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Abstract 16 

It is unknown whether metallic elements remain important contributors to terrestrial ecotoxicity 17 

impact scores in life cycle assessment (LCA) when solid- and liquid-phase speciation are 18 

considered in environmental fate, exposure and effects. Here, a new speciation-based method for 19 

calculating comparative toxicity potentials (CTP) of 23 metallic elements in soils was compared 20 

with two other widely used methods which do not consider speciation (i.e., IMPACT 2002+ and 21 

ReCiPe 2008) for nearly 13,000 life cycles of unit processes taken from different sectors. 22 

Differences in impact scores between method were driven either by differences in characterization 23 

models (ReCiPe 2008) or both by differences in characterization models and substance coverage 24 

(IMPACT 2002+). Strong correlations (r>0.98) and seemingly constant shifts in impact scores were 25 

found for those processes where one or few substances (usually metals) contributed most to total 26 

impact and there were large differences in CTPs between methods for these substances. Weaker 27 

correlations but often better agreement in impact scores were found for those processes where 28 

organic substances were dominant contributors to total impact. Our results suggest that metals are 29 

expected to remain important contributors to soil ecotoxicity impacts in LCA when speciation is 30 

considered.  31 

 32 

Keywords 33 

Metals; speciation; soil; terrestrial ecotoxicity; characterization factor; LCIA 34 

 35 

1. Introduction 36 

Terrestrial ecotoxicity a life cycle assessment (LCA) impact category where emissions of 37 

chemical substances emitted from processes included in product’s life cycle are translated into 38 
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potential impacts on soil-dwelling organisms and resulting damage to soil ecosystem (Fantke et al., 39 

2018; Owsianiak et al. 2019). This translation is done using substance-specific indicators, known as 40 

characterization factors (CF), which for the ecotoxicity-related impact categories are referred to as 41 

comparative toxicity potentials (CTP). CTPs are modeled considering substance fate in the 42 

environment (captured by the fate factor, FF), exposure mechanisms (captured by the exposure 43 

factor, XF) and inherent ecotoxicity of the substance to organisms living in the soil indicating 44 

potential to cause harm (captured by the effect factor, EF) (Jolliet et al., 2006). The number of 45 

chemical substances associated with an individual product life cycle can be large (tens to hundreds) 46 

(Rosenbaum et al., 2018). Thus, ecotoxicological impacts in LCA are assessed simultaneously for a 47 

large number of substances, summing up indicator scores across chemicals (Fantke et al. 2018). 48 

Practice shows that resulting terrestrial ecotoxicity impact scores in LCA studies are, however, 49 

often dominated by one or few metallic elements, like zinc, copper or aluminum (Owsianiak et al., 50 

2014).  51 

Recent improvements in calculation of CTPs of metals focused on increasing environmental 52 

realism by addressing metal’s speciation in environmental fate, exposure and effects (Aziz et al., 53 

2018; Dong et al., 2014, 2016; Plouffe et al., 2016). Methods, which first considered speciation in 54 

freshwater (Diamont et al. 2010; Gandhi et al. 2010), have been adapted to soil systems. In the 55 

method of Owsianiak et al. (2013), the metal’s exposure factor in soil has been redefined to be 56 

based on the bioavailability factor (BF), representing the exposure of directly bioavailable metal 57 

pool (usually free ions) to soil organisms, and the accessibility factor (ACF) representing the metal 58 

pool which can be distributed between solid and liquid phases within a few days, as it depends on 59 

reactivity of solid-phase metal species. The liquid-phase speciation determines the fraction of the 60 

dissolved metal pool that is present in immediately bioavailable, toxic metal forms. The solid-phase 61 

speciation determines which fraction of the metal pool is potentially accessible for leaching to 62 

deeper soil layers and uptake by biota. It depends on the metal emission source, soil properties, and 63 

on aging and weathering mechanisms that are active in the soil (Owsianiak et al., 2015). Speciation 64 

in the effect factor was considered by using biotic ligand models or free ion activity models 65 

(Owsianiak et al., 2013, 2017).  66 

Terrestrial CTPs including solid- and liquid-phase speciation can substantially deviate from 67 

model results that do not include speciation, suggesting that speciation is important for 68 

characterization of terrestrial ecotoxicity of metal emissions (Owsianiak et al., 2017). However, the 69 

influence of methods considering speciation on LCA results are, to date, limited to one LCA case 70 

study of Plouffe et al. (2015) who showed how considering speciation of Zn decreased the 71 

contribution of this metal in total score from 26% to 1.3%, and how it decreased the total terrestrial 72 

ecotoxicity impact score by 25%. The finding of Plouffe et al. (2015) raise two important questions. 73 
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First, how will terrestrial ecotoxicity impact scores and ranking of contributing substances change 74 

where speciation is considered for all relevant metallic elements reported in inventories of product 75 

life cycles? It is hypothesized that trade-offs between different metals contributing to total impact 76 

and consideration of impacts from organic substances may result in speciation having smaller 77 

influence on soil ecotoxicity impacts. Second, are differences in impact scores driven solely by 78 

differences in characterization models? It is hypothesized that differences in substance coverage 79 

will play a role in determining differences in impact scores between methods, next to differences in 80 

characterization models (Owsianiak et al., 2014; Pizzol et al., 2011). Until now, no comprehensive 81 

comparison of terrestrial ecotoxicity characterization models for metals has been provided to 82 

demonstrate the effects of considering speciation on the LCA results for a wide range of product 83 

and service systems. 84 

The aim of the study was therefore to assess the implications of considering speciation in 85 

environmental fate, exposure and effects of metallic elements on terrestrial ecotoxic impacts from 86 

products and services, taken from several sectors. For this purpose, impact scores for 12,996 unit 87 

processes were calculated using the method considering speciation (Owsianiak et al., 2013, 2015, 88 

2017) and compared with impact scores calculated using two methods which do not consider 89 

speciation, namely IMPACT 2002+ and ReCiPe 2008 (Goedkoop et al., 2013; Jolliet et al., 2003). 90 

Comparisons were made investigating: (i) correlations between CTPs; (ii) correlations between 91 

impact scores for different sectors and; (iii) contribution analyses of metallic elements to total 92 

impact scores. 93 

 94 

2. Methods 95 

2.1. Unit processes 96 

All non-empty (12,996 out of 13,071) unit processes available in the ecoinvent database, 97 

version 3.2 (allocation-default) as implemented in SimaPro ver. 8.2.3.0 (PRé Sustainability B.V., 98 

The Netherlands), were used (Weidema et al., 2013). Ecoinvent is one of the most comprehensive 99 

databases of life cycle inventories. Newer versions of the database which include more processes 100 

are available, but their use was not deemed necessary as nearly 13,000 processes included in 101 

version 3.2 is considered sufficient to draw valid conclusion. The unit processes used comprise 102 

several sectors, including material, energy, transport, processing, use and waste treatment.  103 

 104 

2.2. Selection of life cycle impact assessment methods 105 

The method of Owsianiak et al. (2013, 2015, 2017), further referred to as speciation-based 106 

method, was chosen because it covers relatively large number of elements and addresses solid- and 107 

liquid-phase speciation where relevant and where possible. The method is included in the new 108 
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LCIA methodology LC-IMPACT (LC-IMPACT – A Spatially Differentiated Life Cycle Impact 109 

Assessment Method Home Page, 2019). It has been used in two LCA studies so far (Owsianiak et 110 

al. (2018) and Sydow et al. (2018)). For comparisons, IMPACT 2002+ and ReCiPe 2008 were 111 

chosen because these methods do not consider speciation, cover relatively large number of metallic 112 

elements, and are widely used by LCA practitioners (Hauschild et al., 2013; Rosenbaum et al., 113 

2018). Recent update to the ReCiPe methodology (that is, ReCiPe 2016) does not influence this 114 

study as no specific updates were made with regard to terrestrial ecotoxicity (Huijbregts et al., 115 

2017). IMPACT World+ which is the update of IMPACT 2002+, does not yet consider terrestrial 116 

ecotoxicity as a separate impact category (Bulle et al., 2019). Major features of the chosen LCIA 117 

methods are presented in Table S1 of the Supporting Information (SI), Section S1. 118 

 119 

2.2.1. Comparative toxicity potentials 120 

CTPs of metallic elements in the speciation-based method were from Owsianiak et al. 121 

(2017) who computed CTPs of 23 elements considering solid- and liquid-phase speciation where 122 

possible and where relevant, using the framework presented in Owsianiak et al. (2013, 2015) as 123 

starting point. Briefly, for the elements Ag(I), Ba(II), Be(II), Cd(II), Co(II), Cu(II), Mn(II), Ni(II), 124 

Pb(II) and Zn(II) CTPs were calculated considering both liquid- and solid-phase speciation. For 125 

those elements for which free ion activity is not expected to be a good descriptor of exposure (that 126 

is, Hg(II), Sn(II), As(III), As(V), Mo(VI), Sb(III), Sb(V), and Se(IV), solid-phase speciation was 127 

considered only, and exposure and effect factors were based on total dissolved concentrations. For 128 

Al(III), Cr(III), Cs(I), Fe(II), Fe(III) and Sr(II) only liquid-phase speciation was considered. Finally, 129 

for Cr(VI), Sn(II), Tl(I), V(V) neither solid- nor liquid-phase speciation were considered, but their 130 

CTPs were recalculated using updated distribution coefficient values. CTPs were computed using 131 

USEtox 1.01 for infinite time horizon (Rosenbaum et al., 2011). Effect factors were either 132 

calculated using terrestrial biotic ligand models (for Cu and Ni), or were extrapolated from 133 

freshwater ecotoxicity EFs assuming that the sensitivity of aquatic species to metal (free ion) 134 

exposure is representative for the sensitivity of terrestrial species (Dong et al., 2014). Evaluation of 135 

the new CTPs presented in Owsianiak et al. (2017) showed that while CTP values of most elements 136 

(Ag(I), Ba(II), Be(II), Cd(II), Co(II), Cs(I), Cu(II), Mn(II), Ni(II), Pb(II), Zn(II), Sr(II), As(III), 137 

As(V), Hg(II), Mo(VI), Sb(III), Sb(V), Se(IV), Sn(II), and V(V)) are either satisfactory or in need 138 

of some improvements but can be used in LCA, CTPs for four elements (Al(III), Cr(III), Cr(VI), 139 

Fe(II), Fe(III), and Tl(I)) require even more improvements to reach sufficient maturity and should 140 

therefore be used with caution. These four elements were therefore not included in the current 141 

study.  142 
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CTPs computed by Owsianiak et al. (2017) vary geographically, depending on soil 143 

properties in given geographic location, but inventories of unit process databases generally do not 144 

contain information about geographic location of emission. Thus, from a range of soil- and metal-145 

specific CTP values, metal-specific CTP values were chosen for a soil with pH equal to 5.5 and 146 

SOC equal to 2.3% (that is, soil number 30 from a set of 436 soils of Owsianiak et al. (2013)). This 147 

soil was chosen because its parameters are closest to the parameters of an average global soil 148 

determined using statistical analysis of ca. 21,000 soil profiles in WISE30sec data set, that is 149 

pH=5.5 and SOC=2.4% (Batjes, 2016). To enable direct comparison with ReCiPe 2008 and 150 

IMPACT 2002+, CTPs were converted to common metrics as described in Section S2.1 of the SI. 151 

They are reported in Table S2 and S3 of the SI, Section S2.2. 152 

CTPs of organic substances for the speciation-based method were calculated using fate and 153 

exposure modules of USEtox 1.01 combined with EFs derived from freshwater effect indicators as 154 

available in USEtox 2.0 (Fantke et al., 2017) using equilibrium partitioning method (Haye et al., 155 

2007). Both ReCiPe 2008 and IMPACT 2002+ use the same approach in derivation of EFs of 156 

organic substances in soils. 157 

Emission compartments between SimaPro and USEtox were matched following 158 

recommendations present in SimaPro manual (PRé, 2016) (see Table S5 of the SI, Section S2.3). 159 

Because SimaPro does not differentiate metallic elements with regard to oxidation state (except 160 

Cr(III) and Cr(VI) which were excluded from the analysis), two assumptions had to be made: (i) 161 

CTP of As was assumed to be emitted as 50% As(III) and 50% As(V); and (ii) CTP of Sb was 162 

assumed to be emitted as Sb(III). The assumptions are consistent with those made in SimaPro, v. 163 

8.2.3.0.  164 

 165 

2.3. Comparison between CTPs and impact scores 166 

CTPs and impact scores between methods were compared using log-linear regression 167 

analysis. These comparisons were done separately for metallic elements and organic substances 168 

(CTP), and separately for different sectors (impact scores). Log-linear regression was preferred over 169 

normal regression because it reduced the influence of high values on the correlation (Huijbregts et 170 

al., 2010; Rørbech et al., 2014). We computed r parameter (Pearson correlation coefficient), which 171 

measures the correlation between data points, and bias, which is an expression of average distance 172 

from 1:1 line (mean error). 173 

  174 

2.4. Explaining differences in impact scores 175 

We investigated whether the differences in total impact scores among the methods are due to 176 

(i) differences in underlying characterization models, or (ii) differences in substance coverage 177 
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(Owsianiak et al., 2014). Briefly, the difference in impact scores (IS) between flows common for 178 

the two LCIA methods reflects cause (i) (that is, difference due to differences in underlying 179 

characterization models). The difference in impact scores for flows contributing to impact score in 180 

one LCIA method but not in another reflects cause (ii) (that is, difference due to differences in 181 

substance coverage). The general equation that can be used for calculations is presented below (Eq. 182 

1.): 183 

 184 

∆𝐼𝑆( ),( ) =  
( )  ( )

   
( )  ( )

   

× 100%    Eq. 1. 185 

 186 

where ΔIS is the contribution of each of the causes to total difference in impact scores, and 187 

ISspeciation-based and ISIMPACT 2002+ or ReCiPe 2008 are the impact scores for the compared methods. ΔIS 188 

values were computed for each unit process for different sectors. 189 

 190 

3. Results and discussion 191 

3.1. Correlation between CTP values 192 

Figure 1 shows correlation between log10-transformed CTP values of metallic elements and 193 

organic substances emitted to air. Irrespective of the method, metallic elements generally ranked 194 

among compounds with highest ecotoxicity potentials in soils per unit emission to air. A weak 195 

correlation was found between CTP values computed using speciation-based and alternative 196 

methods. Pearson’s correlation coefficients were equal to 0.44 and 0.30 for ReCiPe 2008 and 197 

IMPACT 2002+, respectively. Correlation coefficients were lower for metallic elements than for 198 

organic substances when analyzed separately (Table S4 of the SI, Section S2.2), but this may be an 199 

artifact from smaller number of metallic elements when compared to organic substances. Figure 1 200 

suggests that differences in CTP values for metallic elements between speciation-based and either 201 

ReCiPe 2008 or IMPACT 2002+ are not larger than differences observed for organic compounds. 202 

Similar trends were observed for emission to soil, with correlation coefficients equal to 0.39 and 203 

0.27 for ReCiPe 2008 and IMPACT 2002+, respectively (Fig. S2a, b and Table S4 of the SI, 204 

Section S2.2). By contrast, CTPs for emission to freshwater were significantly higher (by several 205 

orders of magnitude) in the speciation-based method when compared to the two other methods (Fig. 206 

S2c, d of the SI, Section S2.2). This may be explained by one of the fate mechanisms not included 207 

in either ReCiPe 2008 or IMPACT 2002+, namely irrigation of agricultural soil with freshwater, 208 

which increases FF and resulting CTP in soils of persistent substances, in particular metals.  209 

 The finding that CTPs are not substantially reduced when compared to CTPs calculated 210 

using methods which do not consider speciation is against expectation that these factors should be 211 
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reduced when speciation is considered. Plouffe et al. (2015) showed that contribution of zinc to 212 

terrestrial ecotoxicity impact score was reduced when speciation was considered. This contradiction 213 

can be explained by inconsistent addressing speciation in their study, disregarding speciation in the 214 

ecotoxicity effect factor. The liquid-phase speciation influences both the BF and the EF as both 215 

factors are to be expressed based on the same directly bioavailable metal pool. The effects of 216 

speciation on factors underlying the CTP often counteract each other, and whether the resulting 217 

CTP increases or decreases depends on the speciation patterns of a metal in the soil and in 218 

ecotoxicity test media (Christiansen et al., 2015). In addition, the solid-phase speciation influences 219 

both the ACF and FF through its control of the solid-liquid distribution coefficient of a metal in soil 220 

(Owsianiak et al., 2013, 2017). Consideration of speciation reduces the BF and ACF, but increases 221 

the EF and sometimes the FF, depending on the magnitude of solid-liquid distribution coefficient 222 

and the rate of soil erosion that is one of relevant fate mechanisms for metals (Owsianiak et al. 223 

2015).  224 

 225 

 226 

Fig. 1. Correlation (log10-scale) between common CTP values for emission to air of respectively 17 227 

and 11 metallic elements and respectively 2200 and 374 organic substances for pairs of LCIA 228 

methods (a) speciation-based vs. ReCiPe 2008, and (b) speciation-based vs. IMPACT 2002+. CTP 229 

values for emission to soil and freshwater are presented in Fig. S2 of the SI, Section S2.2.  230 

(2-column fitting image) 231 

 232 

3.2. Correlation between impact scores 233 
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Applying the compared CTPs to inventories of unit processes revealed the influence of 234 

differences in CTP values on life cycle terrestrial ecotoxic impact associated with products and 235 

services that are represented by the unit process inventories. Figure 2 shows correlations between 236 

the total impact scores calculated using speciation-based method and either ReCiPe 2008 or 237 

IMPACT 2002+. The analysis revealed two patterns: (i) strong correlation, where the choice of 238 

impact assessment methods consistently shifted impact scores in all processes within a sector, and 239 

(ii) weaker correlation, where the choice of impact assessment method consistently shifted impact 240 

scores for some, but not all, processes within a sector. Correlation coefficients are reported in Table 241 

S6 of the SI, Section S3.1. The strongest correlation was for transport and processing sectors 242 

(r>0.98). Correlation was weaker for sectors like energy, material and waste treatment, although 243 

resulting correlation coefficients were relatively high (>0.9). Bias (mean error) was higher for the 244 

speciation-based vs. ReCiPe 2008 pair (1.3 on a log10-scale), than for speciation-based vs. IMPACT 245 

2002+ pair (-1 on a log10-scale) (see Table S6 of the SI, Section S3.1). For some sectors, notably 246 

transport and processing, error was seemingly constant for all processes in the sector. However, for 247 

some processes within energy, material or waste treatment sectors, the differences in impact scores 248 

were within 3-5 orders of magnitude and points formed a cloud rather than being shifted by 249 

seemingly constant factor. 250 

 251 

 252 

Fig. 2. Correlation between log10-transformed impact scores across 12059 and 11863 unit process 253 

inventories for (a) speciation-based vs. ReCiPe 2008, and (b) speciation-based vs. IMPACT 2002+ 254 

methods, respectively. In total, 937 (when compared to ReCiPe 2008) and 1133 (when compared to 255 

IMPACT 2002+) processes with negative impact scores were excluded from the comparison. 256 
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(2-column fitting image) 257 

 258 

3.3. Contributions from individual substances to total impact scores  259 

Substance contribution analysis across all 12,996 processes showed that total emission mass 260 

was dominated by few metals, mainly waterborne emissions of Al(III), Mn(II), Cu(II), Sr(II) and 261 

Zn(II), which altogether accounted for 70% of total emitted mass (Fig. 3). The contribution of 262 

organic substances to total emitted mass was on average equal to 16%. When all emissions of 263 

organic and inorganic substances were translated to potential soil ecotoxicity impacts using 264 

substance-specific CTPs, the contribution of organic substances to total impact scores either 265 

decreased to 5 and 2% (for speciation-based and IMPACT 2002+, respectively) or increased to 45% 266 

(for ReCiPe 2008). Different flows were found dominant contributors to impact scores, depending 267 

on the method. Impact scores calculated using the speciation-based method were dominated by 268 

Zn(II) emissions to air, water and soil (altogether 39% of total impact), followed by roughly equal 269 

contribution from waterborne emission of Sr(II) and airborne emissions of Cd(II) and Pb(II) (7-9% 270 

of total impact each). By contrast, airborne emission of Cu(II) was the largest contributor to impact 271 

scores calculated using ReCiPe 2008 (20%), followed by airborne emissions of Zn(II), V(V) and 272 

Hg(II) (6% of total impact each). Different pattern was observed for IMPACT 2002+, where 46% 273 

of total impact was explained by airborne and direct soil emissions of Al(III), followed by airborne 274 

and direct soil emission of Zn (18% of total impact). When only common to the three methods 275 

substances were considered, impact scores were dominated by Zn(II) and Cu(II), altogether 276 

contributing from 29 to 40% in all three methods (Fig. S5 of the SI, Section S3.2). Contribution 277 

from other common metallic elements ranged from 7 to 26%, but often different metals were 278 

identified as dominant contributors, depending on the method. 279 

 Substance contribution analysis carried out separately for two sectors showing different 280 

patterns (that is, material and transport sectors) revealed that, on average, organic substances 281 

contributed more to total impact score for the material than for the transport sector (Fig S6 of the SI, 282 

Section S3.2). This difference was particularly apparent for ReCiPe 2008, where contribution of 283 

organic substances was equal to 49 and 31% and for the material and transport sectors, respectively. 284 

Contribution of organic substances to impact scores calculated using two other methods was smaller 285 

(1 and 7% for IMPACT 2002+ and speciation-based method, respectively). Irrespective of the 286 

method, impact scores for these two sectors were dominated by the same metals, namely Cu(II) 287 

(ReCiPe 2008), Al(III) and Zn(II) (IMPACT 2002+), and Zn(II) (speciation-based method). 288 

 289 
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 290 

Fig. 3. Contribution of 6 most dominant flows to either total emitted mass or total terrestrial 291 

ecotoxicity impact score calculated using different methods. The contribution is an average across 292 

all 12,966 processes. 293 

(2-column fitting image) 294 

 295 

3.4. Characterization model or substance coverage? 296 

Difference in impact scores between speciation-based and ReCiPe 2008 methods were 297 

mainly caused by differences in characterization models (IS(i) in Eq. 1 ranged from 75 to 100% for 298 

the majority of processes (Fig. S8a of the SI, Section S4). By contrast, both differences in 299 

characterization factors and differences in substance coverage determined differences in impact 300 

scores between speciation-based and IMPACT 2002+ (IS(i) grouped around 0%, 30 to 60% and 301 

100%) (Fig. S8b of the SI, Section S4). Comparison of impact scores for substances which are 302 

common to both compared methods generally had no (ReCiPe 2008) or some (slight increase) 303 

(IMPACT 2002+) influence on the correlation coefficients (see Fig. S3 and Table S6 of the SI, 304 

Section S3.1). This further confirms that differences between speciation-based method and the two 305 

other methods were more dependent on differences in substance coverage for IMPACT 2002+ than 306 

they were for ReCiPe 2008.  307 
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These findings are consistent with earlier studies showing that differences in terrestrial 308 

ecotoxicity impact scores (converted to common metrics) between methods can range from 1 to 2 309 

orders of magnitude (Dreyer et al., 2003; Owsianiak et al., 2014). For freshwater ecotoxicity, 310 

Gandhi et al. (2011) showed that impact scores between their speciation-based CTPs in freshwater 311 

were from 1 to 4 orders of magnitude different when speciation was considered, pointing to 312 

differences caused by characterization models. Yet, substance coverage can also be important in 313 

determining differences between impact scores (Bovea and Gallardo, 2006; Dreyer et al., 2003; 314 

Zhou et al., 2011). Indeed, for aquatic ecotoxicity, difference between ReCiPe 2008 and IMPACT 315 

2002+ methods were mainly due to differences in substance coverage caused by the inclusion of 316 

CTP of Al(III) in IMPACT 2002+ which explained 99% of differences in total impact score 317 

(Owsianiak et al., 2014). 318 

While these considerations explain factors contributing to differences in impact scores 319 

across unit processes, they do not yet explain why some sectors, or some processes within given 320 

sectors, show different behavior in terms of shift and correlation. Detailed analysis of contribution 321 

patterns of individual substances explains when the use of speciation-based method makes the 322 

largest difference for the LCA results. 323 

 324 

3.5. When does using speciation-based method influence LCA results? 325 

Analysis of contributing substances for a total of 60 unit processes selected based on their 326 

different position on the correlation plots in Fig. 2 revealed that seemingly constant shift in impact 327 

scores in relation to 1:1 line and strong correlation for some sectors was observed mostly when 328 

impact scores were dominated by one or few metallic elements in at least one of the compared 329 

methods, and there were large differences in CTPs of these elements between the methods (see 330 

Section S5 of the SI for details of the analysis). For example, Zn(II) emitted to air and soil was 331 

dominant contributor to total impact for markets like brass casting (99% of total impact) or organic 332 

barley grain production (39-96% of total impact). CTPs of Zn(II) emitted to air and to soil were 333 

respectively 1.7 and 2.4 orders of magnitude higher in the speciation-based method when compared 334 

to ReCiPe 2008 and are respectively 0.6 and 1.2 orders of magnitude lower when compared to 335 

IMPACT 2002+. These differences in CTP values propagate to total impact scores, which were 336 

respectively 1.7 and 2 orders of magnitude lower for ReCiPe 2008 and are respectively 0.6 and 1.3 337 

orders of magnitude higher for IMPACT 2002+. Similar observations were made when one or few 338 

organic substances contributed most to total impact, like the market for kenaf yarn with dominant 339 

contribution from the insecticide parathion, but the number of processes where one or few organic 340 

substances contributed most to total impact score was significantly lower when compared to 341 

processes with dominant contributions from metals (Table S7 of the SI, Section S5). 342 
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 For the comparison between speciation-based and ReCiPe 2008 methods, deviations from 343 

the seemingly constant shift and high correlation were found in two cases. The first case (positive 344 

error) was for those processes where waterborne emissions of one or few metals dominated impact 345 

scores in the speciation-based method (where CTPs were much larger when compared to ReCiPe 346 

2008 due to inclusion of water irrigation in multimedia fate modelling). These processes include 347 

markets for sulfidic tailing, coal slurry or waste paint (for other examples the reader is referred to 348 

Table S8 of the SI, Section S5). The second case (negative error) was for those processes where 349 

impact score was dominated by various organic substances rather than metals. These include 350 

processess like market for soap, market for fatty acids or production of foaming agent. Although 351 

CTPs of organic substances vary between methods as much as CTPs of metals do (Fig. S1 of the SI, 352 

Section S2.2), large number of organic substances, which are reported in life cycle inventories and 353 

contribute to total impact made differences in CTPs for organic substances even out due to 354 

averaging out across emission flows. Additionally, for some processes differences in CTPs of 355 

dominating organic substances were not as large as compared to metallic elements, and could be 356 

furthermore outweighed by significantly lower (<20%), but still important, contribution of some 357 

metallic elements in speciation-based method (mostly Zn(II)). This averaging effect resulted in 358 

similar values of impact scores for both methods. For all those processes with dominant 359 

contribution of organic substances, differences in impact scores become smaller, disappear or even 360 

become negative (when compared to seemingly constant positive shift and high correlation 361 

observed for other processes). Finally, errors in impact scores were the lowest in the extreme cases 362 

where impact score was dominated by single organic substance (or metal) for which CTP was 363 

significantly higher in ReCiPe 2008 than it was for the speciation-based method. Market for palm 364 

fruit bunch or production of foaming agent with large (96-97%) contribution from emissions of an 365 

insecticide cypermethrin, are examples of such processes. The same was the case for those 366 

processes where impacts are dominated by Hg(II) whose CTPs were 2 orders of magnitude higher 367 

for ReCiPe 2008 than for the speciation-based method (e.g. market for mercury or market for 368 

natural gas processes). Highest negative errors were usually observed for the processes with the 369 

highest contribution from organic substances for each of the compared methods (see Fig. S9a of the 370 

SI, Section S4). 371 

For the comparison between speciation-based and IMPACT 2002+ methods, however, 372 

additional factor explained deviations from seemingly constant shift and high correlation. 373 

Differences (errors) in impact scores between speciation-based and IMPACT were largest and 374 

positive for: (i) those processes which were dominated by metals emitted to freshwater (where 375 

CTPs in the speciation-based method are much higher due to accounting for water irrigation); (ii) 376 

those processes where a number of substances included in the speciation-based method was much 377 



14 
 

higher when compared to the substance coverage IMPACT 2002+; and (iii) for those processes 378 

where an organic substance with much higher CTP in the speciation-based method compared with 379 

IMPACT 2002+, contributed most to total impact (e.g. parathion emitted to soil in the market for 380 

kenaf yarn). On the other hand, differences in impact scores clearly deviating from seemingly 381 

constant shift and high correlation were negative in cases where: (i) Al(III) was the largest 382 

contributor (>95%) to total impact scores calculated using IMPACT 2002+ (as this metal was not 383 

considered in the speciation-based method); (ii) where impact scores were dominated by airborne 384 

emissions of Hg(II) as CTP of Hg(II) in IMPACT 2002+ was 3 orders of magnitude higher when 385 

compared to the speciation-based method (see Table S8 of the SI, Section S5 for list of processes). 386 

In those cases, differences in CTPs for these two elements directly translated to differences in 387 

impact scores, despite the fact that the overall coverage of substances in IMPACT 2002+ is smaller 388 

compared to speciation-based method.  389 

 390 

3.6. Uncertainties 391 

This study explains major factors contributing to differences between LCIA methods for 392 

assessing comparative terrestrial ecotoxicity of metals when speciation is considered. However, the 393 

study is not without uncertainties.  394 

First, it was assumed that generic CTPs used to calculate impact scores correspond to those 395 

calculated for the soil of properties being closest average properties of global soils. For airborne 396 

emissions, which deposit on large areas where soils can span a wide range of properties (De Caritat 397 

et al., 2012), impacts calculated for soil with average properties are expected to be sufficiently 398 

accurate in representing spatially differentiated impact scores due to weighting effect (Szilágyi, 399 

2013). Similar weighing effects can occur for direct emissions to soils at national scale. Santos et al. 400 

(2018) and Sydow et al. (2018) found that ranking of impact scores between geographic regions and 401 

countries was mainly determined by the amount of metal emitted into each soil rather than by 402 

geographic differences in CTP values between soils. If properties of soils receiving emissions were 403 

known, however, and were different from the average properties used in this study, impact scores 404 

would either increase or decrease when compared to methods which do not consider speciation. 405 

Further, if different soil properties were chosen as default, resulting impact scores would also 406 

change, depending on the influence of soil properties on factors underlying the CTPs.  407 

The second source of uncertainty is disregarding some relevant metals like Cr(III), Cr(VI) or 408 

Al(III) from the set of substances for which speciation-based CTPs were calculated. Although these 409 

elements are relevant for a number or life cycle inventories of the unit processes, their omission is 410 

not expected to change overall conclusions from this study about factors determining correlation 411 

and bias in impact scores. However, as both Cr and Al(III) are considered in IMPACT 2002+, and 412 



15 
 

Cr is considered in ReCiPe 2008, their inclusion would result in larger influence of differences in 413 

characterization models rather than substance coverage between compared methods. As these 414 

metals can be ecotoxic (e.g. Gandhi and Diamond 2018), their consideration is expected to increase 415 

impact scores calculated using the speciation-based method, depending on the magnitude of 416 

emission flows and corresponding CTPs values. 417 

 418 

4. Conclusions 419 

This study showed that consideration of solid- and liquid-phase speciation of metallic 420 

elements in soil is not expected to reduce total impact scores and contribution of metallic elements 421 

to soil ecotoxicity impact in LCA. Average contribution of metallic elements to terrestrial life cycle 422 

impacts across 12,996 unit processes was equal to 95% when speciation was considered. Across all 423 

unit processes, dominant contributors (64% of total impact score, on average) were four metals: 424 

Zn(II), Pb(II), Sr(II) and Cd(II). Because metals remain dominant contributors when speciation is 425 

consisidered, for many processes differences in CTPs between methods often propagate to 426 

differences in impact scores. Thus, whether impact scores increases or decreased when speciation is 427 

considered depends on differences in CTP values and differences in metal coverage between 428 

methods. An increase in impact scores is more likely when compared with ReCiPe 2008 scores, 429 

while a decrease is more likely when compared with Impact 2002+.  430 

The choice of method which considers speciation is particularly relevant for non-431 

comparative LCA, where magnitude of impact score is important for typical goals of such studies 432 

(e.g. weak spot analysis, environmental footprinting etc.). In comparative LCA, where the goal is 433 

often to identify system with best environmental performance, consideration of speciation is also 434 

relevant to consider, but seems less important for those life cycles where metallic elements 435 

dominate impact scores and there are large differences in CTPs between methods for those 436 

elements. In those cases, different methods are expected to rank compared systems similarly. LCA 437 

practitioners should, however, pay attention when extrapolating these findings to their specific 438 

product life cycles, which may be composed of unit processes from various sectors. Whether the 439 

choice of speciation-based method matters in those cases will depend on the contribution of either 440 

organic substances or metallic elements emitted to freshwater to impact scores across the whole life 441 

cycle.  442 

Recent efforts focus on harmonizing ecotoxicity characterization in life cycle impact 443 

assessment (Fantke et al., 2018; Owsianiak et al. 2019). This study showed that for metallic 444 

elements benefits from increasing substance coverage are comparable to benefits from increasing 445 

environmental realism through consideration of speciation in environmental fate, exposure and 446 

effects. 447 
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