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Abstract: In many German energy projections, the assumption of power plant lifetimes plays a
central role, since it is often used in projections for the existing fleet of power plants or as a criterion
for decommissioning in model-based investigations. The result of these analyses is a power plant
capacity retirement graph, which is then used to determine the replacement demand. Especially
in the context of the German Energy transition (“Energiewende”) the amount and dynamics of
replacement play an important role. Against this background, a large number of studies have
been evaluated and fleet developments compared. Many studies refer to empirical values for the
assumption of lifetimes without specifying them in greater detail. This approach was used to conduct
an ex post lifetime analysis—accurate to each number of units—of German power plants that have
been decommissioned since 1990. The analysis is conducted with the aid of a power plant database,
which has been continuously updated for each individual unit since 1985. In addition to the power
plants currently in operation, the database includes also includes power plant units that have been
successively decommissioned over the past decades. The ex post analysis presents the first lifetime
analysis for decommissioned German plants, which can serve as a basis for future power plant fleet
projections. The analyses show that the lifetime of fossil-fired power plants has extended considerably.
For example, whereas the real lifetimes of coal-fired power plants were in a range of 30 to 35 years in
the 1990s, today they amount to 40 to 45 years on average.

Keywords: energy scenarios; power plant capacity; power plant fleet; operational lifetime

1. Introduction

The electricity sector is the biggest emitter of CO2 in Germany, accounting for more than 40% of
the country’s overall CO2 emissions. A significant increase in renewable electricity production is being
targeted in an attempt to meet the Federal Government’s objective of reducing national greenhouse
gas emissions by 80% or 95% by 2050. The aim is for renewable energy to account for at least
80% of electricity production in 2050 and to replace fossil-fuelled electricity generation. In addition,
the Federal Government has set out sectoral targets in its latest Climate Action Plan [1] in a bid to meet
its reduction objectives. In this context, the early phase-out of coal-fired power generation—and thus
also the lifetime of conventional power plants—has become the focus of energy and climate policy
discussions. The assumed lifetimes of power plants are important control variables for all energy
projections and scenarios, since they are often used to project the development of the existing power
plant fleet [2–11]. It is also important for the national grid development plan (Netzentwicklungsplan
Strom), which serves as a fundamental planning basis for the future expansion of the electricity grid.
The grid development plan is based on various scenarios, which, in turn, are based on the development
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of the power plant fleet—calculated on the basis of varied lifetime assumptions. The lifetime of power
plants is also of great significance in many other national projections [2–12], serving as a central
assumption for the simulation of the fleet dynamics.

An analysis of the lifetime assumptions of the respective energy projections reveals that they are
often insufficiently substantiated. As a rule, projections refer to empirical values without specifying
them in greater detail. Also, in an international context, only a few studies are focusing on lifetime
analysis and decommissioning aspects. Farfan and Breyer [13,14] analysed lifetimes for power plants
on a global and European scale using different data bases. However, they state that the data availability
is poor. García-Gusano et al. [15] analysed the impact of lifetime extension of coal fired power plants
located in Spain. The authors focused on technology retrofits like desulphurisation and denitrification.
However, they didn’t investigate in detail the age of existing power plants. Johnson et al. [16] analysed
global coal phase out strategies using the Message model. In the model a maximum lifetime for
coal fired power plants of 30 years is assumed without specifying in greater detail. Odenberger and
Johnsson [17] explored how investment in the UK electricity sector can contribute to meet the UK CO2

emission reduction goals. In their model a technical lifetime of 40 years was assumed for all thermal
power plants. The authors did not specify this assumption. Both from a national and international
perspective, it can be concluded that the derivation of lifetimes of power plants is a neglected topic.
It is therefore scarcely possible to classify or evaluate the projected development of the fleet. This paper
will thus analyse how the lifetimes of fossil-fired power plants have developed over the last few
decades in Germany. The analysis will be conducted with the aid of a power plant database, which
has been continuously updated since 1985 and in which Germany’s fossil-fired power plants are
registered—accurate to each individual unit. In addition to the power plants currently in operation,
the database includes power plant units that have been successively decommissioned over the past
decades. The average lifetimes of decommissioned plants can thus be determined. The results of the
analysis help to provide a basis for the lifetime assumptions of future energy projections. Furthermore,
they enable an evaluation of capacity projections. These form the basis of national coal phase-out
scenarios, for example.

The subsequent analysis is structured as follows. Section 2 features a description of the current
power plant fleet in Germany and its age structure. Section 3 contains an analysis of existing national
studies in which the development of the power plant fleet is projected using lifetime assumptions.
Section 4 includes an ex post analysis of power plants—down to the number of units—that have been
decommissioned over the last three decades in Germany. Section 4 features a discussion on lifetime
assumptions as well as a summary of the findings.

2. Germany’s Power Plant Fleet

The total installed capacity of power plants in Germany amounted to around 218 GW in 2017
(Figures 1 and 2). In 2017 the capacity of conventional thermal power plants (nuclear, fossil, waste)
was about 92 GW in total. Fossil-fired plants account for around 42% (82.3 GW) of the installed
power plant capacity. In 2017, they represented a roughly 50.8% (332 TWh) share of gross electricity
production. The installed capacity of renewable energy-based plants amounts to around 112 GW in
2017. Electricity production in 2017 stood at around 217 TWh, which corresponds to a roughly 33.3%
share of gross electricity production. Whilst renewable energy continues to gain importance, around
62.4% of electricity production in Germany currently comes from conventional thermal power plants
(fossil-fired, nuclear) (Table 1) [18–21].

The transformation of the energy sector (Energiewende) has led to a significant expansion of
renewable electricity production capacity in the last few years. From 1970 to around 2005, the increase in
power plant capacity has correlated with the rise in electricity production and consumption. Since 2005,
an increasing divergence of installed power plant capacity from electricity consumption/production
has been observed (Figure 3). This is due to the significant expansion of renewable energy (especially
wind, PV) and, in turn, the considerably reduced full-load hours as a result of the fluctuating nature
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of power being fed into the grid. All of this means that a significantly higher production capacity is
required to cover electricity consumption.
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Table 1. Electricity production and power plant capacity in Germany 2017 according to [18,22].

Energy
Sources

Electricity Production
(TWhGross)

Share of Total Electricity
Production (%)

Capacity
(GWNet)

Share of Total
Installed Capacity (%)

Lignite coal 147.5 22.5 21.3 9.8
Hard coal 92.6 14.1 25 11.5

Natural gas 86.5 13.2 29.5 13.5
Oil 5.9 0.9 4.4 2.0

Nuclear 76.3 11.7 10.8 5.0
Wind 106.6 16,3 55.8 25.6

PV 39.9 6.1 42.4 19.5
Biomass 45.5 6.9 7.8 3.6

Note: All values are preliminary.
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Figure 3. Development of capacity, electricity production, and consumption since 1970 [23–26].

In Germany, 486 fossil-fired power plant units are currently in operation with an overall capacity
of 80.1 GW [27]. Figure 4 shows an evaluation of the Federal Network Agency’s official power plant
database (as of March 2017), which registers all plants with a capacity greater than 10 MW. According
to the evaluation, 213 plants with an overall capacity of 39.6 GW are older than 30 years. Coal-fired
power plants are significantly older than the average value. A total of 36 of all lignite-fired power
plants (55% of all units, installed capacity: 11.3 GW) and 58 of all hard-coal-fired power plants (57% of
all units, installed capacity: 16 GW) are older than 30 years. The following average age (Table 2) can be
calculated for the lignite-fired power plants currently in operation: a lignite-fired power plant unit
today has an average age of 32.9 years (weighted with number of units). If weighted with unit capacity,
the average age per MW is around 30.4 years (weighted with capacity). The comparable values for
hard-coal-fired power plants amount to 32.9 years (weighted with number of units) or 27.3 years
(weighted with capacity). The values weighted with the number of units are higher, since in the past,
unit capacity was lower and the number of plants was higher. In comparison, natural-gas-fired power
plants are considerably younger. Only 86 of 283 power plants with a capacity of 9.3 GW are older
than 30 years, which corresponds to a 33% share of overall natural-gas-fired capacity. The average age
amounts to 22.8 years (weighted with capacity) or 24.1 years (weighted with number of units).
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Table 2. Average age of existing fossil-fired power plants in Germany.

Energy Sources Age (Weighted with Capacity) Age (Weighted with Number of Units)

Lignite coal 30.4 32.9
Hard coal 27.3 32.9

Gas 22.8 24.1
Oil 37.5 34.4

3. Lifetime Assumptions in National Energy Projections

The following section is an evaluation of selected national energy projections and scenario
frameworks that play, or have played, a significant role in the discussion on energy policy in Germany.
The evaluation is focused on the development of the fleet of fossil-fired power plants as well as the
assumptions that are made in the process. Before evaluating the studies in detail, a classification of the
term “lifetime” is made, since very different terms are used in many studies with respect to the life cycle
or lifetime of a power plant. The term “technical” lifetime, for instance, is frequently used. A power
plant is a complex technical system, comprising a large number of parts and components. The term
“technical” lifetime is well established and is often used in the field of plant engineering for individual,
highly stressed parts and components, for which the degree of exhaustion or remaining lifetime
consumption must be given in accordance with the relevant regulations. Ultimately, technical aspects
such as continuous wear or spontaneous damage are the reasons for components being replaced. It is
only in such cases that the term “technical” lifetime applies. However, a power plant consists of
thousands of individual components, meaning it is generally not possible to determine the technical
lifetime of a power plant system. Furthermore, the reasons for decommissioning a complex power
plant system are never motivated solely by technical aspects. In addition to the technical condition of a
plant (dependent on the type of maintenance strategy), the decision to decommission a power plant is
subject to the context of the electricity market, the framework conditions of energy and environmental
policy, and also on fuel markets. It must also be emphasized that the decision to decommission
a plant is always a strategic and economic calculation made on the part of a single energy supply
company, and one which also optimizes that company’s portfolio. If one power plant has several
supply functions (electricity, district heat, process steam), this limits the decision-making scope of a
company, which in turn has a direct influence on the decommissioning decision. The same applies for
the dependence on fuel procurement in the case of lignite-fired power plants. It is therefore not correct
to use the term “technical” lifetime for a power plant system. Thus the term “lifetime” or, in accordance
with Farfan and Breyer [13], “operational lifetime” should be used. A lifetime assumption, as made for
energy projections, describes the sum of all causes or influences that lead to the decommissioning of a
power plant. Only in a few exceptional cases is a decision to decommission a plant taken on the basis
of a few individual causes. If the lifetime assumptions are based on observed empirical values, it must
be noted that to a certain extent they always reflect the prevailing context of energy and environmental
policy as well as market conditions.

3.1. Evaluation of Lifetime Assumptions in Projections

This section features an evaluation of existing scenarios and forecasts in which the development of
the power plant fleet is projected. The selection of studies was made according to significance (e.g., grid
development plan) and topicality. A particular focus is placed on studies that were conducted as part
of the coal phase-out discussion. Table A1 (Appendix A) contains the respective lifetime assumptions
that were compiled for a projected fleet development in the individual studies. For the national
electricity grid development plans, which are compiled every two years, the development of the
existing fleet of power plants is projected for each projection year on the basis of the year the plants
were commissioned and the lifetime of plants. The same lifetime was assumed in the grid development
plans from 2011 to 2014, independent of scenarios. This lifetime was described as being in the “upper
range of lifetimes” assumed in studies. However, there is no mention of which studies were referred to.
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The demand of critics for a varied lifetime assumption rather than a blanket figure was not fulfilled
in the first grid development plan [28]. It was only in 2015 that the grid development plans started
to include different assumptions—dependent on scenarios—for the lifetimes of fossil-fired power
plants. The lifetimes vary in a range of 10 years based on the values of previous grid development
plans. There is no explanation as to why the range of 10 years was chosen. Lignite-fired power plants
represent a peculiarity in the scenario framework for the 2015 grid development plan. In the scenario
framework draft [29] published for consultation, the transmission grid operators of lignite-fired power
plants propose a projection of the existing fleet based on the service life of open-cast mining areas.
The reason given is that power plant operation and coal extraction cannot be considered separately.
However, lifetimes are neither cited nor is the calculation method explained.

In a coal phase-out study commissioned by AGORA [30], different lifetimes of coal-fired power
plants are assumed for individual periods of time. Based on the assumption of a coal phase-out by
2040, various phases (initiation, consolidation, phase-out) are defined over the course of time. For these
phases, the lifetime assumptions are increasingly reduced over time to ensure that a phase-out can
be achieved by 2040. In doing so, framework conditions such as the sufficient amortization of newer
plants are taken into consideration. The decision as to which individual plants are shut down in the
various phases is made according to the age of the plants. As a general rule, it is assumed that the
older a power plant unit is, the lower its efficiency is. The phase-out study also contains a reference
development, which serves as a standard of comparison for the coal phase-out. In addition, different
types of phase-out are investigated (2045: gradual phase-out; 2035: ambitious phase-out). In the
reference scenario, a lifetime of 40 years and 50 years is assumed for hard-coal-fired and lignite-fired
power plants, respectively. There is no detailed justification for these assumptions.

Various coal phase-out scenarios (SZ2, SZ3, etc.) are analyzed in a study by the Institute for Future
Energy Systems (IZES) [8]. A comparison is made with a reference scenario, whose power plant fleet
development is based on the “Strom 2015” grid development plan. The gradual retirement of the
fleet is calculated according to the specific CO2 emissions of each individual power plant unit. This is
determined on the basis of efficiency, which in turn is dependent on the age of a plant. It is generally
assumed that the oldest plants have the worst efficiencies. For the ambitious phase-out scenarios,
relevant corrections (earlier decommissioning of capacities) are made so as to meet the targets set
(e.g., CO2 reduction target by 2020 or complete phase-out by 2040). There is no explanation given for
the corrections made.

In an analysis by the German Institute for Economic Research (DIW) [11,31], a partial phase-out
of coal-fired power plants is investigated against the backdrop of the Climate Action Programme in
order to maintain the CO2 reduction target by 2020. The dynamics of the additional reduction in coal
power capacity is determined via blanket capacities to be decommissioned (differentiated according to
lignite and hard coal). Age is the determining factor with respect to which individual plants make
up the capacities to be decommissioned. As with the analyses of [8,30], it is assumed that a power
plant becomes less efficient with increasing age. On this basis, a ranking is produced of plants to
be decommissioned.

A study by ECOFYS [32], which played an important role in the energy policy discussions of
policymakers, analyzes the phasing out of coal-fired power generation (hard coal: 2040, lignite: 2030).
In this study, the projection of the coal-fired power plant fleet is determined on the basis of emission
allowances as well as the specific emissions of each individual power plant unit. If the emissions
allowance is used up, the power plant unit is shut down. Particular attention is paid to combined
heat and power plants, which are only ever shut down after the decommissioning of all power plants
without district heat extraction.

On the basis of Forschungszentrum Jülich investigations [33,34], which were completed almost
20 years apart, it can be seen that significantly higher lifetimes are today being assumed than was
previously the case. A separate analysis investigated the extent to which an assumed lifetime must be
reconciled with the operating hours outlined in the design phase and operation mode of a power plant
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(warm or cold starts) [35]. The number of warm and cold starts is interpreted as consuming lifetime,
which in turn is used to calculate the lifetime of a power plant. In this context, it is worth referencing a
study by Meinke [36] for an existing hard-coal-fired power plant, in which lifetime consumption was
analyzed in detail as a function of the operation mode of the plant.

A Ph.D. thesis of Nollen [37] looks at the technical lifetime of power plants as well as expenditure
for the maintenance and servicing of older fossil-fired and nuclear power plants. On the one hand, the
study analyzes the influence of increasing maintenance and servicing costs over time with the aid of
a dynamic investment appraisal. An “economic” lifetime can thus be derived for different types of
power plants, whereby various parameters (e.g., energy carrier prices, utilization) can be varied. On the
other hand, the influence of aging is analyzed in the form of maintenance and servicing strategies
within the context of the entire power plant fleet. Using a model that depicts the German power plant
fleet, expansion strategies are calculated and thus scenario-dependent lifetimes are derived within the
context of the power generation system as a whole.

The Federal Ministry of Economics and Energy (BMWi) periodically commissions national energy
projections to be conducted, which have played an important role in the context of national discussions
concerning the energy sector. For this reason, projections from the last 20 years are analyzed with
respect to their assumed lifetimes. In the energy forecast from 1995 [38], for example, lifetimes of 30
to 35 years were assumed, although no specific distinction of power plants was cited. There is no
justification given for this assumption. It is only in the forecasts from 1999 [39] and 2005 [40] that there
is first reference to how the point of decommissioning for a power plant is determined in a manner
endogenous to the model. The 2005 forecast also states that an additional maximum technical lifetime
is given in the model which must not be exceeded. There is no mention of the basis on which this
assumption was made. One criterion endogenous to the model for shutting down a power plant is
such that if the contribution margin of a power plant is not sufficient to cover the fixed costs, the plant
is shut down. A more detailed explanation of the principles underlying the model is not given.

There is also an evaluation of a study concerning energy scenarios for an energy concept [6], which
served as an essential guide in formulating the German Federal Government’s Energy Concept [41]
and was again commissioned by the Federal Ministry of Economics and Energy (BMWi). With respect
to the power plant fleet projections, there is no information concerning the lifetime assumptions or the
method for deriving the point of shut-down for plants.

The evaluation highlights that in many projections, lifetimes are neither cited nor addressed.
All studies in which the lifetimes are assumed exogenously are based on empirical values of which
the data source is not mentioned. In other studies concerning the coal phase-out [2,11,32], a ranking
is determined as a function of efficiency and specific CO2 emissions. Based on the assumptions of
national emissions caps for the power plant fleet, the power plants with the highest emissions levels are
then shut down successively. In the studies of [10,39,40], the point of decommissioning is determined
endogenous to the model. However, in such instances, maximum possible technical lifetimes are set as
a limit. If this limit is reached, the power plants are definitely shut down.

3.2. Classification of Fleet Projections According to the Example of Coal-Fired Power Plants

As shown in the previous evaluation, not all studies refer to lifetimes. In such cases, only the fleet
development is given. This is particularly true for studies [10,39,40] in which lifetimes are determined
endogenously. In order to assess the fleet dynamics, however, the capacity trends of current projections
will be compared in the following, based on the example of coal-fired power plants. In doing so,
a distinction will be made between lignite-fired power plants and hard-coal-fired plants. The capacity
projections are illustrated in Figures 5 and 6. A number of studies only indicate the installed capacities
for a few individual years, meaning it is not possible to depict more finely defined fleet dynamics.
In these cases, residual capacities are marked as dots in Figures 5 and 6. The range of scenarios within
the studies is represented by an upper and a lower value.
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3.2.1. Lignite Coal-Fired Power Plants

In order to assess the fleet dynamics of the studies, fleet developments (Figure 5) through to the
year 2050 are calculated on the basis of today’s fleet of power plants and under the assumption of
different lifetimes (40, 50, and 55 years), which are then used as a standard of comparison. As database,
we use our own database. Based on the year the plants were commissioned and the various lifetime
assumptions, the decommissioning year for individual power plants was calculated and the individual
capacities determined for the relevant years. Figure 5 shows the fleet developments resulting from
these calculations (gray lines). If a lifetime of 50 years is assumed, the remaining capacity would fall to
around 10.8 GW by 2030 and to just 4.5 GW by 2050. If a lifetime of 40 years is assumed, however, the
comparable values amount to 8.7 GW (2030) and 2.7 GW (2050), respectively. It can also be seen that
the initial capacity in 2015 is much lower than the actual existing capacity. This is due to the fact that
many plants are today already significantly older than 40 years (cf. Figure 4).

The scenario framework of the grid development plan 2025 (NEP Strom 2025) [42] assumes
lifetimes of 40 to 50 years for coal-fired power plants. A comparison of the calculated fleet development
as well as the values for 2035 (purple dots) shows good agreement and illustrates the validity of the
calculated capacity developments which serve as a standard of comparison.

Of particular interest are the studies [5,10] in which the authors state that fleet development
and thus also the lifetimes of power plants were determined endogenously. The upper value of the
study of EWI/Prognos/GWS (BMWi energy report) [5] characterizes a trend scenario (business as
usual) and the lower value the target scenario (−80% by 2050). In both scenarios, the endogenously
determined lifetimes are much higher than 55 years. A similar development is observed in the study
of Öko-Institut/ISI FhG [10]. The capacity data reveal that the endogenously calculated lifetimes
fall within a range of 50 years (−80% CO2 reduction scenario by 2050) and more than 55 years
(reference case).
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Figure 5 also contains the fleet developments of various studies that include an accelerated coal
power phase-out. The most ambitious of the proposed fleet developments is that of [8], which outlines
a more than 15 GW capacity withdrawal within a very short period of time (2018–2020). For the period
after 2020, the residual capacity remains more or less at the same low level. The fleet developments in
the [2,32] studies commissioned by Greenpeace in 2012 and 2015 are also ambitious. The course of
development until 2026 roughly corresponds with a lifetime in the range of 40 to 50 years. It is only
after 2026 that a very accelerated phase-out of lignite power is assumed.

3.2.2. Hard Coal-Fired Power Plants

Similar to the previous section, fleet developments (gray lines) for hard-coal-fired power plants
were also calculated, which are based on the existing power plant fleet and lifetimes of 40, 50, and
55 years (Figure 6). As database, we use our own database. These calculations again serve as a
standard of comparison in the following observations. If a lifetime of 45 years is assumed, 17.7 GW
of today’s hard-coal-fired power plant capacity would still be available in 2030, a figure which falls
to roughly 8 GW by 2050. If a lifetime of 40 years is assumed, the comparable residual capacities
amount to 10.5 GW (2030) and 8 GW (2050), respectively. In comparison with the capacity development
of the grid development plan 2025 [42], there is a significant disparity for the year 2025. Its lower
value amounts to around 8 GW. For the year 2035, the disparity between the lower and upper value
is only minimal. This suggests that the assumed lifetimes of 40 and 50 years were not consistently
applied to all power plant units in the grid development plan. The two studies of EWI et al. [5]
and Öko-Institut et al. [10], in which the fleet development was determined endogenously, are again
discussed in more detail. The reference development (trend) of the study of EWI/Prognos/GWS
2014 (BMWi Energy Report) [5] is well above the retirement graph of 55 years. Until 2040, it roughly
corresponds to a fleet development that assumes a lifetime of 55 years. For the period thereafter,
a considerably higher lifetime is assumed. Remarkably, there is an increase in capacity between 2020
and 2030 in the trend scenario (upper value). A similar effect can be seen in the reference development
(upper value) of the study by Öko-Institut/FhG ISI 2015 [10]. The reason given for the capacity increase
is that the capacity data only cover the power plants in operation. Power plants in cold reserve, and
which are thus temporarily decommissioned, are not counted. In 2030, a number of these plants are
reactivated and put into operation again, which leads to an increase in capacity of the power plants
in operation. As can be seen in Figure 6, from 2030 onwards the fleet development of the reference
scenario for the [10] study lies considerably above the calculated fleet development in which a lifetime
of 55 years was assumed. This indicates that the lifetimes of plants are considerably higher than
55 years from 2030. In the reference scenario of the EWI/Prognos/GWS study 2014 [5], which has
been carried out on behalf of the Federal Ministry for Economic Affairs and Energy (BMWi) the fleet
dynamics are oriented towards the development of the calculated fleet dynamics. It is only as of 2040
that a significantly higher capacity is assumed.

Figure 6 also includes a number of fleet developments that were determined within the framework
of the coal phase-out discussion. The most ambitious reduction in coal-fired power plant capacity is
described in the scenario (−95% CO2 reduction) in the study by the Öko-Institut/FhG ISI 2015 [10].
As early as 2020, more than 50% of the entire power plant fleet would have to be decommissioned,
which would correspond to a lifetime considerably below 40 years. Until 2040, the curve follows that
of the calculated fleet dynamics (40 years) and falls off sharply thereafter. Another ambitious phase-out
scenario (SZ3) can be seen in the study by IZES [8]. The hard-coal-fired power plant capacity declines
to a value of almost 7 GW by 2030 and remains more or less at this level until 2050. A comparison with
the calculated fleet development (40 years) shows that the lifetime of the plants is also considerably
below 40 years. In the projection of ECOFYS 2012 [32] study, the fleet projection lies between the
calculated curves (40, 45 years). From 2035 onwards, an accelerated reduction in hard coal power
capacity is assumed. Furthermore, a complete phase-out is assumed by the year 2040.
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4. Ex Post Analysis

The analysis in the previous section shows that in many studies lifetime assumptions are used to
project power plant fleet developments. Other studies, in which the point of shut-down is calculated
endogenously, take maximum technical lifetimes as an absolute limit which must not be exceeded.
The exogenous specification of lifetimes is essential, irrespective of the methodology used to determine
the fleet developments. Nearly all studies rely on figures based on “empirical values” when making
lifetime assumptions, without specifying them more closely, however. The validity of the assumptions
made cannot be determined. For this reason, an ex post analysis is conducted to determine the real
lifetimes of power plants. The analysis covers all fossil-fired power plants that were decommissioned
in Germany over the last 30 years. The basis for the data is provided by, for instance, the power
plant database of Forschungszentrum Jülich, which was established in the mid 1980’s and has been
continuously updated ever since. In addition to the power plant units currently in operation, the
database also includes decommissioned plants. The following ex post analysis exclusively takes into
account the decommissioned plants, whose characterization (year of commissioning, energy source
used, year of decommissioning) is clear. The analysis investigates the periods from 1990 to 1999 and
2000 to 2014. For many decades the electricity market was a monopoly market. The liberalization of
the electricity market was initiated in 1998. Against this background, the periods were set. If operators
wish to decommission a power plant, they are legally obliged to inform the Federal Network Agency
in accordance with § 13a of the Energy Industry Act (EnWG). The Federal Network Agency maintains
a list of power plant closure notifications. The power plant units listed in the decommissioning list
(as of 30 March 2017) are also included in this lifetime analysis.
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4.1. Plants Decommissioned between 1990 and 1999

The following analysis for the given period is specifically restricted to plants in the old federal
states of Germany (West Germany). This is because the power plants decommissioned in the new
federal states (East Germany) following German reunification represent an exception and the history
of these plants cannot be compared to those in the old states. A total of 72 fossil-fired power plant
units were decommissioned in the old states during this period (Figure 7). The total capacity of
decommissioned power plants amounted to around 6240 MW (Figure 8). Hard-coal-fired power plants
had the largest total number of units decommissioned (28), followed by oil (18), lignite (16), and natural
gas (10). The average age (weighted with capacity) amounted to 36.3 years for lignite-fired power plant
units, 32.9 years for hard-coal-fired plant units, and 30.5 years and 26.2 years for natural gas-fired and
oil-fired power plant units, respectively. In nearly all cases, the decommissioned power plant units are
what would today be considered as relatively small plant units that reflect the state of the art of their
respective years of commissioning. The total decommissioned capacity is relatively low in comparison
to the total capacity decommissioned between 2000 and 2014 (14,400 MW). One of the reasons for this
was the retrofitting of existing coal-fired power plants with flue gas desulfurization and denitrification
facilities between 1983 and 1993. This was generally accompanied by a modernization process, which
extended the lifetimes of the plants. Furthermore, it can be seen that a significant number of power
plant units were already decommissioned during the implementation of the Federal Immission Control
Act. As a result of this act (13th BlmSchV) entering into force, the operators of coal-fired power plants
were faced with the choice of retrofitting existing coal power plants with flue gas desulfurization and
denitrification facilities or indicating the remaining lifetime of the plants before shutting them down
by no later than 1993. This is why around 5700 MW of coal-fired power plants (hard coal: 3000 MW;
lignite: 2700 MW) were decommissioned between 1985 and 1993. Due to economic reasons, it made
no sense to retrofit these existing plants [33]. This was the case for a total of 35 hard-coal-fired power
plant units and 28 lignite-fired plant units. The average lifetime (weighted with capacity) amounted
to 30.1 years (hard coal) and 34 years (lignite), respectively. If these lifetimes are compared with the
values for the period from 1990 to 1999, it can be seen that the plants decommissioned as part of 13th
BImSchV were taken offline roughly two years prior to their expected end of life.

Energies 2018, 11, x FOR PEER REVIEW  11 of 20 

 

4.1. Plants Decommissioned between 1990 and 1999 

The following analysis for the given period is specifically restricted to plants in the old federal 
states of Germany (West Germany). This is because the power plants decommissioned in the new 
federal states (East Germany) following German reunification represent an exception and the 
history of these plants cannot be compared to those in the old states. A total of 72 fossil-fired power 
plant units were decommissioned in the old states during this period (Figure 7). The total capacity 
of decommissioned power plants amounted to around 6240 MW (Figure 8). Hard-coal-fired power 
plants had the largest total number of units decommissioned (28), followed by oil (18), lignite (16), 
and natural gas (10). The average age (weighted with capacity) amounted to 36.3 years for lignite-
fired power plant units, 32.9 years for hard-coal-fired plant units, and 30.5 years and 26.2 years for 
natural gas-fired and oil-fired power plant units, respectively. In nearly all cases, the 
decommissioned power plant units are what would today be considered as relatively small plant 
units that reflect the state of the art of their respective years of commissioning. The total 
decommissioned capacity is relatively low in comparison to the total capacity decommissioned 
between 2000 and 2014 (14,400 MW). One of the reasons for this was the retrofitting of existing coal-
fired power plants with flue gas desulfurization and denitrification facilities between 1983 and 
1993. This was generally accompanied by a modernization process, which extended the lifetimes of 
the plants. Furthermore, it can be seen that a significant number of power plant units were already 
decommissioned during the implementation of the Federal Immission Control Act. As a result of 
this act (13th BlmSchV) entering into force, the operators of coal-fired power plants were faced with 
the choice of retrofitting existing coal power plants with flue gas desulfurization and denitrification 
facilities or indicating the remaining lifetime of the plants before shutting them down by no later 
than 1993. This is why around 5700 MW of coal-fired power plants (hard coal: 3000 MW; lignite: 
2700 MW) were decommissioned between 1985 and 1993. Due to economic reasons, it made no 
sense to retrofit these existing plants [33]. This was the case for a total of 35 hard-coal-fired power 
plant units and 28 lignite-fired plant units. The average lifetime (weighted with capacity) amounted 
to 30.1 years (hard coal) and 34 years (lignite), respectively. If these lifetimes are compared with the 
values for the period from 1990 to 1999, it can be seen that the plants decommissioned as part of 
13th BImSchV were taken offline roughly two years prior to their expected end of life. 

 
Figure 7. Number of decommissioned fossil-fired power plant units in the period from 1990 to 1999 
in Germany (only states of former West Germany). 
Figure 7. Number of decommissioned fossil-fired power plant units in the period from 1990 to 1999 in
Germany (only states of former West Germany).



Energies 2018, 11, 1616 12 of 20
Energies 2018, 11, x FOR PEER REVIEW  12 of 20 

 

 
Figure 8. Capacity of decommissioned fossil-fired power plant units in the period from 1990 to 1999 
in Germany (only states of former West Germany). 

4.2. Plants Decommissioned between 2000 and 2014 

In the following section, we look at power plant units decommissioned in Germany between 
2000 and 2014 (Figures 9 and 10). The analysis does not cover the power plants put into cold 
reserve, whose capacity amounted to around 5100 MW in 2014 (19 power plant units, 
predominantly gas-fired). A total of 99 units with a capacity of around 14,400 MW were 
decommissioned between 2000 and 2014. Hard coal made up the biggest share of capacity at 
around 40%, while also accounting for roughly half of all decommissioned plants. Gas-fired power 
plant capacity made up a roughly 25% (19 units) share of capacity. This mainly concerned large gas-
fired steam power plant units built in the 1970s that were no longer economically viable to operate. 
The same was true for the oil-fired power plant units, which accounted for a roughly 16% share of 
capacity. The average lifetimes (weighted with capacity) of hard-coal- and lignite-fired power 
plants amounted to 40.9 years and 43.3 years, respectively. The range of observed lifetimes is again 
considerable, spanning from 26 to 55 years (hard coal power plants) and from 23 to 57 years (lignite 
power plants). If the lifetimes of coal-fired power plants during this period are compared to those 
of the plants decommissioned between 1990 and 1999, a significant increase in lifetime of seven 
years for lignite and eight years for hard coal can be seen. One of the reasons for this is likely the 
modernization of the plants which took place during the retrofitting of flue gas cleaning facilities, 
thus extending their lifetimes. Around 45% of the decommissioned hard coal power plant capacity 
and 55% of the decommissioned lignite power plant capacity were shut down during the last five 
years (since 2010). While the decommissioning of hard coal plants is predominantly due to long-
term planning measures (e.g., replacement with new plants), the increasingly difficult revenue 
situation is also likely to have been a significant factor in their decommissioning over recent years. 
Following the liberalization of the market, it soon became clear that there was a significant 
overcapacity of power plants in Germany, established within the framework of a monopolized 
market (see Markewitz & Vögele [43]). The pressure of a liberalized market led to a large number of 
plants being put into cold reserve or long-term preservation. The strategic retention of the power 
plant site is also likely to have played a role. As electricity production from renewable energy 
sources increased, this subsequently led to the decommissioning of many plants. The strategically 
motivated calculation behind the retention of a power plant site was thus dropped, as the 
reconstruction of coal-fired power plants and the replacement of obsolete plants became 
increasingly unlikely. 

Figure 8. Capacity of decommissioned fossil-fired power plant units in the period from 1990 to 1999 in
Germany (only states of former West Germany).

4.2. Plants Decommissioned between 2000 and 2014

In the following section, we look at power plant units decommissioned in Germany between
2000 and 2014 (Figures 9 and 10). The analysis does not cover the power plants put into cold reserve,
whose capacity amounted to around 5100 MW in 2014 (19 power plant units, predominantly gas-fired).
A total of 99 units with a capacity of around 14,400 MW were decommissioned between 2000 and 2014.
Hard coal made up the biggest share of capacity at around 40%, while also accounting for roughly
half of all decommissioned plants. Gas-fired power plant capacity made up a roughly 25% (19 units)
share of capacity. This mainly concerned large gas-fired steam power plant units built in the 1970s that
were no longer economically viable to operate. The same was true for the oil-fired power plant units,
which accounted for a roughly 16% share of capacity. The average lifetimes (weighted with capacity)
of hard-coal- and lignite-fired power plants amounted to 40.9 years and 43.3 years, respectively. The
range of observed lifetimes is again considerable, spanning from 26 to 55 years (hard coal power
plants) and from 23 to 57 years (lignite power plants). If the lifetimes of coal-fired power plants during
this period are compared to those of the plants decommissioned between 1990 and 1999, a significant
increase in lifetime of seven years for lignite and eight years for hard coal can be seen. One of the
reasons for this is likely the modernization of the plants which took place during the retrofitting of flue
gas cleaning facilities, thus extending their lifetimes. Around 45% of the decommissioned hard coal
power plant capacity and 55% of the decommissioned lignite power plant capacity were shut down
during the last five years (since 2010). While the decommissioning of hard coal plants is predominantly
due to long-term planning measures (e.g., replacement with new plants), the increasingly difficult
revenue situation is also likely to have been a significant factor in their decommissioning over recent
years. Following the liberalization of the market, it soon became clear that there was a significant
overcapacity of power plants in Germany, established within the framework of a monopolized market
(see Markewitz & Vögele [43]). The pressure of a liberalized market led to a large number of plants
being put into cold reserve or long-term preservation. The strategic retention of the power plant site is
also likely to have played a role. As electricity production from renewable energy sources increased,
this subsequently led to the decommissioning of many plants. The strategically motivated calculation
behind the retention of a power plant site was thus dropped, as the reconstruction of coal-fired power
plants and the replacement of obsolete plants became increasingly unlikely.
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4.3. Federal Network Agency’s List of Power Plant Closure Notification

The following section features an analysis of the power plants that are expected to be dismantled
in the near future (Figures 11 and 12). The analysis is based on the Federal Network Agency’s list
of power plant closures (as of 30 March 2017), which includes all closure notifications submitted by
power plant operators in accordance with § 13a of the EnWG [44]. The following analysis does not
make a distinction between whether the power plant closure is a temporary or final measure. Power
plants classified as systemically relevant are also included in the analyses, since closure requests are
made by operators who intend to decommission plants. For power plants that have been submitted for
closure without a specific year of decommissioning, 2018 is taken to be the year of closure for reasons
of simplicity.

The total installed capacity of the fossil-fired power plant units listed for closure (37 in total)
amounted to 8947 MW. This includes the lignite-fired power plant units that will initially be available
only as security reserve before subsequently being decommissioned (electricity market law). Gas-fired
power plants make up around 16.5% of the total capacity to be decommissioned (13 units), whereas
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hard-coal-fired power plants have a roughly 57% share (13 units) and lignite-fired power plants and
oil-fired power plants account for 23.5% (7 units) and about 3% (4 units), respectively. The lifetimes
are broken down into time intervals and depicted in Figures 11 and 12. Around 54.7% of lignite-fired
power plant capacity and 60% of hard-coal-fired plant capacity is older than 35 years. Weighted with
capacity, lifetimes of 39.5 years and 38.6 years are calculated for lignite and hard coal power plants,
respectively. For oil-fired power plants, the comparable value amounts to 47.5 years. If the seven
lignite-fired power plant units set to be put in a temporary back up reserve are taken as a basis, this
works out at an age of 44.2 years (weighted by capacity) if the maximum possible operating lifetime
(4 years) is exhausted. Five of these plants alone will have demonstrated a lifetime of 50 years by the
next possible point of closure.
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4.4. Results Comparison

The ex post analysis reveals that the lifetimes of power plants have increased significantly in the
last few years. Table 3 contains a summary of the lifetimes weighted with capacity for the respective
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periods of time. For example, the average age of coal fired power plants in the period from 2000 to
2014 was considerably over 40 years. The lifetimes of power plant units currently listed for closure
are slightly lower than in the period from 2000 to 2014, with the exception of oil-fired power plants.
Table 4 includes the lifetimes of decommissioned units, whereby the average value is calculated
using the number of units. The previously identified trend of increasing power plant lifetimes is also
confirmed here.

Table 3. Average age of existing power plants and average lifetime of decommissioned power plants
in Germany (weighted with capacity of units).

Age Lifetime of Decommissioned Power Plants

Energy Source Existing Stock ≥1990 and ≤1999 ≥2000 and ≤2014 (1) Scheduled for
Decommissioning § 13a EnWG

Lignite 30.4 36.3 43.3 39.5

Hard coal 27.3 32.9 40.9 38.6

Gas 22.8 30.5 29.5 27.5

Oil 37.5 26.2 29.5 47.5

Note: (1) excluding cold reserve.

Table 4. Average age of existing power plants and average lifetime of decommissioned power plants
in Germany (weighted with number of units).

Age Lifetime of Decommissioned Power Plants

Energy Source Existing Stock ≥1990 and ≤1999 ≥2000 and ≤2014 (1) Scheduled for
Decommissioning § 13a EnWG

Lignite 32.9 33.9 45.1 38.9

Hard coal 32.9 35.1 39.5 41.0

Gas 24.1 31.2 32.7 29.0

Oil 34.4 32.3 32.9 47.5

Note: (1) excluding cold reserve.

With the exception of gas-fired power plants, the current fleet of fossil-fired power plants in
Germany is relatively old. For instance, a coal-fired power plant unit in Germany has an age of around
33 years on average. Nearly 36% of all lignite-fired plants and 30% of all hard-coal-fired power plants
are older than 40 years, whilst 22 coal-fired power plant units are older than 50 years. However,
compared with the lifetimes of decommissioned plants, a significant number of coal-fired power plants
have considerably lower lifetimes in the event of an accelerated premature phase-out, as has been
observed in the recent past.

Farfan and Breyer [13,14] did a lifetime analysis for different power plant types on a global scale.
900 power plant units which have been decommissioned worldwide are analyzed. The analysis shows
that average lifetime (weighted with capacity of units) for different technologies is 34 years (gas-fired),
34 years (oil-fired), and 40 years (coal-fired). The authors do not differentiate between lignite and hard
coal-fired power plants. The values for gas-fired and oil-fired power plants are larger than the lifetimes
observed in Germany (1990–2014). The global values for coal-fired power plants are only in line with
operational lifetimes of hard coal power plants, which have been analyzed for the time (2000–2014)
in Germany.

5. Summary and Conclusions

The assumption of lifetimes plays an important role in many capacity forecasts. The evaluation
of various national studies illustrates the effects of assuming different lifetimes on capacity forecasts.
It should also be noted that many studies refer to empirical values for the assumption of lifetimes
without specifying them in greater detail. This approach was used to conduct an ex post lifetime
analysis—accurate to each number of units—of German fossil fired power plants that have been
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decommissioned since 1990. The analyses show that lifetimes of fossil power plants increased
significantly over the past decades. Between 1990 and 1999 the average lifetime of coal fired power
plants ranged from 33 years (hard coal) to 36 years (lignite coal). In contrast, between the years 2000
and 2014, they were significantly higher by seven to eight years.

A reliable statement on the reasons why a plant is decommissioned can only be made qualitatively.
In general, it can be said that behind any decision to shut down a plant is an economic calculation
focused on optimizing a company portfolio which takes external influences (e.g., electricity market
revenues, fuel market, CO2 prices, etc.) into particular consideration. Only in exceptional cases can an
operator’s decision to decommission a plant be traced back to a few specific reasons. It is much more
the case that such a decision is generally a result of numerous reasons and considerations, which are
also reflected in the previously monitored lifetimes. The analyses show that there has been a significant
increase in average lifetimes over the last few decades. An analysis of the Federal Network Agency’s
current list of power plant closure notifications suggests that this development is set to continue in
the near future. The implementation of the Federal Immission Control Act between 1983 and 1990
demonstrates to what extent environmental policy can have an influence on decisions concerning the
decommissioning of plants. During this period, a large number of plants were decommissioned ahead
of schedule, since it was not worthwhile retrofitting the plants with desulfurization and denitrification
facilities. A further example of energy policy influencing decommissioning decisions was the transition
from a monopoly-driven market to a liberalized electricity market initiated in 1998. This transition led
to a completely new market environment, thus changing the thinking behind operators’ decisions and,
in particular, the risk assessment of investment decisions. We can only assume that this also influenced
decommissioning decisions. In this context, reference must be made to the major uncertainties which
followed the liberalization of the market, since the detailed structuring of the electricity market only
took place gradually. It stands to reason that these developments triggered a shift in investment
decisions, which in all likelihood led to a significant extension in the lifetimes of power plants.

This ex post analysis presents the first lifetime analysis for decommissioned German plants, which
can serve as a basis for future power plant fleet projections. Compliance with the CO2-reduction
targets by 2050 requires the phasing out of coal-fired power generation. An implementation of new
technologies is necessary. Our lifetime analysis enables a more in-depth analysis and evaluation of the
dynamics of diffusion processes (e.g., [45]) as well as lock in effects. The analysis of future electricity
market developments requires the specification of stock developments. The result of our ex post
analysis can contribute to these purposes. However, it must be noted that the calculated lifetimes
represent average values. As is also seen in the analyses, individual plants can reach lifetimes of much
greater than 50 years. In general, it should be noted, when interpreting the lifetimes of power plants
determined during an ex post analysis, that they always reflect energy and environmental policies as
well as the market environment of the investigated period.
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Appendix A

Table A1. Lifetime assumptions for fossil-fired power plants in various national studies.

Study Hard Coal Lignite Coal Natural Gas Oil Literature
GDP (1) Electricity 2013 50 50 45 50 [46]

GDP Electricity 2014 50 50 45 50 [28]
GDP Electricity 2025 (first draft) [29]

Scenario A 50 -(2) 45 45
Scenario B 40 -(2) 45 45

GDP Electricity 2025 [42]
Scenario A 50 50 45 45
Scenario B 45 45 40 40
Scenario C 40 40 35 35

IZES 2015 projection [8]

Coal phase out scenarios
Depending on efficiencies and specific
CO2-emissions and limited emissions

caps (3)
- -

DIW projection [31]

Coal phase out scenarios Depending on efficiencies and specific
CO2-emissions (4)

Öko-Institut/ISI FhG 2014 45 45 30–40 30–35 [47]
Öko-Institut/ISI FhG 2015 55 55 30–35 30–35 [10]

AGORA [4]
Reference scenario 50 40 - -

Coal phase out scenarios
until 2025 >40 - -
2026-2030 35–39 - -
2031-2035 30–34 - -
2036-2040 27–29 - -

>2040 27–29 - -

Forschungszentrum Jülich Calculation based on life time consumption via operation
hours and operation modes [35]

Forschungszentrum Jülich 35 (5) 35 (5) - [33]
Forschungszentrum Jülich [34,48]

Reference case 45 50 35 35
Coal phase out Model calculation 35 35

Policy scenarios VI 45 50 25–50 30–35 [7]
Greenpeace (8) - 39 (7) - - [2]

BMWi Energiemärkte Report 1995 30–35 [38]
BMWi Energiemärkte Report 1999 Model calculation (6) [39]

BMWi Referenz-prognose 2005 A maximum technical lifetime (7) has been assumed, year of
phase-out was calculated by using a model

[40]

BMWi Energie-prognose 2009 No information available [9]
Energy scenario for a national energy concept 2010 No information available [6]

BMWi Energie-referenzprognose 2014 No information available [5]
Folke, PhD Thesis 2000 50 50 30 (10) 35 (11) - [49]

ECOFYS [32]
Reference case 49 (5),(7) 47 (5),(7) - -
Coal phase out 39 (8),(3) 36 (8),(3) - -

Notes: (1) GDP: National grid development; (2) year of phase-out has been calculated according to first year of
operation and lifetime of lignite mines, no values available; (3) see Figures 5 and 6; (4) no values available (5) In the
case of retrofitting (desulfurization, denitrification) an additional lifetime of 15 years has been assumed (35 years +
15 years = 50 years); (6) Criteria for phase-out decision: contribution margin is not sufficient for fixed and variable
costs; (7) No value for maximal lifetime available; (8) Average lifetime (weighted with number of units): own
calculations; (9) only lignite phase out; (10) open cycle gas turbine; (11) Combined cycle.
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