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ABSTRACT – Several cities in Sweden are aiming for climate neutrality within a few decades 12 

and for negative emissions thereafter. Combined biochar, heat and power production is an 13 

option to achieve carbon sequestration for cities relying on biomass-fuelled district heating, 14 

while biochar use could mitigate environmental pollution and greenhouse gas emissions from 15 

the agricultural sector. Using prospective life cycle assessment, the climate impact of the 16 

pyrolysis of woodchips in Stockholm is compared with two reference scenarios based on 17 

woodchip combustion. The pyrolysis of woodchips produces heat and power for the city of 18 

Stockholm, and biochar whose potential use as a feed and manure additive on Swedish dairy 19 

farms is explored. The climate change mitigation trade-off between bioenergy production and 20 

biochar carbon sequestration in Stockholm’s context is dominated by the fate of marginal 21 

power. If decarbonisation of power is achieved, building a new pyrolysis plant becomes a better 22 

climate option than conventional combustion. Effects of cascading biochar use in animal 23 

husbandry are uncertain, but could provide 10-20% more mitigation than direct biochar soil 24 

incorporation. These results help designing regional biochar systems that combine negative 25 

carbon dioxide emissions with increased methane and nitrous oxide mitigation efforts, and can 26 

also guide the development of minimum performance criteria for biochar products. 27 

KEYWORDS – Biochar, life cycle assessment, climate impact, negative emission technology, 28 

energy system, district heating, agriculture, dairy farming. 29 
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Introduction 32 

Meeting the climate targets set by the Paris Agreement requires deep, immediate cuts in 33 

greenhouse gas (GHG) emissions and changes in resource management. Pathways that could 34 

meet these targets consider varying types and degrees of technological development and 35 

consumption change1,2. Among the technology-based solutions, one set of scenarios considers 36 

the large-scale deployment of negative emissions technologies (NETs)3,4. The necessity, 37 

feasibility and share of NETs in the future technological mix are still being discussed, but recent 38 

reviews highlight a lack of bottom-up5 and upscaling studies6,7, which are needed for actual 39 

development of the sector. 40 

Biochar systems have been presented as one of the most readily available NETs, bringing 41 

desirable co-benefits such as improved soil structure, nutrient management and water holding 42 

capacity, and reduced soil nitrous oxide emissions8–12. Some have also praised biochar systems 43 

for being overall more compatible with the planetary boundaries than other bio-based NETs13. 44 

However, several effects of biochar remain uncertain and practical ways of large-scale 45 

production and incorporation of biochar to soils have yet to be designed and assessed regionally. 46 

In Sweden, woodchips are commonly used in combined heat and power (CHP) plants to 47 

produce district heating and power. In efforts to further reduce their carbon footprint and 48 

achieve negative emissions, cities and energy utilities are considering the pyrolysis of 49 

woodchips for biochar, heat and power production, instead of burning woodchips in 50 

conventional CHP plants, for their future installations. The biochar produced in the city could 51 

then be used, in cascades, in the agricultural sector as an animal feed additive, manure 52 

management additive and soil improver14. Biochar mixed with manure is also thought to be a 53 

more practical way to return carbon to soil than direct biochar application14,15. Thereby, biochar 54 

systems have the potential to reduce the GHG emissions from the agricultural sector, which are 55 

often considered partly inevitable due to the continuous need for human food16. 56 
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A key feature of biochar systems is their lower level of energy production compared with 57 

conventional bioenergy systems17. To estimate the potential climate effects of biochar in 58 

relation to its production chain and in comparison with alternative technologies, life cycle 59 

assessment (LCA) is an appropriate tool. Previous LCA studies of biochar systems have found 60 

sequestration of carbon and fossil fuel substitution effects to be the main contributors to the 61 

climate mitigation potential18–21. Few studies were set in an energy context where heat is the 62 

main product, included the combustion of biomass as a reference22 or investigated specific 63 

industrial applications23. However, to our knowledge, no previous study has dealt with the 64 

cascading effects of biochar in animal husbandry before land application with manure, or has 65 

analysed the effects of biochar production on a city’s district heating network. 66 

The aim of this study was thus to analyse the potential climate benefits of large-scale biochar 67 

production, connected to Stockholm’s district heating system, and biochar use in dairy farming, 68 

an illustration of where biochar could serve as an animal feed additive, manure additive and 69 

soil improver. The objectives were (i) to identify the requirements for a new biochar system to 70 

outperform, from a climate perspective, alternative energy uses of biomass, and (ii) to explore 71 

the range of potential agricultural GHG effects when biochar is used in cascades in dairy 72 

farming. 73 

Methods 74 

Scope definition 75 

Functional unit. An input-related functional unit24 was defined as the use of 1 tonne (dry 76 

weight) of woodchips acquired on the global market. This choice is motivated by the 77 

multiplicity of outputs of biochar systems and enables comparison with previous studies18–20,22. 78 

This functional unit places the emphasis on using biomass resources efficiently from a climate 79 

change mitigation perspective. 80 
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Scenario description. The LCA was conducted at system level, which took into account the 81 

effects of biochar production on the city’s energy system and of biochar use in the agricultural 82 

sector. The assessment was comparative and prospective25: four large-scale pyrolysis plant 83 

configurations (1a-d), producing different amounts of heat, power and biochar from woodchips, 84 

a technology under development, were compared with combustion of woodchips for heat and 85 

power production in Stockholm (2) or combustion of woodchips in a conventional power plant 86 

in Sweden (3) (Figure 1). 87 

The production of heat, power and biochar was coupled to Stockholm’s district heating 88 

network and the power grid. It included the supply of biomass, its conversion to biochar and 89 

use of the co-products for district heating and electricity generation. Pyrolysis oil was assumed 90 

to be directly combusted with the pyrolytic gases. The combustion scenarios (2) and (3) 91 

included the same supply chain of biomass and its use in modern plants. Apart from transport 92 

of bottom ash in these reference scenarios (2 and 3), the management of residues and capital 93 

equipment were excluded from the system boundary. 94 

 95 

Figure 1: Flow chart showing the three scenarios analysed: (1) Pyrolysis for combined heat and power (CHP) 96 
and biochar in Stockholm. (2) Combustion for CHP in Stockholm (reference). (3) Combustion for power 97 
production in Sweden (reference). Transportation steps are not shown, but were included in the assessment. 98 
Biochar use ratios between feed and manure are given as percentage of dry mass. θ = thermal efficiency, η = 99 
power efficiency, and β = biochar yield (% total dry mass). Energy conversion efficiency are given with respect to 100 
the lower heating value (LHV) of the woodchips. 101 

In scenarios 1a-d, biochar use included transport to an intensive dairy farm, handling on-site, 102 

agricultural benefits through biochar use as animal feed, mixing with manure and land 103 
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application, avoided burdens in terms of mineral fertiliser and liming agent production, soil 104 

organic carbon (SOC) stock changes and biochar decay. No increase in crop yield was assumed, 105 

in accordance with Jeffery et al.26. Likewise, increase in animal productivity was disregarded 106 

as no data is yet available. 107 

The foreground system included the biomass conversion step, energy generation and 108 

agricultural effects. The background system included production and supply of biomass and all 109 

transport steps. This distinction between background and foreground is particularly important 110 

in prospective LCA, because background technologies available in the future, when the 111 

technology under study will be deployed, are likely to differ from those available at present25. 112 

Geographical boundaries. The case is located in the region of Stockholm, Sweden. 113 

Production of biochar through slow pyrolysis was assumed to take place in Lövsta, Stockholm. 114 

This choice was motivated by availability of land for such a plant, feasibility of connection to 115 

district heating and expected growth in demand for heat in the area. The biochar was assumed 116 

to be used on dairy farms located within 300 km north, west and south of Stockholm. The supply 117 

of woodchips was based on the existing supply chains used by the main energy utilities and was 118 

assumed to comprise a mix of forest residues produced nationally and imported from the global 119 

market, mostly from the Baltic region. 120 

Time boundaries. A large-scale pyrolysis facility operating for at least 25 years and then 121 

further retrofitted for continued operations was assumed. The time horizon selected for the 122 

impact assessment was 100 years. 123 

Impact categories. The issue primarily assessed was climate change impact, which was 124 

evaluated using the static characterisation factor global warming potential with a time horizon 125 

of 100 years (GWP100). The emissions modelled were of the three main GHGs relevant in 126 

energy and agriculture systems: carbon dioxide (CO2), nitrous oxide (N2O; GWP100 = 265) and 127 

methane (CH4; GWP100 = 30.5)27. 128 
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Uncertainty. In prospective LCA, uncertainties tend to be large25 and difficult to estimate. 129 

Here, uncertainty regarding the large-scale pyrolysis plant was tackled with four configurations 130 

(1a-d) each modelling a different combination of power efficiency and biochar yield. For energy 131 

substitutions, two methods were compared. The uncertainty regarding the effects of biochar in 132 

the agricultural sector was investigated through three cases (worst, average and best cases) and 133 

via a Monte Carlo simulation. Moreover, some possible future developments of the background 134 

system were discussed qualitatively. 135 

Intended audience. The intended audience includes researchers and stakeholders with an 136 

interest in future biochar production and use. The latter include Swedish municipalities, energy 137 

companies and farmer representatives. 138 

Biomass production and supply 139 

 The woodchips were assumed to be produced from tops and branches harvested at final 140 

felling of conventional forestry activities in spruce and pine stands28. These forest residues are 141 

a by-product of the timber industry: if not harvested for energy purposes, the forest residues 142 

would be left to decompose in the forest and would contribute to forest carbon stocks. 143 

Extracting these forest residues, in Sweden, was recently estimated to have a climate impact 144 

of 48.6 kg carbon dioxide equivalents (CO2-eq) per tonne of dry woodchips (harvesting, 145 

forwarding, and chipping) and to induce a loss in forest carbon of 89.1 kg CO2-eq tonne-1 of 146 

woodchips in comparison with no harvesting in a long term perspective28. 147 

 To model transport emissions, the mix of woodchips was assumed to comprise three fractions 148 

representative of the Stockholm’s current consumption, where around 15% of the total is 149 

acquired in a radius of 100 km from Stockholm, 50% is transported from more distant Swedish 150 

forest by rail and the  remaining 35% is transported from the Baltic states by ship29.  151 

Emissions data for transport processes were taken from the Ecoinvent database30 and are 152 

presented in Supporting Information (SI). The Swedish emission data were extended to the 153 
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fraction of imported biomass from the Baltic despite differences in climate, weather and 154 

management conditions. This was justified by the fact that Stockholm aims to use only Forest 155 

Stewardship Council (FSC)-certified woodchips31 and that generic emission data available in 156 

the Ecoinvent database for woodchips were of the same order of magnitude. 157 

Biomass conversion 158 

Slow pyrolysis and combustion model. A mass and energy balance of the slow pyrolysis 159 

process was constructed. The main output of the model was an estimate of the amount of district 160 

heat that an optimised slow pyrolysis plant could generate in the context of Stockholm. The 161 

input data included a characterisation of the woodchips29 and biochar properties meeting most 162 

criteria of the voluntary European Biochar Certificate (EBC)32,33. The pyrolysis temperature 163 

was set to 700°C, as currently used in a pilot plant operated in Stockholm, ensuring biochar 164 

stability12,34,35 and agronomic properties. The yield of biochar was either 21% or 36%36 (% total 165 

dry mass) and the power to heat ratio was either 0 (no power) or 0.37. The enthalpy of pyrolysis 166 

was assumed to be around 8% of the fuel’s higher heating value, the mean value of the range 167 

reported in previous research37. The woodchips were assumed to have an initial moisture 168 

content of 50% and to be dried to 10% moisture content, using residual heat from the process, 169 

before entering the pyrolysis reactor.  170 

For combustion of biomass, data were taken from the latest CHP plant built in Stockholm29,38 171 

and from the IEA39. The calculated and assumed efficiencies are compiled in SI. 172 

Emissions from biomass oxidation. Pyrolysis and combustion of biomass are accompanied 173 

by emissions of air pollutants, some of which are climate forcers, resulting from incomplete 174 

combustion of the gases. Emissions of methane and nitrous oxide were assumed to be 0.011 175 

and 0.006 g MJ-1 woodchips, respectively40. The same values were used for both pyrolysis and 176 

combustion, as nearly all the nitrogen contained in biomass is lost to the flue gas during 177 
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pyrolysis and as both plants were assumed to be equipped with the same flue-gas cleaning 178 

technology. 179 

Climate impact of energy substitution. One way of comparing scenarios with different outputs 180 

is the avoided burden approach or substitution approach18–20,22,24. Selecting the appropriate 181 

substituted product is a key part of LCA studies41. Here, EF values for different fuels were taken 182 

from Swedish-specific data42,43, while fuel displacements were identified with two approaches, 183 

one generic and one Stockholm-specific. 184 

In the generic approach, natural gas was selected for substitution, as it is a fossil fuel likely 185 

to remain in Europe’s energy system for many years. It was assumed that heat and power from 186 

the evaluated systems substitute use of natural gas for heat (90% LHV efficiency) and power 187 

production (53% LHV efficiency), with EFs of 77.0 and 131 kg CO2-eq GJ-1 respectively42.  188 

In the Stockholm-specific approach, fuel displacements were calculated using a model 189 

developed by Stockholm Exergi for long-term planning in the city’s district heating network. 190 

As described in SI, the model calculates the change in consumption of a dozen fuels and net 191 

electricity production at city scale, following addition of a new plant in the system. For each 192 

scenario, the output of the model was used to calculate the climate impact of energy 193 

substitution. The EF for biomass fuel was set equal to that of the biomass used as functional 194 

unit, while for other fuels values were taken from42. The Stockholm-specific approach included 195 

three time horizons (2020, 2030 and 2040) with respective EFs of 1000, 550 and 200 g CO2-eq 196 

kWh-1 of electricity43. These time horizons describes current projections for marginal electricity 197 

used in Sweden, with old coal plants to be phased out in the coming decade and replaced by 198 

efficient natural gas plants43. 199 

Biochar effects in dairy farms 200 

The agricultural use of biochar was designed to be practical for farmers, to tackle various 201 

sources of methane and nitrous oxide emissions in the agricultural sector and to be 202 
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implementable at large scale in Sweden. Practicality was ensured by integrating biochar use 203 

with the current management of manure. In particular, no extra field operations were then 204 

needed to apply the biochar to soils as biochar is mixed with manure. The emissions affected 205 

included enteric fermentation, manure management and soil emissions. Annually, the pyrolysis 206 

plant was assumed to produce 52 500 to 90 000 dry tonnes of biochar, for use in Stockholm and 207 

neighbouring regions. These regions have an available area of about 900 000 ha of agricultural 208 

land. 209 

Reference farm. A dairy farm of 300 cows was modelled, based on characteristics of Swedish 210 

dairy herd structures obtained from the Swedish Farmer’s Association (LRF)44 and the national 211 

reporting to the UNFCCC45. The dominant manure management system in Sweden, storage of 212 

slurry under roof and annual application to soil46,47, was modelled. Manure was assumed to be 213 

applied to land at a rate of 43 tonne ha-1 of slurry (i.e. 25 tonnes ha-1 of fresh manure), before 214 

cultivation of high-yielding grass ley requiring fertilisation. The fertiliser value of manure 215 

applied to land was calculated as in Hanserud et al.48. Additional mineral fertilisers were 216 

assumed to be ammonium nitrate, triple superphosphate and potassium chloride49. It was also 217 

assumed that the farm had access to enough land to accommodate the manure generated and 218 

that slurry application rates complied with any local restrictions on phosphorus addition. 219 

The annual emissions of GHG taken into account for one cow, the management of its manure 220 

and inputs for growing grass on manure-fertilised land were calculated following the guidelines 221 

from IPCC50 and were equal to 8.1 tonnes CO2-eq per year, excluding SOC changes. This 222 

amount was potentially affected by biochar. 223 

Explorative modelling of biochar effects. Biochar was assumed to be delivered to dairy farms 224 

for addition to feed14,33,51, at an average rate of 0.12 kg dry biochar cow-1 day-1 (about 1% of 225 

daily feed intake), and for mixing with manure, at an average rate of 30 kg dry biochar tonne-1 226 

of freshly excreted manure (3% mixing rate). Annual consumption of biochar for one cow and 227 
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its manure was then 696 dry kg (6% as feed, 94% as manure additive), and for a 300-head farm 228 

it was 209 dry tonnes. The resulting application rate of biochar to land (0.80 tonne ha-1 year-1), 229 

was significantly lower than in most former studies, but application was assumed to take place 230 

every year. With these biochar use rates, about 75 000 dairy cows (22% of all Swedish dairy 231 

cows) and 66 000 ha of land (7.3% of available agricultural land in the region) would be needed 232 

to consume an annual biochar production of 52 500 tonnes (at 21% biochar yield). 233 

The effects of biochar were represented by 11 emissions reduction factors, for four 234 

compounds (methane, nitrous oxide, ammonia and nitrate) and six steps (enteric fermentation, 235 

slurry storage, slurry application, fertiliser application, lime application, and land 236 

methanotrophism). To explore the possible range of effects, the emission reduction factors were 237 

given three set of values: worst, average and best case (Table 1). The worst case modelled 238 

negative or null effects and a low biochar stability. The best case modelled optimised biochar 239 

effects and high stability. The emission reduction factors were selected based on meta-analyses 240 

when available, new experimental studies or expected effects otherwise. The agricultural effect 241 

of biochar was calculated by multiplying the emissions reduction factors to the emissions from 242 

the reference farm, and the total scaled by the biochar yield was taken as an avoided burden for 243 

the biochar scenarios (1a-d). 244 

Table 1. Emission reduction factors (% of emission in reference farm, for each step and gas, available in SI) 245 
and parameters used to explore the potential biochar soil effects and biochar stability. 246 

Step Gas Worst, Average, Best Source 

Enteric 

fermentation 
CH4 0%, 2.5%, 5.0% 

In-vitro experiments highlighted no increase in emissions, 

and probably a small decrease could be expected52. 

Indoor storage  

CH4-C 0%, 12.5%, 25% 
Assumed effects on manure storage. No negative effects 

were reported in one experiment53. 
NH3-N 0%, 12.5%, 25% 

d-N2O-N 0%, 12.5%, 25% 

Slurry 

application 

NH3-N 0%, 20%, 40% Assumed reduced ammonia loss by biochar adsorption. 

NO3-N 5.7%, 26%, 41% 
Meta-analysis54. Value for longer studies, with widest 

95% confidence interval. 

d-N2O-N -10%, 16%, 42% Meta-analysis9. Value for small application rates. 

Mineral 

fertiliser 

application 

NH3-N 0%, 20%, 40% Assumed reduced ammonia loss by biochar adsorption. 

NO3-N 5.7%, 26%, 41% 
Meta-analysis54. Value for longer studies, with widest 

95% confidence interval. 

d-N2O-N -10%, 16%, 42% Meta-analysis9. Value for small application rates. 



12 

Soil methane 

sink 
CH4 0%, -25%, -50% 

In upland soils, the strength of the methane sink may 

slightly be reduced55–57. Increased emissions. 

Parameter Unit Worst, Average, Best Source 

Biochar liming 

effect 
% CaCO3 1.0%, 10%, 20% Assumed liming effect based on liming classes from58. 

SOC decay rate 

change 
- -0.80%, 3.8%, 8.1% 

Meta-analysis12. Grand mean and 95% confidence 

interval. 

Biochar carbon 

recalcitrance 
%C 70%, 80%, 90% 

Higher value supported by meta-analysis, for woody 

biomass12. Lower value suggested as in14. 

 247 

Agricultural effects of biochar not taken into account were: animal health improvement, 248 

entailing lower mortality and medical inputs; and increased biomass yields59. 249 

Biochar long-term soil effects 250 

The carbon sequestration effect of biochar derives from its resistance to biological, chemical 251 

and physical degradation in soils. When using GWP100 as the climate metric, the figure usually 252 

reported is the amount of carbon remaining in the soil after 100 years. What happens after the 253 

first 100 years was not considered here. The carbon stability of biochar was set to 80% (± 10%), 254 

in accordance with a pyrolysis temperature above 500°C and a molar 𝐻: 𝐶𝑜𝑟𝑔 ratio below 255 

0.4012,14,35. Assuming a biochar carbon content of 80%, the mean amount of carbon remaining 256 

100 years after production was thus 64% of the dry amount of biochar initially applied to soil. 257 

Application of biochar to soil is expected to affect SOC stocks. A decrease in the SOC decay 258 

rate was modelled as a consequence of annual applications of biochar. The initial SOC level 259 

was assumed to be 85 tonne ha-1 of land22. The new steady-state was assumed to be reached 260 

during the timeframe of the study. In the average case, the change of decay rate (3.8%, meta-261 

analysis12) led to an increase in SOC levels, reaching 88.4 tonne ha-1. This SOC change was 262 

scaled to the functional unit by dividing it by the total amount of biochar applied to the soil over 263 

the timeframe of the study (100 years) and multiplying by the biochar yield. 264 

The liming effect of biochar was modelled using the classes defined in the IBI standard58. 265 

The EF for substitution of conventional liming agent was taken from Ecoinvent30. Biochar’s 266 
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liming effect was benchmarked against Swedish agricultural recommendations that vary for 267 

different soil types60 and assumed a reference application of liming agent every 10 years. 268 

Results and discussion 269 

The study compared the life cycle climate impact of three biomass options for expanding 270 

Stockholm’s energy system. The ranking of these options varied mainly with assumptions on 271 

the background energy system and the magnitude of agricultural effects (Figure 2). 272 

  273 
Figure 2: Climate impact (kg CO2-eq tonne-1 dry woodchips) for the six systems studied under different substitution 274 
methods (generic natural gas assumption and Stockholm-specific 2020, 2030 and 2040). The high and low bars 275 
indicate the possible variation in biochar agricultural effects and carbon sequestration (worst and best case). In 276 
the Stockholm-specific approach, the scenario 3 PP is modelled as exogenous, i.e. due to the size of the Nordic 277 
electricity market, we assumed that this new plant would not affect the district heating network. 278 
α = power to heat ratio, β = biochar yield (% total dry mass). 279 
1In the Stockholm-specific approach, electricity substitution is split between electricity used in heat pumps and net 280 
electricity produced in CHP. 281 
2In the Stockholm-specific approach, heat substitution denotes the change in (non-electricity) fuel consumption 282 
for the CHP plants and the heat-only boilers. 283 

 284 

Generic energy substitution 285 

scenario 1a 1b 1c 1d

α 0.37 0.37 0 0

β 0.21 0.36 0.21 0.36
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With the generic approach, where natural gas is the alternative fuel for both heat and power 286 

production, a CHP plant outperforms a power-only plant, as expected, as do all biochar 287 

scenarios (Figure 2). For the biochar scenarios, distinctions must be made between the levels 288 

of agricultural effects achieved. In the worst case, where only biochar C sequestration is 289 

achieved with negative agricultural effects, no pyrolysis scenario (1a-d) outperforms the CHP 290 

reference (2). With natural gas as the alternative fuel and biochar C sequestration only, the 291 

trade-off between bioenergy and biochar production is in favour for bioenergy: increasing the 292 

biochar yield (1a to 1b, 1c to 1d) reduces the climate performance (Figure 2, generic). It is only 293 

if the full range of agricultural effects is achieved that biochar scenarios can outperform the 294 

CHP reference and that the trade-off is in favour of biochar production (Figure 2, generic). 295 

These generic considerations are relevant for understanding the trade-offs of biochar 296 

systems17,61. However, they do not reflect the current and future states of Stockholm’s energy 297 

system where, for instance, heat production is mostly fossil-free, large heat pumps are in 298 

operation, and marginal power-consumption may still include some coal power plants. 299 

Stockholm-specific substitution 300 

In the long run (Figure 2, 2040), with a decarbonised marginal electricity (at 200 g CO2-eq 301 

kWh-1 electricity), all biochar configurations except 1c outperformed the reference plants even 302 

with low biochar agricultural effects (worst case). In 2030 (at 550 g CO2-eq kWh-1 electricity), 303 

only the plants with high electricity or biochar outputs (1a-b and 1d) ranked better than the 304 

references under the condition that the high biochar agricultural effects were achieved (Figure 305 

2, 2030). In today’s context, with marginal electricity at 1000 g CO2-eq kWh-1 electricity, no 306 

biochar configuration could outperform the reference scenarios except in one case (1b), when 307 

high power and biochar yields with high agricultural effects are achieved (Figure 2, 2020). 308 

The direction of the bioenergy-biochar trade-off changed with the time horizon and the 309 

magnitude of agricultural effects (Figure 2). The new base-load heat production capacity 310 



15 

provided by all scenarios did not contribute to any further substitution of fossil fuel for heat 311 

production. Therefore, the performance of biochar systems in Stockholm is bound to the fate of 312 

marginal power consumption, which is largely dependent on imports from the Nordic and 313 

European Union grids. In the short term, pyrolysis plants with power production (1a, 1b) 314 

performed better than without (1c, 1d) (Figure 2, 2020). However, this will no longer be the 315 

case if low-carbon electricity production is achieved by other means in the future (Figure 2, 316 

2040). Alternatively, biochar-based solutions would benefit from future scenarios where the 317 

energy and electricity demands decrease. Indeed, low energy consumption reduces the pressure 318 

on biomass resources1 and thus enables its use for other high-exergy applications, such as 319 

biochar production. 320 

In the next sections, we shed light on specific parts of the life cycle: production and transport, 321 

system effects at the city level, and biochar use phase. 322 

Production and transport 323 

At present times, forest and plant technical operations, transportation steps and forest carbon 324 

losses accounted for 242 kg CO2-eq tonne-1 in the combustion scenarios and 253-262 kg CO2-325 

eq tonne-1 in the pyrolysis scenarios (Figure 2). A third of these emissions derived from losses 326 

in forest carbon stocks. The additional transport and handling of biochar only added 12-20 kg 327 

CO2-eq tonne-1 woodchips. From a climate perspective, the production burden of the pyrolysis 328 

and combustion scenarios was rather similar. 329 

In an optimistic prospective scenario, where efforts are made in all sectors of society to reach 330 

climate targets, the production burden would decrease. Other sources of woody biomass, such 331 

as willow grown on agricultural land, could even lead to increase in SOC stocks22. Besides, in 332 

the average and best cases, SOC increases following biochar application compensated for about 333 

36% to 139% of the forest carbon loss arising from residue harvesting. The consequences of 334 

transferring carbon from forest to field for the long-term productivity of each land use were not 335 
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assessed, but it is believed that higher SOC levels are an indicator of soil fertility with complex 336 

feedback mechanisms62. 337 

Fuel consumption changes at the city level 338 

In terms of operation of Stockholm’s district heating network, the addition of a new biomass-339 

fuelled plant led mainly to lower consumption of biomass in older boilers and to lower 340 

consumption of electricity for running heat pumps (HPs) (Table 2). An increase in electricity 341 

production from CHP turbines was observed in scenarios 1a-b. To a lower extent, other fuels 342 

(multi fatty acids, EO5 oil, biodiesel and tall oil) were also displaced but with a negligible effect 343 

on the climate score of the different scenarios. Scenario 1b, due to its high power and biochar 344 

production, had a higher merit order than one facility using imported municipal solid waste 345 

(Table 2). This singularity did not affect significantly the climate score, and we therefore did 346 

not model indirect effects related to alternative waste management abroad. Further analysis of 347 

these city-level changes is provided in SI. 348 

Table 2: Changes in fuel inputs and product outputs at the city level when introducing a new plant in the district 349 

heating network. CHP = combined heat and power; HP = heat pumps. 350 

Scenarios 1a 1b 1c 1d 2 CHP 

Output change tonne⁻¹ dry woodchipsa 

Net electricity produced in CHPs (MWh) 0.59 0.40 -0.12 -0.29 1.6 

Biochar output from pyrolysis unit (kg) 210 360 210 360 0 

Input change tonne⁻¹ dry woodchipsa 

Woodchip-like biomass (MWh) -1.7 -0.96 -1.6 -1.5 -2.0 

Net electricity consumed in HPs (MWh) -0.27 -0.16 -0.55 -0.25 -0.57 

Imported municipal solid waste (MWh) 0 -0.21 0 0 0 

Other fuelsb (MWh) -0.17 -0.09 -0.22 -0.14 -0.37 
aLHV of woodchips is 18.9 GJ tonne-1 or 5.26 MWh tonne-1. 
bMinor fuel changes for multi fatty acids, EO5 oil, biodiesel and tall oil. 

 351 

The net biomass consumption change was +0.62 tonne per tonne of woodchips used in the 352 

new CHP plant (2), while it varied between +0.68 and +0.82 tonne per tonne of woodchips used 353 

in the pyrolysis plants (1a-d). A net change lower than 1 indicates that biomass use in newer, 354 

more efficient plants replaces biomass use in older plants. The fact that all values are strictly 355 
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positive is linked to larger electricity or biochar outputs of the scenarios. At the city scale, 356 

building a large-scale pyrolysis plant (250 000 dry tonnes of woodchips per year) instead of a 357 

conventional CHP plant represented a net increase of 17 to 50 thousand tonnes of woodchips 358 

per year, while delivering the same heating service but different amounts of electricity and 359 

biochar. Apart from the direct climate impact, the consequences of this additional demand for 360 

biomass in Stockholm were not assessed here63–65. 361 

Biochar effects and variability 362 

The average biochar use phase, including transport to and on the farm, yielded a climate 363 

impact of -3315 kg CO2-eq tonne-1 of biochar (i.e. -696 and -1193 kg CO2-eq tonne-1 of 364 

woodchips at biochar yields of 21% (1a, 1c) and 36% (1b, 1d) respectively) (Figure 3a). More 365 

than two thirds derived from sequestration of carbon in the biochar, while the remaining third 366 

derived from agricultural emissions reductions and field SOC increase. The average agricultural 367 

effect represented on average a 7.9% reduction in emissions from the dairy farm considered 368 

and was evenly distributed between methane (11%) and nitrous oxide (11% direct, 2.9% 369 

indirect) emissions reductions (Figure 3b). These non-CO2 gases accounted for a non-negligible 370 

25% of the total biochar effect (Figure 3b). 371 

 372 

Figure 3: Per process (a) and per elementary flow (b) contribution to the climate impact of biochar agricultural 373 
effects and carbon sequestration (kg CO2-eq tonne-1 dry biochar) for the three cases modelled (worst, average, 374 
best). 375 
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In the worst case modelled, the biochar effects were 48.4% lower than in the average case 376 

and were dominated by biochar carbon sequestration and some increased emissions (loss of 377 

SOC and increase in nitrous oxide emissions). In the best case modelled, the biochar effects 378 

were 47.7% higher than average and biochar carbon sequestration contributed to only 54% of 379 

the total effect. This modelling shows the importance of studying cascading biochar effects as 380 

they could, if identified and optimised, double the benefits provided by biochar, thereby 381 

mitigating up to 17% amount of non-CO2 emissions from dairy systems; but also, if not 382 

optimised, lead to an estimated increase of emissions of 2.2%. 383 

To compare these results with previous biochar LCAs, one can express the ratio between 384 

other mitigation effects and carbon sequestration. For the effects studied here (Figure 3), the 385 

ratios were -0.14, 0.44 and 0.88 (worst, average and best cases). Hammond et al.18 had ratios 386 

of about 0.45, which was mostly due to assumed SOC increase. Other studies had ratios ranging 387 

from 0.07119,23 to 0.1719 depending on feedstock and effects modelled. 388 

Energy system 389 

Substitution approaches. In LCA, substitutions are a source of variability between studies 390 

because of choices made by modellers41,48,66. Here, the Stockholm-specific approach showed 391 

how energy system modelling could help identify fuel displacements that are more 392 

representative of the actual changes in operation of the energy system than a generic approach. 393 

This model however introduces more parameter uncertainty that was not evaluated here. 394 

With the generic approach, the energy substitution impact is simply a function of the energy 395 

efficiencies and the EF of the selected supply chain for the energy product considered. For the 396 

Stockholm-specific approach, the energy substitution is a function of the change in energy 397 

supply to the entire city and the EF for each energy source. This means that the Stockholm-398 

specific approach does not only assess the climate impact of a biochar plant but the contribution 399 

of this new plant to the existing energy system.  400 
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Besides, the different time-horizons selected for marginal power consumption in Sweden 401 

showed how the climate impact of different scenarios could vary significantly with changes in 402 

assumptions regarding the background system67. 403 

System boundaries. Using different reference scenarios, substitutions methods and 404 

timeframes also provides additional information for stakeholders. With the narrowest 405 

boundaries, only the performance of the plant can be assessed, which is probably of interest to 406 

plant operators for optimisation models or accounting (Figure 2, without energy substitution). 407 

At the city scale, more information on fuel markets is obtained, which is of interest for 408 

anticipating demand changes and securing supply (Figure 2, with specific energy substitution 409 

and Table 2). These demand changes are also associated with indirect effects on land use, whose 410 

impacts are difficult to assess and which should be avoided63,65,68. 411 

With wider boundaries, more alternative uses of biomass could have been considered. The 412 

woodchips used in Stockholm are potentially available on the global market. Therefore, the 413 

expansion of Stockholm’s district heating network is in competition with other energy systems 414 

that could theoretically acquire the same biomass for production of transportation fuel or to 415 

replace coal-fuelled plants. In this second case, the additional benefits of a new biomass-fuelled 416 

plant in Sweden, regardless of combustion or pyrolysis, would be lower than the displacement 417 

of the most carbon-intensive energy sources. This suggests that the climate benefits provided 418 

by biochar systems in Sweden are relevant globally only if the material, social and financial 419 

means to phase out carbon-intensive energy sources are available to all countries. However, the 420 

reality of today’s biomass69 and carbon70 markets may not incentivise such theoretical biomass 421 

transfers. Besides, the introduction of new biochar technologies remains relevant for continued 422 

improvements and competitiveness in Sweden, but also for the development of NETs, which is 423 

of international relevance in the longer term4,7. 424 
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Biochar energy penalty. Compared with biomass combustion, biochar systems produce less 425 

heat and power because part of the energy in biomass remains in biochar17. The biochar energy 426 

penalty, defined as the difference in energy substitution between a biochar scenario (1a-d) and 427 

a reference scenario (2, 3), was dominated by the fate of power production. 428 

The size of the biochar energy penalty is a critical indicator, as it sets a baseline for the 429 

performance of biochar during the use phase. It allows one of the key trade-offs between 430 

bioenergy and carbon sequestration61 to be quantified: unless the use phase effects are greater 431 

than the energy penalty, biochar solutions cannot outperform the established technologies from 432 

a climate perspective. 433 

Agricultural system 434 

Knowledge gap in biochar effects. While using biochar for feed and manure management is 435 

a convenient way of returning carbon to soil14, there is a knowledge gap regarding the effect of 436 

biochar use in dairy farming systems71. The modelling of the agricultural effects of biochar 437 

performed in this study was exploratory rather than predictive, as most values produced are 438 

very uncertain and not backed up by local field observations or detailed mechanistic 439 

understanding. Among the 11 reduction factors used in the model, 5 were documented with 440 

meta-analyses9,12,57,72. The other parameters were selected based on new experimental results52 441 

or expectations for engineered biochar73,74 regarding leaching and volatilisation of nutrients and 442 

effects on storage of manure53,75. Likewise, the effects on manure management53,75, but also 443 

composting76 and anaerobic digestion77, are still not sufficiently well understood to be used for 444 

anything other than prospective LCA studies. As commercialisation of biochar products for 445 

feed and manure management has already started in Europe78, the need for rigorous academic 446 

documentation of these effects is needed, including potential animal health and productivity 447 

effects. 448 
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Nevertheless, the insights gained through prospective modelling are valuable for developers 449 

of biochar products73,74, as it allows assessment of the relative sizes of expected effects. The 450 

potentially substantial reduction in agricultural emissions (10% of dairy farm emissions) is to 451 

be sought and optimised for different uses and environments. Here, only cascading use of 452 

biochar in animal husbandry was considered, but other uses in agriculture, construction or 453 

landscaping are possible79. 454 

Soil pH restrictions. The contribution of avoided production of liming agent to the climate 455 

impact was small, regardless of the biochar’s liming class (Figure 3). However, the repeated 456 

application of biochar may lead to long-term changes in soil pH. Based on the Swedish liming 457 

recommendations for different soil types60, restrictions on biochar application rates may be 458 

needed on soils that usually require little liming. That is the case of sandy and low-SOC soils60 459 

(SI). Restrictions on biochar application rates, whether for alkalinity or other factors, must be 460 

considered in future policy support and recommendations to farmers. 461 

Policy support for environmental effects. Earlier research recommended to not establish 462 

biochar solutions in regions where energy production is carbon intensive and where agricultural 463 

yields are already high80. However, it was shown here that increase in agricultural yield is not 464 

a requirement for climate-efficient biochar systems, if other emissions are reduced. 465 

Nevertheless, agricultural yield increases are one of the main factors in acceptance of a new 466 

practice by farmers, as it contributes directly to better economic performance81,82. Therefore, if 467 

environmental benefits are obtained without agricultural productivity increase, policy measures 468 

providing payment for climate mitigation are needed to promote implementation.  469 

Environmental assessment 470 

Non-assessed climate factors. The present assessment was limited to the three main GHGs. 471 

Effects of biochar application on albedo and heat flux were not included, as such an assessment 472 

would require more site-specific data and as the effects would vary with soil management 473 
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practices. Anyhow, biochar on the soil surface has a warming effect, due to its dark colour. 474 

Meyer and colleagues83 estimated that the albedo contribution could reduce the mitigation 475 

potential by up to 15%. Albedo changes can be reduced by permanent soil cover, which is 476 

common on dairy farms due to grass cultivation, and incorporation of biochar into the soil. 477 

However, soil disturbance may have other consequences for SOC levels. Thus, the albedo 478 

penalty reinforces the need for biochar systems to perform significantly better than current 479 

technologies. 480 

Under the assumptions made on biochar stability in this study, about 123 kg CO2 tonne-1 of 481 

woodchips would be released from biochar decomposition during the first 100 years. The 482 

climate metric GWP100 does not take into account the effects on climate of progressively 483 

releasing the carbon dioxide contained in the biochar. Instead, what is implicitly assumed with 484 

this metric is that the progressively decayed carbon over 100 years is released at the production 485 

time. Time-dependent metrics84 could account for the consequences of slowly released carbon. 486 

Other environmental impacts. Particle, dust and soot emissions due to biochar mishandling 487 

contribute to reducing the climate benefits of biochar-based systems85. Their contribution to the 488 

climate impact of this study may be marginal when clean production principles are applied, but 489 

particles also have serious effects in other environmental impact categories86 (air pollution, 490 

human health, biodiversity) that were not assessed here. Likewise, some co-benefits of biochar 491 

were not quantified. For example, the reductions in ammonia and nitrate losses were modelled 492 

because they lead to avoided indirect nitrous oxide emissions (Figure 3b)50, but they also 493 

mitigate water-related impacts such as eutrophication72,87. 494 

Final recommendation. At the large-scale envisioned in this study, where woodchips are 495 

sourced on the global market, the suitability of biochar systems in Stockholm is subject to the 496 

decarbonisation of the electricity market and other carbon-intensive sectors. If this 497 

decarbonisation is achieved by 2040, biochar solutions would represent a suitable expansion 498 
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for the district heating network, thereby providing a sound option for carbon dioxide removal. 499 

If agricultural effects of biochar are optimised, through cascading use in animal husbandry, 500 

manure management and fertiliser management, the climate benefits of biochar could at best be 501 

doubled. Such a prospective development requires research efforts, in both upscaling of 502 

pyrolysis technologies and mechanistic understanding of biochar agricultural effects. When 503 

developing new biochar products, the life cycle perspective is useful to assess trade-offs and 504 

the relative importance of various potential effects. 505 
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(27)  Shindell, D.; Bréon, F.-M.; Collins, W.; Fuglestvedt, J.; Huang, J.; Koch, D.; Lamarque, 637 

J.-F.; Lee, D.; Mendoza, B.; Nakajima, T.; Robock, A.; Stephens, G.; Takemura, T.; 638 

Zhang, H. Anthropogenic and Natural Radiative Forcing. In Climate Change 2013: The 639 

Physical Science Basis. Contribution of Working Group I to the Fifth Assessment Report 640 

of the Intergovernmental Panel on Climate Change; Stocker, T. F., Qin, D., Plattner, G.-641 

K., Tignor, M., Allen, S. K., Boschung, J., Nauels, A., Xia, Y., Bex, V., Midgley, P. M., 642 

Eds.; Cambridge University Press: Cambridge, United Kingdom and New York, NY, 643 



27 

USA, 2013; pp 659–740; DOI 10.1017/CBO9781107415324.018. 644 

(28)  Hammar, T.; Stendahl, J.; Sundberg, C.; Holmström, H.; Hansson, P. A. Climate Impact 645 

and Energy Efficiency of Woody Bioenergy Systems from a Landscape Perspective. 646 

Biomass and Bioenergy 2019, 120 (October 2018), 189–199; DOI 647 

10.1016/j.biombioe.2018.11.026. 648 

(29)  Gustafsson, K. Data on Stockholm’s District Heating Network and Plants Operated by 649 

Stockholm Exergi AB. Personal Communication. 2018. 650 

(30)  Weidema Bauer, Ch., Hischier, R., Mutel, Ch., Nemecek, T., Reinhard, J., Vadenbo, 651 

C.O., Wernet, G, B. P. The Ecoinvent Database: Overview and Methodology, Data 652 

Quality Guideline for the Ecoinvent Database Version 3. 2013. 653 

(31)  Forest Stewardship Council. Principles and Criteria for Forest Stewardship; Forest 654 

Stewardship Council, 2015. 655 

(32)  European Biochar Foundation. European Biochar Certificate – Guidelines for a 656 

Sustainable Production of Biochar, Version 6.1 of June 19, 2015.; European Biochar 657 

Foundation (EBC): Arbaz, Switzerland, 2015. 658 

(33)  European Biochar Foundation (EBC). Biochar for use as a feed additive (EBC FEED 659 

grade) http://www.european-biochar.org/biochar/media/doc/ebc-feed.pdf (accessed Jan 660 

25, 2019). 661 

(34)  Leng, L.; Huang, H.; Li, H.; Li, J.; Zhou, W. Biochar Stability Assessment Methods: A 662 

Review. Sci. Total Environ. 2019, 647, 210–222; DOI 10.1016/j.scitotenv.2018.07.402. 663 

(35)  Zimmerman, A. R.; Sohi, S. P.; Singh, B. P.; Pan, G.; Kleber, M.; Abiven, S.; Lehmann, 664 

J. Persistence of Biochar in Soil. In Biochar for environmental management: science, 665 

technology and implementation; Routledge: London, 2015; p 48. 666 

(36)  Weber, K.; Quicker, P. Properties of Biochar. Fuel 2018, 217, 240–261; DOI 667 

10.1016/j.fuel.2017.12.054. 668 

(37)  Crombie, K.; Masek, O. Investigating the Potential for a Self-Sustaining Slow Pyrolysis 669 

System under Varying Operating Conditions. Bioresour. Technol. 2014, 162, 148–156; 670 

DOI 10.1016/j.biortech.2014.03.134. 671 

(38)  Levihn, F. CHP and Heat Pumps to Balance Renewable Power Production: Lessons from 672 

the District Heating Network in Stockholm. Energy 2017, 137, 670–678; DOI 673 

10.1016/j.energy.2017.01.118. 674 

(39)  International Energy Agency. IEA Energy Technology Essentials - Biomass for Power 675 

Generation and CHP; 2007. 676 

(40)  Paulrud, S.; Fridell, E.; Stripple, H.; Gustafsson, T. Uppdatering Av Klimatrelaterade 677 

Emissionsfaktorer (Updated Climate Related Emission Factors); Swedish 678 

Meteorological and Hydrological Institute (SMHI): Norrköping, Sweden, 2010. 679 

(41)  Vadenbo, C.; Hellweg, S.; Astrup Thomas, F. Let’s Be Clear(er) about Substitution: A 680 

Reporting Framework to Account for Product Displacement in Life Cycle Assessment. 681 

J. Ind. Ecol. 2016, 21 (5), 1078–1089; DOI 10.1111/jiec.12519. 682 



28 

(42)  Gode, J.; Martinsson, F.; Hagberg, L.; Öman, A.; Höglund, J.; Palm, D. Miljöfaktaboken 683 

2011. Estimated Emission Factors for Fuels, Electricity, Heat and Transport in Sweden; 684 

Värmeforsk: Stockholm, 2011. 685 

(43)  Hagberg, M.; Gode, J.; Lätt, A.; Ekvall, T.; Adolfsson, I.; Martinsson, F. Miljövärdering 686 

Av Energilösningar I Byggnader (Etapp 2) - Metod För Konsekvensanalys 687 

(Environmental Evaluation of Energy Solutions in Buildings (Step 2) - Methods for 688 

Consequential Analysis); 2017. 689 

(44)  Swedish Farmer’s Association. Milk. Key Figures in Sweden; LRF: Stockholm, 2016. 690 

(45)  Swedish Environmetal Protection Agency. National Inventory Report Sweden 2017. 691 

Greenhouse Gas Emission Inventories 1990-2015; Stockholm, Sweden, 2017. 692 

(46)  Rodhe, L.; Karlsson, S. Översyn Av Statistiska Centralbyråns Beräkning Av 693 

Ammoniakavgången I Jordbruket. Emissionsfaktorer För Ammoniak Vid Lagring Och 694 

Spridning Av Stallgödsel; JTI - Institutet för jordbruks och miljöteknik: Uppsala, 2002. 695 

(47)  Rodhe, L. K. K.; Ascue, J.; Willén, A.; Persson, B. V.; Nordberg, Å. Greenhouse Gas 696 

Emissions from Storage and Field Application of Anaerobically Digested and Non-697 

Digested Cattle Slurry. Agric. Ecosyst. Environ. 2015, 199, 358–368; DOI 698 

10.1016/j.agee.2014.10.004. 699 

(48)  Hanserud, O. S.; Cherubini, F.; Ogaard, A. F.; Muller, D. B.; Brattebo, H. Choice of 700 

Mineral Fertilizer Substitution Principle Strongly Influences LCA Environmental 701 

Benefits of Nutrient Cycling in the Agri-Food System. Sci. Total Environ. 2018, 615, 702 

219–227; DOI 10.1016/j.scitotenv.2017.09.215. 703 

(49)  Brentrup, F.; Hoxha, A.; Christensen, B. Carbon Footprint Analysis of Mineral Fertilizer 704 

Production in Europe and Other World Regions; Yara, 2016. 705 

(50)  Eggleston, H. S.; Buendia, L.; Miwa, K.; Ngara, T.; Tanabe, K. IPCC  Guidelines  for  706 

National  Greenhouse  Gas  Inventories,  Prepared  by  the  National Greenhouse Gas 707 

Inventories Programme; IGES: Japan, 2006. 708 

(51)  Joseph, S.; Pow, D.; Dawson, K.; Mitchell, D. R. G.; Rawal, A.; Hook, J.; 709 

Taherymoosavi, S.; Van Zwieten, L.; Rust, J.; Donne, S.; Munroe, P.; Pace, B.; Graber, 710 

E.; Thomas, T.; Nielsen, S.; Ye, J.; Lin, Y.; Pan, G.; Li, L.; Solaiman, Z. M. Feeding 711 

Biochar to Cows: An Innovative Solution for Improving Soil Fertility and Farm 712 

Productivity. Pedosphere 2015, 25 (5), 666–679; DOI 10.1016/S1002-0160(15)30047-713 

3. 714 

(52)  Cabeza, I.; Waterhouse, T.; Sohi, S.; Rooke, J. A. Effect of Biochar Produced from 715 

Different Biomass Sources and at Different Process Temperatures on Methane 716 

Production and Ammonia Concentrations in Vitro. Anim. Feed Sci. Technol. 2018, 237 717 

(March 2018), 1–7; DOI 10.1016/j.anifeedsci.2018.01.003. 718 

(53)  Holly, M. A.; Larson, R. A. Effects of Manure Storage Additives on Manure 719 

Composition and Greenhouse Gas and Ammonia Emissions. Trans. ASABE 2017, 60 (2), 720 

449–456; DOI 10.13031/trans.12066. 721 

(54)  Borchard, N.; Schirrmann, M.; Cayuela, M. L.; Kammann, C.; Wrage-Mönnig, N.; 722 

Estavillo, J. M.; Fuertes-Mendizábal, T.; Sigua, G.; Spokas, K.; Ippolito, J. A.; Novak, 723 

J. Biochar, Soil and Land-Use Interactions That Reduce Nitrate Leaching and N2O 724 



29 

Emissions: A Meta-Analysis. Sci. Total Environ. 2019, 651, 2354–2364; DOI 725 

10.1016/j.scitotenv.2018.10.060. 726 

(55)  Hütsch, B. W. Methane Oxidation in Non-Flooded Soils as Affected by Crop Production 727 

— Invited Paper. Eur. J. Agron. 2001, 14 (4), 237–260; DOI 10.1016/S1161-728 

0301(01)00110-1. 729 

(56)  Skinner, C.; Gattinger, A.; Muller, A.; Mäder, P.; Fliebach, A.; Stolze, M.; Ruser, R.; 730 

Niggli, U. Greenhouse Gas Fluxes from Agricultural Soils under Organic and Non-731 

Organic Management - A Global Meta-Analysis. Sci. Total Environ. 2014, 468–469, 732 

553–563; DOI 10.1016/j.scitotenv.2013.08.098. 733 

(57)  Jeffery, S.; Verheijen, F. G. A.; Kammann, C.; Abalos, D. Biochar Effects on Methane 734 

Emissions from Soils: A Meta-Analysis. Soil Biol. Biochem. 2016, 101, 251–258; DOI 735 

10.1016/j.soilbio.2016.07.021. 736 

(58)  Camps Arbestain, M.; Amonette, J. E.; Singh, B.; Wang, T.; Schmidt, H.-P. A Biochar 737 

Classification System and Associated Test Methods. In Biochar for Environmental 738 

Management – Science and Technology, 2nd edition; Lehmann, J., Stephen, J., Eds.; 739 

Routledge, 2015. 740 

(59)  Simon, J.; Diego, A.; Marija, P.; Ana Catarina, B.; Jan Willem van, G.; Bruce, A. H.; 741 

Frank, V. Biochar Boosts Tropical but Not Temperate Crop Yields. Environ. Res. Lett. 742 

2017, 12 (5), 53001; DOI 10.1088/1748-9326/aa67bd. 743 

(60)  Börling, K.; Kvarmo, P.; Listh, U.; Malgeryd, J.; Stenberg, M. Rekommendationer För 744 

Gödsling Och Kalkning 2018; Jönköping, 2018. 745 

(61)  Jeffery, S.; Bezemer, T. M.; Cornelissen, G.; Kuyper, T. W.; Lehmann, J.; Mommer, L.; 746 

Sohi, S. P.; van de Voorde, T. F. J.; Wardle, D. A.; van Groenigen, J. W. The Way 747 

Forward in Biochar Research: Targeting Trade-Offs between the Potential Wins. GCB 748 

Bioenergy 2015, 7 (1), 1–13; DOI 10.1111/gcbb.12132. 749 

(62)  Henryson, K.; Sundberg, C.; Kätterer, T.; Hansson, P. A. Accounting for Long-Term 750 

Soil Fertility Effects When Assessing the Climate Impact of Crop Cultivation. Agric. 751 

Syst. 2018, 164 (March), 185–192; DOI 10.1016/j.agsy.2018.03.001. 752 

(63)  Van der Laan, C.; Wicke, B.; Verweij, P. A.; Faaij, A. P. C. Mitigation of Unwanted 753 

Direct and Indirect Land-Use Change – an Integrated Approach Illustrated for Palm Oil, 754 

Pulpwood, Rubber and Rice Production in North and East Kalimantan, Indonesia. GCB 755 

Bioenergy 2017, 9 (2), 429–444; DOI 10.1111/gcbb.12353. 756 

(64)  Berndes, G.; Ahlgren, S.; Börjesson, P.; Cowie Annette, L. Bioenergy and Land Use 757 

Change—state of the Art. Wiley Interdiscip. Rev. Energy Environ. 2012, 2 (3), 282–303; 758 

DOI 10.1002/wene.41. 759 

(65)  Prade, T.; Björnsson, L.; Lantz, M.; Ahlgren, S. Can Domestic Production of iLUC-Free 760 

Feedstock from Arable Land Supply Sweden’s Future Demand for Biofuels? J. Land 761 

Use Sci. 2017, 12 (6), 407–441; DOI 10.1080/1747423X.2017.1398280. 762 

(66)  ISO. ISO 14040:2006 Environmental Management - Life Cycleassessment - Principles 763 

and Framework. International Standards Organisation: Geneva 2006. 764 

(67)  Arvidsson, R.; Tillman, A. M.; Sandén, B. A.; Janssen, M.; Nordelöf, A.; Kushnir, D.; 765 



30 

Molander, S. Environmental Assessment of Emerging Technologies: Recommendations 766 

for Prospective LCA. J. Ind. Ecol. 2018, 22 (6), 1286–1294; DOI 10.1111/jiec.12690. 767 

(68)  Finkbeiner, M. Indirect Land Use Change - Help beyond the Hype? Biomass and 768 

Bioenergy 2014, 62, 218–221; DOI 10.1016/j.biombioe.2014.01.024. 769 

(69)  Pizzol, M.; Scotti, M. Identifying Marginal Supplying Countries of Wood Products via 770 

Trade Network Analysis. Int. J. Life Cycle Assess. 2017, 22 (7), 1146–1158; DOI 771 

10.1007/s11367-016-1222-6. 772 

(70)  Perino, G. New EU ETS Phase 4 Rules Temporarily Puncture Waterbed. Nat. Clim. 773 

Chang. 2018, 8 (4), 262–264; DOI 10.1038/s41558-018-0120-2. 774 

(71)  Tammeorg, P.; Bastos, A. C.; Jeffery, S.; Rees, F.; Kern, J.; Graber, E. R.; Ventura, M.; 775 

Kibblewhite, M.; Amaro, A.; Budai, A.; Cordovil, C. M. d S.; Domene, X.; Gardi, C.; 776 

Gascó, G.; Horák, J.; Kammann, C.; Kondrlova, E.; Laird, D.; Loureiro, S.; Martins, M. 777 

A. S.; Panzacchi, P.; Prasad, M.; Prodana, M.; Puga, A. P.; Ruysschaert, G.; Sas-Paszt, 778 

L.; Silva, F. C.; Teixeira, W. G.; Tonon, G.; Delle Vedove, G.; Zavalloni, C.; Glaser, B.; 779 

Verheijen, F. G. A. Biochars in Soils: Towards the Required Level of Scientific 780 

Understanding. J. Environ. Eng. Landsc. Manag. 2016, 25 (2), 192–207; DOI 781 

10.3846/16486897.2016.1239582. 782 

(72)  Borchard, N.; Schirrmann, M.; Cayuela, M. L.; Kammann, C.; Wrage-Mönnig, N.; 783 

Estavillo, J. M.; Fuertes-Mendizábal, T.; Sigua, G.; Spokas, K.; Ippolito, J. A.; Novak, 784 

J. Biochar, Soil and Land-Use Interactions That Reduce Nitrate Leaching and N2O 785 

Emissions: A Meta-Analysis. Sci. Total Environ. 2019, 651, 2354–2364; DOI 786 

10.1016/j.scitotenv.2018.10.060. 787 

(73)  Mandal, S.; Sarkar, B.; Bolan, N.; Novak, J.; Ok, Y. S.; Van Zwieten, L.; Singh, B. P.; 788 

Kirkham, M. B.; Choppala, G.; Spokas, K.; Naidu, R. Designing Advanced Biochar 789 

Products for Maximizing Greenhouse Gas Mitigation Potential. Critical Reviews in 790 

Environmental Science and Technology. 2016; DOI 10.1080/10643389.2016.1239975. 791 

(74)  Dieguez-Alonso, A.; Anca-Couce, A.; Frišták, V.; Moreno-Jiménez, E.; Bacher, M.; 792 

Bucheli, T. D.; Cimò, G.; Conte, P.; Hagemann, N.; Haller, A.; Hilber, I.; Husson, O.; 793 

Kammann, C. I.; Kienzl, N.; Leifeld, J.; Rosenau, T.; Soja, G.; Schmidt, H. P. Designing 794 

Biochar Properties through the Blending of Biomass Feedstock with Metals: Impact on 795 

Oxyanions Adsorption Behavior. Chemosphere 2019, 214, 743–753; DOI 796 

10.1016/j.chemosphere.2018.09.091. 797 

(75)  Dougherty, B.; Gray, M.; Johnson, M. G.; Kleber, M. Can Biochar Covers Reduce 798 

Emissions from Manure Lagoons While Capturing Nutrients? J. Environ. Qual. 2017, 799 

46 (3), 659–666; DOI 10.2134/jeq2016.12.0478. 800 

(76)  Sanchez-Monedero, M. A.; Cayuela, M. L.; Roig, A.; Jindo, K.; Mondini, C.; Bolan, N. 801 

Role of Biochar as an Additive in Organic Waste Composting. Bioresour. Technol. 2018, 802 

247, 1155–1164; DOI 10.1016/j.biortech.2017.09.193. 803 

(77)  Fagbohungbe, M. O.; Herbert, B. M.; Hurst, L.; Ibeto, C. N.; Li, H.; Usmani, S. Q.; 804 

Semple, K. T. The Challenges of Anaerobic Digestion and the Role of Biochar in 805 

Optimizing Anaerobic Digestion. Waste Manag 2017, 61, 236–249; DOI 806 

10.1016/j.wasman.2016.11.028. 807 



31 

(78)  European Biochar Foundation (EBC). EBC and EBC Feed Certified producers 808 

http://www.european-biochar.org/en/producer (accessed Jan 25, 2019). 809 

(79)  Schmidt, H. P.; Wilson, K. The 55 Uses of Biochar. the Biochar Journal. Arbaz, 810 

Switzerland 2014. 811 

(80)  Woolf, D.; Amonette, J. E.; Street-Perrott, F. A.; Lehmann, J.; Joseph, S. Sustainable 812 

Biochar to Mitigate Global Climate Change - Supplemental Information. Nat. Commun. 813 

2010, 1, 56; DOI 10.1038/ncomms1053. 814 

(81)  Otte, P. P.; Vik, J. Biochar Systems: Developing a Socio-Technical System Framework 815 

for Biochar Production in Norway. Technol. Soc. 2017, 51, 34–45; DOI 816 

10.1016/j.techsoc.2017.07.004. 817 

(82)  Roos, A.; Rosenqvist, H.; Ling, E.; Hektor, B. Farm-Related Factors Influencing the 818 

Adoption of Short-Rotation Willow Coppice Production Among Swedish Farmers; 2010; 819 

Vol. 50; DOI 10.1080/090647100750014385. 820 

(83)  Meyer, S.; Bright, R. M.; Fischer, D.; Schulz, H.; Glaser, B. Albedo Impact on the 821 

Suitability of Biochar Systems to Mitigate Global Warming. Environ. Sci. Technol. 822 

2012, 46 (22), 12726–12734; DOI 10.1021/es302302g. 823 

(84)  Ericsson, N.; Porsö, C.; Ahlgren, S.; Nordberg, Å.; Sundberg, C.; Hansson, P.-A. Time-824 

Dependent Climate Impact of a Bioenergy System - Methodology Development and 825 

Application to Swedish Conditions. GCB Bioenergy 2013, 5 (5), 580–590; DOI 826 

10.1111/gcbb.12031. 827 

(85)  Bond, T. C.; Doherty, S. J.; Fahey, D. W.; Forster, P. M.; Berntsen, T.; DeAngelo, B. J.; 828 

Flanner, M. G.; Ghan, S.; Kärcher, B.; Koch, D.; Kinne, S.; Kondo, Y.; Quinn, P. K.; 829 

Sarofim, M. C.; Schultz, M. G.; Schulz, M.; Venkataraman, C.; Zhang, H.; Zhang, S.; 830 

Bellouin, N.; Guttikunda, S. K.; Hopke, P. K.; Jacobson, M. Z.; Kaiser, J. W.; Klimont, 831 

Z.; Lohmann, U.; Schwarz, J. P.; Shindell, D.; Storelvmo, T.; Warren, S. G.; Zender, C. 832 

S. Bounding the Role of Black Carbon in the Climate System: A Scientific Assessment. 833 

J. Geophys. Res. Atmos. 2013, 118 (11), 5380–5552; DOI 10.1002/jgrd.50171. 834 

(86)  Liu, X.; Ji, R.; Shi, Y.; Wang, F.; Chen, W. Release of Polycyclic Aromatic 835 

Hydrocarbons from Biochar Fine Particles in Simulated Lung Fluids: Implications for 836 

Bioavailability and Risks of Airborne Aromatics. Sci. Total Environ. 2019, 655, 1159–837 

1168; DOI 10.1016/j.scitotenv.2018.11.294. 838 

(87)  Henryson, K.; Hansson, P. A.; Sundberg, C. Spatially Differentiated Midpoint Indicator 839 

for Marine Eutrophication of Waterborne Emissions in Sweden. Int. J. Life Cycle Assess. 840 

2018, 23 (1), 70–81; DOI 10.1007/s11367-017-1298-7. 841 

 842 


