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Table S1. Agricultural operations and inputs in maize cultivation
	Annual operations
	Addition
	Per ha & yr
	

	Planting
	Seeds
	25 kg1
	

	Plowing
	
	
	

	Weed control
	
	
	

	
	Herbicide 2 
	0.8 kg of a.i.3
	

	
	Insecticide
	0.1 kg of a.i.
	

	Fertilization4
	
	
	

	
	Nitrogen
	20 kg
	

	
	Phosphorus
	 3 kg
	

	
	Potassium
	47 kg
	

	Digestate
	Digestate
	26 t
	

	Total fuel consumption machinery
	Diesel
	134 T
	


1 [1].
2 [2].
3Active ingredient.
4 Digestate supplied 129, 23, and 72 kg/ha and yr of N, P, and K, respectively, mineral fertilizer supplied 20, 3, and 47 kg/ha and yr, respectively [3].

Table S2. Yearly agricultural operations and inputs in willow cultivation1
	Year
	Operation
	Addition
	Per ha & yr
	

	 Preparation
	
	
	
	

	0, 22, (44)
	Weed control2
	Roundup
	5 L
	Applied a.i.3 = 2.4 kg/ha

	0, 22
	Plowing
	
	
	

	1, 23
	Planting4
	
	13 000 plants
	

	1, 23
	Weed control2
	Cougar
	1 L
	Applied a.i3. = 0.6 kg/ha

	1, 23
	Harrowing
	
	
	Mechanical weed control

	Cutting Cycle 1
	
	
	
	

	2
	Fertilization4
	Phosphorus
	22 kg
	

	2
	Fertilization4
	Potassium
	73 kg
	

	3
	Harvest
	
	
	Yield = 20 000 kg DM/cycle 1

	Cutting Cycle 2-7
	
	
	
	

	4,7,10,13,16,19
	Fertilization4
	Nitrogen
	48 kg
	

	5,8,11,14,17, 20
	Fertilization
	Nitrogen
	76 kg
	

	6,9,12,15,18,21
	Fertilization
	Nitrogen
	67 kg
	

	5,8,11,14,17, 20
	Fertilization
	Phosphorus
	22 kg
	

	
	
	Potassium
	73 kg
	

	6,9,12,15,18,21
	Harvest transport
	
	
	 2 km

	6,9,12,15,18,21
	Harvest
	
	
	24 km

	
	
	
	
	Yield = 30 000 kg DM/cycle 2-7

	22, 44
	Stump removal

	
	
	

	Annual input
	Biochar application5
	
	1 t
	

	Annual operation
	Biochar transport6
	
	
	24 km

	Annual operation
	Biochar spreading6
	
	
	

	
	
	
	
	


1Rotation of 22 years. 
2[4]
3Active ingredient.
4[5]. 
5[6].
6[7].




 Table S3. Primary energy (PE)1 use and greenhouse gas (GHG) emissions from production of different inputs to agricultural operations
	
	PE use 
	Units
	GHG emissions
	 Units

	Maize seed
	243
	MJ/ha
	20.0
	kg CO2-eq./ha

	Willow seedlings
	809
	MJ/ha
	735.0
	kg CO2-eq./ha

	Chemicals 
	
	
	
	

	Roundup
	96
	MJ/lit
	5.3
	kg CO2-eq./kg of a.i

	Cougar
	119
	MJ/lit
	5.0
	kg CO2-eq./kg of a.i

	Maize herbicide
	356
	MJ/ kg of a.i.
	25.0
	kg CO2-eq./kg of a.i.

	Maize insecticide
	358
	MJ/ kg of a.i.
	26.0
	kg CO2-eq./kg of a.i.

	Fertilizers2
	
	
	
	

	Nitrogen
	35.0
	MJ/kg
	8.0
	kg CO2-eq./kg

	Phosphorus
	8.0
	MJ/kg
	3.0
	kg CO2-eq./kg

	Potassium
	5.0
	MJ/kg
	0.5
	kg CO2-eq./kg

	Other
	
	
	
	

	Fuel consumption (diesel)3,4
	48.9
	MJ/lit3
	
	


1Defined as the energy needed to produce one unit of useful energy, like electricity or heat. Included in the PE are extraction of fuel, transportation, and conversion, transmission, and distribution losses. By converting useful energy to PE, it is possible to compare different energy carriers to each other [8].
2EU average [9].
3Diesel consumption in plowing, harrowing, pesticide application, harvest, field transport, stump removal, and by-product spreading in the field.
4[10].
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Figure S1. Energy and mass inputs/outputs to the biomass conversion plant and gas upgrading in the willow scenario.












Table S4. Energy demand/supply of the pyrolysis plant in the willow scenario, calculation based on [11]
	
	Demand (MW)
	
	Supply (MW)

	Drying
	- 2.0
	Cooling – after reformer
	+1.2

	Pyrolysis
	- 1.6
	Methanation
	+0.9

	Grinding
	- 0.2
	Cooling-final upgrading
	+1.1

	Pyrolysis gas circulation
	- 0.1
	Heat from combustion
	+2.9

	Compression
	- 0.6
	Heat recovery
	+1.0

	Upgrading
	- 0.16
	
	

	
	
	
	

	Total energy demand
	4 MW
	
	

	Total energy supply
	7  MW
	
	

	Net energy balance
	3  MW
	
	

	Exported heat 
	1 MW
	
	

	Lost heat 
	2  MW
	
	







Appendix S5. 
a) The ICBM model and parameters:
The model was applied to calculate the SOC content according to carbon inputs and mineralization rates. The ICBM model has two carbon pools, ‘young’ (Y) and ‘old’ (O). All carbon from aboveground residues (ag), belowground residues (bg), and digestate application enters the young carbon pool (Y). The easily degradable C is released as CO2 by mineralization determined by the humification coefficient (h) and the resistant fraction is humified and stored in the old carbon pool (Eq. SM1). Dead biomass is not included as a separate pool. Live biomass is assumed to be harvested and taken away [12].



  	                    	               (Eq. SM1)
        
Parameter and variable descriptions:
Y: Young soil organic carbon pool.
O: Old soil organic carbon pool.
suffix ag: refers to the aboveground fraction of the young pool.
suffix bg: refers to the belowground fraction of the young pool.
h: Humification coefficient. Determines how much of the C broken down in a time step that ends up in the old pool and how much is returned to the atmosphere as CO2.
kY: Decay constant of young pool.
kO: Decay constant of old pool.
re: Decomposer activity factor. Affects rate of decomposition. Dependent on external factors such as soil temperature and moisture content.


b) Table S5. Input values used in ICBM for modeling soil organic carbon (SOC) pools in the reference and willow scenarios, value calculated based on [13].
	
	 Reference scenario1 
	Willow scenario2

	[bookmark: btblfn33]Initial SOC level3 (Mg/ha) 
	130
	130

	Input ag(Mg/ha) 
	3.7
	
	1st cycle
	2-7nd cycle

	
	
	1st year
	0.56
	1.05

	
	
	2nd year
	1.08
	1.67

	
	
	3rd year
	0.85
	1.46

	Input bg (Mg/ha) 
	1.1
	
	
	

	
	
	1st year
	1.35
	2.32

	
	
	2nd year
	2.55
	2.72

	
	
	3rd year
	2.20
	[bookmark: btblfn34]3.26

	Input digestate (Mg/ha)
	0.15
	-

	ky
	0.8
	0.8

	ko
	0.006
	0.006

	hag
	0.1
	0.1

	hbg
	0.3
	0.3

	hdigestate
	0.3
	-

	R
	1
	1


1Inputs from aboveground residues (ag), belowground residues (bg) and digestate for maize (annual crop) were used to calculate steady state SOC level prior to year 0 and the reference scenario in the 44-year study period.
2Inputs from aboveground residues (ag) and belowground residues (bg) for willow (perennial) were used to calculate the yearly changes in SOC during the study period
3The initial SOC level refers to the first year of the study period (year 0)

Appendix S6. Biochar modeling in willow scenario (a)
The carbon fraction (C t) remaining in the soil from an initial biochar carbon application (C0) was modeled using eq. SM2 [14]: 
                                                                                                   (Eq. SM2)
where b and m describe the degradation rate as a function of biochar properties and time. Parameters for coarse pine wood pyrolysis at 525°C were used for willow [14]. 
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