
Appendix
A. Levelized energy production costs
[bookmark: _Hlk89762608]A practicable framework is applied to estimate the levelized energy production costs for electricity and heat from the sources of coal, oil (heat only), natural gas, wind (onshore and offshore), photovoltaic (PV), and biomass (electricity with non-CHP and CHP, heat from direct combustion). Various raw material price levels are considered. The results are comprehended as representative for global averages at about year 2020. The accounting is entirely documented by equation set (1) of the main text and the first three columns of the following tables. This enables to easily adapt the estimation to varying conditions. Table A1 lists the complete computation for electricity production, Table A2 for heat production. In electricity production with biomass CHP, simultaneous utilization of the produced heat is assumed. Electricity production from coal, natural gas, wind, and biomass is considered to yield profit, optional for PV; heat production is considered for self-consumption (no profit). Brackets are for alternative parameter values; the bracket for coal (Table A1) indicates marginal costs in electricity production. The bottom of the tables shows the results for the CO2 price of 74 $/tCO2 required to balance electricity costs between marginal-cost coal and offshore wind and at the same time, balancing heat costs between natural gas and biomass.
[bookmark: _Hlk89842082]A1. Electricity production
	Electricity production
	
Coal
	Natural gas
	Wind
	Photo-
voltaic
	Biomass

	Item
	Unit
	Variable
	
	
	onshore
	offshore
	
	simple
	CHP

	Construction
	$/kW
	Cinst
	1750
	3500
	1500
	1512
	5036
	1400
	3200
	5500

	- self-energy
	%
	eself
	3
	3
	2.5
	7
	7
	30
	7
	7

	- effective
	$/kW
	Ceff
	1803
	3605
	1538
	1618
	5389
	1820
	3424
	5885

	Load ratio
	%
	λ
	95
	95
	95
	24
	38
	14
	95
	95

	Convers.  effic.
	%
	ε
	42
	42
	42
	100
	100
	100
	30 *
	80

	Full load hours
	h/yr
	Heff
	3495
	3495
	3495
	2102
	3329
	1226
	2497
	6658

	Interest rate
	%/yr
	ι
	5
	5
	5
	5
	5
	5
	5
	5

	- payment
	$/yr
	
	90
	180
	77
	81
	269
	91
	171
	294

	- prod. cost
	¢/kWh
	int
	2.6
	5.2
	2.2
	3.8
	8.1
	7.4
	6.9
	4.4

	Lifetime
	yr
	τ
	25
	25
	25
	25
	25
	25
	25
	25

	Depreciation
	$/kW/yr
	
	72
	144
	62
	65
	216
	73
	137
	235

	- prod. cost
	¢/kWh
	inv
	0.02
	0.04
	0.02
	0.03
	0.06
	0.06
	0.05
	0.04

	Decommissioning
	%
	δ
	9
	9
	9
	9
	9
	9
	9
	9

	- prod. cost
	¢/kWh
	decom
	0.002
	0.004
	0.002
	0.003
	0.006
	0.005
	0.005
	0.003

	Capital cost
	¢/kWh
	cap
	2.6
	5.2
	2.2
	3.9
	8.2
	7.5
	6.9
	4.5

	O&M fixed
	%
	ο
	10
	10
	2.5
	2.2
	2.5
	1.5
	3
	3

	- prod. cost
	¢/kWh
	omfix
	0.002
	0.004
	~ 0
	~ 0
	0.002
	~ 0
	0.002
	0.001

	O&M variable
	¢/kWh
	omvar
	0.5
	0.5
	0.5
	0
	0
	0
	0.5
	0.5

	O&M total
	¢/kWh
	om
	0.5
	0.5
	0.5
	0
	0.002
	0
	0.5
	0.5

	[bookmark: _Hlk85105804]Fuel 
- raw mat. price
	$/t
	Pmat
	42
	81
	320
	 -
	-
	-
	75
	150

	- energy content
	kWhmat/kg
	Emat
	5.7
	5.7
	13.1
	 -
	-
	-
	4.2
	4.2

	- raw mat. energy
	¢/kWhmat
	Pmat/Emat
	0.7
	1.4
	2.5
	 -
	-
	-
	1.8
	3.6

	- prod. cost
	¢/kWh
	fuel
	1.8
	3.4
	5.8
	0
	0
	0
	6.0
	4.5

	Profit
	%
	π
	8
	8
	8
	8
	8
	0 (8)
	8
	8

	- prod. cost
	¢/kWh
	profit
	0.4
	0.8
	0.7
	0.3
	0.7
	0 (0.6)
	1.2
	0.8

	Land
	Pland = 600 $/ha/yr (6 ¢/m2/yr), yield = 10.5 MgDM/ha/yr (4.4 kWhmat/m2/yr): 1.4 ¢/kWhmat

	- prod. cost
	¢/kWh
	land
	0
	0
	0
	0
	0
	0
	0 (4.9)
	0 (1.8)

	Net
	¢/kWh
	net
	 -
	 -
	 -
	2.2
	5.1
	1.5
	 -
	 -

	Costs (subtotal),
w/o emissions
	[bookmark: _Hlk90024488]¢/kWh
	cost'
	5.3 (2#)
	9.9
	9.2
	6.4
	14.0
	9.0 (9.6)
	14.6 (19.5)
	10.3 (12.1)



	Electricity production, continued
	
Coal
	Natural gas
	Wind
	Photo-
voltaic
	Biomass

	Item
	Unit
	Variable
	
	
	onshore
	offshore
	
	simple
	CHP

	CO2 emission raw material
	gCO2/
kWhmat
	CO2mat
	325
	325
	211
	30
	30
	30
	367
	367

	- w. self-energy
	    “
	
	335
	335
	216
	32
	32
	39
	393
	393

	- w. conv. eff.
	    “
	
	797
	797
	515
	32
	32
	39
	1309
	491

	CO2 self-emissions
	%
	cself (see equ. 1)
	3
	3
	3
	0
	0
	0
	-94
	-94

	CO2 production emissions
	gCO2/
kWh
	
	821
	821
	530
	32
	32
	39
	79
	29

	CO2 sequestration+, 
S = 0.6 MgC/ha/yr
	gCO2/
kWh
	
	0
	0
	0
	0
	0
	0
	-179
	-67

	CO2 price
	$/tCO2
	PCO2
	50 (differentiative, distributive)

	Emission tax
- combustion
	¢/kWh
	comb
	4.1
	4.1
	0 °
	0.2
	0.2
	0.2
	0.4
	0.1

	- sequestration
	¢/kWh
	sequ
	
	
	
	
	
	
	-0.9
	-0.3

	- total
	¢/kWh
	emis
	4.1
	4.1
	0 °
	0.2
	0.2
	0.2
	-0.5
	-0.2

	Subsidy (CO2)
	¢/kWh
	sub
	 -
	 -
	 -
	0 °
	-4.1
	-4.1
	-4.1
	-4.1

	Tax (other)
	¢/kWh
	tax
	0
	0
	0
	0
	0
	0
	0
	0

	Costs (total),
w. emissions
	¢/kWh
	cost
	9.4 (6.1)
	14.0
	9.2
	6.6
	10.1
	5.1 (5.7)
	10.0
(14.9)
	6.0 (7.8)

	Coal marginal costs, CO2 price balancing offshore wind costs to coal costs; differentiative and distributive as before

	CO2 price
	$/tCO2
	PCO2
	74

	Costs (total),
w. emissions
	¢/kWh
	cost
	(8.1)
	16.0
	13.2
	6.7
	8.1
	3.2
	7.8
	3.9


[bookmark: _Ref85116467]Table A1. Electricity production levelized cost estimation by feedstock per produced energy. Convers. effic: energy conversion efficiency; * conversion efficiency in simple biomass electricity production typically lower; ° tax/subsidy exemption according to the discussed regulation (CO2 pricing) model; # marginal costs; + yield 10.5 MgDM/ha/yr. Variable definition details see column 3 of Table A2.


A2. Heat production
	Heat production from direct combustion

	Item
	Unit
	Variable definiton
	Coal
	Oil
	Natural gas
	Biomass

	Construction
	$/kW
	Cinst
	220
	330
	120
	300

	- self-energy
	%
	eself
	3
	3
	2.5
	7

	- effective
	$/kW
	Ceff = Cinst ∙ (1 + eself)
	227
	340
	123
	321

	Load ratio
	%
	λ
	10
	10
	10
	10

	Conversion efficiency
	%
	ε
	70
	70
	70
	70

	Full load hours
	h/yr
	Heff = 24 ∙ 365 ∙ ε ∙ λ 
	613
	613
	613
	613

	Interest rate
	%/yr
	ι
	7
	7
	7
	7

	- payment
	$/yr
	
	16
	24
	9
	22

	- prod. cost
	¢/kWh
	int = Ceff ∙ ι / Heff
	2.6
	3.9
	1.4
	3.7

	Lifetime
	yr
	τ
	25
	25
	25
	25

	Depreciation
	$/kW/yr
	Ceff / τ
	9
	14
	5
	13

	- prod. cost
	¢/kWh
	inv = Ceff / τ / Heff
	0.01
	0.02
	0.01
	0.02

	Decommissioning
	%
	δ
	9
	9
	9
	9

	- prod. cost
	¢/kWh
	decom = (1 + δ) ∙  inv
	0.02
	0.02
	0.01
	0.02

	Capital cost
	¢/kWh
	cap = inv + int + decom
	2.6
	3.9
	1.4
	3.7

	O&M fixed
	%
	ο
	1
	1
	1
	1

	- prod. cost
	¢/kWh
	omfix =  inv ∙ ο
	~ 0
	~ 0
	~ 0
	~ 0

	O&M variable
	¢/kWh
	omvar
	0.1
	0.1
	0.1
	0.5

	O&M total
	¢/kWh
	om =  omfix + omvar
	0.1
	0.1
	0.1
	0.5

	Fuel 
- raw mat. price
	$/t
	Pmat
	170
	556
	320 (640)
	280

	- energy content
	kWhmat/kg
	Emat
	5.7
	12.2
	13.1
	4.2

	- raw mat. energy
	¢/kWhmat
	Pmat / Emat
	3.0
	4.5
	2.5
	6.7

	- prod. cost
	¢/kWh
	fuel = Pmat / Emat / ε
	4.3
	6.5
	3.5 (7.0)
	9.6

	Profit
	%
	π
	0
	0
	0
	0

	- prod. cost
	¢/kWh
	profit = (cap + om +   
        + fuel) ∙ π/(1 – π)
	0
	0
	0
	0

	Land
	¢/kWh
	land
	0
	0
	0
	0

	Net
	¢/kWh
	net
	0
	0
	0
	0

	Cost (total),
w/o emissions
	¢/kWh
	cost’ = cap + om + fuel    
     + profit + land + net
	7.0
	10.5
	5.0 (8.5)
	13.8

	CO2 emission raw material
	gCO2/
kWhmat
	CO2mat
	325
	257
	211
	367

	- w. self-energy
	    “
	CO2mat ∙ (1 + eself)
	335
	265
	216
	393

	- w. conv. eff.
	    “
	CO2mat ∙ (1 + eself) / ε
	478
	378
	309
	561

	CO2 self-emissions
	%
	cself, (see equ. 1) 
	3
	10
	3
	-94

	CO2 production emissions
	gCO2/
kWh
	CO2mat ∙ (1 + eself) / ε ∙
∙ (1 + cself)
	493
	416
	318
	34

	CO2 sequestration, 
S = 0.6 MgC/ha/yr
	gCO2/
kWh
	(yield = 10.5 MgDM/ha/yr)
	0
	0
	0
	-77

	CO2 price
	$/tCO2
	PCO2
	50 (differentiative, distributive)

	Emission tax
- combustion
	¢/kWh
	comb = PCO2 ∙ CO2mat ∙  
  ∙ (1 + eself) / ε ∙ (1 + cself)
	2.5
	2.1
	1.6
	0.2

	- sequestration,
  S = 0.1 MgC/ha/yr)
	¢/kWh
	sequ = PCO2 ∙ S / (yield ∙      
        ∙ Emat ∙ (1 + eself)) ∙ ε
	0
	0
	0
	-0.4

	- total
	¢/kWh
	emis = sequ + comb
	2.5
	2.1
	1.6
	-0.2

	Subsidy (CO2)
	¢/kWh
	sub
	 -
	 -
	 -
	-4.1

	Tax (other)
	¢/kWh
	tax
	0
	0
	0
	0

	Cost (total),
w. emissions
	¢/kWh
	cost = cost’ + emis + 
              + sub + tax
	9.5
	12.6
	6.6 (10.1)
	9.5

	CO2 price balancing biomass costs to natural gas costs; differentiative and distributive as before

	CO2 price
	$/tCO2
	PCO2
	74

	Cost (total),
w. emissions
	¢/kWh
	cost
	10.6
	13.6
	7.4
	7.4


[bookmark: _Ref85107879]Table A2. Levelized heat production cost estimation by feedstock, analogous to Table A1.
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