CAP scenario in the latter years.

The generally higher MEF, compared to the AEF, will decrease with the phasing out
of coal-fired power generation but will not fall below 368 gCO2eq/kWhel. An important
finding is the initially higher MEF of the CAP scenario, while more CO2 is reduced overall.
Gas-fired power plants are increasingly used to provide base load, and coal-fired power
plants have to respond more flexibly. This is the only way to meet the stricter CO2 cap,
although the MEF is higher.

The exchange of power, mainly imported power, with the rest of Europe has a signifi-
cant impact on the AEF. Together with the lower-emission electricity from the discharge of
storage facilities, the AEF is also significantly reduced, and this is despite a small share of
RES in net power production.
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With the high temporal resolution of dynamic factors, flexibility options, sector cou-
pling technologies, and specific decarbonization measures, such as power-to-gas and
power-to-heat, can be analyzed with regard to their GHG reduction effects. With these
technology options it is decisive determining when lower-emission power can be used to
replace fossil energy carriers. With the hourly prospective AEF for Germany, for example,
the effects of the electrification of industrial process heat on greenhouse gas emissions can
be calculated. The few annual averages used so far, as in Schüwer and Schneider [69], do
not make it possible to determine the deployment strategy and GHG emissions of hybrid
heat generation technologies. In addition, the dynamic charging profiles of battery electric
vehicles, as in Axsen et al. [45], or time-of-day specific energy efficiency measures, as in
Bettle et al. [32], can be assessed with concrete GHG emissions from using grid electricity.

Further research is needed regarding the necessity of hourly-resolved MEFs, the
investigation of changing dispatch behavior in the German and European electricity market,
and the integration of a more detailed view of trading and storage effects as well as the
increasingly frequent occurrence of curtailed excess power in future power supply systems
with large volumes of fluctuating renewable power. The more precise representation of
trading volumes in the future electricity market can make the AEF even more precise.
Future research could combine a marginal emission factor for power trading with the
method of linear regression, as in [39].

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/en14092527/s1.The AEFfc and AEFlca for both scenarios are available online at https://osf.io/
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