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Abstract 10 

Biofuels are proposed to play an important role in several mitigation strategies to meet future 11 

CO2 emission targets for the transport sector, but remain controversial due to significant 12 

uncertainties in net impacts on environment, society and climate. A switch to biofuels can also 13 

affect short-lived climate forcers (SLCFs), which provide significant contributions to the net 14 

climate impact of transportation. We quantify the radiative forcing (RF) and global-mean 15 

temperature response over time to EU on-road fossil diesel SLCFs, and the impact of 20% 16 

(B20) and 100% (B100) replacement of fossil diesel by biodiesel. SLCFs are compared to 17 

impacts of on-road CO2 using different approaches from existing literature to account for 18 

biodiesel CO2. Given the best estimates for changes in SLCFs when replacing fossil diesel 19 

with biodiesel, the net positive RF from EU on-road fossil diesel SLCF of 3.4 mW/m2 is 20 

reduced by 15% and 80% in B20 and B100, respectively. Over time the warming of SLCFs is 21 

likely small compared to biodiesel CO2 impacts. However, SLCFs may be relatively more 22 

important for the total warming than in the fossil fuel case if biodiesel from feedstock with 23 

very short rotation periods and low land-use-change impacts replaces a high fraction of fossil 24 

diesel. 25 

 26 
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Introduction 27 

Multiple alternative vehicle and fuel options to reduce the emissions and climate impact of the 28 

transport sector have been proposed. This study explores one such option – replacement of 29 

conventional fossil diesel with biodiesel. Biofuels (referring to liquid or gaseous fuels derived 30 

from biomass) currently provide around 2% of the global transport fuel, with higher shares in 31 

certain countries.1 However, biofuels are proposed to play an important role in several 32 

mitigation strategies for meeting future emission targets for the transport sector. For instance, 33 

the European Union (EU) Renewable Energy Directive (RED) includes a 10 percent target for 34 

renewable energy in transportation in every member state by 2020.2 Similarly, the U.S. 35 

Renewable Fuel Standard (RFS2) program under the 2007 Energy Independence and Security 36 

Act requires 36 billion gallons, about 7% of expected annual gasoline and diesel consumption, 37 

of renewable fuel to be blended into transportation fuel by 2022.3 The International Energy 38 

Agency estimate that biofuels could provide 27% of the global transport fuel by 2050,1 while 39 

the Nordic Energy Outlook project biofuel shares of total fuel from 25% to 70% by 2050 40 

depending on scenario.4 Despite their significant role in mitigation strategies, biofuels remain 41 

controversial because the net impact on the environment, society and climate can be difficult 42 

to determine.5  43 

The role of biofuels in reducing greenhouse gas (GHG) emissions is generally evaluated using 44 

the life-cycle assessment (LCA) methodology. The standard practice in LCA of climate 45 

impact is to compare emissions of long-lived GHGs using the Global Warming Potential 46 

(GWP) metric with a time horizon of 100 years, consistent with the Kyoto Protocol 47 

framework.6 Traditionally biofuels were considered carbon, and hence climate, neutral over 48 

the life cycle because of the assumption that CO2 released from combustion approximately 49 

equals the CO2 sequestered in the biomass. However, a number of studies have shown that 50 

emissions from direct and indirect land-use change (LUC) can make carbon footprints of 51 

biofuels highly positive, i.e., biofuels have a warming climate impact.7-10 The carbon and 52 

climate neutrality assumption also ignores important factors such as the temporary climate 53 

impact of biogenic carbon between the time of its release to the atmosphere by biofuel 54 

combustion and its sequestration during feedstock regrowth,11,12 as well as changes in surface 55 

albedo.13,14 Hence, the role of biofuels in reducing the GHG emissions from the transport 56 

sector – and the consequent climate impact – is determined by a number of factors, and 57 

several different approaches to account for biomass CO2 and LUC impacts exist in the 58 

literature.   59 
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In addition to CO2, the transport sector is an important source of short-lived climate forcers 60 

(SLCFs: in this study comprising aerosols, ozone and methane). These make important 61 

warming and cooling contributions the total climate impact and act on very different temporal 62 

scales.15 Aside from CO2, the main contributions to warming from road transport are from 63 

emissions of black carbon aerosols (BC) and from ozone (O3) produced by emissions of 64 

carbon monoxide (CO), nitrogen oxide (NOx) and volatile organic carbon (VOCs). Cooling 65 

impacts are caused by NOx-induced reductions in methane (CH4) and by organic carbon (OC), 66 

sulfate (SO4) and nitrate aerosols.  67 

Replacing conventional fossil fuels with biofuels affect the tailpipe emissions of gases and 68 

aerosols and the impact of diesel-biodiesel blends on the exhaust emissions of regulated 69 

species has been extensively studied.16-18 Biofuels are essentially sulfur free and hence reduce 70 

emissions of SO2. The majority of studies show clear reductions in tailpipe emissions of CO, 71 

hydrocarbons and particulate matter (PM) with biodiesel use. The effect on NOx emissions is 72 

more difficult to assess, although the average of available studies point to a slight increase 73 

with biodiesel. Considerably less attention has been given to the climate impact of SLCFs 74 

following such emission changes, although two recent studies have looked at the climate 75 

impact of biofuels in the aviation and shipping sectors.19,20  76 

In this study we apply a global chemistry-transport model to quantify the global-mean 77 

radiative forcing (RF) of SLCFs due to emissions from the on-road fossil diesel sector and the 78 

impact of replacing conventional fossil diesel by biodiesel. We select the EU as a case, mainly 79 

due to the high share of diesel in the total fuel consumption and specific target for renewable 80 

fuels by 2020. Furthermore, the global-mean temperature response over time to the RFs is 81 

calculated. Sustained replacement of fossil diesel with biodiesel will affect both SLCFs and 82 

long-lived GHGs, and it is crucial to place the impacts on a common scale to facilitate a 83 

proper comparison of the impacts. By using time dependent global-mean temperature 84 

response we illustrate the relative importance of CO2 and SLCFs over time. The temperature 85 

response to biodiesel CO2 is estimated under several different assumptions about how to 86 

account for CO2 from biomass sources, with the aim of assessing under which conditions 87 

SLCFs might be important compared to CO2 and reflecting the significant uncertainty in the 88 

existing literature. The impact of assuming different feedstock rotation periods, LUC 89 

emissions and biofuel blends is explored.  90 
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Methodology 91 

This section gives a brief description of the methodology. Further details and a flowchart are 92 

provided in the Supporting Information (SI – Sections S1 and S2 and Figure S1). 93 

Emissions and chemistry-transport modeling 94 

To simulate the contribution to atmospheric concentrations of aerosols and gases resulting 95 

from emissions from the current (i.e., year 2010) EU on-road fossil diesel sector (“FF”) and 96 

the changes in concentrations when fossil diesel is replaced by biodiesel, the chemistry 97 

transport model OsloCTM2 with a microphysical aerosol parameterization is used.21,22 The 98 

emissions of on-road fossil diesel CO, VOCs, NOx, SO2, ammonia (NH3), BC and OC have 99 

been developed with the GAINS model (http://gains.iiasa.ac.at) as part of the ECLIPSE 100 

project funded by the European Commission 7th Framework Programme.23-25  101 

To investigate the impact of a replacing fossil diesel with biodiesel, two idealized biofuel 102 

cases are defined. The first case assumes that the entire EU on-road diesel sector has a 20% 103 

(by energy) biodiesel blend with fossil diesel (“B20”) and the second assumes a 100% 104 

replacement of fossil diesel by biodiesel (“B100”). The total fuel consumption is kept 105 

constant at the 2010 level and instantaneous replacement of fossil diesel is assumed. Changes 106 

in on-road emissions of aerosols, CO, NOx and VOCs when fossil diesel is replaced by 107 

biodiesel are taken from the review by the US Environmental Protection Agency (EPA).26 108 

Using a large amount of emissions data from the 1980s and 1990s, the EPA derived 109 

relationships expressing the best fit between percentage changes in exhaust emissions and 110 

biofuel blend. The emissions data was limited to North American engines and primarily 111 

heavy-duty vehicles. Moreover, emission factors for new vehicles have changed significantly 112 

during recent years. However, a more recent review show that the relationships generally hold 113 

also when measurements from newer European and Japanese light-duty vehicles are included, 114 

although a somewhat lower reduction of CO and hydrocarbon emissions is seen on average 115 

for high blends.16 The impact of biodiesel on exhaust emissions depends on e.g., 116 

vehicle/engine characteristics, driving conditions and biomass feedstock. It is important to 117 

note that the relationships express the best fit; there is a considerable range in measurements 118 

for all blends.  119 

Table 1 summarizes year 2010 EU on-road fossil diesel emissions and the percentage 120 

emission changes from a switch to biodiesel assumed in our cases. For each species and case, 121 

the total emission is scaled, keeping the spatial distribution constant. Ammonia (NH3) is 122 

http://gains.iiasa.ac.at/
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accounted for in the OsloCTM2 and fossil diesel NH3 emission, albeit small, are included in 123 

the emission inventory. However, due to lack of information we do not account for changes in 124 

NH3 emissions with biodiesel blends. 125 

TABLE 1 126 

Climate impact calculations 127 

The global-mean radiative forcing (RF) of aerosols (BC, OC, SO4 and nitrate) is estimated 128 

using the 3-dimensional changes in concentrations from the OsloCTM2 with normalized 129 

forcing distributions from Samset and Myhre.27 Forcing from indirect aerosol effects and the 130 

deposition of BC on snow is not included. The RF of the NOx/CO/VOC-induced change in 131 

O3 concentrations is calculated using a 2-dimensional normalized forcing distribution.28 132 

Emissions of NOx, CO and VOCs also affect the lifetime and concentration of CH4, which 133 

gives a consequent perturbation in O3.
29 The RF of NOx/CO/VOC-induced changes in CH4 is 134 

calculated from the global-mean change in methane lifetime as described in Section S1 and 135 

the RF of the subsequent methane-induced O3 loss is calculated as  0.5∙RFCH4.
30  136 

The global-mean temperature response over time to the RFs of fossil diesel and biodiesel 137 

SLCFs from the EU on-road diesel sector is calculated using the impulse response function 138 

(IRFT) from Boucher and Reddy.31 The temporal evolution of SLCFs is assumed to follow a 139 

simple exponential decay with one time scale.32,33 To calculate the temporal evolution of the 140 

atmospheric fossil CO2 concentration, the impulse response function (IRFCO2) from Joos et 141 

al.34 is used. The resulting normalized temperature response is multiplied by CO2 emissions to 142 

estimate the impact of the EU on-road sector. On-road emissions of CO2 are calculated from 143 

total diesel consumption in the GAINS model (8000 PJ in 2010; Zbigniew Klimont, personal 144 

communication) using a specific CO2 emission factor of 73.2 g/MJ for fossil diesel.35 145 

Calculations of temperature impacts of biodiesel CO2 are described below. Two different 146 

temporal perspectives wrt emissions are illustrated. First, we consider the temperature 147 

response over time to pulse (i.e., one year) emissions from the EU on-road diesel sector. 148 

Pulses are useful for illustrating the different temporal behavior of various mechanisms 149 

contributing to the temperature response of a sector. Moreover, pulses can also be used by 150 

convolution to construct any other kind of scenario.15 Using this approach we also calculate 151 

the temperature response to sustained constant year 2010 emissions, which illustrates 152 

continuous climate impacts from emissions in an idealized no-growth scenario.  153 
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Accounting for biodiesel CO2  154 

To put the estimated temperature responses to SLCFs in context, we compare these with some 155 

simplified estimates of the response to biodiesel CO2. To calculate the temperature response 156 

to biodiesel CO2 from the EU on-road sector we define five illustrative cases using different 157 

approaches based on existing literature on how to account for CO2 from biomass sources (see 158 

Section S2 for additional details), which are summarized in Table 2. First, we adopt the 159 

assumption that biodiesel is carbon neutral, i.e., no net CO2 emissions. This case is included 160 

purely for illustrative purposes. As noted above, a number of studies have disproved the 161 

carbon-neutrality assumption. Nevertheless, a number of LCA studies and guidance for 162 

carbon footprinting have presumed that biomass is carbon neutral (e.g., Johnson36) and it is 163 

useful to illustrate the effect of this assumption. Next we illustrate potential net CO2 emission 164 

savings, i.e., when including LUC emissions, from biodiesel relative to fossil diesel and the 165 

following temperature response. In these cases, two symmetric net savings factors, selected to 166 

illustrate the effect of high and low LUC impacts, are used to calculate CO2 emissions from 167 

the EU on-road diesel sector. Finally we replace the IRFCO2 with the IRF for biogenic carbon 168 

(IRFbio) from Cherubini et al.12 in the calculation of the temporal evolution of atmospheric 169 

CO2 from biodiesel. This function accounts for the time lag between the release of biomass 170 

carbon by combustion and its uptake during biomass regrowth, determined by the feedstock 171 

rotation period, during which time the CO2 released to the atmosphere will have a climate 172 

impact.  173 

TABLE 2 174 

Results 175 

This section presents first the changes in atmospheric concentrations and RF of SLCFs 176 

resulting from the changes in emissions due to a switch to biodiesel. Next the global-mean 177 

time dependent temperature responses to SLCFs from the current EU on-road fossil diesel 178 

sector, and from the sector after the replacements of fossil diesel by biodiesel, are presented. 179 

Finally, the temperature response to SLCFs is compared with the response to CO2. 180 

Biodiesel impacts on concentrations and RF of SLCFs  181 

Figure 1 shows the modeled changes in annual mean atmospheric burden of BC, SO4, nitrate 182 

aerosol and O3 resulting from the changes in emissions when fossil diesel in the EU on-road 183 
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sector is 100% replaced by biodiesel (B100). For comparison, modeled burdens resulting 184 

from the current EU on-road fossil diesel emissions are showed in Figure S2.  185 

Emissions from the current EU on-road fossil diesel sector results in a BC burden of up to 150 186 

μg/m2 over central Europe (Fig. S2a), which constitutes 15-35% of the total modeled BC 187 

burden over much of the region. Replacing fossil diesel with biodiesel reduces the BC burden 188 

(Fig. 1a) and reductions up to 80 μg/m2 can be seen in the B100 case. The reductions are 189 

found to scale quite linearly with the emission reduction. The on-road diesel sector is a much 190 

smaller source of OC than BC, providing only up to 6% of the total OC burden over central 191 

Europe (not shown here). Similarly to BC, the burden of OC is reduced by up to 50% in B100 192 

compared to the fossil fuel case. On-road fossil diesel emissions cause both increases and 193 

decreases in the annual average burden of SO4, with the strongest increase seen over the 194 

Mediterranean and the decrease mainly localized to western Europe (Fig. S2b). This is a result 195 

of emissions of both SO2 and ozone precursors, as well as local background meterological 196 

conditions, and there can be significant variability in the sign of the SO4 response to ozone 197 

precursor emissions among different models, as illustrated by Fry et al.37 for emissions from 198 

all sources. Replacing fossil diesel with biodiesel gives a small decrease in the burden of SO4 199 

(Fig. 1b). Moreover, because the effect of biodiesel on SO4 is determined by changes both in 200 

SO2 emissions and the atmospheric oxidation capacity, the burden change does not scale 201 

linearly with the strong SO2 emission reduction of 90% assumed in the B100 case. Biodiesel 202 

has low sulfur content, hence reducing the SO2 available for production of SO4. 203 

Simultaneously, the reductions in emissions of CO and VOC and the increase in NOx 204 

emissions from a switch to biodiesel enhance the levels of atmospheric oxidants, which 205 

increases the oxidation of SO2 from emissions from all sources. On-road fossil diesel 206 

emissions produce nitrate aerosols  (Fig. S2c) and contributes 20-40% to the total nitrate 207 

aerosol burden over much of Europe. A 10% increase in NOx emissions are assumed for the 208 

replacement of fossil diesel by biodiesel in the B100 case, which results in an increase in the 209 

nitrate aerosol burden as shown in Fig. 1c. The production of nitrate aerosols is also affected 210 

by the changes in the SO4, because of the competition for available ammonia. In general, NOx 211 

emissions lead to production of tropospheric O3 and the on-road fossil diesel sector thus 212 

contributes to increased O3 concentrations (Fig. S2d). The impact on O3 from a switch to 213 

biodiesel is determined by the increase in NOx, but also by the reductions in CO and VOC 214 

emissions. While higher NOx emissions lead to increased O3, the reductions in CO and VOC 215 

reduces the ozone production. The overall impact in B100 is an increase in the O3 burden 216 
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compared to the fossil diesel case (Fig. 1d). Two sensitivity tests with separate perturbations 217 

in NOx and CO+VOC emissions show that increases in NOx have a stronger impact on O3 218 

than reductions in CO and VOC. 219 

 FIGURE 1 220 

Figure 2 summarizes the global and annual mean RF (relative to a no on-road diesel emissions 221 

case) of SLCFs for the current EU on-road fossil diesel sector (FF) and for the sector after the 222 

replacement of fossil diesel with biodiesel (B20 and B100). The net RF of SLCFs is positive, 223 

mainly determined by the warming of BC. Lund et al.38 estimated an additional positive RF 224 

from BC deposition on snow of 0.3 mW/m2 (5% of direct BC RF) for the EU on-road fossil 225 

diesel sector using the same emissions inventory. The positive RF of O3 (net of changes due 226 

to NOx/CO/VOC and methane-induced ozone loss) is offset by the negative RF of induced 227 

reduction in CH4. Sulfate, nitrate and organic aerosols give smaller negative contributions. 228 

Relative to the FF case, we find reduced global-mean RF of BC, OC and SO4, a small 229 

reduction in RF of O3 and enhanced forcing from methane and nitrate aerosols in the biodiesel 230 

cases. As with surface concentration changes, the change in forcing scales linearly with the 231 

emission reductions in the case of the primary aerosols BC and OC and we find a 50% 232 

reduction in the positive RF of BC and negative RF of OC for B100 compared to FF. The 233 

reduction in the RF of SO4 is 32% in B100, substantially smaller than the reduction in SO2 234 

emissions for the reasons discussed above. A 100% replacement of fossil diesel with biodiesel 235 

results in a 6% lower O3 RF and 14% stronger CH4 forcing. The change in O3 RF is a 236 

combination of the increased O3 production and enhanced methane-induced loss. The NOx-237 

induced methane changes can be partly compensated by emissions of CO and VOC. Biodiesel 238 

reduces these emissions and thus the compensating effect, which contributes to strengthening 239 

the RF of CH4. Relative to the FF case, a 12% higher RF of nitrate aerosol is found in B100. 240 

Similar results are seen in the B20 case for all SLCFs, but with  smaller magnitudes due to the 241 

smaller emission changes from a 20% blend. 242 

Our simulations show a net positive global annual mean RF of SLCFs from the current EU 243 

on-road diesel sector. Given the best estimates of changes in emissions when fossil diesel is 244 

replaced by biodiesel the effect of a switch to biodiesel is a reduction in this net warming, 245 

from approximately 3 mW/m2 to 2.8 mW/m2 in B20 and to 0.7 mW/m2 in B100. Our 246 

calculations do not include forcing due to indirect aerosol effects (IAE) or semi-direct effects, 247 

which could affect the results. Some studies have used results from Kvalevåg and Myhre39 to 248 
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obtain an estimate of IAE by scaling the direct RF of SO4.
15,40 With this approach the forcing 249 

of IAE due to emissions from the current EU on-road fossil diesel sector is negative and 250 

around -1 mW/m2. However, this approach is highly simplified and does not capture the effect 251 

of all aerosol-cloud interactions. For instance, in the case of BC the semi-direct effect is 252 

significant due to altered stability of the atmosphere. However, the sign and magnitude of BC 253 

semi- plus indirect effect is uncertain.41,42 Moreover, non-linearities in the response to aerosol 254 

perturbations means that the impact on IAE of a switch to biodiesel cannot readily estimated 255 

only from changes in emissions.43,44   256 

FIGURE 2 257 

Temperature response to SLCFs 258 

Next we show the global-mean temperature response to the SLCFs as a function of time (Fig. 259 

3), again for the current EU on-road fossil diesel sector and for the sector after the 260 

replacement of fossil diesel with biodiesel. The left column shows the response to a one year 261 

pulse of emissions and the right column shows the response to sustained constant emissions 262 

(i.e., a sum of equal pulses). The top panels show the temperature response to aerosols (BC 263 

and net of cooling aerosols) and the middle panels show the net of the NOx/CO/VOC-induced 264 

ozone and methane changes. The net of all SLCFs is displayed in the bottom panels. 265 

Following the reduced RF, a switch to biodiesel gives a lower net global-mean temperature 266 

increase from SLCFs compared to the FF case. This is seen throughout the 80 year period 267 

considered and for both pulse and sustained emissions. The changes are mainly driven by the 268 

reduced BC warming and stronger net cooling impact of NOx/CO/VOC-induced CH4 changes 269 

and subsequent ozone loss. Because of the longer adjustment time of the latter (approximately 270 

12 years) compared to the other SLCFs, the reduction in net temperature response to SLCFs 271 

in B100 relative to the FF case increases over time for sustained emissions. While the 272 

absolute values and changes are small, the relative changes are substantial in the sustained 273 

B100 case, where the net temperature response is 40% smaller than in the FF case during the 274 

first few years, and 80% smaller by year 80. In B20 the temperature change is about 10-15% 275 

smaller than in FF. In summary, for the time scales and emissions changes considered here, a 276 

reduction in the global-mean climate warming of SLCFs from the EU on-road sector may be 277 

obtained from a replacement of fossil diesel with biodiesel.  278 

FIGURE 3 279 

 280 
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Biodiesel SLCFs versus CO2  281 

Finally, we examine how the change in SLCFs compares with the impact of changes in the 282 

carbon balance resulting from replacing fossil diesel with biodiesel. The global-mean 283 

temperature response to EU on-road diesel net SLCFs (from bottom panel of Fig. 3) and CO2 284 

are compared in Fig. 4, assuming a one year pulse emission (a,c) and sustained constant 285 

emissions (b,d). Each individual curve represents the temperature response to either SLCFs or 286 

CO2 from the sector as a whole: Panels a-b and c-d show the temperature responses in the B20 287 

and B100 case, respectively, i.e., after replacing 20% or 100% of the fossil diesel with 288 

biodiesel. The different CO2 biodiesel curves show the temperature response calculated using 289 

the different assumptions described in Table 2 and Section S2. In each panel, the temperature 290 

response resulting from the EU fossil diesel sector is included for reference (solid blue and 291 

black line). 292 

FIGURE 4 293 

The net warming impact of SLCFs is stronger than that from CO2 in first few years. However, 294 

due to the long response time, CO2 becomes the dominant component over time, as has also 295 

been illustrated in previous studies.15,45 Depending on assumptions for biodiesel blend (i.e., 296 

B20 versus B100), additional LUC CO2 emissions and temporal treatment of the carbon from 297 

biomass sources, a broad range in the temperature response to biodiesel CO2 from the EU on-298 

road sector is calculated. The results reflect the complexity arising from uncertainties in how 299 

to account for the net climate impact of CO2 from biomass. Two features are described in 300 

more detail. Firstly, in B20 the C-neutral LCA and IRFbio r5 cases are very similar (Fig. 4a). 301 

This is due to the fact that as the assumed rotation period becomes smaller, the fraction of the 302 

carbon released by biodiesel combustion is more rapidly sequestered by regrowth and the net 303 

biomass carbon emissions hence approaches zero, i.e., “carbon-neutrality”. Secondly, in the 304 

IRFbio r50 pulse case there is a temporary longer-term cooling of CO2 as seen in Fig. 4c. When 305 

the IRFbio is used to describe the atmospheric decay of biomass carbon the atmospheric CO2 306 

fractions becomes temporarily negative due to the uptake of carbon in the various sinks at 307 

different timescales, as described in detail in Cherubini et al.12 The IRFT of Boucher and 308 

Reddy31 used to calculate temperature response places significant weight on the shorter 309 

response timescale of the climate system. Hence, there is insufficient inertia in the system to 310 

overcome the cooling induced by this negative CO2 forcing. The temperature response will 311 

depend on the value of the parameters in the IRFT and these are subject to significant 312 
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uncertainty.46 We have performed a sensitivity test using the three alternative IRFT from 313 

Oliviè and Peters.46 Neither of these changes our overall results, however with the IRFT 314 

derived from CMIP5 data the negative temperature responses are smaller and present for a 315 

shorter time period. 316 

Figures 4b and d show how the warming of CO2 accumulates over time in the sustained case 317 

under most of the assumptions used here, regardless of whether fossil diesel is replaced by 318 

biodiesel. The warming of SLCFs on the other hand reaches a steady-state. Thus, although a 319 

switch to biodiesel may under some assumptions result in a lower warming compared to fossil 320 

diesel, on-road activity sustained at the present-day level still results in a net climate warming 321 

which increases over time. Hence, in addition to biodiesel, significant efficiency 322 

improvements, other alternative technologies and/or sustained activity reductions are required 323 

to reduce the future climate impact of the EU on-road diesel sector. The exception is the B100 324 

IRFbio case, when a leveling off or even decline in the temperature response to CO2 is seen 325 

(Fig. 4d). This result may overestimate the benefit from biodiesel because the rotation period 326 

included in the IRFbio definition only relates to the regrowth of the biofuel feedstock and does 327 

not include forest management. Hence, the forest which is assumed to be felled and used for 328 

biofuel each year in the sustained case is allowed to continue to grow and capture carbon until 329 

100% regrowth. However, if a rotation period for the management of the forest is considered, 330 

the forest could be felled before reaching 100% regrowth, leaving more carbon unsequestered.  331 

The impact of SLCFs likely continues to be small compared to CO2 from the sector. However, 332 

under some assumptions the SLCFs may be relatively more important for the total warming of 333 

the sector than in the fossil fuel case. This is found in the specific case where very high 334 

biodiesel blend (B100) using feedstock with short rotation periods and low impacts through 335 

LUC is assumed. In this case, the warming of SLCFs constitutes over 50% of the total 336 

warming of the sector for the first 20 years and 17% after 80 years of sustained emissions. 337 

This is significantly higher than in both the other biodiesel cases and the fossil diesel case, 338 

where SLCFs provide less than 7% of total warming by year 80. Furthermore, the warming of 339 

SLCFs remains higher than that of CO2 over a longer period compared to the other cases 340 

considered. Our results illustrate that improved knowledge of how to account for biofuel CO2 341 

and LUC impacts is crucial for assessing the net climate impact of biodiesel and relative 342 

impacts of SLCFs and CO2.  343 
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Studies suggest significant cooling of climate due to changes in surface albedo resulting from 344 

biomass harvesting, especially in regions affected by seasonal snow cover.13,14,47 This impact 345 

is temporary as the albedo gradually reverts during biomass regrowth, with timescale 346 

depending on the feedstock rotation period.35 The temporal behavior of the resulting 347 

temperature response if included in our calculations would resemble that due to other SLCFs, 348 

i.e., give a substantial initial, but short-lived cooling. However, the strength of the albedo 349 

effect depends strongly on harvest region and feedstock.35 350 

Discussion  351 

In the case of the current EU on-road diesel sector, our results suggest a reduction in the 352 

climate warming from SLCFs if fossil diesel is replaced by biodiesel, based on best estimates 353 

of emission changes from existing literature. Although the majority of studies report reduced 354 

PM, CO and hydrocarbon emissions and increased NOx relative to fossil diesel,15-17,25 there is 355 

a significant range in magnitude and some studies also find opposite results.16  The review by 356 

Giakoumis et al.16 reports changes in NOx ranging from +60 to -25% for 100% biodiesel 357 

blends, and even broader ranges in emission changes for particulate matter (+45 to -80%, 358 

majority of estimates show reductions of 20% or more), CO (+90 to -75%, majority of 359 

estimates between -20 and -60%) and hydrocarbons (+30 to -100%, majority between -20 and 360 

-80%). While changes in the RF of BC and OC scale relatively linearly with emission changes, 361 

the net impact on the remaining SLCFs from a switch to biodiesel is more complicated and 362 

cannot readily be determined directly from emission changes. Replacing fossil diesel with 363 

biodiesel may provide significant co-benefits in terms of air quality due to the reduced PM 364 

emissions, but may exacerbate the detrimental effects of NOx.  365 

This study focuses on the impact of SLCFs following changes in tailpipe emissions and does 366 

not account for SLFCs over the entire biodiesel life cycle. It is important to note that there can 367 

be significant emissions from various stages in the biodiesel production, which may partly or 368 

completely offset the reductions in tailpipe emissions from a switch from fossil diesel.48-50 For 369 

instance, Sheehan et al.50 report life-cycle reductions of about 30% in PM and CO emissions 370 

and 8% in SO2 from a switch to soybean biodiesel, which is smaller than when only changes 371 

at the tailpipe are considered. Furthermore, hydrocarbon emissions increase by more than 30% 372 

over the life-cycle despite a strong reduction in tailpipe emissions and the increase in NOx 373 

emissions is enhanced. Significant emissions of NO2, CO, hydrocarbons and SO2, particularly 374 

at the feedstock cultivation and recovery and fuel production stages, are also found for 375 
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soybean biodiesel by Delucchi,48 and comparative LCAs of rapeseed methyl ester reflect 376 

increases in NOx and hydrocarbon emissions compared to fossil diesel.49,51 Results of LCA of 377 

biodiesel differ between studies, feedstocks and even regions.48-52 Furthermore, the spatial 378 

distribution of changes in upstream emissions, and hence the consequent impact on 379 

atmospheric concentrations, differs from tailpipe emission changes. Further studies should 380 

include a higher level of detail in order to capture a more complete picture of the overall 381 

impact.  382 

It is important to note that our results cannot necessarily be directly extrapolated to the use of 383 

biofuels in other transport sectors. The global shipping sector gives a net cooling contribution 384 

to climate change today, mainly driven by the indirect effect of SO4 aerosols.53,54 Righi et al.20 385 

show that replacing conventional fuel with biofuels in the shipping sector results in a 386 

significant decrease in concentrations of SO4 and hence a reduced cooling climate impact. 387 

Depending on the approach used to account for biofuel CO2 and LUC impacts, the expected 388 

switch to a net warming impact of the sector when cooling contributions are reduced and CO2 389 

accumulates45 may occur earlier than in the fossil fuel case. In the case of aviation, Krammer 390 

et al.19 show that widespread use of biofuels could result in a scenario where aviation growth 391 

is accompanied by flat or decreasing aviation carbon emissions, but an increasing total 392 

aviation impact due to contrail-cirrus and other SLCFs. Gasoline vehicles generally have 393 

lower emissions of PM than comparable diesel vehicles and a different mix of CO, VOC and 394 

NOx. Hence, the relative effect of replacing gasoline with ethanol can differ significantly from 395 

the biodiesel cases of this study.  396 

Furthermore, there can be large temporal and regional differences within the on-road diesel 397 

sector. The implementation of strict fuel quality and emission standards has lead to a recent 398 

stabilization and decline in EU on-road emissions55,56 and this reduction is projected to 399 

continue in the decades towards 2050, even without biodiesel.38,57 In this case the advantage 400 

in terms of reduced warming of SLCFs from a switch to biodiesel will gradually be reduced 401 

over time, which is not accounted for in our sustained emissions case. Outside the OECD 402 

countries, less stringent legislation is in place and the fuel sulfur content is higher in many 403 

regions.58,59 Hence, both the magnitude of current emissions and the projected future 404 

development differ from that in the EU.60,61 Furthermore, equal mass emissions in different 405 

regions can have different impacts on atmospheric composition and climate, as in the case of 406 

ozone precursors.37,62 An increased use of biodiesel outside the EU could potentially give 407 

higher benefits wrt reducing the impact of SLCFs relative to the fossil fuel case, both today 408 
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and over the near term, and should be studied further. Moreover, it should be noted that a 409 

switch to biofuels is of course not the only viable option for reducing the emissions and 410 

environmental impact of the transport sector, and alternatives such as an electrification of the 411 

vehicle fleet have been proposed to potentially play an equally or more important role.63-65   412 

We emphasize that the use of different assumptions for how to account for biomass CO2 is for 413 

illustrative purposes and depends on several simplifications. Firstly, we do make any 414 

assumptions about the biodiesel feedstock, but use two factors symmetric around zero for the 415 

net CO2 emissions savings from biodiesel compared to fossil diesel to represent at least a part 416 

of the range of possible LUC impacts from existing literature.66-69 Using any intermediate net 417 

saving values in our calculations would produce temperature responses to CO2 between the 418 

responses calculated with the two selected factors. Both higher positive and negative net 419 

savings values may be possible, for instance for second-generation biofuels or for large-scale 420 

biofuel demands. Secondly, LUC emissions of species other than CO2 are not considered and 421 

it is assumed that the temporal evolution of atmospheric CO2 from LUC emissions can be 422 

represented by the same IRF as for fossil CO2. Thirdly, LUC impacts are assumed to occur 423 

immediately and be constant over time in the sustained emissions case. Further studies should 424 

consider more detailed scenarios for replacement of fossil fuels and LUC emissions, as well 425 

as activity growth and vehicle fleet development. Finally, in our B100 case the total EU on-426 

road fossil diesel consumption in 2010 is replaced by biodiesel, and we assume that the 427 

technical potential and feedstock availability to produce this amount of biodiesel exist.  428 

Given the best estimates for changes in emissions of SLCFs and their precursors when fossil 429 

diesel is replaced by biodiesel within the EU, our results show that there is likely to be a 430 

reduction in the net positive RF of SLCFs from this sector. However, over time the climate 431 

impact of the SLCFs is likely to be small compared to the impacts due to changes in the 432 

carbon balance and accompanying LUC under most assumptions. However, in the specific 433 

case when biodiesel from feedstock with very short rotation periods and low land-use-change 434 

impacts replaces a high fraction of fossil diesel, SLCFs are relatively more important for total 435 

warming of the sector than in the other biodiesel cases considered and in the fossil diesel case. 436 

These results illustrate the need for improved knowledge of how to account for biofuel CO2 437 

and LUC impacts in order to assess the net climate impact of biodiesel and relative impacts of 438 

SLCFs and CO2.  439 

 440 
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Tables 666 

Table 1: Emissions from the year 2010 EU on-road fossil diesel sector and scaling factors 667 

applied in the biofuel cases. 668 

Case BC CO NH3 NOx OC SO2 VOC 

Fossil diesel [kt] 113 1045 9 3863 25 13 177 

% change B100 -50 -50 - +10 -50 -90 -65 

% change B20 -10 -10 - +2 -10 -20 -20 

 669 

 670 

Table 2: Summary of assumptions about how to account for CO2 from biodiesel used in the 671 

temperature response calculations. A detailed description can be found in Section S2.  672 

Case Description 

Fossil CO2 Fossil diesel case, included for reference 

C-neutral LCA Biodiesel is assumed carbon neutral (conventional LCA), i.e., no net CO2 emissions  

Low LUC Assuming a net CO2 emission saving from biodiesel relative to fossil diesel of 25 g 

CO2/MJ1 

High LUC Assuming a net CO2 emission saving from biodiesel relative to fossil diesel of -25 g 

CO2/MJ1 

IRFbio r5 Atmospheric CO2 concentration from biodiesel calculated using specific biogenic 

IRF2, assuming feedstock rotation period 5 years 

IRFbio r50 Atmospheric CO2 concentration from biodiesel calculated using specific biogenic 

IRF2, assuming feedstock rotation period 50 years 
1 Net savings equals direct saving from consumption of biodiesel relative to fossil fuel minus 673 
additional emissions from land-use change impacts. These two cases are very loosely based on results 674 
from Laborde68, but the symmetric value of ±25 gCO2/MJ is selected to reflect a larger range of 675 
possible LUC impacts, rather than a specific biofuel feedstock. 676 
2 Cherubini et al.12  677 
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Figure captions 686 

Figure 1: Modeled change in atmospheric burden of (a) BC, (b) SO4, (c) nitrate aerosol and (d) 687 

ozone resulting from changes in emissions when fossil diesel is replaced by biodiesel in the 688 

B100 case. Units [μg/m2] ([10-2 DU] for ozone). 689 

Figure 2: Global and annual mean radiative forcing due to SLCFs for sustained year 2010 EU 690 

on-road fossil diesel emissions (FF) (relative to a no on-road diesel emissions case), and for 691 

sustained year 2010 EU on-road diesel emissions after a 20% (B20) and 100% (B100) 692 

replacement of fossil diesel by biodiesel.  693 

 Figure 3: Global-mean temperature change due to SLCFs from the current EU on-road fossil 694 

diesel sector (FF) and from the sector after a 20% (B20) or 100% (B100) replacement of 695 

fossil diesel with biodiesel. Left panels show the response to pulse emissions and right panels 696 

show the impact of sustained current emissions. Pink lines = BC, red lines = net of sulfate, 697 

nitrate and organic carbon aerosols, green lines = net of NOx/CO/VOC-induced changes in 698 

ozone and methane and blue lines = net of SLCFs.  699 

Figure 4: Global-mean temperature responses to net SLCFs and CO2 from the EU on-road 700 

diesel sector, assuming a one year pulse emission (left) and sustained constant emissions 701 

(right). Each individual curve represents the temperature response to either SLCFs or CO2 702 

from the current EU on-road sector as a whole, in our fossil diesel and biodiesel cases. In each 703 

panel, the temperature response resulting from the EU fossil diesel emissions is included for 704 

reference (solid blue and black line). The top and bottom panels show the temperature 705 

responses to emissions from the sector in the B20 and B100 case, respectively, i.e., after a 20% 706 

or 100% replacement of fossil diesel by biodiesel. The different CO2 biodiesel curves show 707 

the temperature response calculated using the different assumptions for how to account for the 708 

biodiesel CO2 and land-use change (LUC) impacts (described in Table 2 and Section S2).  709 
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