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This supporting information provides assumptions and data inventories for the life cycle as-

sessment and techno-economic assessment.  
 

  

 

Please note:  

 

• Assumptions, equations and inventories are based on (Ruett et al., 2025). 

• Alterations and additional assumptions for processes are explained in footnotes. 

• For the environmental processes: 

o Ecoinvent version 3.10 (Wernet et al., 2016) was used. 

o The reference flow of each process is marked in bold. 

o When possible, ecoinvent provider processes were adjusted to German or Eu-

ropean markets.  

o Reference ‘own process’ refers to processes that were created by the authors 

and have already been documented in this document. 

• For all technological processes linear scale effects were assumed. 
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1 Calculations of the techno-economic assessment  
 

1.1 Annuity 
 

When data was given as levelized costs, we corrected to the present value based on (Chan & 

Tse, 2021). 

 
Equation S-1: Annuity 

 

PVA = 𝑥 ⋅ (
1 − (1 + 𝑟)−𝑡

𝑟
) 

 

𝑥 =
PVA

(
1 − (1 + 𝑟)−𝑡

𝑟
)
 

 

 

where 

 

PVA:    

x:       

𝑟:     

𝑡:    

Present Value of Annuity 

Annual Payment (undiscounted)  

discount rate (e.g. 0.05 for 5%) 

year of project lifetime, t = 1,…,20 

 

1.2 Levelized Profit 
 

The calculation for the levelized profit was based on procedures by (Homagain et al., 2016; 

Langhorst et al., 2022) (see SI2). 
 

Equation S-2: Levelized Profit 

 

Levelized Profit =
∑ [(𝐶𝑡 − 𝑅𝑡) ⋅ (1 − τ)]20

𝑡=1 ⋅
1

(1 + 𝑟)𝑡

∑ 𝐵𝑡
20
𝑡=1 ⋅

1
(1 + 𝑟)𝑡

 

 

 

∀ 𝑡 ∈  Ν = {0,1,2, … ,20} 

 

where 

 

𝐶ₜ:     

𝑅ₜ:     

𝐵ₜ:     

𝑟:         

𝜏:    

𝑡:  

total costs in year t 

total revenues in year t 

biomass input in year t (e.g. tonnes) 

discount rate (e.g. 0.05 for 5%) 

tax rate on profits (e.g. 0.30 for 30%) 

year of project lifetime, t = 1,…,20 
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Table S-1: Base data for the techno-economic assessment 

Category Position Amount Unit Reference 

General data 

Financial data 

Discount rate r 5 % (Cheng et al., 2021; Friedl et al., 2023) 

Tax  25 % (Fawzy et al., 2022; Haeldermans et al., 2020) 

Costing period 20 years 

(Arfan et al., 2023; Azzi et al., 2022; Fawzy et al., 

2022; Oreggioni et al., 2017; Pyreg, personal com-
munication, 2024) 

Producer Price Indices, ap-

plied when no data available 
for 2024 

variable per 

year 
 (Destatis, 2025) 

Technical 

data 

Operation hours 8,000 hours year-1 

(Azzi et al., 2022; Pyreg, personal communication, 

2024; S. G. Subraveti, personal communication, 
2025) 

Lifetime 20 years 
acc. to technical plant specifications (Oreggioni et 
al., 2015; Pyreg, 2024) or adjusted accordingly.  
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2 Inventories for the life cycle and techno-economic assessment 
 

2.1 Biomass-related processes (for all technologies)  
 
Table S-2: Biomass production, straw  

Biomass production, straw  per kg biomass 

Input Process  Amount Unit Reference 

Inputs from  wheat grain production | straw | Cutoff, U OBU   
(Wernet et al., 

2016) 

Output     

straw  1.00 kg  

Other outputs from  wheat grain production | straw | Cutoff, U OBU   
(Wernet et al., 

2016) 

 

Table S-3: Storage, straw  

Storage, straw  per MJ heat 

Input Process  Amount Unit Reference 

building, hall  
market for building, hall | building, hall | Cutoff, U - 

GLO 
1 

m2 
(Wernet et al., 

2016) 

     

straw wheat grain production | straw | Cutoff, U OBU - DE 1.058
2

 kg 
(Wernet et al., 

2016) 

transport 
market for transport, tractor and trailer, agricultural | 
transport, tractor and trailer, agricultural | Cutoff, U - 

RoW 

0.002 t*km 
Own assumption, 
(Wernet et al., 

2016) 

occupation 
3 3 

m2*a 
(Wernet et al., 
2016) 

transformation 

3 3 

m2 
(Wernet et al., 

2016) 

Output     

straw, stored  1.00 kg 
 

 

 
 

 
1 For approximation of the biomass amount stored ecoinvent process ‘building construction, hall, steel construc-

tion | building, hall, steel construction | Cutoff, U’ was used. 
2 Accounting for 5.5% dry matter loss (Emery & Mosier, 2012; Tonini et al., 2012) 
3 Amounts and processes taken from ecoinvent 3.10 process ‘drying of maize straw and whole-plant | drying of 

maize straw and whole-plant | Cutoff, U‘ 
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Table S-4: Straw at market  

Straw at market  per kg biomass 

Input Process  Amount Unit Reference 

straw, stored Storage, straw 1.02
4

 kg 
(Wernet et al., 
2016) 

transport 

Market for transport, freight, lorry 16-32 metric ton, 

EURO6 | transport, freight, lorry 16-32 metric ton, 

EURO6 | Cutoff, U - RER 

0.05 t*km 

(Pyreg, 2024; Ruett 

et al., 2024; Wernet 

et al., 2016) 

Output     

Straw at market  1.00
5

 kg  

 
 
Table S-5: Data inventory for the techno-economic analysis. 

Category Position Amount Unit Reference 

Biomass  

Straw 103
6

 € t-1 (Greifenberg, Oliver, 2025) 

Ash treatment
7

 99.65 € t-1 (Eberhardinger et al., 2009) 

 

 

2.2 Bioenergy (BE)  
    
Table S-6: Combustion process, straw 

Combustion process, straw per MJ heat 

Input Process  Amount Unit Reference 

Other inputs from  
heat production, straw, at furnace 300kW | heat, district 

or industrial, other than natural gas | Cutoff, U – RER
8

 
  

(Wernet et al., 
2016) 

Straw at market Straw at market 0.057 kg Own process 

Output     

Other outputs from 
heat production, straw, at furnace 300kW | heat, district 

or industrial, other than natural gas | Cutoff, U - RER 
  

(Wernet et al., 

2016) 

heat 

avoids: market for heat, district or industrial, other 

than natural gas | heat, district or industrial, other 

than natural gas | Cutoff, U - Europe without Swit-

zerland 

1.00 MJ 
(Wernet et al., 

2016) 

 

 

 
4 Accounting for 2% transport loss (Caixeta-Filho & Péra, 2018) 
5 Biomass inputs and outputs for all technologies modelled on a dry mass basis 
6 The average price over the quarters in 2024 was calculated. Since prices are market prices, we assumed that the 

biomass price includes delivery and pre-drying in the temporary storage facility. 
7 For treating the ash residues it was conservatively assumed that the ash would be disposed of in a landfill and 

not possibly used as a more cost-effective option as a fertilizer (Eberhardinger et al., 2009). 
8 The process ‘heat production, straw, at furnace 300kW’ has been adapted to German electricity mix. Biomass 

inputs/heat outputs calculated from furnace calorific efficiency (Fröling, 2024; Wernet et al., 2016) and biomass’ 

lower heating values. Ash outputs from combustion has been adjusted based on biomass’ ash content (Pyreg, 

2024). 
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Table S-7: Data inventory for the techno-economic analysis for BE 

Category Position Amount Unit Reference 

Costs 

BE  

Combustion plant
9

  140,000 € unit-1 
(Fröling, personal communication, February 4, 

2025) 

Combustion plant, operating 

costs 
17,500 € year-1 (Bolhàr-Nordenkampf et al., 2003) 

Electricity 0.17 € kWh-1 (BDEW, 2024) 

Revenues 

 District heat 0.05 € kWh-1 (Green Innovations, 2024) 

Electricity  0.15 € kWh-1 (Bundesnetzagentur, 2024a) 

Technical data 

Technical 

data 

Operation hours 8,000 hours year-1 

(Azzi et al., 2022; Pyreg, personal communication, 

2024; S. G. Subraveti, personal communication, 

2025) 

Lifetime 20 years 
acc. to technical plant specifications (Oreggioni et 

al., 2015; Pyreg, 2024) or adjusted accordingly.  

 

 

2.3 Biochar Carbon Removal (BCR) 
 
Table S-8: Straw pelletizing 

 Straw pelletizing per kg biomass 

Input Process  Amount Unit Reference 

Other inputs from 
wood pellet production | wood pellet, measured as dry 
mass | Cutoff, U - RER 

  
(Wernet et al., 
2016) 

straw straw at market 1.00 kg Own process 

Output     

straw, pelletized  1.00 kg  

Other outputs from 
wood pellet production | wood pellet, measured as dry 

mass | Cutoff, U - RER 
  

(Wernet et al., 

2016) 

 

 

 

 

 

 

 

 

 

 
9 For the combustion process, a CHP plant with an energy output of 320 kW (Fröling, 2024) applied in the ecoin-

vent 3.10 process ‘heat production, straw, at furnace 300kW, Cutoff, U - RER’ (Wernet et al., 2016) was used. 

Only thermal energy is produced. We assume operational expenses of 12.5% of the plant costs (Bolhàr-Nor-

denkampf et al., 2003).  
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Table S-9: Biochar production, straw (based on (Ruett et al., 2024)) 

 Biochar production, straw per t biochar 

Input Process  Amount Unit Reference 

electricity 
market for electricity, low voltage | electricity, low volt-
age | Cutoff, U – DE 

10 kWh 
(Pyreg, 2024; Wer-
net et al., 2016) 

liquefied petroleum gas 

liquefied petroleum gas [market for liquefied petroleum 

gas | liquefied petroleum gas | Cutoff, U - Europe without 
Switzerland 

10
 kg 

(Pyreg, 2024; Wer-

net et al., 2016) 

straw, pelletized  Straw, pelletized 4366.31 kg Own process 

pyrolysis furnace PX1500 plant production – DE
11

 
10 Item 

(Pyreg, personal 
communication, 

2024; Wernet et al., 

2016) 

water Water, cooling, unspecified natural origin, RER 10 l 
(Pyreg, 2024; Wer-

net et al., 2016) 

big bag  big bag 1t, polypropylene, production – RER
12

 5.00 kg 

(Colomb et al., 

2015; Marzeddu et 

al., 2021) 

Output     

biochar, packed  1,000.00 kg  

heat 

heat, district or industrial, other than natural gas [market 

for heat, district or industrial, other than natural gas | heat, 
district or industrial, other than natural gas | Cutoff, U - 

Europe without Switzerland] 

10
 kWh (Pyreg, 2024) 

ash 
market for wood ash wood ash [mixture, pure | wood ash 

mixture, pure | Cutoff, U - Europe without Switzerland]
13

 
174.65 kg 

(Wernet et al., 
2016) 

arsenic elementary flow – to air 0.0035 kg 
(Azzi et al., 2022; 

Wernet et al., 2016) 

cadmium elementary flow – to air 5.4E-4 kg 
(Azzi et al., 2022; 
Wernet et al., 2016) 

carbon dioxide, fossil elementary flow – to air 0.00804 kg 
(Azzi et al., 2022; 

Wernet et al., 2016) 

carbon dioxide, non-fos-

sil 
elementary flow – to air 4400.0 kg 

(Azzi et al., 2022; 

Wernet et al., 2016) 

carbon monoxide, fossil elementary flow – to air 0.0311 kg 
(Azzi et al., 2022; 
Wernet et al., 2016) 

carbon monoxide, non-

fossil 
elementary flow – to air 8.4 kg 

(Azzi et al., 2022; 

Wernet et al., 2016) 

chromium elementary flow – to air 0.0096 kg 
(Azzi et al., 2022; 

Wernet et al., 2016) 

copper elementary flow – to air 0.002 kg 
(Azzi et al., 2022; 
Wernet et al., 2016) 

lead elementary flow – to air 0.00108 kg 
(Azzi et al., 2022; 

Wernet et al., 2016) 

mercury elementary flow – to air 1.4E-4 kg 
(Azzi et al., 2022; 

Wernet et al., 2016) 

molybdenum elementary flow – to air 5.7E-4 kg 
(Azzi et al., 2022; 

Wernet et al., 2016) 

nickel elementary flow – to air 0.0018 kg 
(Azzi et al., 2022; 
Wernet et al., 2016) 

 
10 Calculated based on (Pyreg, 2024), including lower heating values of biomass and thermal efficiency/output of 

the pyrolysis plant. Data may be made available upon request. 
11 the process ‘pyrolysis plant production’ was linearly interpolated from the ecoinvent 3.10 process furnace 

wood chips, with silo  between the process options 1000 and 5000 kW according to (Azzi et al., 2022); specific 

properties were adjusted according to (Pyreg, personal communication, 2024), in particular in percentage terms 

to the material mix of structural steel, stainless steel, polyethylene and rock wool and the total plant weight of 

60t as well as corresponding waste processes and treatments. Includes transport of the plant over 300km from the 

construction to the production site by transport, freight, lorry >32 metric ton, EURO6 in Germany (Wernet et 

al., 2016). 
12 Original process: Big bag 1t, polypropylene, production – FR. Packing 1000 kg biochar requires 5 kg big bag 

material (Marzeddu et al., 2021) 
13 Proxy for straw, adjusted to amount of ash contained in straw (4%) on a dry mass basis (Pyreg, 2024). 
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nitrogen oxides, DE elementary flow – to air 0.5 kg 
(Azzi et al., 2022; 

Wernet et al., 2016) 

NMVOC, non-methane 

volatile organic com-

pounds 

elementary flow – to air 0.25 kg 
(Azzi et al., 2022; 
Wernet et al., 2016) 

PAH, polycyclic aro-

matic hydrocarbons 
elementary flow – to air 4.5E-5 kg 

(Azzi et al., 2022; 

Wernet et al., 2016) 

Particulates, > 10 um elementary flow – to air 1.75 kg 
(Azzi et al., 2022; 
Wernet et al., 2016) 

tin elementary flow – to air 3.0 kg 
(Azzi et al., 2022; 

Wernet et al., 2016) 

water elementary flow – to air 499.06 l 
(Azzi et al., 2022; 

Wernet et al., 2016) 

water elementary flow – to water 788.19 l 
(Azzi et al., 2022; 

Wernet et al., 2016) 

 

Table S-10:  Biochar application to soil, straw 

 Biochar application to soil, straw per t biochar 

Input Process  Amount Unit Reference 

biochar, packed Biochar production, straw 1.00 t Own process 

     

solid manure loading and 
spreading 

Hydraulic loader and spreader [solid manure loading 

and spreading, by hydraulic loader and spreader | solid 
manure loading and spreading, by hydraulic loader and 

spreader | Cutoff, U – CH] 

1000.0 kg 

(Marzeddu et al., 

2021; Wernet et al., 

2016) 

tillage 
Rotary cultivator [tillage, rotary cultivator | tillage, ro-
tary cultivator | Cutoff, U - RoW] 

2000.0 m2 
(Marzeddu et al., 
2021; Wernet et al., 

2016) 

transport 

Transport, freight, lorry 16-32 metric ton, EURO6 | 

transport, freight, lorry 16-32 metric ton, EURO6 | Cut-

off, U - RER 

20.0 t*km 
(Ruett et al., 2024; 
Wernet et al., 2016) 

Output     

biochar, to soil  1.00 t  

waste polyethylene
14

 
Market for waste polyethylene | waste polyethylene | 

Cutoff, U - DE 
5.00 kg 

(Wernet et al., 

2016) 

carbon dioxide Elementary flow, to soil or biomass stock 2161.45
15

 kg 
(Wernet et al., 
2016) 

     

 

 
 

 

 

 

 

 

 

 

 

 
14 Waste from biochar big bag 
15 Carbon in biochar was assumed 75% permeable on average (Azzi et al., 2024). Carbon content in biochar was 

78.5% for straw (Pyreg, 2024).  
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Table S-11: Data inventory for the techno-economic analysis for BCR 

Category Position Amount Unit Reference 

Costs 

BCR   

Pyrolysis plant  2,000,000
16

 € unit-1 (Pyreg, personal communication, 2024) 

Pelletizing machine
17

  290,000 € unit-1 (Ecokraft, personal communication, 2024) 

Plant maintenance  2.516 % of plant 
price 

(Pyreg, personal communication, 2024) 

Plant insurance  0.516 % of plant 

price 
(Pyreg, personal communication, 2024) 

Property rent  6.43 € m2 -1 (Statista & German Property Partners, 2024) 

Labor rate  40.54 € h-1 (Destatis, 2024) 

Electricity  0.17 € kWh-1 (BDEW, 2024) 

Gas  0.06 € kWh-1 (Bundesnetzagentur, 2024b) 

Water  4.68 € m3-1 (VEA, 2024) 

LPG gas  1.05 € l-1 (myLPG, 2024) 

Big bag  10.87 € unit-1 (MyPellets, 2024) 

 Transport biochar to applica-

tion side (20km) 
7.99 € t biochar-1 

(Sahoo et al., 2021), scaled to 20 km according to 

(Ruett et al., 2024) 

 
Soil application, loading  6.75

18
 € t biochar-1 (KTBL, 2025) 

 
Tillage, rotary cultivator 1.20618 € t biochar-1 (KTBL, 2025) 

Revenues 

Process out-

put 

Biochar  500 € t-1 (BZL, 2023; Campion et al., 2023) 

District heat 0.05 € kWh-1 (Green Innovations, 2024) 

CRC biochar 155.21 € tCO2
-1 (Höglund & Niparko, 2024) 

Technical data 

 Operation hours 8,000 hours year-1 
(Azzi et al., 2022; Pyreg, personal communication, 
2024; S. G. Subraveti, personal communication, 

2025) 

 Lifetime 20 years 
acc. to technical plant specifications (Oreggioni et 
al., 2015; Pyreg, 2024) or adjusted accordingly.  

 

 

 

 

 

 

 
16 We used data of a pyrolysis plant of the established German manufacturer PYREG (Pyreg, personal communi-

cation, 2024, 2024) with a capacity of 1500kW. Data as well as heat outputs for straw may be made available via 

request.  
17 It was taken into account that biomass is pelletized after delivery, incurring additional costs. A pelletizing 

plant (Ecokraft, 2024) corresponding to the biomass input of the pyrolysis plant that processes straw was identi-

fied (pelletizing rate of up to 255 kg biomass/h (Ecokraft, personal communication, 2024)).     
18 The costs for biochar application to soil were calculated using (KTBL, 2025) cost data on solid manure load-

ing and tillage by rotary cultivator. 
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2.4 Bioenergy with Carbon Capture and Storage (BECCS) 
 
Table S-12: Gasification process, straw 

Gasification process, straw
19  per 1.565 kg of CO2 

Input Process  Amount Unit Reference 

heat and power co-gen-

eration unit  

heat and power co-generation unit, 160kW electrical, 

common components for heat+electricity | Cutoff, U – 

RER
20 

1.21 item 
(Wernet et al., 

2016) 

heat and power co-gen-
eration unit 

heat and power co-generation unit, 160kW electrical, 
components for electricity only | Cutoff, U - RER 

1.21 item 

(Oreggioni et al., 

2017; Wernet et al., 

2016) 

heat and power co-gen-

eration unit 

heat and power co-generation unit, 160kW electrical, 

components for heat only | Cutoff, U – RER
21 

1.21 item 
(Wernet et al., 

2016) 

straw Biomass production, straw 0.92
22 kg Own process 

water 
market for water, completely softened | water, com-

pletely softened | Cutoff, U - RER 
27.1 kg 

(Oreggioni et al., 
2017; Wernet et al., 

2016) 

Output     

CO2, output   1.57
23 kg  

electricity  
avoids: market for electricity, low voltage | electricity, 

low voltage | Cutoff, U - DE 0.78
24 kWh 

(Oreggioni et al., 

2017; Wernet et al., 

2016) 

heat 

avoids: market for heat, district or industrial, other than 

natural gas | heat, district or industrial, other than natu-

ral gas | Cutoff, U - Europe without Switzerland 
2.02

25 kWh 

(Oreggioni et al., 

2017; Wernet et al., 

2016)  

ash 
market for wood ash mixture, pure | wood ash mixture, 

pure | Cutoff, U - Europe without Switzerland 
0.0413 kg 

(Oreggioni et al., 

2017; Wernet et al., 

2016) 

 

  

 
19 Process created according to (Oreggioni et al., 2017), including adjustments as indicated in footnotes. Two-

zone 10 MW input/ 2.8 MWe output fast internally circulating fluidized bed gasification combined heat and 

power plant with pre-combustion adsorptive unit. 
20 Added to consider the entire combined heat and power plant 
21 Added to consider the entire combined heat and power plant 
22 Biomass input calculated based on lower heating value of biomass and gasification process data (Oreggioni et 

al., 2017). 
23 Adjusted according to carbon content in straw (46.2%) dry mass (Pyreg, 2024). 
24 Calculated electricity produced based on lower heating value of biomass and gasification process data (Oreg-

gioni et al., 2017). Subsequently, calculated excess electricity to feed into the market by subtracting electricity 

requirements for gasification, carbon capture and compression processes from electricity produced (Burger et al., 

2024; Oreggioni et al., 2015). No electricity inputs in gasification, pre-combustion and compression processes 

due to electricity surplus. Thus, 2.29 MW of the plant's 2.74 MW potential electrical energy is fed into the grid 

(Oreggioni et al., 2015). 
25 Calculated heat produced based on lower heating value of biomass and gasification process data (Oreggioni et 

al., 2017). Subsequently, calculated excess heat to feed into the market by subtracting heat requirements for gasi-

fication, carbon capture and compression processes from electricity produced (Burger et al., 2024; Oreggioni et 

al., 2015). No heat inputs in gasification, pre-combustion and compression processes due to heat surplus.  
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Table S-13: Pre-combustion carbon capture, straw 

Pre-combustion carbon capture
26

 per 1,880 kg of CO2 captured 

Input Process  Amount Unit Reference 

CO2 output Gasification process, straw 3,860.00 kg Own process 

metal working 

metal working, average for steel product manu-

facturing | metal working, average for steel prod-

uct manufacturing | Cutoff, U - RER 

0.005 kg 

(Oreggioni et al., 

2017; Wernet et 

al., 2016) 

water 
market for water, completely softened | water, 
completely softened | Cutoff, U - RER 

862.92 kg 

(Oreggioni et al., 

2017; Wernet et 

al., 2016) 

zeolite 
market for zeolite, powder | zeolite, powder | 
Cutoff, U - GLO 

0.75 kg 

(Oreggioni et al., 

2017; Wernet et 

al., 2016) 

nitrogen elementary flow – in air 10,100.00 kg 

(Oreggioni et al., 

2017; Wernet et 
al., 2016) 

nitrogen elementary flow – in air 4,560.00 kg 

(Oreggioni et al., 

2017; Wernet et 
al., 2016) 

oxygen elementary flow – in air 1,380.00 kg 

(Oreggioni et al., 

2017; Wernet et 
al., 2016) 

oxygen elementary flow – in air 3,040.00 kg 

(Oreggioni et al., 

2017; Wernet et 
al., 2016) 

occupation elementary flow – industrial area 17.58 m2*a 

(Burger et al., 

2024; Wernet et 
al., 2016) 

transformation elementary flow – to industrial area 0.88 m2 

(Burger et al., 

2024; Wernet et 
al., 2016) 

water elementary flow - cooling 455.00 l 

(Oreggioni et al., 

2017; Wernet et 

al., 2016)  

Output
27     

CO2, captured   1,880.00
28

 kg 
 

waste zeolite 
treatment of waste zeolite, inert material landfill | 

waste zeolite | Cutoff, U - RoW 
0.75 kg 

(Oreggioni et al., 

2017; Wernet et 
al., 2016) 

ammonia elementary flow – to air 0.07 kg 

(Oreggioni et al., 

2017; Wernet et 
al., 2016) 

benzene elementary flow – to air 33.76 kg 

(Oreggioni et al., 

2017; Wernet et 
al., 2016) 

carbon dioxide, non-fossil elementary flow – to air 1,980.00 kg 

(Oreggioni et al., 

2017; Wernet et 

al., 2016) 

carbon monoxide, non-fossil elementary flow – to air 2.38 kg 

(Oreggioni et al., 

2017; Wernet et 
al., 2016) 

 
26 Process from (Oreggioni et al., 2017) (Two-zone 10 MW input/ 2.8 MWe output fast internally circulating flu-

idized bed gasification combined heat and power plant with pre-combustion adsorptive unit), added estimation 

for occupation and transformation from (Burger et al., 2024) for the entire BECCS plant. No energy inputs as 

sourced from gasification process (see 18,19). 
27 All elementary flow outputs were scaled according to the different amounts of syngas produced during gasifi-

cation in relation to wood chips (biomass used in (Oreggioni et al., 2017)). (Erlach et al., 2012; Qin et al., 2012) 

find similar exhaust gases for gasification of wood chips and lignocellulosic biomasses.  
28 Capture rate for pre-combustion pressure swing adsorption: 49% (Oreggioni et al., 2017). 
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carbon monoxide, non-fossil elementary flow – to air 0.08 kg 

(Oreggioni et al., 

2017; Wernet et 
al., 2016) 

chlorine elementary flow – to air 0.03 kg 

(Oreggioni et al., 

2017; Wernet et 
al., 2016) 

hydrochloric acid elementary flow – to air 0.002 kg 

(Oreggioni et al., 

2017; Wernet et 
al., 2016) 

hydrogen elementary flow – to air 4.16 kg 

(Oreggioni et al., 

2017; Wernet et 
al., 2016) 

hydrogen elementary flow – to air 0.02 kg 

(Oreggioni et al., 

2017; Wernet et 
al., 2016) 

hydrogen sulfide elementary flow – to air 0.02 kg 

(Oreggioni et al., 

2017; Wernet et 
al., 2016) 

hydrogen sulfide elementary flow – to air 0.71 kg 

(Oreggioni et al., 

2017; Wernet et 
al., 2016) 

naphthalene elementary flow – to air 9.41 kg 

(Oreggioni et al., 

2017; Wernet et 
al., 2016) 

nitrogen elementary flow – to air 2.11 kg 

(Oreggioni et al., 

2017; Wernet et 
al., 2016) 

nitrogen oxides elementary flow – to air 1.63 kg 

(Oreggioni et al., 

2017; Wernet et 
al., 2016) 

oxygen elementary flow – to air 2,597.04 kg 

(Oreggioni et al., 

2017; Wernet et 
al., 2016) 

PAH, polycyclic aromatic 

hydrocarbons 
elementary flow – to air 0.22 kg 

(Oreggioni et al., 

2017; Wernet et 
al., 2016) 

Particulate Matter, > 2.5 um 

and < 10um 
elementary flow – to air 0.03 kg 

(Oreggioni et al., 

2017; Wernet et 
al., 2016) 

Particulate Matter, > 2.5 um 

and < 10um 
elementary flow – to air 0.08 kg 

(Oreggioni et al., 
2017; Wernet et 

al., 2016) 

sulfur oxides elementary flow – to air 0.96 kg 
(Oreggioni et al., 
2017; Wernet et 

al., 2016) 

water elementary flow – to air 3,621.42 l 
(Oreggioni et al., 
2017; Wernet et 

al., 2016) 

water elementary flow – to water 393.00 l 
(Oreggioni et al., 
2017; Wernet et 

al., 2016) 
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Table S-14: CO2 compression, straw 

CO2 compression, straw
29

 per 1,000 kg of CO2 liquefied 

Input Process  Amount Unit Reference 

CO2, captured Pre-combustion carbon capture, straw 1,000.00 kg Own process 

metal working 

metal working, average for chromium steel product 

manufacturing | metal working, average for chro-

mium steel product manufacturing | Cutoff, U - RER 

0.976 kg 

(Burger et al., 

2024; Wernet et 

al., 2016) 

water water, cooling | DE 774.20 MJ 

(Burger et al., 

2024; Wernet et 

al., 2016) 

air compressor 

air compressor production, screw-type compressor, 

300kW | air compressor, screw-type compressor, 

300kW | Cutoff, U - RER 

1.17E-6 Item 

(Burger et al., 

2024; Wernet et 

al., 2016) 

ammonia 
market for ammonia, anhydrous, liquid | ammonia, 

anhydrous, liquid | Cutoff, U - RER 
0.0001 kg 

(Burger et al., 

2024; Wernet et 
al., 2016) 

concrete block 
market for concrete block | concrete block | Cutoff, U 

- DE 
0.056 kg 

(Burger et al., 

2024; Wernet et 
al., 2016) 

concrete block 
market for concrete block | concrete block | Cutoff, U 

- DE 
0.012 kg 

(Burger et al., 

2024; Wernet et 
al., 2016) 

refrigeration machine 

refrigeration machine production, ammonia, liquid as 

refrigerant | refrigeration machine, carbon dioxide, 

liquid as refrigerant | Cutoff, U
30

  

3.11E-5 Item 

(Burger et al., 

2024; Wernet et 

al., 2016) 

steel 
steel production, electric, chromium steel 18/8 | steel, 
chromium steel 18/8 | Cutoff, U - RER 

0.976 kg 

(Burger et al., 

2024; Wernet et 

al., 2016) 

steel 
market for steel, chromium steel 18/8 | steel, chro-
mium steel 18/8 | Cutoff, U - GLO 

0.01 kg 

(Burger et al., 

2024; Wernet et 

al., 2016) 

water pump operation 
water pump operation, electric | water pump opera-
tion, electric | Cutoff, U - DE 

0.72 MJ 

(Burger et al., 

2024; Wernet et 

al., 2016) 

zeolite 
market for zeolite, powder | zeolite, powder | Cutoff, 
U - GLO 

0.00017 kg 

(Burger et al., 

2024; Wernet et 

al., 2016) 

water elementary flow - cooling 455.00 l 
(Burger et al., 

2024; Wernet et 

al., 2016) 

water elementary flow - in water  1.00 m3 

(Burger et al., 

2024; Wernet et 

al., 2016) 

Output     

CO2, liquefied   1,000.00 kg  

waste zeolite 
treatment of waste zeolite, inert material landfill | 

waste zeolite | Cutoff, U - RoW 
0.00017 kg 

(Burger et al., 

2024; Wernet et 

al., 2016) 

hazardous waste 

treatment of hazardous waste, hazardous waste incin-

eration | hazardous waste, for incineration | Cutoff, U 

- Europe without Switzerland 

0.00014 kg 

(Burger et al., 
2024; Wernet et 

al., 2016) 

scrap steel 
market for scrap steel | scrap steel | Cutoff, U - Eu-

rope without Switzerland 
0.976 kg 

(Burger et al., 

2024; Wernet et 

al., 2016) 

 
29 Process from (Burger et al., 2024) 
30 In the original ecoinvent 3.10 process refrigeration machine production, carbon dioxide, liquid as refrigerant 

(Ecoinvent, 2023), carbon dioxide was replaced by ammonia (NH3) in accordance with (Burger et al., 2024). 
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scrap steel 
market for scrap steel | scrap steel | Cutoff, U - Eu-

rope without Switzerland 
0.01 kg 

(Burger et al., 

2024; Wernet et 

al., 2016) 

waste concrete 
market for waste concrete | waste concrete | Cutoff, U 

- Europe without Switzerland 
0.012 kg 

(Burger et al., 

2024; Wernet et 

al., 2016) 

waste concrete 

treatment of waste concrete, inert material landfill | 

waste concrete | Cutoff, U - Europe without Switzer-

land 

0.056 kg 

(Burger et al., 
2024; Wernet et 

al., 2016) 

wastewater 

treatment of wastewater, average, wastewater treat-

ment | wastewater, average | Cutoff, U - Europe with-

out Switzerland
31

 

0.008 m3 

(Burger et al., 
2024; Wernet et 

al., 2016) 

ammonia elementary flow – to air 0.0001 kg 

(Burger et al., 

2024; Wernet et 

al., 2016) 

occupation elementary flow – industrial  0.0031 m2*a 

(Burger et al., 

2024; Wernet et 

al., 2016) 

transformation  elementary flow – to industrial area 0.00016 m2 

(Burger et al., 

2024; Wernet et 

al., 2016) 

carbon dioxide, non-fos-

sil 
elementary flow – to air 6.67 kg 

(Burger et al., 

2024; Wernet et 

al., 2016) 

 

 
Table S-15: CO2 transport via truck and ship, straw  

CO2 transport
32

 per 1,000 kg of CO2 

Input Process  Amount Unit Reference 

CO2, liquefied CO2 compression, straw 1,000.00 kg Own process 

metal working 

market for metal working, average for chromium steel 
product manufacturing | metal working, average for 

chromium steel product manufacturing | Cutoff, U - 

GLO 

1.38 kg 
(Burger et al., 2024; 

Wernet et al., 2016) 

steel 
market for steel, chromium steel 18/8 | steel, chromium 

steel 18/8 | Cutoff, U - GLO 
1.38 kg 

(Burger et al., 2024; 

Wernet et al., 2016) 

transport 

transport, freight, lorry with refrigeration machine, 7.5-
16 ton, EURO6, carbon dioxide, liquid refrigerant, 

cooling | transport, freight, lorry with refrigeration ma-
chine, 7.5-16 ton, EURO6, carbon dioxide, liquid re-

frigerant, cooling | Cutoff, U - GLO 

51.0
33

 t*km 
(Burger et al., 2024; 
Wernet et al., 2016) 

transport 

transport, freight, lorry with refrigeration machine, 7.5-
16 ton, EURO6, carbon dioxide, liquid refrigerant, 

cooling | transport, freight, lorry with refrigeration ma-

chine, 7.5-16 ton, EURO6, carbon dioxide, liquid re-
frigerant, cooling | Cutoff, U - GLO 

236.00
33,34 t*km 

(Burger et al., 2024; 
Wernet et al., 2016) 

transport 

transport, freight, sea, tanker for liquefied natural gas | 

transport, freight, sea, tanker for liquefied natural gas | 

Cutoff, U - GLO 
803.5

33 t*km 
(Burger et al., 2024; 

Wernet et al., 2016) 

Output     

CO2, transported  1,000.00 kg  

 

 

 

 
31 The process 'treatment of wastewater, average, wastewater treatment | wastewater, average | Cutoff, U - Eu-

rope without Switzerland' (Wernet et al., 2016) was adjusted to the German electricity grid. 
32 Process from (Burger et al., 2024). 
33 Adjusted to one-way transport distances 
34 In the scenario for the geological storage in Germany, only 236 km land transport were considered. 
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Table S-16: CO2 storage, geological injection, straw 

CO2 storage, geological injection, straw per 1,000 kg of CO2 

Input Process  Amount Unit Reference 

CO2 storage, injection 
well 

offshore well production, CO2 | offshore well, CO2 | 
Cutoff, U  - GLO 

0.00014 m 
(Burger et al., 2024; 
Wernet et al., 2016) 

electricity 
market for electricity, medium voltage | electricity, me-

dium voltage | Cutoff, U - NO
35 

33.83 kWh 
(Burger et al., 2024; 

Wernet et al., 2016) 

CO2, transported CO2 transport, straw 1,000.00 kg Own process 

CO2 storage, subsea fa-

cility 

defined in supporting information of Burger et al. 

(2024) 
5.33E-8 Item 

(Burger et al., 2024; 

Wernet et al., 2016) 

CO2 storage, pipeline 
defined in supporting information of Burger et al. 
(2024) 

2.68E-6 Item 
(Burger et al., 2024; 
Wernet et al., 2016) 

CO2 storage, onshore fa-

cilities 

defined in supporting information of Burger et al. 

(2024) 
2.67E-8 Item 

(Burger et al., 2024; 

Wernet et al., 2016) 

Output     

Straw at market   1,173.84 kg  

CO2, geological stored   1,000.00 kg  

Other outputs defined in supporting information of Burger et al. 
(2024)   

(Burger et al., 2024; 
Wernet et al., 2016) 

 

  

 
35 In the scenario for the geological storage in Germany, electricity mix was changed to the German market mix.  
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Table S-17: Data inventory for the techno-economic analysis for BECCS 

Category Position Amount Unit Reference 

Costs 

BECCS  

Gasification plant
36

  13,403,159 € unit-1 (Bolhàr-Nordenkampf et al., 2003) 

Gasification plant, opera-

tional cost
37

 
1,340,316 € year-1 (Bolhàr-Nordenkampf et al., 2003) 

CO2 capture CAPEX
38

 26.91 € tCO2
-1 (Subraveti et al., 2022) 

CO2 capture OPEX37 8.24 € tCO2
-1 (Subraveti et al., 2022) 

CO2 conditioning37  8.12 € tCO2
-1 (Subraveti et al., 2022) 

CO2 transport, land 0.1 
€*(tCO2*km) 

-1 
(Becattini et al., 2024) 

CO2 transport, ship 0.03 
€*(tCO2*km) 

-1 
(d’Amore & Bezzo, 2017) 

CO2 injection into geological 

storage  
0.67 € tCO2

-1 (d’Amore & Bezzo, 2017) 

Revenues 

Process out-

put 

District heat 0.05 € kWh-1 (Green Innovations, 2024) 

Electricity  0.15 € kWh-1 (Bundesnetzagentur, 2024a) 

CRC BECCS 209.72 € tCO2
-1 (Höglund & Niparko, 2024) 

Technical data 

Technical 

data 

Operation hours 8,000 hours year-1 

(Azzi et al., 2022; Pyreg, personal communication, 

2024; S. G. Subraveti, personal communication, 

2025) 

Lifetime 20 years 
acc. to technical plant specifications (Oreggioni et 

al., 2015; Pyreg, 2024) or adjusted accordingly.  

 

 

  

 
36 We used cost data of 10MW gasification plant (Bolhàr-Nordenkampf et al., 2003; Oreggioni et al., 2015) that 

has been used in the study of (Oreggioni et al., 2015). The gasification plant generates a net electrical output (al-

ready deducting the consumption of the machine and carbon capture process) of 2.29 MW and net district heat of 

4.86 MW (Oreggioni et al., 2015). These technological specifications were used lateron in the study we used for 

the environmental life cycle inventory (Oreggioni et al., 2017). 
37 We assume operational expenses of 12.5% of the plant costs (Bolhàr-Nordenkampf et al., 2003).  
38 The costs data according to (Subraveti et al., 2021, 2022) were used for the carbon capture and the CO2-condi-

tioning processes and scaled to match the plant of (Oreggioni et al., 2017). When possible, we applied available 

data from (Oreggioni et al., 2017), e.g. adsorbent amount, cooling water) within cost calculation. The process 

runs on a four-stage vacuum swing adsorption unit with a capacity of 2004 texhaust gas/h. Zeolite 13X is used as 

the absorbent. In addition, the machine operates 8000 h/year with a lifetime of 25 years (Subraveti et al., 2022). 

To enable a comparative assessment, costs were adjusted based on their discount rate and the lifetime of the op-

eration (see 1.1 for annuity formula). 
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2.5 Scenario analyses 
 
Table S-18: For the ‘renewable energy offsets’ scenario: Approximation of electricity production, low voltage, German en-

ergy mix 2045 approximated as projected by (Prognos et al., 2021). Applied to offset produced electricity in scenario “re-

newable energy” 

Electricity production, low voltage, German energy mix 2045 per kWh of electricity 

Input Process  Amount Unit Reference 

distribution network 

market for distribution network, electricity, low volt-

age | distribution network, electricity, low voltage | 

Cutoff, U - GLO 

8.74E-8 km (Wernet et al., 2016) 

electricity 
heat and power co-generation, biogas, gas engine | 

electricity, high voltage | Cutoff, U - DE 
0.01 kWh (Wernet et al., 2016) 

electricity 
electricity production, hydro, reservoir, non-alpine re-

gion | electricity, high voltage | Cutoff, U - DE 
0.02 kWh (Wernet et al., 2016) 

electricity 
electricity production, wind, 1-3MW turbine, onshore | 

electricity, high voltage | Cutoff, U - DE 
0.31 kWh (Wernet et al., 2016) 

electricity 
electricity production, wind, 1-3MW turbine, offshore 

| electricity, high voltage | Cutoff, U - DE 
0.25 kWh (Wernet et al., 2016) 

electricity 

electricity production, hydrogen based on natural gas, 
conventional power plant | electricity, high voltage | 

Cutoff, U
39

 

0.06 kWh 

Own process based 
on (Wernet et al., 

2016) 

electricity 
electricity production, natural gas, conventional power 

plant | electricity, high voltage | Cutoff, U - DE 
0.002 kWh (Wernet et al., 2016) 

electricity 

electricity production, photovoltaic, 3kWp slanted-

roof installation, multi-Si, panel, mounted | electricity, 

low voltage | Cutoff, U - DE 

0.36 kWh (Wernet et al., 2016) 

electricity 

electricity voltage transformation from medium to low 

voltage | electricity, low voltage | Cutoff, U, only in-

frastructure for conversion - DE 

0.84 kWh (Wernet et al., 2016) 

electricity 

market for electricity, medium voltage, renewable en-

ergy products | electricity, medium voltage, renewable 

energy products | Cutoff, U - CH 

0.03 kWh (Wernet et al., 2016) 

sulfur hexafluoride 
market for sulfur hexafluoride, liquid | sulfur hexafluo-

ride, liquid | Cutoff, U - RER 
6.27E-9 kg (Wernet et al., 2016) 

Output     

electricity, German energy mix 2045 1.00 kWh  

sulfur hexafluoride elementary flow - emission to air 6.27E-9 kg (Wernet et al., 2016) 

 

 
Table S-19: For the ‘renewable energy offsets’ scenario: Approximation of heat production, German energy mix 2045 ap-

proximated as projected by (Prognos et al., 2021). Applied to offset produced (district) heat in scenario “renewable energy” 

Heat production, German energy mix 2045 per kWh of heat 

Input Process  Amount Unit Reference 

electricity 
electricity production, low voltage, German energy mix 
2045 

0.067 kWh own process 

heat 

heat production, at heat pump 30kW, allocation exergy | 

heat, central or small-scale, other than natural gas | Cutoff, 
U - Europe without Switzerland 

0.024 kWh (Wernet et al., 2016) 

 
39 Hydrogen (production process and hydrogen plant were modelled according to (Delpierre et al., 2021)) re-

placed natural gas in ecoinvent 3.10 process ‘electricity production, hydrogen based on natural gas, conventional 

power plant | electricity, high voltage | Cutoff, U’ (Wernet et al., 2016). 
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heat 

operation, solar collector system, evacuated tube collector, 

one-family house, for combined system | heat, central or 
small-scale, other than natural gas | Cutoff, U - RoW 

0.079 kWh (Wernet et al., 2016) 

heat 

heat, from municipal waste incineration to generic market 

for heat district or industrial, other than natural gas | heat, 
district or industrial, other than natural gas | Cutoff, U - 

CH 

0.043 kWh (Wernet et al., 2016) 

heat industrial waste heat
40

 0.073 kWh  

heat 

heat production, untreated waste wood, at furnace 1000-
5000 kW | heat, district or industrial, other than natural gas 

| Cutoff, U - RoW 
0.067 kWh (Wernet et al., 2016) 

heat 

heat production, hydrogen replaces natural gas, at indus-
trial furnace >100kW | heat, district or industrial, natural 

gas | Cutoff, U - Europe without Switzerland 
0.28 kWh (Wernet et al., 2016) 

heat 
heat production based on electricity production, deep geo-

thermal | electricity, high voltage | Cutoff, U - DE 
0.03 kWh (Wernet et al., 2016) 

Output     

heat, German energy mix 2045 1.00 kWh  

 

Table S-20: For the ‘lower and higher CRC prices’ scenario: lower and upper value for CRC prices.  

Category Position Amount Unit Reference 

Process output 

CRC BCR, lower value 104.40 € tCO2
-1 (Höglund & Niparko, 2024) 

CRC BCR, upper value 286.05 € tCO2
-1 (Höglund & Niparko, 2024) 

CRC BECCS, lower value 197.71 € tCO2
-1 (Höglund & Niparko, 2024) 

CRC BECCS, upper value 323.37 € tCO2
-1 (Höglund & Niparko, 2024) 

 
40 Describes a by-product from industrial processes which comes without a burden. 
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