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Abstract
In 2019, CO2 emissions in Germany dropped by 40Mt compared to the previous year, of which a major share was realized
in the power sector. Many factors, such as carbon and fuel prices as well as the capacity expansion of renewable energy
sources, influence Germany’s CO2 emissions. This ex-post regression analysis of the German power market from 2016
to 2019 investigates the contribution of each factor to the CO2 emissions reduction. The results suggest that short-term
market developments for gas prices are responsible for a major share of 2019’s CO2 emissions reduction when compared
to 2018 levels. The sustainable transition of the power system, in form of adequate CO2 prices and additional renewable
energy capacities, becomes the dominating factor when analyzing the CO2 emissions reductions over the longer time span
from 2016 to 2019. Exogenous factors, such as increasing gas prices, could raise Germany’s carbon emissions again. This
reversion of carbon emissions reductions can be avoided if the overall-society compromise on the coal phase-out is realized
sooner than later.

Keywords Carbon emissions · Renewable energies · Emissions reduction effects · Carbon price · EU ETS · Regression
analysis

Was hat den Rückgang der deutschen CO2-Emissionen im Jahr 2019 verursacht: Nachhaltige
Transformation oder kurzfristigeMarktentwicklungen?

Zusammenfassung
Im Jahr 2019 sanken die CO2-Emissionen in Deutschland im Vergleich zum Vorjahr um 40Mt, wobei der Stromsektor
den größten Beitrag leistete. Viele Faktoren, wie CO2- und Brennstoffpreise, sowie der Ausbau der erneuerbaren Energien,
beeinflussen die deutschen CO2-Emissionen. Die vorliegende Ex-Post-Regressionsanalyse des deutschen Strommarktes
von 2016 bis 2019 untersucht den Beitrag der einzelnen Faktoren zur CO2-Emissionsreduktion. Die Ergebnisse deuten
darauf hin, dass kurzfristige Marktentwicklungen, wie der Rückgang der Gaspreise, für einen wesentlichen Anteil der
CO2-Emissionsreduktion im Jahr 2019 im Vergleich zu 2018 verantwortlich sind. Die nachhaltige Transformation des
Energiesystems durch adäquate CO2-Preise und den Ausbau erneuerbarer Energien wird zum dominierenden Faktor des
langfristigen Rückgangs der CO2 Emissionen von 2016 bis 2019. Exogene Faktoren, wie z.B. steigende Gaspreise, könnten
die deutschen Kohlendioxidemissionen wieder erhöhen. Diese Rückabwicklung der Emissionsminderungen kann vermieden
werden, wenn der gesamtgesellschaftliche Kompromiss zum Kohleausstieg zeitnah umgesetzt wird.
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This study investigates the causes for Germany’s carbon
emissions reduction in the power sector. Based on a regres-
sion analysis, the emissions reduction effects of key impact
factors of the power system are decomposed and quantified
for 2019 and before.
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1 Introduction

The reduction of carbon emissions is the key element of
limiting global warming (IPCC 2015). Within several in-
ternational treaties (e.g. Kyoto Protocol, Paris Agreement)
Germany committed itself to reduce its carbon emissions
step by step (UN 1998; UNFCCC 2015). For 2020, the
goal of the German government is to reduce its emissions
by 40% compared to 1990 (BMWi 2019). However, until
recently Germany was not on track for reaching its goals.
Therefore, the government undertook new measures, which
are bundled in the climate protection program 2020 (‘‘Ak-
tionsprogramm Klimaschutz 2020”; BMU 2014. This had
been widely criticized as insufficient (Horst et al 2016; Öko-
Institut and Fraunhofer-ISI 2019). Hence, projections for
the emissions in 2020 showed that Germany will fail to
reach its climate targets (BMWi 2019).

In contrast to earlier projections, the carbon emissions
decreased to a larger extent than expected in 2019, putting
2020 climate targets within reaching distance. A major
share of the emissions reduction was realized in the power
sector (Hain et al 2020). Here, the emissions dropped by
40MtCO2 which equals -15% compared to the previous
year (UBA 2020a). Therefore, the question arises: What
are the responsible factors for the large decrease in carbon
emissions in the power sector and will this effect persist?

Klobasa and Sensfuß (2009, 2011, 2013, 2016) find that
the expansion and increased generation of renewable en-
ergy sources (RES) continuously decreases German carbon
emissions. Moreover, imports and exports play an important
role regarding the power system’s emissions in Germany
due to its position in central Europe with many intercon-
nections (Abrell et al 2018). Further analyses showed that
demand as well as fuel and carbon prices affect the carbon
emissions because of their impact on power plant dispatch
(Anke 2019; Hirth 2018; Bublitz et al 2017; Kallabis et al
2016).

Out of the above-mentioned factors that affect carbon
emissions, the literature so far focused on the carbon mitiga-
tion of RES. Oliveira et al (2019) show that in Ireland wind
energy mitigates 0.459 tCO2 per MWh, an effect roughly
equal to the emissions of a natural gas-fired power plant.
Furthermore, their research indicates that with the expan-
sion of RES the carbon mitigation effect is not reduced,
as Clancy et al (2015) and Di Cosmo and Valeri (2014)
suggest. Additionally, O’Mahoney et al (2017) find for Ire-
land that a one-unit increase in wind feed-in has only 65%
of the carbon offsetting effect as a one-unit reduction of
demand. For the German and Spanish market, Abrell et al
(2018) analyze the carbon mitigation of wind and solar and
find that the carbon mitigation costs of solar exceed the
mitigation costs of wind by a factor of five to eight. This
reflects the technologies’ different availability and the as-

sociated market conditions. The results for different market
areas are not comparable since their power generation port-
folios differ greatly. Thus, it is unsurprising that the avoided
emissions from wind energy in Ontario, Canada (Amor et al
2014), where a lot of hydro power is installed, are substan-
tially lower than, for instance, in Texas, USA (Novan 2015),
where natural gas and coal fired power plants provide the
most energy.

In contrast to the currently existing studies, this analysis
deconstructs which of the above-mentioned impact factors
are responsible for the carbon emissions decrease in 2019.
The identification and quantification of effects are based on
a regression model for the years 2016 to 2019. With the
results, key drivers are evaluated and their contribution to a
sustainable transition toward a decarbonized power system
is discussed. The analysis contributes to the existing liter-
ature by determining which share of the decrease is a per-
sisting effect and which share is driven by dynamic market
developments. Furthermore, the impact of current climate
policies on Germany’s carbon emissions is discussed.

The remainder of the paper is structured as follows:
In Section 2 market fundamentals of the European Union
Emission Trade System (EU ETS) are discussed and the re-
search questions are derived. Section 3 describes the model
and data. Following in Section 4, the model results are pre-
sented and discussed. Section 5 concludes this analysis and
develops policy implications.

2 Background and research questions

In this section the energy economic background for this
analysis is presented. From it hypotheses are derived, which
will be evaluated on the basis of the regression model’s
results. Here, the theoretical impacts of RES, fuel prices
and carbon prices are discussed.

RES displace conventional power plants in the merit or-
der because of their low operational costs. This leads to a
reduction of power prices and is called ‘‘merit order effect”
(Diekmann et al 2007; Weigt 2009; Cludius et al 2014).
Furthermore, RES reduce the emissions of the power sys-
tem due to lower power production of (the replaced) fossil
fuel-based power plants. RES technologies are expected to
have a different effect on CO2 emissions. Here, the focus
lies on solar and wind power due to their supply dependence
(non-dispatchable generating units) and significance in the
German power system. The power production of PV and
the peak demand is contemporaneous. Without RES, peak
demand has been supplied by mid- and peak-load power
plants, such as hard coal and gas power plants. In contrast
to PV, wind power is not necessarily contemporaneous with
peak demand. From this, these hypotheses follow:
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H1.1 Solar energy not only displaces carbon-intensive mid-
load technologies but also less carbon-intensive peak-
load technologies, such as gas, and therefore mitigates
less carbon emissions than wind power.

H1.2 Wind energy mostly replaces carbon-intensive base-
load and mid-load generation, such as lignite and
hard coal, and, thus, avoids more carbon emissions
than solar power.

Beside the national replacement of conventional technolo-
gies and carbon emissions reductions through RES—the
main focus of this analysis—, it is worth considering,
how renewable power feed-in affects the export balance
of Germany. Imported RES energy can potentially replace
conventional power generation in the importing countries.
For the effect of RES on Germany’s export balance, it is
important to factor in that the power production during
peak-load hours of PV leads to a large decrease in German
power prices, resulting in a price difference to neighboring
countries with lower installed PV capacities. This price
difference is used by traders to import low-cost German
power. Large price differences to neighboring countries
due to PV are augmented by 1) the coinciding of power
generation from PV with high demand that is usually met
by more expensive peak-load technologies and 2) the large
amount of installed PV capacities in Germany, relative to
the neighboring countries.

H1.3 Solar energy leads to more exports from Germany to
its neighbors than wind energy.

The operational costs of fossil power plants are mainly
determined by fuel and carbon prices. This analysis focuses
on gas and hard coal because their prices are determined by
international markets.1 When the market price for gas de-
clines, the production of gas-fired power plants is expected
to increase because their operational costs decrease, rela-
tive to other technologies, and the generating units move
forward in the merit order and replace coal-fired power
plants. This reduces carbon emissions because gas has a
lower emission factor (UBA 2016) and typically a higher
efficiency (UBA 2020b). Coal prices are expected to have
the opposite effect, i.e. price declines enhance the com-
petitiveness of coal-fired power plants and increase carbon
emissions.

H2.1 The gas price positively affects CO2 emissions.
H2.2 The coal price negatively affects CO2 emissions.

1 Oil is excluded from the analysis because it is typically not in a com-
petitive position in the power market.

The EU ETS introduces a carbon price in the power sec-
tor, leading to increased operational costs for fossil power
generation. This effect is more substantial for coal-fired
(compared to gas-fired) power plants due to their higher
emission factor and typically lower efficiency, making gas-
fired power plants more competitive. This is expected to
increase their market participation and, in turn, lower car-
bon emissions.2

H3 The CO2 price negatively affects CO2 emissions.

From a policy perspective these impact factors can be
categorized as exogenous and endogenous factors. Exoge-
nous factors cannot be influenced by the national policies
or only to a limited degree. This especially applies to fuel
prices that represent an equilibrium of regional markets at
a given time.3 Whereas endogenous factors are the result
of a political process, which will last for a longer time
period. This applies to the RES generation since their ex-
pansion is supported by the government. A special case
is the carbon price, a market price that strongly depends
on the willingness of politics to further decarbonize the
power system (Edenhofer et al 2019). Therefore, carbon
mitigation through external factors is based on short-term
market developments, which are volatile and do not lead
to a transformation of the power system. In contrast, en-
dogenous factors aim at a sustainable transformation and
are therefore more persistent.

3 Methodology and data

The goal is to quantify the effects of the above-described
factors on the reduction of carbon emissions. Several re-
gression analyses are the basis to parse these effects.

3.1 Regression analysis-basedmethod to estimate
effects on CO2 emissions reduction

All regressions of this analysis follow Eq. 1 with changing
dependent variables Yt , namely Germany’s 1) CO2 emis-
sions, generation from 2) lignite, 3) gas and 4) hard coal
as well as 5) the export balance. The subscript t indicates
the hourly resolution of the underlying data for all vari-
ables. The independent variables are the electricity genera-
tion from solar energy and wind offshore and onshore tur-

2 The costs for carbon emissions per MWh are calculated by multiply-
ing the carbon price with the related emission factor and dividing this
product by the power plant efficiency.
3 Natural gas and coal, especially lignite, are segmented markets with
different price developments and dynamics for various regional mar-
kets, such as continental Europe, UK, Japan, the US.
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Table 1 Summary statistics

Variable Obs. Mean St. Dev. Min 25th perc. 75th perc. Max

CO2 [t] 35,063 26,959.8 8,300.5 7,070.4 21,097.7 32,441.7 50,429.4

Lignite [MW] 35,063 14,597.7 3,153.7 2,865.5 13,440.1 16,702.9 20,690.3

Gas [MW] 35,063 9,441.6 2,845.8 4,211.0 7,283.5 11,116.6 20,293.2

Hard Coal [MW] 35,063 9,056.3 5,386.0 523.8 4,534.9 12,985.5 24,017.7

Export Balance [MW] 35,063 5,559.4 4,231.0 -12,614.0 3,041.0 8,345.0 20,218.0

Solar [MW] 35,063 4,905.4 7,551.5 0.0 0.0 7,744.0 34,029.0

Wind Offshore [MW] 35,063 2,117.3 1,522.1 0.0 743.8 3,277.3 6,971.1

Wind Onshore [MW] 35,063 9,982.5 8,122.7 0.0 3,814.0 13,774.4 41,628.3

Load [MW] 35,063 63,792.1 9,371.7 40,345.8 56,402.5 71,299.7 87,625.5

Gas Price [EUR/MWh] 35,063 17.3 4.1 10.0 14.4 19.7 29.2

Coal Price [EUR/t] 35,063 65.3 14.6 38.4 51.9 77.8 88.3

CO2 Price [EUR/t] 35,063 13.0 8.5 3.9 5.3 21.8 29.8

t refers to metric tons and MW(h) are megawatt (hours).
The coal price is converted from USD to EUR with the historical daily conversion rate.

bines, electricity demand and prices for gas, hard coal and
CO2. Including the load as well as renewable energy gener-
ation allows the regression to account for the given residual
load, while quantifying the effect of individual renewable
energy technologies. Consequently, the residual load is not
directly included as an independent variable. To capture
static effects, time categorical dummy variables are also in-
cluded, namely months and years, summarized in M and
Y. The first year (2016) and first month (January) serve
as reference categories and are omitted from the regression
equations.

Y = ˇ0 + ˇ1Solart + ˇ2WindOffshoret + ˇ3WindOnshoret

+ ˇ4Loadt + ˇ5Price
Gas
t + ˇ6Price

Coal
t + ˇ7Price

CO2
t

+M� + Y� + �t

(1)

3.2 Description of underlying data

Table 1 summarizes all dependent and independent vari-
ables for the years 2016 to 2019. As indicated in Eq. 1, all
generation variables, in addition to load and emissions, as-
sume an hourly temporal resolution. The prices have a daily
resolution and are replicated to match the hourly time series
of the remaining variables. Price variables are only avail-
able from Monday to Friday. For Saturdays and Sundays
the values of the previous Friday are used. The CO2 emis-
sions are computed by multiplying the hourly time series
of lignite, hard coal and gas with the technology-specific
emission factors and dividing the products by the respec-
tive efficiency listed in Table 2. Constant emission factors
are assumed for this analysis. Note that these can vary over
time, e.g. due to a changing composition of fuels.

Table 2 Technology-specific emissions factors and efficiencies

Lignite Hard Coal Gas

Emission factor [tCO2/MWth] 0.407 0.337 0.202

Efficiency [MWel/MWth] 0.407 0.359 0.494

The time series for the German power generation are
taken from Agora Energiewende (2020). They represents
great parts of the German power sector and are based on
data from ENTSO-E that are further processed (Agora
Energiewende 2019). Although the ENTSO-E data set
has weaknesses, it is one of the most extensive data set
available (Hirth et al 2018) and many of the known flaws
are corrected by the processing of Agora Energiewende
(2019). Additionally, the fuel prices are taken from Thom-
son Reuters (2020)4 and the emission factors are based
on UBA (2016). The efficiencies for the power plants are
calculated based on the data base of the Chair of Energy
Economics (EE2 2019).

4 Results and discussion

4.1 Regression analysis preliminaries

All regressions suffer from heteroskedasticity and positive
autocorrelation, determined by means of the Breusch-Pa-
gan test (with and without normality assumption) and the

4 The following time series from Thomson Reuters have been used:
EEXEUAS (daily CO2-price at EEX), EEXNNCG (daily gas price at
NCG) and LMCYSPT (daily coal prices at ICE for ARA).
5 The tests’ null hypotheses of homoskedastic and uncorrelated error
terms, respectively, are rejected at the 0.1% significance level for all
five regressions.
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Table 3 Results from the regression analyses

Dependent variable:

1) CO2 Emissions 2) Lignite 3) Gas 4) Hard Coal 5) Export Balance

Solar -0.472*** -0.151*** -0.148*** -0.278*** 0.319***

Wind Offshore -0.430*** 0.004 -0.089*** -0.423*** 0.426***

Wind Onshore -0.643*** -0.241*** -0.152*** -0.362*** 0.210***

Load 0.625*** 0.164*** 0.177*** 0.414*** -0.132***

Gas Price 392.208*** 140.281*** -192.461*** 352.210*** 457.787***

Coal Price -19.996** 5.621 41.180*** -45.228*** -49.546***

CO2 Price -112.500*** -168.857*** 129.313*** 3.707 -268.421***

Feb. -82.499 545.348*** -526.910*** -439.312* -475.388*

Mar. -735.304*** 334.000* -1,698.161*** -399.389 -1,573.462***

Apr. -1,562.903*** 803.281*** -2,807.040*** -1,297.903*** -3,630.002***

May -3,403.653*** -122.811 -3,640.533*** -1,909.202*** -6,022.370***

Jun. -4,036.776*** -392.796* -4,234.408*** -2,037.353*** -5,665.435***

Jul. -3,448.039*** -5.979 -3,987.053*** -1,930.000*** -4,989.068***

Aug. -3,680.279*** 113.698 -4,020.706*** -2,290.231*** -4,169.797***

Sep. -2,558.364*** -22.803 -2,945.549*** -1,418.003*** -3,157.494***

Oct. -2,123.980*** -74.761 -1,718.457*** -1,434.434*** -1,869.293***

Nov. -987.399*** 405.449** -900.337*** -1,091.587*** -681.735**

Dec. -1,747.978*** -575.540*** -335.276* -1,102.931*** -556.743*

2017 -302.337* 56.110 880.293*** -765.303*** 265.600

2018 -1,764.977*** 1,025.682*** 78.517 -3,007.041*** -302.541

2019 -2,015.428*** 854.976** -112.376 -3,008.837*** 1,585.093**

Constant -4,232.531*** 6,096.982*** 1,567.100*** -11,686.470*** 10,554.820***

R2 0.9229 0.7410 0.8227 0.8548 0.6726

adj. R2 0.9228 0.7409 0.8226 0.8547 0.6724

F-stat. 19,960*** 4,775*** 7,741*** 9,822*** 3,427***

The asterisks indicate the significance levels of the coefficients, namely * p < 0.1 ; ** p < 0.05 ; *** p < 0.01 .
These are based on robust Newey-West standard errors, using an autoregressive time lag of 24 hours.

Durbin-Watson test.5 Thus, robust Newey-West standard er-
rors are used to account for the presence of heteroskedastic-
ity and positive autocorrelation. The variance inflation fac-
tors (VIFs) for the continuous explanatory variables range
from 1.64 to 24.35, with the prices of CO2, gas and coal
being most affected (in descending order). Although most
VIFs are not extremely high, it is important to keep in mind
that the presence of multicollinearity may reduce the sig-
nificance of the affected variables’ regression coefficients.
Note that all dependent variables are stationary times series,
determined with the Augmented Dickey-Fuller test.

4.2 Regression analysis results

Table 3 displays the results of all five regressions which will
be discussed in categories below. The evaluation follows the
different categories, namely carbon emissions, conventional
power generation and exports.

1) CO2 emissions: The variance in hourly CO2 emissions
is captured well by the regression, with an adjusted R2 over
90%. As expected, higher amounts of renewable energy

feed-in reduce CO2 emissions. This effect is larger for wind
power than for PV generation, confirming hypotheses H1.1
and H1.2., which is mainly due to the lower mitigation of
coal by solar and higher exports. The latter aspect confirms
hypotheses H1.3. Overall, this means that wind onshore has
50% higher contribution to climate protection per MWh
feed-in. As opposed to RES feed-in, higher demand in-
creases emissions in the same magnitude that wind energy
reduces emissions. The gas price is a large driver of CO2

emissions: An increase of 1EUR is associated with 392 t
more CO2 per hour, on average, which goes along with
hypothesis H2.1. Increases in the coal price are associated
with lower CO2 emissions as gas becomes more competi-
tive and likely replaces hard coal-based power generation,
thus affirming hypothesis H2.2.6 Lastly, the CO2 price has

6 Note that gas prices are denoted in EUR/MWh and coal prices in
EUR/t, which is roughly equal 0.14EUR/MWh (assuming an energy
content of roughly 7MWh per 1 t of coal, based on API2). Hence the
coefficient of -20 has to be multiplied by ca. 7 to obtain the effect of a
1EUR/MWh increase, which puts the effects of gas and coal prices in
the same order of magnitude.
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a negative impact on emissions, confirming hypothesis H3.
For each 1EUR increase, on average, CO2 emissions are
reduced by 112.5 t per hour.

The calculated carbon mitigation of wind is higher in
Germany than in Ireland (about 0:460 tCO2 per MWh that,
for instance, Oliveira et al (2019), Di Cosmo and Valeri
(2014) and Wheatley (2013) account for). For Germany,
Abrell et al (2018) find a lower carbon mitigation effect of
wind and solar than this work (wind: 0.233 vs. 0:643 tCO2

per MWh and solar: 0.175 vs. 0:472 tCO2 per MWh),
which may be due to the fact that their model only explains
70 to 80% of the conventional displacement. This means
that 1MWh wind displaces only 0.8MWh of conventional
generation. Therefore, the estimated avoided emissions are
lower. In contrast, this analysis explains 90%, 97% and
94%7 of the displacement, resulting from solar, wind on-
shore and offshore, respectively. These figures include the
exported share of renewable energy.

2)–4) Conventional power generation: The variation in
generation of conventional power plants is captured to dif-
ferent degrees. The behavior of market-driven fuel types,
hard coal and gas, is explained well, with adjusted R2-values
over 80%. The magnitude and significance of the summer
month dummy variables also attest to the larger seasonal
changes in output based on these two fuels. For lignite-
based generation, the explanatory power drops to 74%. This
decline attests to the more inflexible operation of base-load
units, whose output is seldom affected by market situations
and renewable energy feed-in due to low variable costs.8

Furthermore, the short-term flexibility is impeded by tech-
nical constraints and obligations, such as heat production.

Generally, renewable energy feed-in replaces conven-
tional power generation but with different effects. Solar pre-
dominantly replaces hard coal power plants. It has smaller
but substantial and significant effects on gas and lignite-
fired units as well. This partially confirms hypothesis H1.1,
but the effect on gas-fired power plants was expected to be
higher. Wind offshore mostly replaces hard coal-based gen-
eration. The effects on the remaining technologies are small
and partially insignificant. Wind onshore replaces both, lig-
nite and hard coal power plants as well as gas, but to a
smaller extent, which attests to hypothesis H1.2.

Rising gas prices make all other technologies more at-
tractive, expressed by positive coefficients for lignite and
hard coal and a negative coefficient for gas-based power
generation. The same logic applies to coal prices (cf. hy-

7 These numbers are calculated as the sums of coefficients in the first
three lines in columns 2)–5) in Table 3 (columns 2)–4) with a positive
instead of negative sign).
8 For generation from nuclear power plants, not detailed in this analy-
sis, the adjusted R2-value is below 50%, which supports the notion of
declining explanatory power for base-load power plants.

pothesis H2.1 and H2.2). The CO2 price positively affects
the generation from gas-fired power plants and reduces gen-
eration from lignite power plants, affirming hypothesis H3.
A surprising and somewhat counter-intuitive result is the
insubstantial and insignificant effect of the carbon price on
generation from hard coal power plants. The a priori expec-
tation was a larger negative and significant effect, similar
to lignite.

5) Export balance: Renewable energy feed-in leads to
higher export balances, on average. The coefficients 0.319,
0.426 and 0.210 for solar, wind offshore and wind onshore
can be interpreted as the share of renewable energy feed-
in that is exported, on average. The effect is larger for so-
lar than for wind onshore, along the lines of hypothesis
H1.3. The effect is even higher for wind offshore. This
goes against the stated hypothesis if wind onshore and off-
shore are taken as a combined technology. However, gen-
eration from offshore wind turbines fundamentally differs
from wind onshore due to higher full load hours as well
as less intermittent and more centralized feed-in of energy.
This likely affects how much of energy from wind offshore
turbines can be integrated in Germany’s energy system.

The first regression helps to identify measures for car-
bon emissions reduction of ‘‘equal effects”. On average, a
1EUR increase in CO2 price has the same effect as ca.
238MWh of solar energy, ca. 262MWh of wind offshore
energy and ca. 175MWh of wind onshore energy. With
capacity factors of 0.110, 0.376 and 0.217 in 20199, the
necessary additional installed capacities to achieve these
average effects would be 2,167MW, 696MW and 806MW,
respectively. These ‘‘equal effects”, however, have different
monetary implications, i.e. there are different abatement
costs associated with the discussed measures. For instance,
the above-mentioned 175MWh of onshore wind energy re-
places 112:5 tCO2 , equal to the average effect of a 1EUR
increase in the carbon price. Assuming levelized cost of
energy of 60EUR/MWh for wind energy (Fraunhofer ISE
2018), the abatement costs come out to be over 90EUR per
tCO2 , as roughly 1.5MWh of additional wind energy are
needed to replace reduce emissions by 1 tCO2 . Notably,
current CO2 prices are far from these values, which means
that a carbon price is the advantageous measure. It is also
important to consider that renewable energy generation is
associated with costs, possibly subsidized by the govern-
ment. Carbon prices, on the other hand, can be a source of
revenue for governments.

9 Summed up generation per technology in relation to installed capac-
ities in 2019 from Fraunhofer ISE (2020).
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Fig. 1 Effects on the emissions reduction by category. All values are Mt of CO2 emissions

Table 4 Annual mean values
of continuous explanatory
variables

Variable 2016 2017 2018 2019

Solar [MW] 4,373.98 4,554.22 5,269.63 5,425.28

Wind Offshore [MW] 1,400.27 2,043.38 2,207.88 2,819.87

Wind Onshore [MW] 7,718.58 10,125.57 10,530.71 11,561.33

Load [MW] 64,534.39 63,880.45 64,035.94 62,715.49

Gas Price [EUR/MWh] 14.26 17.50 22.34 15.08

Coal Price [EUR/t] 53.88 74.56 77.99 54.85

CO2 Price [EUR/t] 5.37 5.84 15.93 24.86

4.3 Computation of carbon emissions reduction
effects

Figure 1 depicts the composition of CO2 emissions reduc-
tions, from 2016 to 2019 as well as from 2018 to 2019.
Complementary, Table 4 lists all annual mean values of the
explanatory factors. The effects on CO2 emissions reduc-
tions are computed by multiplying the time series of the
respective year and variable with the corresponding coeffi-
cient of the first regression and subtracting the sum of the
second year from the sum of the base year.10

It is important to note that the depicted total annual
emissions are exceeded by total emissions stated in UBA
(2020a). The reasons for this are threefold. First, electricity
generation from oil-fired and non-renewable waste power
plants is not included in this analysis due to missing data.
Second, the assumption of a static efficiency for each fuel

10 For both year-to-year analyses, there is a static effect, which cap-
tures categorical changes between years, not captured by any other
variable. These effects correspond to the year dummy variables of the
regression.

type does not reflect inefficiencies during partial load op-
eration of power plants. Third, the used dataset has known
flaws (cf. Section 1).

It becomes evident that the CO2 emissions are reduced
between 2016 and 2019 largely due to an increase in wind
onshore generation (from below 8GW, on average, in 2016
to 11.6GW in 2019) as well as a substantial increase in
CO2 price (from 5:37EUR=tCO2

to 24:86EUR=tCO2
). A

reduced load also contributed substantially to the emissions
reduction. The drop from 64.5GW to 62.7GW average load
is relatively small compared to the substantial avoided emis-
sions of 11Mt, attesting to the influence of this factor. The
gas price is almost the same in both years. Therefore, its
slight increase only has a small positive effect on CO2 emis-
sions. The coal price plays a minute role due to a virtually
equal price in both years.

The CO2 emissions reductions from 2018 to 2019 are
mostly driven by a substantial drop in gas prices, from an
average of 22.34EUR/MWh in 2018 to 15.08EUR/MWh
in 2019. The decline in gas prices causes gas-fired power
plants to push CO2-intensive coal-fired power plants out
of the merit order, which reduces the overall emissions.

K
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This effect is not sustainable since an increase in gas prices
would reverse the CO2 savings. Therefore, it is necessary to
phase-out the carbon-intensive coal-fired power generation,
although it leads to higher compensations for the industry
(Breitenstein et al 2020). Renewable energy feed-in has a
relatively smaller effect due to similar generation levels in
both years. The CO2 price is still one of the larger fac-
tors due to an increase between both years. The substantial
drop in coal price from 2018 to 2019 has a relatively small
positive effect on emissions.

Finally, there are limits to this analysis. Utilizing regres-
sion analysis and the computation of average values pro-
vides reduction effects that are valid in the current system
but may not extend to changing systems. Therefore, the
effects may not be static. For instance, the emissions re-
duction effect of the carbon price may increase or decrease
with a changing system, e.g. more renewable expansion
and reduced load. This means that the carbon price may
become a more or less effective policy tool. Another lim-
itation of this analysis lies in the temporal scope. Future
research could include more years, e.g. re-conducting the
analysis, once 2020 data is available. Also, an expansion
of the method could help to identify more emissions reduc-
tion effects, i.e. a different specification of the regression
model, which could include interaction terms, e.g. making
emissions reduction effects dependent on the given situa-
tion of load and renewable energy feed-in. An alternative
approach could be the use of multivariate regressions to si-
multaneously model carbon emissions and generation from
conventional power plants to depict the mitigation effects
more completely.

5 Conclusion and policy implications

This analysis investigates the CO2 emissions drop in 2019.
Therefore, it hypothesizes and quantifies how fuel and car-
bon prices as well as load and renewable energy feed-in
affect carbon emissions in Germany. For this, regression
analyses are used to parse and explain the drivers of the
carbon emissions reduction from 2016 to 2019 and from
2018 to 2019.

The analysis suggests that the 2019 drop in carbon emis-
sions is rooted, to a large degree, in short-term market de-
velopments since the gas price declined substantially, when
compared to 2018 levels. When juxtaposing carbon emis-
sions in 2019 and 2016, the gas price effect is negligible
due to near-constant levels. Here, the effect of increased
renewable energy feed-in is more noticeable, although it is
substantial for both year-to-year comparisons. Importantly,
the carbon price is a large driver in both cases but espe-
cially for the 2016/19 comparison due to a great price in-
crease over the three-year interval. Also, reductions in load

have substantial negative effects on emissions. These three
factors are key elements of the sustainable transition of the
power system and are responsible for 80% of the emissions
reduction from 2016 to 2019. For securing the emissions
reduction by means of the CO2 price, the introduction of a
minimum price can make a great contribution.

When taking into account the emissions reduction tar-
gets, it becomes evident that carbon and gas prices as well
as the electricity demand and expansion of renewable en-
ergy capacities are the main determinants of emissions re-
duction. The multitude of influential factors makes analyses
difficult in times of various market changes, such as during
the Covid-19 crisis. Here, demand and gas prices declined
but so did carbon prices. Hence, counteracting tendencies
occur, whose effects are less clear-cut.

While emissions in 2019 benefited from a low gas price,
this is not a guaranteed effect because it is subject to world
market-driven factors. While low gas prices and high coal
prices surely benefit the carbon emissions in Germany, na-
tional policies cannot rely on these drivers. On the other
hand, the CO2 price, renewable capacities and load can be
influenced on the EU and national level. Therefore, pol-
icy makers should focus on these levers to bring about
emissions reduction, implemented by efficiency gains for
demand reduction, ambitious renewable energy goals and
high CO2 prices. An appropriate CO2 price is an indicator
of the ability of the EU ETS to mitigate CO2 emissions.

In contrast, policies to secure low gas prices for the Ger-
man power sector are hard to imagine. However, a phase-out
of power plant technologies, negatively affected by low gas
prices, would secure the emissions reduction effect of low
gas prices. In Germany, hard coal and lignite-fired power
plants would have to be phased-out since higher gas prices
increase their power production and thereby Germany’s car-
bon emissions. Although there is an overall-society compro-
mise on the coal phase-out, the government is delaying the
timely decommissioning of power plants. Regarding CO2

emissions, however, power plants need to be closed down
as soon as possible.
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