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Supplementary Figure 1: Cumulative probability functions of carbon price for
mitigation scenarios. Panels a-c show mitigation scenario MS430-480 and panels d-f are
mitigation scenario MS650-720, in the years 2020 (a,c), 2050 (b,e), and 2100 (c,f). Probability
functions are fitted to carbon price quartiles in the IPCC 5™ Assessment Report*
(Supplementary Table 1). p and ¢ are the mean and standard deviation, respectively, of the
natural-logarithm transformed carbon prices. The quantiles for a given year and concentration
pathway were fitted to lognormal distributions using function get.Inorm.par in
"rriskDistributions" of the R statistical programming language’.
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Supplementary Figure 2: Relationship between biochar molar O:C ratio and half life of

the biochar in soil. Data from metastudy by Ref. 3. Dashed lines show one standard
deviation.
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increase is defined as the difference in yield between treatment and control, expressed as a

Supplementary Figure 3: Relative increase in crop yield from biochar addition. Relative
fraction of control yield. Data from Refs. 4-75.
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Supplementary Figure 4: Relative importance of model parameters in determining the
relative crop yield increase from biochar additions. Relative importance was estimated by
the incremental change in mean square error for each parameter in a random forest analysis.
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Supplementary Figure 5: Incremental change in annual crop yield per Mg of applied
biochar, for major field crops for which biochar studies are published. Diamonds indicate
means. Outliers not shown. Note that, the ranges of biochar-yield impacts are comparable to
studies indicating that, for every 1 Mg ha™ increase in SOC in the root zone of soils with low (<
2 %) initial SOC, crop yields can be increased by 20-70 kg ha™ (wheat), 10-50 kg ha™ (rice),
and 30-300 kg ha™ (maize).”® %



SUPPLEMENTARY TABLES

Supplementary Table 1: Carbon prices. Range of carbon prices in the IPCC WG 11l AR5
Scenario Database required to meet various atmospheric CO, eq. concentration targets in
2100.%” The 430-480 ppm concentration pathway is compatible with representative
concentration pathway RCP 2.6. Derived from Fig. 6.21a in Ref. 87. Note that values are
given in 2014 USD per Mg carbon. To convert to prices per Mg CO,, these should be divided
by a factor of 3.67.

Concentration

Carbon price ($ Mg™ C)

vear pathway (ppm)  Min LOWEr — \tedian  PPE Max
quartile quartile
650-720 15 37 40 40 55
580-650 11 29 40 70 125
2020 530-580 15 51 88 143 990
480-530 22 77 125 183 411
430-480 62 143 202 249 946
650-720 29 59 66 70 88
580-650 15 51 77 125 312
2030 530-580 18 106 169 268 1,470
480-530 59 154 220 370 737
430-480 99 246 330 466 1,584
650-720 73 165 176 183 227
580-650 55 161 282 528 1,056
2050 530-580 48 271 524 748 3,032
480-530 158 400 634 1,195 2,970
430-480 264 473 799 1,085 3,483
650-720 279 1,335 1,870 1,943 1,991
580-650 359 799 1,745 2,105 5,724
2100 530-580 125 788 1,777 5,306 10,083
480-530 473 3,458 5,473 9,090 30,855
430-480 455 3,458 5,586 9,739 21,252




Supplementary Table 2: Parameter abbreviations, units and distribution types.

Category

Parameter

Abbreviation

Units

Distribution type

Common Parameters for all conversion technologies

Economic discount rate Disc. rate dimensionless Uniform
biomass ash content BM ash dimensionless Uniform
crop price Crop price S Mg’1 Uniform
agricultural lime price Lime price $Mg™ Uniform
carbon price C price $Mg* Log-normal
electricity price Elec. price $Gt Uniform

Reference Energy System
C intensity C intensity Mg CGJ'f Uniform
electrical conversion efficiency FF eff. GIGIf Uniform

BES Parameters

Economic capital cost BES CC $(Mgfyr)™? Uniform
life time of plant BES life yr Uniform

Energy electrical conversion efficiency BES eff. GIGIf Uniform

BEBCS Parameters

Pyrolysis pyrolysis temperature Py. temp. °C Uniform

Energy electrical conversion efficiency BEBCS eff. GIGIf Uniform

Economic capital cost BEBCS CC $ (Mg fyr)* Uniform
life time of plant ratio to BES BEBCS life ratio Dimensionless Uniform
biochar haulage cost BC haul. cost $Mg’f Uniform
biochar field operations BC field cost $ha't Uniform

GHG feedbacks unamended N additions N app. rate kg ha™tyr™ Uniform
N,O feedback factor N20 factor %N,0 (Mg BC ha'l)'1 Uniform
years of N,O effect N20 years yr Log
SOC feedback factor SOC factor dimensionless Uniform
biochar haulage CO, BC haul. CO2 Mg C Mg™ f Uniform

Soil biochar nutrient value BC nutrient S Mg'lf Uniform
biochar yield impact BC yield impact $yrt Mg™ BC Uniform
biochar stability factor BC stab. fact. dimensionless Normal

BECCS Parameters

Economic cost of CCS CCS cost $ Mg™ C captured Uniform
efficiency penalty (rel BES) CCS eff. penalty dimensionless Uniform
CO, sequestration fraction CCS seq. fraction  dimensionless Uniform




Supplementary Table 3: Parameter ranges for mitigation scenario MS430-480.

MS430-480, 2020

MS430-480, 2050

MS430-480, 2100

Parameter Min Max Mean S.D Min Max Mean S.D Min Max Mean S.D

Disc. rate 0.015 0.06 0.03 0.013 0.015 0.06 0.03 0.013| 0.015 0.06 0.03 0.013

BM ash 0.002 0.108 0.055 0.031 0.002 0.108 0.055 0.0306| 0.002 0.108 0.055 0.031

Crop price 247.2 423.2 335.2 50.8 247.2 741.5 494.4 142.7 281.8 845.3 335.2 162.7

Lime price 10 80 45 20 10 80 45 20 10 80 45 20

C price’ 527 0.42 6.63 0.61 8.65 0.75

Elec. price 16.4 63.1 39.7 135 26.2 100.9 63.5 21.6 52.3 201.8 39.7 43.1

Cintensity 0.0E+00 1.9E-02 9.5E-03 5.5E-03| 0.0E+00 1.9E-02 9.5E-03  5.5E-03| 0.0E+00 1.9E-02 9.5E-03 5.5E-03

FF eff. 0.38 0.5 0.44 0.035 0.38 0.5 0.44 0.035 0.38 0.5 0.44 0.035

BES CC 402 1029 716 181 316 846 581 153 316 846 716 153

BES life 25 50 38 7 25 50 38 7 25 50 38 7

BES eff. 0.3 0.42 0.36 0.035 0.33 0.45 0.39 0.035 0.33 0.45 0.36 0.035

Py. temp. 450 650 550 58 450 650 550 58 450 650 550 58

BEBCS eff. 0.30 0.42 0.45  0.03 0.33 0.45 0.45 0.03 0.33 0.45 0.45 0.03

BEBCS CC 327 763 545 126 235 512 374 80 235 512 545 80

BEBCS life ratio 1 1 1 0 1 1 1 0 1 1 1 0

BC haul. cost 0.3 15.9 8.1 4.5 0.5 254 12.9 7.2 0.9 50.8 8.1 14.4

BC field cost 0.00 54.88 27.44 1584 0.00 87.81 43.90 25.35 0.00 175.62 27.44 50.70

N app. rate 25.00 200.00 100.00 50.52 25.00 200.00 100.00 50.52| 25.00 200.00 100.00 50.52

N20 factor ~ 1.7E-3  1.5E-2  8.6E-3 3.9E-3 1.7e-3  1.5E-2 8.5E-3  3.9E03| 1.7E-3  1.5E-2 8.5E03  3.9E-3

N20 years 1.0 100.0 21.0 24.6 1.0 100.0 21.0 24.6 1.0 100.0 21.0 24.6

SOC factor -0.03 0.3 0.135 0.095 -0.03 0.3 0.135 0.095( -0.03 0.3 0.135 0.095

BC haul. CO2 2.2-5 1.3E-3 6.7E-4 3.7E-4 2.2E-5 1.32E-3  6.7E-4 3.74E-4| 2.2E-5 1.32E-3 6.70E-4 3.74E-4

BC nutrient 0.00 16.49 825 476 0.00 16.49 8.25 4.76 0.00 16.49 8.25 4.76

BCyield impact  -13.33 65.93 26.30 22.88 -13.33  115.53 51.10 37.20f -13.46 123.07 26.30 39.41

BC stab. fact. 4.89 1.8 4.89 1.8 4.89 1.8

CCS cost 183 470 327 83 183 470 327 183 470 327 83

CCS eff. penalty 0.04 0.11 0.075 0.020 0.04 0.11 0.075 0.04 0.11 0.075 0.020
CCS seq.

fraction 0.81 0.91 0.86 0.029 0.81 0.91 0.86 0.81 0.91 0.86 0.029

% For log-normal distributions, mean and standard deviations are of the natural-logarithm

transformed values.



Supplementary Table 4: Parameter ranges for mitigation scenario MS650-720.

MS650-720, 2020

MS650-720, 2050

MS650-720, 2100

Parameter Min Max Mean S.D Min Max Mean S.D Min Max Mean S.D

Disc. rate 0.015 0.060 0.030 0.013 0.015 0.06 0.03 0.013| 0.015 0.06 0.03 0.013

BM ash 0.002 0.108 0.055 0.03 0.002 0.108 0.055 0.03| 0.002 0.108 0.055 0.03

Crop price 247.2 423.2 3352 508 247.2 741.5 335.2 142.7| 28138 845.3 335.2 162.7

Lime price 10 80 45 20 10 80 45 20 10 80 45 20

C price’ 369 061 5.16 0.08 7.35 0.22

Elec. price 16.35 63.06 39.70 26.16 100.89 39.70 21.57| 5233 201.78 39.70 43.14

Cintensity 0.0E+0 1.9E-2 9.5E-3 5.5E-3 0.0E+0 1.9E-2 95E-3 55E-3| 0.0E+0 19E-2 9.5E-3 55E-3

FF eff. 0.380 0.500 0.440 0.035 0.38 0.5 0.44 0.035 0.38 0.5 0.44 0.035

BES CC 402 1029 716 181 316 846 716 153 316 846 716 153

BES life 25 50 38 7 25 50 38 7 25 50 38 7

BES eff. 0.300 0.420 0.360 0.035 0.33 0.45 0.36 0.035 0.33 0.45 0.36 0.035

Py. temp. 450 650 550 58 450 650 550 58 450 650 550 58

BEBCS eff. 0.30 0.42 0.45 0.03 0.33 0.45 0.45 0.03 0.33 0.45 0.45 0.03

BEBCS CC 279 650 465 107 235 512 545 80 235 512 545 80

BEBCS life ratio 1 1 1 0 1 1 1 0 1 1 1 0

BC haul. cost 0.3 15.9 8.1 4.5 0.5 254 8.1 7.2 0.9 50.8 8.1 14.4

BC field cost 0.00 54.88 27.44 1584 0.00 87.81 27.44 25.35 0.00 175.62 27.44 50.70

N app. rate 25.00 200.00 100.00 50.52 25.00 200.00 100.00 50.52| 25.00 200.00 100.00 50.52

N20 factor 1.7E-3 15E-2 85E-3 3.9E-3 17E-3 15E-2 85E-3 39E-3| 1.7E-3 15E-2 85E-3 39E-3

N20 years 1.0 100.0 50.5 1.0 100.0 21.0 24.6 1.0 100.0 21.0 24.6

SOC factor  -0.030 0.300 0.135 0.095 -0.03 0.3 0.135 0.095| -0.03 0.3 0.135 0.095

BC haul. CO2 22E-5 13E-3 6.7E-4 3.7E-4 22E-5 13E-3 6.7E-4 3.7E-4| 22E-5 13E-3 6.7E-4 3.7E-4

BC nutrient 0.00 16.49 825 476 0.00 16.49 8.25 4.76 0.00 16.49 8.25 4.76

BCyield impact  -13.33 65.93 26.30 22.88 -13.33 115,53 26.30 37.20| -13.46 123.07 26.30 39.41

BC stab. fact. 4.89 1.8 4.89 1.8 4.89 1.8

CCS cost 183 470 327 83 183 470 327 83 183 470 327 83

CCS eff. penalty 0.040 0.110 0.075 0.020 0.04 0.11 0.075 0.020 0.04 0.11 0.075 0.020

CCS seq. 0.810 0.910 0.860 0.029 0.81 091 0.86 0.029 0.81 0.91 0.86 0.029
fraction

% For log-normal distributions, mean and standard deviations are of the natural-logarithm

transformed values.



Supplementary Table 5: Production, yield and price of major food crops globally,
ranked by area harvested (2008-2013 data). Yields are the global mean values. Prices are
weighted means of producer prices in each country, weighted by production quantity. Data
derived from FAOStat.®®

Crop Area Value
harvested ®  Production ® Yield? Price ¢ per ha
(Mha) (Tg) (Mgha!)  ($Mg™) ($ ha)
Wheat 218 713 3.3 254 828
Maize 184 1,017 55 239 1,318
Rice, paddy 165 746 45 403 1,824
Soybeans 111 276 25 623 1,548
Barley 50 145 2.9 223 647
Sorghum 42 61 15 310 452
Seed cotton 37 73 2.0 781 1,545
Rapeseed 36 73 2.0 589 1,175
Millet 33 30 0.9 383 347
Beans, dry 29 23 0.8 1,685 1,333
Sugar cane 27 1877 70.8 296 20,949
Sunflower 26 45 1.7 633 1,108
Groundnuts 25 45 1.8 1,384 2,460
Cassava 21 277 13.3 451 6,025
Potatoes 19 368 18.9 418 7,909
Oil palm 17 268 15.7 152 2,391
Chick peas 14 13 1.0 1,084 1,049
Coconuts 12 62 5.1 339 1,730
Cow peas, dry 11 6 0.5 1,762 890
Olives 10 20 2.0 1,101 2,186
Oats 10 24 2.4 194 473
Sesame seed 9 5 0.5 1,550 784
Sweet potatoes 8 111 134 554 7,449
Peas, dry 6 11 1.7 684 1,177
Pigeon peas 6 5 0.8 1,277 974
Pulses, nes 6 5 0.8 1,463 1,229
Rye 6 17 2.9 204 590
Yams 5 60 11.9 1,057 12,586
Sugar beet 4 250 56.3 99 5,595
Lentils 4 5 1.1 1,087 1,238
Triticale 4 15 3.8 192 728
Other Cereal 8 28 2.4 202 479
 World total
b World mean

¢ Weighted mean (weighted by production quantity per country)



Supplementary Table 6: Interquartile ranges of the economic value of biochar yield

impacts for major crops with demonstarted positive reponses to biochar. Based on
current (2008-2013) inter-annual and international crop price fluctuations.®
Yield increment Crop Price Value of yield
(kg crop yr'* Mg™ C) ($ Mg?) increment
(Syr' Mg™C)
Lower Upper Lower Upper min max
quartile quartile quartile quartile
Wheat 0 67 231 368 0.00 24.66
Maize -5 109 224 335 -1.68 36.52
Rice -4 41 309 623 -2.49 25.54
Sorghum 0 100 215 392 0.00 39.20
Barley -20 31 223 647 -12.94 20.06
Peanut 9 34 714 1382 6.43 46.99
Beans 0 4 802 1,860 0.00 7.44
Cowpea 3 5 677 1,567 2.03 7.84
Soybean 21 91 510 690 10.71 62.79
Range -12.94 62.79

Supplementary Table 7: Fraction of primary energy from low-carbon sources in RCP 2.6

lower quartile

median

upper quartile

2010 2030 2050 2100
0.138 0.23 0.54 0.9

0.15 0.25 0.6 0.92
0.186 0.31 0.66 0.95

2 1pCC 5" Assessment Report (2014), Working Group 3, Ch. 7, Fig 7.14, p560 *

Supplementary Table 8: Estimated carbon intensity (Mg C GJe™) of power generation in

RCP 2.6.

2010 2030 2050 2100
mean 0.040 0.035 0.019 0.004
IQR 0.004 0.004 0.006  0.002
s.d. 0.003 0.003 0.004  0.002
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Supplementary Table 9: Power generation efficiency and capital costs for bioenergy in 2012
and projections for 2030. Data ranges are from Refs.90-95.

Capacity (MW)

Year <10 10-50 >50 Co- Co-
firing®  firing

2012  Power generation 14-18 18-33 28-40 35-39 35-39

efficiency (%)

Capital costs 6000-98 3900-58 2400-42 300-700 3200-40
(USD/kW) 00 00 00 00
Operating costs (%  5.5-6.5 5-6 3-5 25-35 25-35

of capital costs)

2030  Power generation 16-20 23-38 33-45 33-45 33-45

efficiency (%)

Capital costs 4800-78 3100-46 1900-34 300-700 3200-40
(USD/kW) 00 00 00 00
Operating costs (%  5.5-6.5 5-6 3-5 25-35 25-35

of capital costs)

& Co-firing costs related only to the investment in additional systems for handling the biomass fuels, with no
contribution to the costs of the coal-fired plant itself.
b Total co-firing cost inclusive of cost of the coal fired plant.

Supplementary Table 10: Carbon capture and storage costs.

Minimum cost Maximum cost
($ Mg™ CO;, ($ Mg™ CO,
captured) captured)
Published fossil fuel CCS cost 49 80
Capacity factor adjustment 0 14
Supplemental CO, transport cost for 0 25
BECCS
Net biomass CCS cost 49 119

12



Supplementary Table 11: Biochar haulage costs and emissions

Symbol  Units low end high end
estimate estimate

Plant size P MW 10 250
Biochar production Poc Mg yrt 3429 85715
Mean biochar application rate ARy Mg ha™ yr* 2.0 0.2
Cropland area CA ha 1714 428577
Cropland density CD ha/ha 0.90 0.25
Total land area LA km? 19 17143
Mean rectilinear distance RD km 2.2 65.5
Haulage cost Heg $ Mgt km™ 0.50 0.90
Haulage cost Hc $ Mgt f 0.26 14.17
Haulage emissions Heq Mg C Mg km? 4.18E-05  8.36E-05
Haulage emissions He Mg C Mg™* f 2.2E-05 1.32E-03

Supplementary Table 12: Soil N,O emissions parameter ranges.

Min Max
N,O suppression factor (% Mg™ ha™) 0.17 0.85
Initial fertilizer-N application rate (kg N ha™ yr™) 25 200
Length of N,O suppression (yr) (log-normal 1 100

distribution)

13
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