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Abstract  14 
When integrating intermittent renewable energies in the electricity system, additional 15 
technologies are needed to ensure that a sufficient power supply is maintained. Alongside 16 
storage technologies and conventional power plants, dispatchable biogas plants are one 17 
solution for balancing demand and supply in energy systems with a high proportion of 18 
renewable energies. In this study, we conducted an economic assessment of the different 19 
extension paths and modes of operation of the biogas plants in Germany’s future electricity 20 
system for the period of 2016 - 2035. This entailed carrying out a cost-benefit analysis that 21 
included the costs incurred for the flexibilization and installation of new biogas plants and the 22 
costs saved with respect to onshore wind turbines and additional saved opportunity costs. The 23 
results show that adding biogas plants in Germany’s future electricity system –compared to 24 
their phase-out– requires cost reductions and/or has to be accompanied by further benefits in 25 
other sectors and areas to ensure economically feasible operation. Differentiated from a 26 
substantial growth, higher net present values were obtained in the extension path 27 
characterized by a low construction rate of new biogas plants. Furthermore, the economic 28 
feasibility of biogas plants benefits from an early phase-out of lignite- and coal-fired power 29 
plants.  30 
 31 
 32 
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 38 
1 Introduction 39 
Germany’s government passed a Climate Action Plan in 2016 to reduce the negative impact 40 
of climate change and to fulfill the goals of the Paris Climate Accord [1]. The Climate Action 41 
Plan defines maximum greenhouse gas (GHG) emissions by sector; in the energy sector, 42 
GHG emissions have to be reduced by 61 - 62 % by 2030 over the reference year 1990 [1]. 43 
Consequently, the proportion of renewable energies, based on intermittent wind and solar 44 
plants, has to increase and conventional power plants with high GHG emissions have to be 45 
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phased out [2,3]. The intermittency of the power supplied by wind and solar plants requires 46 
further technologies to balance demand and supply and to ensure there is a sufficient supply 47 
of power. Dispatchable biogas plants are one way to integrate intermittent renewable energies 48 
into the system in addition to storage technologies, demand side management (DSM), the 49 
extension of grid capacities and (flexible) conventional power plants, [4–7].  50 
 51 
In 2016, about 8,500 biogas plants were generating electricity and heat in Germany. Their 52 
installed capacity was about 4,400 MW. Approximately 95 % of all biogas installations are 53 
agricultural plants using mainly energy crops and manure for anaerobic digestion [8]. 54 
Furthermore, biogas plants made up 17.6 % of Germany’s electricity generation from 55 
renewables [9]. However, their comparably high levelized costs of electricity (LCOE)1 56 
prompted the German government to limit the future extension of biogas plants in Germany. 57 
The amendment to the Renewable Energy Sources Act of 2016 limits new installations to a 58 
maximum of 150 MW (2017 - 2019) and 200 MW (2020 - 2022) annually [10]. From 2004 – 59 
2014 the average annual installation of new biogas plants was 350 MW [11] and these plants 60 
will start to phase out after their 20-year remuneration period. Thus, the installed capacity and 61 
generated electricity will begin to decrease from the mid-2020s onwards [12]. Likewise, the 62 
2016 amendment to the EEG requires that new biogas installations with an installed capacity 63 
of more than 100 kW have to be flexibilized (EEG 2017, § 44b) in order to improve the 64 
integration of wind and solar plants into the system. Furthermore, the 2012 amendment to the 65 
EEG implemented a flexibility premium that partially refinances additional investments in 66 
flexible power generation from existing biogas plants. For existing installations, the flexible 67 
power generation is not mandatory but more than one third of Germany´s plants received the 68 
funding in mid-2017 [8].  In contrast to their baseload generation, biogas plants need a higher 69 
installed capacity of combined heat and power units (CHPU) and/or gas storage capacity in 70 
order to shift their energy generation [13,14]. The basic idea of flexible power generation 71 
from biogas plants is to decrease the power generation when the supply from intermittent 72 
renewable energies is high and/or the energy demand is low and to increase in the contrary 73 
case, respectively2. In this paper, we compare the total system costs of three extension paths 74 
and modes of operation for biogas plants in Germany’s future electricity system. 75 
 76 
Several studies have looked at the cost-efficient transformation of the energy system towards 77 
an increasing proportion of renewable energies in the electricity, heating and mobility sector. 78 
Steinke et al. [15] analyzed the interdependency of grid extensions and storage capacities in a 79 
100 % renewable European power grid. They found that the lowest overall system costs were 80 
achieved by using small decentralized battery storage units to decrease the demand for grid 81 
extension. However, in most scenarios, the demand for back-up capacities in a 100 % 82 
renewable power system exceeds what biomass could potentially provide. Dale et al. [16] 83 
compared the total costs of two scenarios in the UK for the year 2020: A scenario where the 84 
electricity is generated mainly by coal and gas-fired power plants, and a scenario where 20 % 85 

                                                           
1 The LCOE is defined as the costs over the lifetime divided by the electricity generated (see Appendix B). 
2 Further details on the principles of flexible power generation from bioenergy are presented in [6]. 
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of the electricity is generated by wind farms. Without taking into account the external costs of 86 
conventional power plants, the total annual costs of the wind scenario were about 10.7 % 87 
higher than the conventional scenario. Timilsina and Jorgensen [17] examined the overall 88 
supply costs for Romania’s power generation with respect to a GHG emissions reduction. The 89 
additional discounted supply costs of the green scenario, with a higher proportion of 90 
renewable energies and lower GHG emissions (compared to the reference scenario), for the 91 
period of 2015 - 2050 were €3 billion, which is about 1 % of the total supply costs. However, 92 
by 2030 GHG emissions were reduced by about 26 % over 2005 levels in the green scenario 93 
compared to 16 % by 2050 in the baseline scenario. In contrast, Nitsch [18] calculated the 94 
differential costs of a scenario based on renewable energies in order to decrease Germany’s 95 
GHG emissions by 80 % by 2050 (over 1990 levels). He underscored that, starting from 2023, 96 
differential costs will be negative and the extension of renewable energies will slowly become 97 
economically feasible.  98 
 99 
The role of biomass in future energy systems is not analyzed in detail in the above-mentioned 100 
studies except for in the study by [18]. Scholz et al. [19] calculated the cost of the European 101 
power system by using the energy system model REMix and varying the proportion of 102 
intermittent renewable energies between 0 and 140 %. Due to the high capital costs of 103 
biomass (and geothermal power) plants, those technologies were not considered in all 104 
scenarios. Jensen and Skovsgaard [20] showed the impact of CO2 prices on the use of biogas 105 
in Denmark. The increasing price of CO2 leads to higher system costs when the target for 106 
manure use is reached in 2025; however, if these prices become very high, biogas will 107 
represent a significant proportion of the energy mix and overall system costs will decrease.  108 
 109 
In Germany, Eltrop et al. [21] endogenously optimized the installed capacity of biomass 110 
plants (the electricity generated by biomass was set to constant) in three scenarios with 111 
renewable energies making up 40, 60 and 80 % of gross electricity consumption respectively. 112 
Total system costs were reduced by up to €419 million per year by flexibilizing biomass 113 
plants. Based on this analysis, Fleischer [22] optimized Germany’s power plant portfolio by 114 
varying the proportion of renewable energies in order to reduce total system costs in different 115 
scenarios. He found that in scenarios with a high proportion of renewable energies, biomass 116 
plants reduce annual generation costs due to a substitution of other renewable energies and a 117 
reduction in investments in flexibility options and grid extensions, among other things. In a 118 
previous study [23], we analyzed the effect that varying biogas extension paths and modes of 119 
operation would have on Germany’s future electricity system for the period of 2016 - 2035. 120 
Increasing the proportion of biogas plants (compared to phasing them out) reduced the 121 
demand for additional flexibility options and the utilization of conventional power plants with 122 
comparably high marginal costs and GHG emissions. Furthermore, compared to baseload 123 
generation in biogas plants, the highest impact was achieved through flexible power 124 
generation. However, a comprehensive economic assessment of (flexible) biogas plants in the 125 
German electricity system has yet to be conducted that includes the benefits and costs starting 126 
from the initial time of the investment until the target system is reached.  127 
 128 
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Therefore, in this paper, we use a cost-benefit analysis to assess economically different 129 
extension paths and modes of operation of biogas plants in the German electricity system for 130 
the period of 2016 - 2035. 131 
 132 
The objectives were as follows: 133 

i. To analyze the costs and benefits of varying biogas extension paths and modes of 134 
operation in the electricity system. 135 

ii. To economically assess the biogas extension paths and modes of operation through 136 
the use of a cost-benefit analysis. 137 

iii. To determine the biogas extension path and mode of operation with the highest 138 
economic benefit. 139 

  140 
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2 Methodology  141 
 142 
2.1 Extension paths and modes of operation of biogas plants 143 
 144 
Following [4,23], we considered three extension paths and modes of operation of biogas 145 
plants.  146 
 147 
2.1.1 Biogas extension paths 148 
In previous studies, we defined three biogas extension paths in Germany for the period of 149 
2016 - 2035 [4,23]. In all biogas extension paths, the net electricity consumption was set to 150 
constant over the period under consideration and the extension of photovoltaic (PV) plants 151 
was taken into account following [24]. The extension of offshore wind turbines was based on 152 
the goals of the 2017 EEG [25]. Furthermore, future electricity generated by run-of-river 153 
power stations and other biomass plants was also set to constant. The renewable energy target 154 
values of the EEG are based on gross electricity consumption; e.g., renewable energies have 155 
to represent between 40 and 45 % of gross electricity consumption by 2025, and 55 and 60 % 156 
by 2035 (EEG 2017, § 1)3. Consequently, depending on the extension of biogas plants and 157 
their annual electricity generation, we used new installations of onshore wind turbines as an 158 
“adjustment screw” to fulfill the EEG’s renewable energy target values (Figure 1).4 159 

                                                           
3 Based on the coalition agreement of Germany’s current government, this target value has been increased to 
65 % by 2030. 
4 Further details on the biogas extension paths are presented in [4,20] 
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160 

 161 
Figure 1: Rated capacity of biogas plants (a) and installed capacity of onshore wind turbines (b) in the biogas 162 
extension paths increase (black), back-up (grey) and phase-out (white). 163 

 164 
2.1.2 Modes of operation of biogas plants 165 
Based on the financial incentives of the EEG, the majority of biogas plants in Germany 166 
operate in baseload operation. An amendment to the EEG in 2012 introduced a flexibility 167 
premium to spark a paradigm shift towards flexible power generation in existing biogas 168 
plants. In addition, since 2014 new biogas plant installations have to mainly generate 169 
electricity in a flexible way with a maximum of 4,380 full load hours per year (see Table 2). 170 
In general, flexible power generation from biogas plants requires investments in additional 171 
CHPU and/or gas storage capacities compared to baseload generation. The period between 172 
electricity generation of biogas plants is dependent on the gas storage capacity and can be 173 
increased through flexible biogas production using various feedstock management strategies 174 
[26,27]. As a result, we looked at three modes of operation5: 175 
 176 

                                                           
5 Further details on the modes of biogas plant operation are presented in [23]. 
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• Base: baseload generation of biogas plants. 177 
• Flex: flexible power generation in biogas plants through increased CHPU and gas 178 

storage capacities. 179 

• Flex+: flexible power generation in biogas plants through increased CHPU and gas 180 
storage capacities as well as flexible biogas production to increase flexibility.  181 

 182 
The scenarios in this paper are designed to compare the costs and benefits and are based on 183 
combining extension paths and plant configurations of biogas plants (Table 1). 184 
 185 
Table 1: Scenarios based on extension paths and plant configurations of biogas plants [28]. 186 

Biogas extension path Plant configuration Scenario 
Increase (INC) Base (B) 

Flex (F) 
Flex+ (F+) 

INC-B 
INC-F 
INC-F+ 

Back-up (BU) Base (B) 
Flex (F) 
Flex+ (F+) 

BU-B 
BU-F 
BU-F+ 

Phase-out Base (B) REF 
 187 
 188 
2.2 Cost-benefit analysis 189 
 190 
To economically assess the scenarios defined in Section 2.1, we used a cost-benefit analysis 191 
typically utilized in public investment analysis [29]. In this paper, we compare scenarios with 192 
a higher proportion of (flexible) biogas plants to the reference scenario: the phase-out of 193 
biogas plants (scenario REF). Based on this definition, the costs and benefits6 over the 194 
reference scenario are defined as follows: 195 
 196 
Costs (Section 2.3):  197 

• Additional investments in the flexibilization of existing biogas plants and increased 198 
operation and maintenance (O&M) costs (Section 2.3.1). 199 

• Capital and operational costs of new installations of flexible biogas plants (Section 200 
2.3.2). 201 
 202 

Benefits (Section 2.4): 203 

• Reduced investments in onshore wind turbines; a higher proportion of biogas plants 204 
leads to a lower demand for onshore wind turbines to fulfill EEG targets (Section 205 
2.4.1). 206 

• An increased proportion of (flexible) biogas plants reduces the demand for additional 207 
flexibility options (e.g. storage technologies and gas turbines) as well as the utilization 208 

                                                           
6 Further benefits from flexible power generation of biogas plants are described in detail in Section 4.5. 
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of conventional power plants with comparably high marginal costs and GHG 209 
emissions (e.g. coal-fired power plants) (Section 2.4.2). 210 

 211 
The benefit-cost ratio was included as an evaluation criterium and is calculated using the 212 
following equation [29]: 213 
 214 
Benefit-cost ratio = present value of benefits / present value of costs       (1) 215 
  216 
If the benefit-cost ratio is greater than 1, the investment is efficient from an economic point of 217 
view (benefits exceed the costs); otherwise, if the ratio is below 1 (benefits are lower than the 218 
costs), the investment is not beneficial [29]. The present value of benefits and costs was 219 
calculated for the period 2016 - 2035 using a (social) discount rate of 3 % [30].  220 
 221 
The costs and benefits in biogas plants and onshore wind turbines are indicated by effected 222 
and substituted investments respectively. The cash flow of the investment was 223 
correspondingly calculated and converted into the net present value based on the year the 224 
plant was commissioned. Because the period from 2016 – 2035 was considered, the capital 225 
costs include the residual value at the end of the year 2035. 226 
  227 
Next, with the exception of the additional saved opportunity costs, the net present value of the 228 
investments in biogas and onshore wind turbines were converted to the annuity A by the 229 
following equations [29]: 230 
 231 

𝐴𝐴𝐶𝐶 = 𝑃𝑃𝑃𝑃𝑃𝑃 × �
𝑖𝑖 × (𝑖𝑖 + 1)𝑛𝑛

(𝑖𝑖 + 1)𝑛𝑛 − 1
� 232 

(2) 233 

𝐴𝐴𝐵𝐵 = 𝑃𝑃𝑃𝑃𝑃𝑃 × �
𝑖𝑖 × (𝑖𝑖 + 1)𝑛𝑛

(𝑖𝑖 + 1)𝑛𝑛 − 1
� 234 

(3) 235 

where AC is the annuity of the costs, PWC is the present value of cost, i is the discount rate, n 236 
is the operational life, AB is the annuity of the benefits and PWB is the present value of 237 
benefits. 238 

 239 
 240 
2.3 Costs 241 
 242 
2.3.1  Flexibilization of existing biogas plants 243 
To calculate the additional capital and O&M costs for the flexibilization of existing biogas 244 
plants, we defined their design based on baseload and flexible power generation (Table 2). In 245 
contrast to plants providing baseload generation, flexible biogas plants are characterized in 246 
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this paper by a higher installed capacity of the CHPU and the gas storage capacity. Shifting 247 
power generation to a time where there is lower electricity demand requires a reduction in full 248 
load hours. Based on the (minimum) requirements of the current EEG, a power quotient (PQ) 249 
of 2, which is defined by the ratio of installed and rated capacity (annual average electricity 250 
generation7) [13], was taken into account. Consequently, the installed capacity of existing 251 
flexible biogas plants is two times higher than the rated capacity. The quotient of installed and 252 
rated capacity is a suitable indicator to describe the flexibility potential of biogas plants8. 253 
Consistent with [23], existing biogas plants begin flexible power generation when they reach 254 
their final 10 year period of EEG remuneration; older biogas plants are in baseload operation. 255 
Furthermore, flexible power generation is mandatory for biogas plants with an installed 256 
capacity of more than 100 kW (EEG 2017, § 44b). As a result, more than 85 % of Germany’s 257 
existing biogas plants will generate flexible power by 2025.   258 

 259 
Table 2: Design of existing biogas plants based on baseload and flexible power generation.   260 

 Baseload power generation Flexible power generation 
Rated capacity 137.0 – 1,872.2 kW 
Full load hours 8,000 4,380 
Installed capacity 150 – 2,050 kW 274.0 – 3,744.3 kW 
Power quotient (PQ) 1,1 2 
No. of CHPU 1 
Biogas storage capacity9 6 h 10 h 

 261 
The additional costs for flexible power generation from existing biogas plants were calculated 262 
based on the methodology of [13]. Furthermore, we took no additional costs for the flexible 263 
biogas production into account. Depending on the date of flexibilization, additional 264 
investments in CHPU and gas storage capacities as well as further O&M costs were examined 265 
(Appendix, Table A.1). This was done by determining additional costs for biogas plants with 266 
an installed capacity between 150 and 2,050 kW using increments of 50 kW for the 2016 – 267 
2025 period. To calculate the weighted average of additional costs of flexibilization per 268 
megawatt, the resulting costs were multiplied by the relative distribution of size classes of 269 
Germany’s existing biogas plants, also using increments of 50 kW (based on the analysis of 270 
[32]). After 2025, existing biogas plants, which operate more than 10 years after 271 
flexibilization, will be closed down. Based on the net present value, the annuity was 272 
calculated by taking into account an (additional) 10-year operational life of existing biogas 273 
plants. 274 
 275 
2.3.2 New installations of (flexible) biogas plants 276 

                                                           
7 Rated capacity [MW] is the quotient of the annual electricty generation [MWh per year] and 8,670 hours (8,694 
hours in leap years). 
8 Further performance indicators of demand-driven power generation are presented in [31]. 
9 The biogas storage capacity is defined as a ratio of storage capacity [m³] and hourly biogas production [m³ h-1]. 
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To examine the costs of new biogas installations we defined one future plant design for 277 
baseload and flexible power generation (Table 3). According to existing biogas plants, the 278 
installed capacity of new installations has to be two times higher than the rated capacity (PQ = 279 
2) (EEG 2017 § 39h). In this paper, we focused on the cost-efficient biogas plant operation 280 
and considered a high installed capacity and the use of energy crops instead of a higher 281 
proportion of manure. The economic data of new biogas plants in baseload and flexible power 282 
generation were taken from [33]. These data were used to calculate the annuities based on the 283 
capital and O&M costs of new biogas installations for each year during the 2016 – 2035 284 
period. The calculated annuities for each year were multiplied by the rated capacities of new, 285 
required biogas installations in the extension paths biogas back-up and increase (Appendix, 286 
Table A.2).  287 
 288 
Table 3: Design and characteristics of new biogas installations.  289 

 Baseload power generation Flexible power generation 
Rated capacity  0.913 MW 1 MW 
Full load hours 8,000 4,380 
Installed capacity 1 MW 2 MW 
Power quotient (PQ) 1.1 2 
No. of CHPU 1 x 1 MW 2 x 1 MW 
Gas storage capacity 6 h 10 h 
Feedstock (mass) 60 % maize silage 

30 % grain silage 
10 % manure 

LCOE 
(including credit for 
heat) 

183.4 € MWh-1 (2018) 
198.5 € MWh-1 (2025) 
211.5 € MWh-1 (2030) 
226.0 € MWh-1 (2035) 

191.6 € MWh-1 (2018) 
207.2 € MWh-1 (2025) 
221.0 € MWh-1 (2030) 
236.7 € MWh-1 (2035) 

 290 
 291 
2.4 Benefits 292 

 293 
2.4.1 Reduction in onshore wind power plants 294 
The annuity of new onshore wind turbines was based on the LCOE calculated by [34] 295 
(Appendix B). We used these LCOE for the period of 2016 - 2035 (missing values were 296 
linearly interpolated), the real discount rate, the operational life and the full load hours of 297 
onshore wind turbines, shown in Table 4, to calculate the missing capital and O&M costs of 298 
onshore wind turbines. The capital costs include the residual value at the end of 2035. 299 
Annuities of new installations for each year in the period under consideration (and LCOE 300 
derived from this) were calculated to be identical to the LCOE of the above-mentioned study. 301 
Following the methodology in our previous study [23], the annuities were then calculated 302 
with a nominal discount rate that included the capital- and operation-related price increase of 303 
capital and O&M costs respectively (Table 4). Based on the LCOE data of [34], the LCOE of 304 
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new onshore wind farms in 2018 totals 55.2 € MWh-1 which is similar to the first auction of 305 
the German tendering system in 2018 (average of 57.3 € MWh-1) [35].  306 
 307 
Table 4: Assumptions about the economic assessment of onshore wind turbines. 308 

Parameter Assumption Source/Note 
Operational life 20 years [34] 
Annual full load hours 2,000 [24] 
Discount rate (nominal) 4.6 % [36] 
Discount rate (real) 3.5 % Own calculations according 

to [37] 
Operation and maintenance 
(O&M) 

2.5 % of initial investment 
per year 

[38] 

Capital-related rate of price 
increase 

0.59 % Average annual increase in 
capital goods in Germany 
from 2000 - 2015 [39] 

Operation-related rate of 
price increase 

1.45 % Average annual increase of 
operating and maintenance 
costs in Germany from 2000 
- 2015 [40] 

LCOE 59.4 € MWh-1 (2015) 
52.5 € MWh-1 (2020) 
43.8 € MWh-1 (2030) 
40.0 € MWh-1 (2040) 

[34] 

 309 
Finally, the annuities, which were calculated for each year within the 2016 - 2035 period, 310 
were multiplied by the saved capacities of onshore wind turbines in the biogas extension paths 311 
back-up and increase and compared to the extension path phase-out (Appendix A, Table A.3). 312 
 313 

 314 
2.4.2 Additional saved opportunity costs  315 
The reduced utilization of conventional power plants and decreased investments in further 316 
flexibility options, such as storage technologies, can be interpreted as additional saved 317 
opportunity costs of a higher proportion of (flexible) biogas plants compared to their phase-318 
out. Thus, we took the system costs from a previous study [23] that analyzed the impact of 319 
flexible power generation in biogas plants on the electricity system. In this study, the system 320 
costs included the marginal costs of conventional power plants and the investments in 321 
pumped-storage plants, Li-ion batteries and/or gas turbines as well as their marginal costs 322 
(Table 5). However, the capital and marginal costs of the flexibilization of existing biogas 323 
plants and/or the installation of new biogas and onshore wind turbines were not considered. 324 
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 325 

Table 5: Total discounted system costs (without onshore wind and biogas) in all scenarios considered for the 326 
2016 - 2035 period [23]. 327 

Biogas extension path Scenario System costs [109 €] 
Increase (INC) INC-B 

INC-F 
INC-F+ 

126.273 
124.654 
124.524 

Back-up (BU) BU-B 
BU-F 
BU-F+ 

127.099 
125.929 
125.677 

Phase-out REF 127.353 
 328 
 329 
2.5 Early phase-out of lignite- and coal-fired power plants 330 
According to the findings of [23], Germany’s electricity system has a sufficient amount of 331 
flexible conventional power plants. Additional investments in pumped-storage plants, gas 332 
turbines and Li-ion batteries will start from the years 2030 and 2035 respectively [23]. 333 
However, an early phase-out of lignite- and coal-fired power plants is crucial in order to keep 334 
global temperatures to one and a half degree Celsius over preindustrial levels, [41]. To 335 
analyze if there is a difference when the energy transition towards renewable energies is 336 
accelerated, we compared the results of the cost-benefit analysis with an early reduction in 337 
conventional power plants. This was achieved by utilizing the methodologies described in 338 
previous studies [4,23], reducing the installed capacities of conventional power plants, and 339 
increasing the installed capacity of renewable energies based on [41] (Table 6).  340 
 341 
Table 6: Installed capacities of conventional power plants and renewable energies when lignite- and coal-fired 342 
power plants are phased out [GW].   343 

 2016 2020 2025 2030 2035 Source 
Conventional 
Nuclear 10.8 8.1 - - - [41,42] 
Lignite 20.9 6.0 3.0 3.0 - 
Coal 28.7 8.0 8.0 7.0 4.0 
Gas 28.5 26.0 26.0 23.0 19.0 
Renewables 
Onshore wind      Own 

calculations 
based on 
[41,43,44] 

   Biogas phase-out  
42.2 

55.2 67.5 91.2 106.4 
   Biogas back-up 54.4 65.9 88.7 103.1 
   Biogas increase 54.1 63.7 79.5 88.1 
Offshore wind  3.9 7.0 14.5 23.0 26.8 
Photovoltaic 41.2 50.3 67.1 77.3 91.1 

 344 

Contrary to the methodology of [23], we considered the endogenous installation of gas-fired 345 
and combined cycle power plants instead of gas turbines in the non-linear optimization model. 346 
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The early phase-out of lignite- and coal-fired power plants is expected to require conventional 347 
power plants that have a higher utilization rate than gas turbines. Assumptions regarding the 348 
capital and marginal costs are presented in Table 7. 349 

Table 7: Capital and marginal costs of new installations of gas-fired and combined cycle power plants in the 350 
non-linear optimization model under consideration. 351 

 2020 2025 2030 2035 Source 
Capital costs 
(annuity) 
[103 € MW-1] 

82.6 87.9 93.7 100.0 Own 
calculations 
based on 
[45] 

Marginal 
costs 
[€ MWh-1] 

59.0 73.1 76.7 80.3 Own 
calculations 
based on 
[24,45–47] 

 352 

We also analyzed how a higher installed capacity and a lower number of full load hours of 353 
biogas plants affects system costs. In addition to a PQ of 2, we considered a PQ of 3 which is 354 
characterized by 2,920 full load hours per year. The additional costs of a higher CHPU 355 
capacity were taken from the cost formula of [48]. The installed capacity of each CHPU was 356 
increased to 1.5 MW in new biogas installations.  357 

 358 

2.6 Maximum LCOE of new biogas installations 359 
In order to calculate the maximum LCOE of new biogas installations that would allow 360 
economically feasible operation as part of flexibility options for Germany’s future electricity 361 
system (for the period of 2016 – 2035), costs were varied in the cost-benefit analysis until a 362 
net present value of 0 was achieved. This was carried out for an early and non-early phase-out 363 
of lignite- and coal-fired power plants. 364 

  365 
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3 Results 366 
 367 
3.1 Costs 368 
3.1.1 Flexibilization of existing biogas plants  369 
Depending on the commissioning year of existing biogas plants in Germany, the highest costs 370 
for the flexibilization of existing biogas plants occur in the mid-2020s (Figure 2). This is why 371 
existing biogas plants start to phase out after an operational life of 20 years. The majority of 372 
Germany’s biogas plants was commissioned between the years 2004 and 2012 [11]. In 2025, 373 
when the electricity generated by existing flexible biogas plants will peak, annual costs will 374 
be their highest at €0.45 billion. To summarize, the total costs for the flexibilization of 375 
existing biogas plants for the period of 2016 - 2035 amounts to €4.5 billion.  376 

 377 
Figure 2: Additional costs for the flexibilization of existing biogas plants in all scenarios with flexible power 378 
generation. Costs are not discounted. 379 

 380 

3.1.2 New installations of flexible biogas plants 381 
In the biogas extension path back-up, the costs for new flexible biogas plants increase linearly 382 
through the constant annual installation of 75 MW (installed capacity) per year (Figure 3). 383 
The highest costs for new biogas installations occur in the year 2035 (€1.4 billion) and the 384 
total costs for the period under consideration amount to €13.9 billion. In contrast, total costs 385 
for the installation and operation of new biogas plants increase to €61.2 billion in the biogas 386 
extension path increase. The phase-out of existing biogas plants causes a sharp increase in 387 
total costs in the years 2027 and 2032. The total annual costs in the biogas extension path 388 
increase vary between €0.08 and 7.9 billion.  389 
 390 
 391 

2016 2020 2024 2028 2032

Year

-7

-6

-5

-4

-3

-2

-1

0

C
os

ts
 fo

r e
xi

st
in

g 
bi

og
as

 p
la

nt
s 

[€
]

10 8



15 
 

392 

 393 
Figure 3: Costs for new biogas plants in the extension path back-up (a) and increase (b). Costs are not 394 
discounted. 395 

 396 
 397 
 398 
3.2 Benefits 399 
3.2.1 Reduction in onshore wind turbines 400 
An increase in the proportion of biogas plants in the future German electricity system leads to 401 
a reduction in onshore wind turbines to fulfill the target values of the EEG. Therefore, the 402 
benefits of a reduction in onshore wind turbines in the biogas extension paths back-up and 403 
increase show a similar trend (Figure 4). However, the replacement of onshore wind turbines 404 
is linked to lower benefits due to their lower capital and O&M costs. In the extension path 405 
back-up, the total benefits of reduced onshore wind turbines for the period of 2016 - 2035 406 
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amount to €4.0 billion. Furthermore, the total benefits increase to €16.2 billion in the biogas 407 
extension path increase. 408 
 409 

410 

 411 
Figure 4: Saved costs for onshore wind turbines by increasing the proportion of (flexible) biogas plants in the 412 
extension paths back-up (a) and increase (b). Benefits are not discounted. 413 

 414 

 415 

3.2.2 Additional saved opportunity costs  416 
Increasing the proportion of (flexible) biogas plants in the future German electricity system 417 
reduces the utilization of conventional power plants, which are characterized by high marginal 418 
costs (and GHG emissions), and investments in further flexibility options. Having fewer 419 
additional biogas plants (back-up extension path) results in total benefits of up to €2.5 billion 420 
(scenario BU-F+) for the period under consideration (Figure 5). However, in the biogas 421 
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extension path increase, the benefits are higher and are characterized by total benefits of up to 422 
€4.4 billion (scenario INC-F+). In both biogas extension paths, the highest savings are 423 
achieved in the Flex+ mode of operation, when the biogas plants are most flexible. In 424 
contrast, baseload generation in biogas plants leads to the lowest overall benefits. 425 
Furthermore, the highest annual benefits are achieved in the INC-F+ scenario and the year 426 
2035 (€0.75 billion). Due to the high installed capacity of conventional power plants, the 427 
benefits of a higher proportion of biogas plants start to become significant from the mid-428 
2020s onwards.  429 
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 430 

 431 
Figure 5: Additional saved opportunity costs through a higher proportion of (flexible) biogas plants in the 432 
extension paths back-up (a) and increase (b). Plant configuration Base (black), Flex (grey), Flex+ (white). 433 
Benefits are not discounted. 434 

 435 
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(b) Biogas increase
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3.3 Cost-benefit analysis 438 
 439 
Table 8 shows the benefit-cost ratio for each scenario under consideration compared to the 440 
reference scenario. An increasing proportion of (flexible) biogas plants leads to an overall 441 
benefit-cost ratio of less than one in all scenarios. The costs of additional biogas plants exceed 442 
the benefits of their dispatchable electricity generation. As a result, the investments in flexible 443 
power generation from biogas plants (and additional capacities) are thwarted by a sufficient 444 
installed capacity of conventional power plants and existing dispatchable pumped-storage 445 
plants. Focusing on the net present value, the best result was achieved in the scenario BU-B  446 
(-€6.0 billion); the lowest in the scenario INC-F (-€29.3 billion). This is explained by the fact 447 
that there is a sufficient amount of existing flexibility options in the electricity system and 448 
additional investments in flexible power generation from biogas plants lead to an oversupply 449 
of flexibility. Investments in flexible power generation from biogas plants have to be better 450 
coordinated with the installed capacity of further flexibility options, otherwise the efficiency 451 
of the energy transition process might be hampered by additional costs. Nevertheless, flexible 452 
power generation increases the benefit-cost ratio compared to baseload power generation. In 453 
both biogas extension paths, the highest benefit-cost ratio was calculated in the Flex+ plant 454 
configuration.     455 
 456 
Table 8: Benefit-cost ratios and net present values in the scenarios under consideration (compared to the 457 
reference scenario). Non-early phase-out of lignite- and coal-fired power plants.  458 

Biogas extension path Scenario Benefit-cost ratio Net present value 
[B €] 

Increase (INC) INC-B 
INC-F 
INC-F+ 

0.307 
0.308 
0.311 

-25.82 
-29.32 
-29.19 

Back-up (BU) BU-B 
BU-F 
BU-F+ 

0.332 
0.324 
0.343 

-5.98 
-8.66 
-8.41 

 459 



20 
 

 460 

 461 
Figure 6: Costs (negative values) as well as benefits (positive values) and present value of the annual cash flow 462 
in the scenarios BU-F+ and INC-F+. Costs and benefits are not discounted. 463 
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4 Discussion 466 
 467 
4.1 Study design 468 
In this study, we focus on the energy transition pathways of Germany’s biogas plants. An 469 
alternative approach might be the so-called “greenfield approach” optimizing power plants 470 
without taking into consideration the existing legal framework and power plants (e.g. the 471 
study by [22]). On the one hand, the advantage of our approach is that the dynamic 472 
development of decommissioning existing conventional power plants and increasing 473 
renewable energies can be analyzed in more detail. This also allows us to identify an 474 
advantageous time for investing in flexibility options such as storage technologies or biogas 475 
plants. From the perspective of policymakers, decisions on the future design of renewable 476 
energy systems and cost-efficient policy choices have to take into account currently installed 477 
capacities of power plants and legal frameworks. On the other hand, the greenfield approach 478 
ensures more degrees of freedom to optimize the future energy system. This might be a 479 
template for changing current frameworks. In summary, we calculate benchmarks for an 480 
economically feasible operation of (flexible) biogas plants in future electricity systems taking 481 
into account existing frameworks. Cost-efficient energy/electricity systems are defined in 482 
other studies.    483 
 484 
In contrast to the results of this analysis, the study by [22] used a greenfield approach. It 485 
calculated lower annual generation costs in Germany’s electricity system when its 486 
predominantly decarbonized renewable energies and bioenergy plants are included in this 487 
system. However, the author of [22] optimized Germany’s power plant portfolio with regard 488 
to varying proportions of renewable energies without taking existing conventional power 489 
plants into consideration. Consequently, the optimization of the power plant portfolio in the 490 
target system was based on annualized costs of power plants and the potentials of their energy 491 
carriers, among other things. By concentrating on the target system and not taking into 492 
account existing power plants, biomass plants represent a way to reduce annual generation 493 
costs in renewable energy systems. However, our study took into account Germany’s current 494 
power plant portfolio and the net present value of the total system costs for the period under 495 
consideration. This is why we did not calculate the cost-efficient impact of additional biogas 496 
plants on total system costs. 497 
 498 
Cost-benefit analyses are subject to the risk of uncertainties surrounding the future cash flow 499 
generated by investment [30]. Consequently, a sensitivity analysis was carried out on the 500 
robustness of the results when changes are made to different parameters (Section 4.4).10   501 
 502 
 503 
 504 
 505 

                                                           
10 Further details on the limitations of the non-linear optimization model considered in this analysis, are shown in 
[23]. 
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4.2 Early phase-out of lignite- and coal-fired power plants 506 
The early phase-out of lignite- and coal-fired power plants leads to a higher benefit from 507 
flexible biogas plants. Instead of existing conventional power plants, biogas power generation 508 
substitutes new installations of storage technologies and gas-fired power plants (Appendix, 509 
Table A.4). Therefore, the benefit-cost ratio and the net present value increases (Table 9). The 510 
higher flexibility resulting from an increased installed capacity of biogas plants (PQ 3) 511 
enhanced the benefit-cost ratio and lowered the net present value except for in the INC-F+ 512 
scenario. Nevertheless, the additional benefits through the early phase-out of conventional 513 
power plants does not result in an economically feasible operation of (flexible) biogas plants 514 
(benefit-cost ratio ≤ 1). If biogas plants are to remain a component of the future electricity 515 
system, their power generation has to be as flexible as possible. The highest net present values 516 
were achieved in Flex+ mode of operation when lignite- and coal-fired power plants are 517 
phased out early. 518 

The figure indicating annual costs, annual benefits and the present value of the early phase-519 
out of lignite- and coal-fired power plants is shown in the Appendix (Figure A.1).  520 

Table 9: Benefit-cost ratios and net present values in the considered scenarios (in comparison to the reference 521 
scenario). Early phase-out of lignite- and coal-fired power plants.  522 

PQ 2 
Biogas extension path Scenario Benefit-cost ratio Net present value 

[B €] 
Increase (INC) INC-B 

INC-F 
INC-F+ 

0.383 
0.527 
0.528 

-22.98 
-20.04 
-19.99 

Back-up (BU) BU-B 
BU-F 
BU-F+ 

0.634 
0.718 
0.759 

-3.28 
-3.62 
-3.09 

PQ 3 
Biogas extension path Scenario Benefit-cost ratio Net present value 

[B €] 
Increase (INC) INC-F 

INC-F+ 
0.545 
0.566 

-20.89 
-19.96 

Back-up (BU) BU-F 
BU-F+ 

0.767 
0.769 

-3.71 
-3.68 

 523 

  524 
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4.3 Maximum LCOE of new biogas installations 525 
 526 
A non-early phase-out of lignite- and coal-fired power plants limits the maximum LCOE of 527 
new biogas installations to 60.9 € MWh-1 for a net present value ≥0 in scenario BU-B, when 528 
these plants begin operation in 2018 (Table 10). In a non-early phase-out, the maximum 529 
LCOE of new biogas plants was calculated in baseload generation without investment in the 530 
flexibilization of existing plants (scenario BU-B). In contrast, an early phase-out of lignite- 531 
and coal-fired power plants allows higher LCOE for (flexible) power generation from biogas 532 
plants. In this case, their maximum costs vary between 90.4 and 128.3 € MWh-1 in 2018 533 
depending on their future plant design. 534 

 535 

Table 10: Maximum LCOE [€ MWh-1] of new biogas installations in the cost-benefit analysis that allows 536 
operations to be economically feasible. Commissioning year is 2018. 537 

Scenario Phase-out of lignite- and coal-fired 
power plants 
Non-early Early, PQ 2 Early, PQ 3 

BU-B 60.9  116.2 
BU-F 14.1 117.5 116.8 
BU-F+ 19.3 128.3 117.6 
INC-B 56.3 70.3 
INC-F 47.2 92.9 90.4 
INC-F+ 47.9 93.2 94.9 

 538 
 539 

4.4 Sensitivity analysis 540 
 541 

In terms of the net present value of the cost-benefit analysis, the highest impact was achieved 542 
in the BU-F+ and INC-F+ scenarios by varying new biogas installation costs (Figure 7). In the 543 
BU-F+ scenario and in the non-early phase-out of lignite- and coal-fired power plants, the 544 
flexibilization of existing biogas plants is highly sensitive. The saved opportunity costs 545 
become more important when lignite- and coal-fired power plants are phased-out earlier 546 
(Figure 7 C D). Otherwise, this benefit does not highly impact the net present value 547 
(Figure 7 A B).  548 
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 551 

 552 

 553 

Figure 7: Net present value in the scenarios BU-F+ and INC-F+ taking into account a non-early (A|B) and an 554 
early phase-out of coal- and lignite-fired power plants (PQ 2) (C|D). 555 
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feasible operation in the electricity system are calculated in Figure 8. Lowest other benefits 564 
are achieved in the BU-F+ scenario when lignite- and coal-fired power plants are phased out 565 
earlier (approx. €0.2 billion per year). Whereas, a non-early phase-out of those plants in the 566 
INC-F scenario requires other annualized benefits of about €2.0 billion for a non-negative net 567 
present value. 568 
 569 
Table 11: A selection of further benefits of biogas plants that are not taken into account in the cost-benefit 570 
analysis. 571 

Energy system Environmental/ 
climate benefits 

Economic benefits Other benefits 

• Lower demand 
for power grid 
extension [49] 

• Source of carbon 
for the 
methanation of 
hydrogen [50] 

• Cost savings 
from 
conventional 
power plants (e.g. 
lower amount of 
start/stop 
operations) [51] 

• (Decentralized) 
heat supply and 
substitution of 
fossil fuels [52] 

• Reduction in 
agricultural GHG 
emissions 
through the use 
of manure and 
other organic 
waste products 
[53,54] 

• Substitution of 
inorganic 
fertilizer through 
the use of biogas 
digestate [55]  

• Reduction in 
GHG emissions 
and air pollution 
in the heating 
sector [56] 

 

• Additional 
income for 
farmers [57] 

• Additional jobs in 
rural areas [58] 

• Positive effect on 
the added value 
in rural areas [58]   

• Source of carbon 
dioxide for 
BECCS (bio-
energy with 
carbon capture 
and storage) [59] 

• Reduction in 
odor and fewer 
pathogens when 
manure is used 
[60] 

 572 
If Germany’s future electricity system is highly decentralized, the highest benefit from 573 
flexible power generation might be achieved by a lower demand for power grid extension. 574 
More decentralization leads to an increase in regional responsibility to ensure sufficient power 575 
supply.    576 
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 577 
Figure 8: Further benefits required from biogas plants to ensure an economically feasible operation (compared to 578 
their phase-out) with respect to a non-early and an early phase-out of coal- and lignite-fired power plants. 579 
Benefits are annualized by Formula (3), a (social) discount rate of 3 % and a period of 20 years.  580 

 581 

5 Conclusions and Policy Implications 582 
 583 
In this analysis, we assessed economically varying biogas extension paths and modes of 584 
operation in the future German electricity system for the period of 2016 - 2035. This was 585 
done by examining a cost-benefit analysis in order to evaluate the impact of (flexible) power 586 
generation from biogas plants on the substitution of further flexibility options and onshore 587 
wind turbines. The key findings are as follows: 588 

• The maximum LCOE of new biogas installations in 2018 that enables economically 589 
feasible operation in the electricity system is about €128 MWh-1. Otherwise, further 590 
benefits have to compensate for the economic results of the biogas impact on the 591 
electricity system. 592 

• Without cost reductions, additional investments in biogas plants have to be 593 
accompanied by further benefits in other sectors and areas to ensure economically 594 
feasible operation, e.g. the substitution of fossil fuels in the heating sector and a 595 
reduction in GHG emissions in the agriculture sector.  596 

• An early phase-out of lignite- and coal-fired power plants increases the economic 597 
feasibility of biogas plants. In such case, the power generated from biogas plants 598 
should be as flexible as possible through a combination of flexible biogas production 599 
and electricity generation. Nevertheless, only accelerating the decommissioning of 600 
conventional power plants does not enable an economically feasible operation of 601 
flexible power generation from biogas plants. 602 
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• Based on the plant design and feedstock under consideration, the best results were 603 
achieved in the biogas extension path back-up, characterized by a low construction 604 
rate for new biogas plants. 605 

 606 
From the broader perspective of policymakers, we recommend the following strategies: 607 
 608 

• The extension path, the mode of operation and the future design of biogas plants 609 
should be better coordinated with the demand for flexibility in the future German 610 
electricity system. For example, decommissioning conventional power plants might be 611 
linked to the extension of renewable energies in the electricity system. 612 

• Current overcapacities of conventional power plants should be lowered to avoid 613 
additional costs when transforming the energy system. 614 

• Further benefits of biogas plants have to be monetarized to derive optimized extension 615 
paths and modes of operation for biogas plants. 616 

• Optimization of biogas plants and an increasing use of organic waste products in 617 
biogas production might enhance the environmental/climate benefits and result in 618 
higher outcomes in the economic assessment of biogas plants. 619 

• The further development of energy system models is needed to analyze energy 620 
transition paths in more detail. Advanced energy system models can be used as 621 
decision-making tools for policymakers. 622 

 623 

For further research, we suggest a more detailed cost-benefit analysis of various biogas 624 
extension paths and modes of operation that take into account additional impacts of bioenergy 625 
on their economic assessment. Based on this methodology, further benefits from (flexible) 626 
power generation in biogas plants has to be monetarized. For example, a regional value 627 
creation from bioenergy, characterized by the generation of jobs and tax revenues in rural 628 
areas. In addition, sensitivity analysis dealing with varying extension paths of renewable 629 
energies (for example a higher proportion of PV plants) has to be carried out on the 630 
robustness of the results. 631 
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Appendix A 638 

Table A.1: Annuities and rated capacities for the flexibilization of existing biogas plants considered in the cost-639 
benefit analysis for the period of 2016 - 2035. 640 

Year Annuity flexibilization of 
existing biogas plants  
[103 € (MWrated*year)-1] 

Additional rated capacity of 
biogas plants in flexible 
mode of operation 
[MWrated] 

2016 -151.78 366 
2017 -153.96 439 
2018 -156.17 344 
2019 -158.43 170 
2020 -160.71 214 
2021 -163.04 395 
2022 -165.41 662 
2023 -167.82 92 
2024 -170.26 82 
2025 -172.75 53 

 641 

Table A.2: Annuities and installations (rated capacity) of new biogas plants considered in the cost-benefit 642 
analysis for the period of 2016 - 2035. Including credit for heat. 643 

Year Annuity new 
flexible biogas 
installations 
[103 € 
(MWrated*year)-

1] 

Annuity new 
baseload biogas 

installations 
[103 € 

(MWrated*year)-

1] 

Annual installations of new biogas 
plants [MWrated]  

Biogas extension 
path back-up 

Biogas extension 
path increase 

2016 -1,638 -1,567 37.5 50.0 
2017 -1,658 -1,587 37.5 50.0 
2018 -1,679 -1,606 37.5 52.3 
2019 -1,699 -1,626 37.5 50.0 
2020 -1,719 -1,645 37.5 50.0 
2021 -1,739 -1,664 37.5 60.5 
2022 -1,759 -1,683 37.5 197.9 
2023 -1,778 -1,702 37.5 92.9 
2024 -1,796 -1,720 37.5 82.1 
2025 -1,815 -1,739 37.5 191.9 
2026 -1,833 -1,757 37.5 415.7 
2027 -1,858 -1,780 37.5 489.4 
2028 -1,884 -1,804 37.5 394.4 
2029 -1,910 -1,828 37.5 220.0 
2030 -1,936 -1,853 37.5 264.4 
2031 -1,963 -1,878 37.5 445.4 
2032 -1,990 -1,903 37.5 711.8 
2033 -2,017 -1,928 37.5 142.0 
2034 -2,045 -1,954 37.5 132.5 
2035 -2,073 -1,980 37.5 103.3 

 644 
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Table A.3: Annuities and installations of onshore wind turbines considered in the cost-benefit analysis for the 645 
period of 2016 - 2035 (installed capacity). 646 

Year Annuity 
onshore 
wind [103 € 
(MW*year)-

1] 

Annual reduced installations of onshore 
wind turbines [MW] – compared to the 

biogas extension path phase-out 
Biogas extension 
path back-up 

Biogas extension 
path increase 

2016 -128.23 164 221 
2017 -125.81 164 221 
2018 -123.37 164 221 
2019 -120.90 164 221 
2020 -118.42 164 221 
2021 -117.06 164 265 
2022 -115.69 164 867 
2023 -114.31 164 407 
2024 -112.92 164 359 
2025 -111.52 164 840 
2026 -110.43 164 1,821 
2027 -108.98 164 2,144 
2028 -107.52 164 1,728 
2029 -106.05 164 963 
2030 -104.56 164 1,158 
2031 -104.22 164 1,951 
2032 -103.88 164 3,118 
2033 -103.52 164 622 
2034 -103.14 164 580 
2035 -102.66 164 453 

 647 

  648 
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Table A.4: Additional accumulated installed capacities of flexibility options taking into consideration an early 649 
phase-out of conventional power plants. Comparison to a non-early one in parenthesis (see [23]) [GW]. 650 

Scenario Pumped-Storage Li-ion Gas-fired power plant 
Year 202

0 
2025 2030 2035 2020 2025 2030 203

5 
2020 2025 2030 2035 

REF 0 
(0) 

2.22 
(+2.2

2) 

2.48 
(+1.7

4) 

4.71 
(0) 

0 
(0) 

0.02 
(+0.02

) 

1.14 
(+1.1

4) 

3.22 
(+2.
00) 

10.28 
(+10.
28) 

16.71 
(+16.
71) 

16.71 
(+15.
66) 

20.88 
(+19.
83) 

BU-B 0 
(0) 

0.86 
(+0.8

6) 

0.87 
(+0.2

1) 

4.29 
(-

0.42) 

0 
(0) 

0.08 
(+0.08

) 

1.35 
(+1.3

5) 

3.18 
(+2.
14) 

10.18 
(+10.
18) 

17.97 
(+17.
97) 

17.97 
(+17.
13) 

20.98 
(+20.
13) 

BU-F 0 
(0) 

0.01 
(+0.0

1) 

0.79 
(+0.1

3) 

3.64 
(-

1.07) 

0 
(0) 

0.02 
(+0.02

) 

2.07 
(+2.0

7) 

3.22 
(+2.
45) 

8.26 
(+8.2

6) 

15.45 
(+15.
45) 

15.45 
(+15.
45) 

20.94 
(+20.
63) 

BU-F+ 0 
(0) 

0 
(0) 

0.57 
(0) 

3.57 
(-

1.14) 

0 
(0) 

0.01 
(+0.01

) 

2.07 
(+2.0

7) 

3.18 
(+2.
53) 

8.26 
(+8.2

6) 

15.45 
(+15.
45) 

15.45 
(+15.
45) 

20.94 
(+20.
51) 

INC-B 0 
(0) 

0.77 
(0) 

0.77 
(0) 

3.05 
(-

1.66) 

0 
(0) 

0.31 
(+0.31

) 

0.80 
(+0.8

0) 

3.13 
(+3.
13) 

10.14 
(+10.
14) 

17.54 
(+17.
54) 

17.54 
(+17.
51) 

20.51 
(+20.
49) 

INC-F 0 
(0) 

0 
(0) 

0.01 
(0) 

1.81 
(-

2.90) 

0 
(0) 

0 
(0) 

0.23 
(+0.2

3) 

3.13 
(+3.
13) 

8.16 
(+8.1

6) 

14.63 
(+14.
63) 

14.63 
(+14.
63) 

17.24 
(+17.
24) 

INC-F+ 0 
(0) 

0 
(0) 

0 
(0) 

1.00 
(-

3.71) 

0 
(0) 

0.03 
(+0.03

) 

0.26 
(+0.2

6) 

3.13 
(+3.
13) 

8.16 
(+8.1

6) 

14.60 
(+14.
60) 

14.60 
(+14.
60) 

18.14 
(+18.
14) 
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652 
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 653 

 654 

Figure A.1: Costs (negative values) as well as benefits (positive values) and present value of the annual cash 655 
flow in the scenarios BU-F+ and INC-F+ (early phase-out of lignite- and coal-fired power plants). Costs and 656 
benefits are not discounted. 657 
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Appendix B 659 

The LCOE can be calculated by the following equation (adapted from [36,61]): 660 

𝐿𝐿𝑃𝑃𝐿𝐿𝐿𝐿 =  
𝐼𝐼0 + ∑ 𝐿𝐿𝑡𝑡 − 𝑅𝑅𝑡𝑡

(1 + 𝑖𝑖)𝑡𝑡
𝑛𝑛
𝑡𝑡=1

∑ 𝐺𝐺𝑡𝑡
(1 + 𝑖𝑖)𝑡𝑡

𝑛𝑛
𝑡𝑡=1

 661 

(4) 662 

I0 investment expenditures,  663 

Et total expenditures in the year t 664 

Rt heat revenues in the year t (in the case of biogas plants) 665 

Gt electricity generated in the year t 666 

i discount rate 667 

t year within the operational life 668 

 669 

 670 

  671 
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