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1 PLANETARY BOUNDARIES AND ABSOLUTE SUSTAINABILITY IN LCA – 

2 PAST, PRESENT, AND FUTURE. 

3 ABSTRACT

4 Efforts to steer the social metabolism (i.e., how human societies interact with nature) towards 

5 sustainability are pulling assessment practice in two directions: “relative” product-to-product 

6 comparisons and “absolute” product-to-limit benchmarking, where the limit works as 

7 benchmark for the assessment. Within approaches such as Safe and Sustainable by Design, 

8 inherently threshold-based “absolute” chemical Risk Assessment is coupled to Life Cycle 

9 Assessment, which has traditionally been used as a tool for comparing alternatives. This 

10 coupling is driving the development of methodologies for comparative assessment of 

11 (eco)toxicological impact potentials (e.g., chemical footprinting). In parallel, the emergence of 

12 the Planetary Boundaries framework has renewed the interest in shifting from comparative 

13 assessments towards absolute benchmarking against global environmental limits, leading to 

14 Absolute Environmental Sustainability Assessment. This paper reviews how environmental 

15 limits are incorporated into Life Cycle Assessment through early distance to target methods 

16 (such as Ecological Scarcity, Environmental Themes, Eco-Indicator 95) to support business-

17 driven eco-efficiency decisions and how impacts were anchored in national or regional targets 

18 and critical loads. We then discuss how the Planetary Boundaries framework reorganizes limits 

19 around Earth-system processes and how Planetary Boundaries based Life Cycle Assessment 

20 translates global boundaries into Life Cycle Assessment indicators and Planetary Boundaries 

21 based “budgets” for products and sectors. Across these developments, we show that setting and 

22 allocating thresholds reflects conflicting notions of “weak” and “strong” sustainability and is 

23 unavoidably value-laden and argue that making this “valuesphere” explicit is crucial if 
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24 Planetary Boundaries based Life Cycle Assessment is to inform credible, product-level Safe 

25 and Sustainable by Design decisions on absolute sustainability.

26 KEYWORDS

27 Planetary boundaries; life cycle assessment (LCA); Absolute sustainability; Environmental 

28 limits; Safe and Sustainable by Design (SSbD).
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29 INTRODUCTION

30 Efforts to steer the social metabolism of nature towards sustainability are increasingly 

31 organized around the idea of environmental limits. From “The Limits to growth” in 1972 

32 (Meadows et al., 1972) to the more recent Planetary Boundaries (PBs) framework (Richardson 

33 et al., 2023; Rockström et al., 2009; Steffen et al., 2015), the idea that humans must respect 

34 environmental limits is based on the recognition that the substitutability of the natural capital 

35 (i.e., the stock of resources but also the set of interactions of biotic and abiotic natural systems) 

36 is  limited, while the ecosystem services provided are essential for life-supporting functions. 

37 Therefore, consumption of natural capital should be monitored and constrained to avoid 

38 irreversible losses. This paradigm is known as strong sustainability. In contrast, the current 

39 socio-economic system and structures are grounded in the weak sustainability paradigm, i.e., 

40 the acceptance of technological substitution for natural functions that often prioritizes what is 

41 politically feasible over what is ecologically necessary (Pelenc et al., 2015). As a result of this 

42 tension, some tools and methodologies have been developed in the field of environmental 

43 science to perform both “absolute” product-to-limit and “relative” product-to-product 

44 assessments, were, respectively, limits and reference products function as benchmarks for the 

45 assessment. A typical example of the first direction is Risk Assessment (RA) (van Leeuwen & 

46 Vermeire, 2007), while Life Cycle Assessment (LCA) is a characteristic case of the latter 

47 (Olsen et al., 2001). Chemical risk assessment compares exposure concentrations against 

48 specified effect thresholds, yielding a binary notion of safety (safe: yes/no), while LCA 

49 commonly reports comparative impact profiles (sustainable: more/less). Emerging frameworks 

50 such as Safe and Sustainable by Design Chemicals and Materials EC framework (SSbD) 

51 (Caldeira et al., 2022; Garmendia Aguirre et al., 2025) aim to couple chemical RA to LCA to 

52 guide safe and sustainable innovation. This coupling exposes an asymmetry at the core of 

53 current SSbD practice.
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54 Two lines of LCA method development have emerged in response to this asymmetry. First, 

55 comparative toxicological impact assessment methods, often framed as chemical footprinting, 

56 have been developed to quantify human and ecotoxicological impact potentials analogously to 

57 other LCA impact categories such as global warming and ozone depletion (Bjørn et al., 2014). 

58 This approach extends the relative nature of LCA to toxicity-related pressures and aligns 

59 naturally with weak sustainability interpretations that emphasize trade-offs and substitutions 

60 within an overall environmental impact budget. 

61 Second, “absolute” sustainability assessment methods have emerged, aiming at 

62 benchmarking product systems against explicit environmental limits rather than against 

63 alternatives, as is typical in conventional LCA. The PB framework plays a central role in this 

64 second line, serving as the backbone for methods such as Absolute Environmental 

65 Sustainability Assessment (AESA), of which PB-based LCA (PB-LCA) is the most popular 

66 subset (Bjørn, Chandrakumar, et al., 2020). By identifying control variables and boundary 

67 ranges for key Earth-system processes, PBs re-organize environmental limits from a list of 

68 more context-dependent and politically defined regional targets into a set of non-negotiable 

69 global Earth-system boundaries. 

70 The PB framework emergence coincided with the standardization phase of LCA (ISO 2006a, 

71 b) and the advancement of assessment methods (Finnveden, 2009), renewing the interest in 

72 including environmental limits in LCA to support decision-making (Bjørn & Hauschild, 2014). 

73 However, incorporating environmental limits in sustainability assessments has been a 

74 longstanding objective, well before the PB framework and the corresponding emergence of 

75 PB-LCA and AESA. 

76 Historically, incorporating limits in LCA has been based on weighting methods. Weighting 

77 methods in LCA can be grouped based on their approaches for aggregating results in three 
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78 classes: 1) expert panel or similar, 2) monetary valuation, 3) distance to targets (DtT) 

79 (Pennington et al., 2004). Developed in the 1990s, early DtT methods responded to industrial 

80 needs for a gradual definition of environmental limits at a time when LCA was still establishing 

81 its methodological robustness and gaining broader acceptance as a decision-support tool 

82 (Guinée et al., 1993). DtT methods such as Ecological Scarcity Method (ESM), Environmental 

83 Themes (ET), and Eco-Indicator 95 (EI95) anchored impacts in national or regional targets, 

84 critical loads, and risk-based criteria, largely to support business-driven eco-efficiency 

85 decisions. Their goal was to condense complex impact profiles into a single score for products 

86 or processes to support fast and informed design choices. The choice of targets was based on 

87 scientific evidence but also reflected political acceptance (Muhl et al., 2021). These approaches 

88 already moved LCA beyond purely internal comparisons, but did so within fragmented, 

89 context-specific notions of “absolute” grounded in particular policy and protection goals. 

90 The integration of environmental limits in sustainability assessment has matured alongside 

91 the development of i) production systems, ii) the state of scientific knowledge - including the 

92 PB framework –, and iii) the social and political readiness to implement changes in production, 

93 partially reflected in the SSbD agenda. We thus need to explore the emergence of the PBs and 

94 absolute sustainability concepts within the history of LCA thus far, to provide a perspective on 

95 their potential development. We critically review how environmental limits have been 

96 integrated into LCA historically and analyze how the PB framework reshapes this integration, 

97 and what this implies for operationalizing absolute sustainability, especially within SSbD. The 

98 need for this review emerged in discussions among researchers working in the Horizon Europe 

99 projects BioSusTex (GA 101135372), SunRise (GA 101137324), and CheMatSustain (GA 

100 101137990), as these projects seek to address similar questions on the relationship of absolute 

101 sustainability and SSbD. Our aim is to address the RA-LCA asymmetry in the SSbD framework 

102 from the perspective of the historical integration of environmental limits into LCA - from early 
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103 DtT methods to PB-LCA and AESA - and examine how these developments reflect different 

104 understandings of sustainability.

105 We pay particular attention to how thresholds are defined and allocated, how strict boundaries 

106 are set and how global limits are shared among actors and functions, and how these practices 

107 encode conflicting notions of weak and strong sustainability. We propose to conceptualize 

108 these normative underpinnings as a “valuesphere” that co-evolves with scientific and 

109 methodological advances, as introduced in Hofstetter et al. (2000). We argue that making this 

110 valuesphere explicit is crucial for the future development of PB-LCA and absolute 

111 sustainability approaches, and for their credible use in product-level decision-making within 

112 SSbD and related agendas. The manuscript is organized as follows: first, materials and methods 

113 used to carry out this research are presented; the following section presents the results, which 

114 include an overview of the past, present, and future of environmental limits in LCA; Section 

115 Discussion elaborates on findings and possible developments for the operationalization of 

116 absolute sustainability; the final section summarizes the conclusions of the study. 
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117 MATERIALS AND METHODS

118 This study seeks to explore the historical evolution of conceptualization and use of limits in 

119 LCA. We reviewed seminal scientific and “grey” literature to identify LCA studies that apply 

120 the “relation to standards” weighting and evaluate their conceptual and methodological 

121 connection to the PB framework. Exchanges with experts both within and outside the Horizon 

122 Europe projects BioSusTex (GA 101135372), SunRise (GA 101137324), and CheMatSustain 

123 (GA 101137990) helped refine the research questions and ensure comprehensive coverage of 

124 the relevant literature. Given the historical character of our study, we organized the material in 

125 three sections: past (from early DtT methods until the emergence of PB-based LCA), present 

126 (PB-based LCA), and future.

127 The literature review was structured around the research questions of this study and does not 

128 aim to be exhaustive. The research team met regularly to discuss the historical methods, the 

129 current methodological developments, challenges, and opportunities ahead, which collectively 

130 informed the discussion presented in this manuscript. The work began with the review of some 

131 LCA-based methods developed in the 1990s integrating DtT weighting as support to decision 

132 making, while regarding PB-based LCA, several approaches have been proposed, including 

133 weighting, normalization, and the calculation of new characterization factors for PBs 

134 processes.

135 Literature review – Past.

136 The selection of DtT methodologies included in the Past section was based on an initial 

137 screening proposed by one of the authors, who was active in the LCA community during the 

138 period in which these approaches were developed. This preliminary list was subsequently 

139 discussed and validated by the research team. Table 1 lists the methods reviewed and included 

140 in the Past section. These methods were selected as historically relevant, well-documented, 
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141 and frequently discussed examples of DtT weighting approaches in Life Cycle Impact 

142 Assessment (LCIA). They were developed or consolidated during the formative phase of LCIA 

143 in the 1990s, when weighting methods were actively explored as a way to support interpretation 

144 and aggregation of environmental impacts. In addition, sufficient methodological 

145 documentation is available for these approaches, allowing a transparent critical analysis. The 

146 selection was not intended to provide an exhaustive review of all DtT methods, but rather to 

147 examine representative examples that show how target-based reasoning entered early LCIA 

148 practice and informed subsequent methodological developments. For the ESM method, the 

149 reference indicated is citing the original document, that was not found in literature. The analysis 

150 relied on the earliest accessible official publication (Frischknecht et al., 2009), assuming 

151 continuity of the underlying conceptual framework across updates. For the ET method, the 

152 reference reported is the earliest description of the method retrieved from literature, even 

153 though the original version is dated a few years before.

154 Literature review – Present.

155 The Present section was developed through a targeted critical review aimed at identifying 

156 methodological contributions to operationalize the integration of PBs into LCA. The process 

157 began with the review paper of Bjørn, Chandrakumar, et al. (2020), which provided a 

158 consolidated starting point. References cited therein were screened through backward 

159 snowballing, and additional relevant studies were identified through an independent literature 

160 search using combinations of terms related to “Planetary Boundaries”, “Life Cycle 

161 Assessment”, “Absolute Environmental Sustainability Assessment”, and “PB-LCA”. Articles 

162 focusing on the operationalization of one boundary or presenting case studies rather than 

163 methodological advancements were not included. Table 2 summarizes approaches that 

164 integrate PBs into LCA (Present).
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165 Literature review – Future.

166 To complement the historical and methodological analysis, we also examined selected 

167 application contexts in which PBs are being operationalized for industrial decision-making. 

168 The selection was guided by three criteria: i) an explicit conceptual or methodological link to 

169 absolute environmental sustainability assessment and/or operationalization, and ii) relevance 

170 for industrial decision-making at the level of products, technologies, chemicals, value chains, 

171 or companies. Based on these criteria, we focused on  three application contexts: the Science 

172 Based Targets (SBTs) for nature initiative, research addressing the Novel Entities (NEs) 

173 boundary, and the SSbD framework (Table 3). These contexts were selected because they 

174 represent possible pathways for the development of applied and practical research on PBs, 

175 where limits are proposed at the level of industrial activity. Moreover, they represent key topics 

176 in the research field. The SBTs are mentioned by Rockström as a concrete example of PBs 

177 operationalization (2024); the PB for NEs is a critical unresolved question in the PBs control 

178 variables definition (Jahnke et al, 2026); finally, SSbD is a central element of the European 

179 Green Deal, focusing on integrating early assessment for better future planning at the company 

180 level, and the context in which our research question arose. Through these efforts, the PBs 

181 concept is moving from a global perspective towards an operational tool to use in product 

182 development, chemical management, and corporate sustainability strategies. 

183 Comparative approach.

184 We focused on four dimensions for analyzing the literature and synthesizing it in a 

185 comprehensive manner: i) comparing the LCA methods reviewed in terms of the impact 

186 categories included, weighting approach, and target-setting, ii) describing the historical 

187 transformation of environmental limits in the scientific research to which these LCA methods 

188 correspond, iii) exploring the broader limits-based LCA practices within their historically-

189 specific scientific and political era, and iv) reflecting on subjective elements included in the 
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190 methods. The literature reviewed for the first two dimensions is the same as the one listed in 

191 Table 1 and 2. For the third dimension, we turned to literature on ecological/environmental 

192 limits (e.g., carrying capacities, critical loads, socio-ecological principles, and the PBs), and 

193 revisited major global agendas that served as sustainability-steering instruments (e.g., 

194 Millenium Development Goals, Rio Declaration, Sustainable Development Goals). The scope 

195 of this review is to understand the origins and future of the limits-based LCA from an SSbD 

196 perspective and therefore for third dimension we focused on key-studies / agendas. For the last 

197 dimension, we analyzed the same literature paying attention to how subjective decisions were 

198 described and reported for each section.
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199 RESULTS 

200 Past.

201 We identified and reviewed three distinct DtT methods established prior to the emergence of 

202 the PB-based LCA approaches: the ESM, ET, and EI95. In these approaches targets were 

203 typically calculated as annual load limits set at the national level by environmental protection 

204 agencies, legislations, or regulations. The aim of introducing DtT approaches was to streamline 

205 the use of LCA in industry practice as a day-to-day decision-making tool to provide fast and 

206 informed design choices. To integrate LCA into product development and support industrial 

207 application needs, weighting was used to guide impact prioritization and obtain a single score 

208 associated with products/processes. At a time when LCA was still establishing its 

209 methodological robustness and gaining broader acceptance as a decision-support tool, target 

210 setting based on scientific evidence and political acceptance aligned with the need for a gradual 

211 definition of environmental limits. 

212 Specifying a value for each target requires a vast set of data, detailed environmental models, 

213 and political acceptance of what constitutes a defined threshold. The ESM, proposed by Muller-

214 Wenk in 1978 to interpret LCA impacts, was the earliest DtT method we identified 

215 (Frischknecht et al., 2009). The EI95 (Goedkoop, 1995) and ET method (Baumann & Rydberg, 

216 1994; Lindfors et al., 1995) were independently developed in the Netherlands and the Nordic 

217 countries, respectively. In the following paragraphs, the ESM, ET, and EI95 DtT weighting 

218 methods are presented according to their (i) intended application, (ii) coverage and target 

219 values, (iii) weighting principles, and (iv) use of results.

220 Ecological scarcity method (ESM). The ESM was introduced for the internal environmental 

221 assessment of the Frisco-Findus AG company, based in Switzerland. Later, the Migros 

222 corporate group set up a team (Ahbe, S., Braunschweig, A., Muller-Wenk, R.)  to improve the 
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223 calculations and based it on the Swiss national objectives. The company was driven by the need 

224 for a method to measure its efforts toward improved sustainability, particularly in packaging 

225 selection. The results of the study were published by the Federal Office for Environment, 

226 Forestry, and Landscape as a series of papers “Methodology for Ecobalances” from the study 

227 group in 1990 (eco-scout, 2025). The ESM covers several resource/substance’s flows for the 

228 Swiss region, considering both the current (at the time) values and the critical values, i.e., the 

229 values accepted and implemented into policy targets. The critical values are based on either 

230 national or international targets adopted by Switzerland. For the environmental impact 

231 assessment, all processes included within the system boundaries are assigned eco-factors, 

232 which are calculated through characterization, normalization, and DtT weighting. Each 

233 emission, resource use, or substance flow is thus assigned a number of eco-points (i.e., the unit 

234 of eco-factors) that reflect its environmental burden, based on the actual values measured and 

235 the corresponding environmental target. For example, the eco-factor assigned to CO2 for 2010 

236 is 0.023 eco-points, resulting from characterizing GHGs, normalizing to Switzerland, and 

237 weighting based on the 10% reduction goal (current flow/critical flow) (Frischknecht et al., 

238 2009). In ESM, products or processes receive an aggregated eco-point score that represents the 

239 overall environmental burden of the system, with contributions weighted according to the 

240 severity of each environmental issue. This method is particularly useful for facilitating the 

241 practical use of LCA results, especially in industrial contexts, where it informs design choices 

242 in a fast and comprehensible manner. Many product-oriented applications of ESM are 

243 documented in grey literature and industrial reports rather than in peer-reviewed scientific 

244 articles, while published contributions have often focused on methodological development and 

245 on the derivation of national or regional eco-factor sets (Ahbe et al., 2018; Grinberg et al., 

246 2012). A useful example, even if based on a theoretical case study, is the steel and aluminium 

247 study by Muhl et al. (2021). The work provides a useful example of how ESM can be applied 
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248 to product systems and supply chain interpretation. The authors derived regional eco-factors 

249 and tested three DtT weighting perspectives: consumer-regions, producer-regions, and worst-

250 case-regions. The study shows how the choice of target-setting perspective can substantially 

251 affect the aggregated eco-point results and the relative importance of both impact categories 

252 and producing countries. Under the EU consumer-regions perspective, acidification dominated 

253 the aggregated results for both metal products. By contrast, under the producer-regions 

254 perspective, the aluminium results shifted strongly towards water resources, because part of 

255 the production mix was allocated to highly water-scarce countries. The study also shows that 

256 countries with smaller production shares may still drive the final eco-point score when their 

257 country-specific eco-factors are high. Integrating these perspectives into product design and 

258 supply-chain assessment can therefore help identify not only which environmental issues 

259 dominate a product system, but also where regional environmental scarcity and target-setting 

260 assumptions drive the final single-score result.

261 Environmental themes method (ET short, ET long). With a similar aim of supporting industry 

262 in integrating sustainability into product design, the ET method was developed in the 

263 Netherlands through an initiative by the Association of the Dutch Chemical Industry (VNCI) 

264 and the Dutch government in the early 1990s. Its development was carried out by the Centre 

265 of Environmental Science in Leiden (CML), The Dutch National Institute for Health and 

266 Environment (RIVM), and the McKinsey & Company Inc were in charge for the development 

267 (Baumann & Rydberg, 1994; Seppälä & Hämäläinen, 2001). The method was later refined by 

268 Chalmers Industriteknik (CIT) to be adapted to the Swedish condition (Baumann et al., 1993; 

269 Rydberg, 1996). Two versions of the method were established to address short- or long-term 

270 sustainability targets, respectively using political goals (i.e., ET short) or ecological critical 

271 loads (i.e., ET long). The latest development of the method was tested and implemented in 

272 several CIT projects, in contrast with the rest of the methods designed for industrial application. 
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273 As the scientific literature mainly covers the Swedish adaptation, the present work refers to this 

274 version. 

275 The ET method groups environmental pressures into a set of impact themes (or categories), 

276 for which the required reduction and an associated weighting factor are determined. The ET 

277 short uses the 1995 policy targets, whereas ET long is based on a set of scientifically derived 

278 criteria. In both cases, sustainable loads are defined according to assumptions on ecological 

279 critical loads for each theme. For example, the global warming critical load is defined by the 

280 1995 Swedish policy target of reducing or maintaining emissions constant (short), or by the 

281 calculated sustainable load of 0.1°C increase every decade (long). The themes addressed 

282 include global warming, ozone depletion, acidification, eutrophication, photochemical ozone 

283 formation, dispersion of toxic substances, disruption, disposal of waste, and depletion of 

284 natural resources. Weighting in ET is calculated as the ratio between the normalization 

285 reference and the selected target reference. Baumann and Rydberg (1994) tested this adaptation 

286 of the Environmental Theme method through a milk-packaging example, comparing 1 L brick-

287 shaped cartons with refillable polycarbonate bottles. The environmental loads from the Life 

288 Cycle Inventory (LCI) were first assigned to environmental themes, expressed as theme-

289 specific impact fractions, and then aggregated after weighting according to the relative severity 

290 of each theme. The resulting impact ratio between the two packaging options was used to 

291 compare their environmental performance. The ET score indicated no substantial difference 

292 between the two systems, while the disaggregated results helped identify the main contributors 

293 and thus possible priorities for environmental improvement. Since normalization is based on 

294 the geographical location scope of the assessment, the resulting weighting factors are region-

295 specific. These weights are then used to calculate an indicator of total impact for each category 

296 relative to the system under study. The indicators can then be aggregated into a single score, 
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297 producing a one-number result. The ET thus provides a structured tool to support the 

298 integration of environmental considerations into product design. 

299 Eco-indicator95 (EI95). Around the same time as the ET method, the EI95 was developed in 

300 the Netherlands by the National Reuse of Waste Research Program (NOH). A multidisciplinary 

301 team, including representatives from industry, science, and government, contributed to 

302 defining a weighting approach for the Dutch LCA method (Heijungs et al., 1992). The target 

303 values incorporated in EI95 were supported by a scenario study produced by RIVM for the 

304 GLOBE Europe organization and complemented by the World Health Organization’s Air 

305 Quality (WHO, 1987) and Water Quality Guidelines for Europe (WHO, 1993). Unlike methods 

306 based on policy goals, EI95 relies on scientifically derived targets, defined as low damage 

307 thresholds. Targets were selected by evaluating the effects of processes detrimental to the 

308 environment and/or human health. Each target corresponds to a specific level of damage caused 

309 to the environmental effect considered. For instance, the greenhouse effect is characterized in 

310 terms of ecosystem impairment resulting from rising temperatures. From this, a reduction 

311 factor is estimated to bring the impairment down to an acceptable level. An acceptable damage 

312 level was assumed to correspond to one human fatality per million inhabitants per year, 

313 impairment of 5% of the ecosystem (e.g., reduction of agricultural yield by %), or the absence 

314 of smog periods. These three levels were selected as equivalent reference points. The EI95 

315 method evaluates the effects of a product system on human health and ecosystem at the 

316 European scale. The resulting impacts are weighed according to how close the measured effects 

317 are to the defined target level. Based on the shape of the damage-effect curve, a reduction factor 

318 is derived to reach the acceptable damage level, and this value is applied as the weighting 

319 factor. The EI95 developed a set of 100 material and processes associated with eco-indicators, 

320 intended to support decision-making in research and product development. As illustrated in the 

321 EI95 Manual for Designers (Goedkoop et al., 1996), a product’s LCI can be linked to these 
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322 predefined materials and processes, and the final score is calculated by multiplying each 

323 process amount by the corresponding eco-indicator. In the worked example of a coffee 

324 machine, the use phase dominates the overall result due to electricity consumption, highlighting 

325 where design intervention would be more effective.

326 Present.

327 In this section we review the process that led from the conceptualization of the PB framework 

328 to setting “absolute sustainability” targets in LCA. Absolute sustainability builds on the PBs 

329 concept, in which environmental limits are defined as a set of global thresholds that integrate 

330 both scientific evidence and normative judgement. The former refers to the Holocene-based 

331 control variables of key earth system processes, while the latter reflects societal perception of 

332 safety, risk, and uncertainty (Rockström et al., 2009). Each boundary is defined using pre-

333 industrial Holocene conditions as target levels, as the industrial revolution is a candidate 

334 watershed of pre- and post-Anthropocene periods. With that set as the baseline, the extent of 

335 human-driven planetary deviations is evaluated. Rockström et al., (2009) used various 

336 approaches to establish and quantify individual boundaries, depending on data availability and 

337 the current scientific understanding derived from analytical and modelling studies of the 

338 relevant Earth system processes. Data availability is considered a limitation for the definition 

339 of appropriate control variables, and continuous updates aim at integrating the best available 

340 knowledge. Modelling includes estimations of the levels of disturbance that may trigger 

341 impacts or alter interactions and feedbacks, potentially leading to irreversible changes in 

342 Earth’s life-support systems (Richardson et al., 2023). Since the first released version 

343 (Rockström et al., 2009), numerous studies have been published on it, with noteworthy updates 

344 of the framework published by Steffen et al., (2015), Richardson et al., (2023), and annual 

345 Planetary Health Check reports since 2024 (Sakschewski et al., 2025). 
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346 The need to operationalize PBs within an AESA has positioned LCA as the most robust 

347 methodological framework for this purpose. The LCA methodology provides a comprehensive 

348 representation of environmental impacts across the life cycle of a system, reducing the risks of 

349 burden shifting while covering a broad set of impact categories (Hauschild, 2015). The 

350 relevance of LCA in this context was further reinforced by the explicit call to move beyond 

351 eco-efficiency and towards absolute sustainability in LCA practice (Bjørn et al., 2015), which 

352 coincided with a sharp increase in scientific output following the introduction and first update 

353 of the PB framework (Rockström et al., 2009; Steffen et al., 2015). Supporting our comparison 

354 of DtT weighting and AESA, early attempts to integrate PBs into LCA focused on weighting 

355 and normalization. Tuomisto et al. (2012) proposed a PB-based DtT weighting, framing 

356 weighting as a necessary step to support the interpretation of LCA results. They argued that 

357 this method could become the optimal way to define weights, in a research field where the 

358 incomplete but sufficient understanding of environmental systems is the key to prevent 

359 dangerous tipping points (Tuomisto et al., 2012). Although grounded in PBs, these factors 

360 require further adaptation for LCA use, as a direct equivalence between PBs control variables 

361 and LCA impact categories is not yet established. Then, Bjørn & Hauschild (2015) developed 

362 carrying capacity-based normalization factors, highlighting that several LCA indicators 

363 implicitly address carrying capacity but only in terms of threshold exceedance, missing to 

364 consider values close but below them. By explicitly integrating appropriate measures of 

365 carrying capacity, they proposed the use of PBs as sustainability reference within the 

366 normalization step of LCA. This approach was later adapted to align with the Product 

367 Environmental Footprint (PEF) method (Sala et al., 2020), that provided equivalences between 

368 PBs metrics and PEF indicators.

369 Parallel developments explored how to link the global thresholds to lower scales. The set of 

370 PBs delimits the global Safe Operating Space (SOS), i.e., the ecological space within which 
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371 humans can operate while maintaining the planet in predictable and stable conditions 

372 (Rockström et al., 2009). To operationalize AESA and PB-LCA, it is necessary to determine 

373 whether a product, process, or sector’s environmental impact is compatible with a specified 

374 share of SOS. Sandin et al. (2015) proposed product-level reduction targets by linking current 

375 PBs values to a future time horizon (2050), representing one of the first attempts to assign a 

376 share of SOS to a regional market scale (i.e., the Swedish clothing market segment). In contrast, 

377 Ryberg, Owsianiak, Clavreul, et al. (2018) proposed redefining LCIA impact categories by that 

378 the earth system processes could be used as new impact categories in the LCIA phase, by 

379 replacing conventional LCA impact category indicators with Earth system processes and their 

380 control variables, effectively reversed the integration logic by adapting LCA to PBs rather than 

381 vice versa.

382 Following these foundational contributions, recent literature has further refined the 

383 operationalisation of PB-LCA and AESA rather than replacing their core methodological 

384 architecture. Recent work has addressed specific unresolved issues, including the allocation of 

385 the SOS through alternative sharing principles, the treatment of uncertainty, impact-category 

386 prioritisation, prospective modelling, and the development of practical guidance for applying 

387 AESA at different scales. For instance, Heide et al. (2023) proposed a sharing principle based 

388 on human needs fulfilment, Lund et al. (2025) used AESA to prioritise impact categories in 

389 building LCA, and Manthos et al. (2026) combined prospective LCA, AESA, SSPs and market-

390 penetration modelling to evaluate emerging biorefinery products against future environmental 

391 thresholds. These developments confirm the increasing methodological maturity of the field. 

392 However, a comprehensive review of recent AESA refinements is beyond the scope of the 

393 present article, which focuses instead on the historical and conceptual transition from DtT 

394 weighting methods to PB-based absolute sustainability approaches. For detailed and up-to-date 

395 reviews of PB-LCA and AESA operationalisation, readers are referred to Paulillo & Sanyé-
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396 Mengual (2024), Acevedo et al. (2026), and the recent JRC guidance on AESA application at 

397 different scales (Bjørn et al., 2025). These approaches have been tested across case studies at 

398 different scales.

399  A comprehensive review by Bjørn, Chandrakumar, et al. (2020) published already a few 

400 years ago highlighted that a key challenge lies in linking global PBs to the assessed system, 

401 when assigning a share of SOS according to distributional justice theory principles. This is 

402 currently one of the main limitations of AESA studies for comparability, as also discussed more 

403 recently in Paulillo & Sanyé-Mengual (2024), and Zhang et al. (2025). As no unequivocal 

404 allocation principle exists, most studies  carry out a sensitivity analysis applying multiple 

405 sharing approaches, to avoid an impossible choice of defining a just principle (Paulillo et al., 

406 2026). The outcome is a few sets of limits, which struggle to be operational due to significant 

407 variability. We identify this issue as a debate for the “valuesphere” of AESA, as this 

408 methodological choice cannot avoid a subjective element that significantly affects results. This 

409 concept was already introduced by Hofstetter et al. (2000), to indicate the inevitability of 

410 integrating and explicating the subjective element in a LCA assessment, as in a study the 

411 decision-maker’s views and the practitioner’s choices are building blocks of the analysis as 

412 much as the techno- and ecosphere. This element is part of the current ReCiPe LCIA method, 

413 grouped in three perspectives that account for different sets of uncertainty and choices 

414 regarding each impact category (Huijbregts et al., 2016). As proposed in their work, we use the 

415 “valuesphere” term to denote the broader normative environment within which PB-LCA and 

416 absolute sustainability approaches become operational., The concept does not refer to a single 

417 value choice, nor to one specific allocation rule. Rather, it captures the set of ethical, social, 

418 institutional, and methodological commitments that shape how biophysical limits are translated 

419 into decision-relevant thresholds for products, sectors, actors, or functions. Additional 

420 challenges arise from the regional nature of environmental processes (i.e., they have location-
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421 specific thresholds), the uneven availability of data, and the globalized structure of supply 

422 chains in contemporary socio-economic systems. While regional thresholds can sometimes be 

423 calculated, their limited feasibility often leads to the use of global boundaries, increasing 

424 uncertainty. This trade-off is widely acknowledged in literature (Bjørn, Sim, et al., 2020) and 

425 ongoing efforts aim to develop regionalized boundaries. In the meantime, a degree of 

426 uncertainty is accepted to enable practical application of AESA without restricting its use to 

427 data-rich, predominantly high-income countries.

428 Future.

429 What is absolute sustainability (assessment) for? The answer to this question can help to set 

430 targets for the future of sustainability assessment. On the global level, it is evident that avoiding 

431 the exceedance of the PBs is crucial to support the human development through the stable 

432 Holocene conditions. On the other hand, when it comes to economic dynamics, business 

433 models, and individual companies, the path is less straightforward. The framework is 

434 positioned in a context of strong sustainability, while policy- and decision-makers instead aim 

435 for weak sustainability principles. With this prevailing dissonance, the question of how to 

436 define pragmatic, and yet scientifically sound absolute sustainability thresholds remains 

437 unanswered. To address this question with practical examples, in this section we reviewed 

438 approaches to operationalize absolute sustainability for industrial decision making.

439 Science based targets for nature (SBTs). The first practical application of absolute 

440 sustainability in case studies grounded in the PB framework is found in the Science Based 

441 Targets Network (Science Based Targets Network, 2026a), which supports companies in 

442 setting validated greenhouse gases (GHGs) reductions targets. Established in 2015 following 

443 the Paris agreement, the initiative initially focused on aligning corporate GHGs emissions 

444 reduction with global climate goals. Its founding partners include the World Wide Fund for 
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445 Nature (WWF), the United Nations Global Compact (UNGC), and the World Resources 

446 Institute (WRI) (Romito et al., 2024). With the growing influence of the PB framework, the 

447 SBTs initiative has developed by integrating ecological limits into its scientific basis for target 

448 setting. Complementing the Science Based Target initiative (SBTi), which addresses only the 

449 Climate Change boundary, it provides companies with a framework to assess and prioritize 

450 impacts on freshwater, land, ocean, and biodiversity. Companies calculate their responsibility 

451 share (or their allowed SOS share) and define a reduction pathway consistent with PBs 

452 compliance in a target year. This allocation is based on distributional justice theories, with 

453 grandfathering being the most applied. As discussed above, this approach raises concerns 

454 regarding fairness (Bjørn et al., 2022, Tilsted et al., 2023). Nonetheless, SBTs represent the 

455 first concrete example of practical implementation of PB-informed science, and the 

456 methodology continues to be refined. The recent adoption of SBTN land targets by H&M 

457 Group illustrates how science-based targets can operationalise absolute sustainability thinking 

458 in corporate decision-making (Science Based Target Network, 2026b). Rather than relying only 

459 on relative improvements, the company defined measurable land-related targets for its 

460 upstream supply chain, including no conversion of natural ecosystems, absolute agricultural 

461 land-footprint reduction, and engagement in regenerative landscape projects. Although not an 

462 LCA-based AESA application, this example shows how boundary-oriented approaches are 

463 increasingly translated into corporate targets for specific environmental pressures and value-

464 chain hotspots (Science Based Target Network 2026a). The scope of SBTN is now expanding 

465 to cover not only target setting for companies but also for cities. 

466 Novel entities. Chemicals and materials have come to play a central role in the global economy, 

467 making chemical and material pressure on PBs a growing concern, as the rapid expansion in 

468 production and diversification of synthetic substances increasingly outpaces the capacity to 

469 assess their potential health and environmental impacts prior to market release. This pressure, 
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470 originally framed within the PB framework as chemical pollution, (see section Comparison 

471 and synthesis above), has progressively expanded to encompass a broader set of anthropogenic 

472 components, including plastic polymers (Villarrubia-Gómez et al., 2018), engineered 

473 nanomaterials (Jahnke et al., 2026), and radioactive materials (Böse et al., 2026). Renamed 

474 novel entities, the boundary now covers “anthropogenic and naturally occurring chemicals, 

475 materials, and other human-generated entities that have the potential to disrupt Earth system 

476 processes through biological or physical effects, whose likelihood and scale of impact are 

477 increased by persistence, mobility, accumulation, and delayed detectability” (Jahnke et al., 

478 2026). The novel entities boundary thus functions as a placeholder for a yet unknown boundary 

479 lacking a well-defined control variable and is characterized by interactions with other PBs 

480 (Kosnik et al., 2022). Persson et al. (2022) and Richardson et al. (2023) suggest to define the 

481 boundary as no release of untested anthropogenic introductions, implying that the threshold is 

482 already transgressed due to the large numbers of new substances synthetized and introduced 

483 every year without comprehensive assessment. A growing body of literature is exploring 

484 alternative definitions, metrics, and potential control variables for novel entities (Dragsdahl et 

485 al., 2025; Reppas-Chrysovitsinos et al., 2025), highlighting concerns related to their 

486 persistence, long-range transport, accumulation pathways, and also the pace of production, 

487 which hinders systematic safety evaluation and long-term environmental sustainability 

488 assessment.

489 Safe and sustainable by design (SSbD). A further opportunity for operationalization is currently 

490 being explored within the EC SSbD framework for chemicals and materials. One of the 

491 framework’s key objectives is to aggregate results of safety and sustainability assessments, 

492 echoing the interpretation need of the DtT weighting methods. This is challenged by the 

493 comparative approach used in sustainability assessment, which generally prevents the 

494 formulation of a yes/no conclusion regarding the sustainability of a system. In this context, the 
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495 SSbD framework suggests that Step4 (environmental sustainability assessment) should 

496 consider an absolute perspective based on the PBs and carrying capacity concepts, aiming to 

497 safeguard the resource needs of future generations (Caldeira et al., 2022). The LCA 

498 combination with the limits established within the PB framework could provide a way to 

499 overcome the question, by prospectively assessing whether emerging products and 

500 technologies operate within their share of the SOS. On the other hand, the recent update of the 

501 framework does not explicitly mention a shift towards absolute sustainability but redefines 

502 benchmarks to function as threshold values (Garmendia Aguirre et al., 2025). The definition of 

503 PB-based sustainability impact thresholds is currently being investigated, building on emerging 

504 applications of AESA at the product level, a scale that is central to the SSbD framework. 

505 Although SSbD has already been tested in several application contexts and case studies, 

506 examples explicitly integrating SSbD with PB-based AESA are missing. This confirms the 

507 prospective character of this research stream. As highlighted by Hussein et al. (2025), there is 

508 currently no general framework to guide the SSbD assessment of chemicals, materials and 

509 products using PBs. Existing AESA applications are still often disconnected from early-stage 

510 design decisions, low-TRL technologies and material- or component-level assessment. 

511 Ultimately, translating global environmental boundaries to the product level is essential for 

512 implementing the PB framework in practice: companies must be able to understand and manage 

513 their contribution to respecting these boundaries. Indeed, policies set directions, but businesses 

514 are the primary actors tasked with measuring and managing their environmental performance. 

515 Translating global boundaries to smaller systems introduces substantial variability, depending 

516 on the principle used, and high uncertainty, increasing as the system scale narrows. In other 

517 words, assigning a share of SOS to a product system involves considerably greater uncertainty 

518 than assigning it to a country system. Nevertheless, this translation is particularly important 

519 especially for emerging technologies, which are often expected to support sustainability 
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520 transitions by improving or substituting existing practices. An SSbD assessments should 

521 therefore also consider whether their potential large-scale deployment would improve the 

522 product-system compatibility with environmental limits. In this perspective, integrating PB-

523 based considerations into SSbD could help orient innovation towards solutions that are not 

524 merely less impactful, but aligned with the strong sustainability and transformative change 

525 required to respect PBs.

526 Comparison and synthesis.

527 We present our findings from i) comparing the LCA methods reviewed (Table 4), ii) 

528 describing the historical transformation of environmental limits (Figure 1), iii) placing the 

529 limits-based LCA within a historical context (Figure 2), and iv) identifying elements of the 

530 valuesphere across methods. Table 4 summarizes the criteria applied for the emission or 

531 damage levels used as a representation of the planetary or other boundaries used in the methods 

532 reviewed in the sections Past and Present. Direct numerical comparison between the methods 

533 is not feasible because the control variables, spatial scales, and indicator definitions are not 

534 harmonized. This lack of comparability reflects methodological differences in how 

535 environmental limits are conceptualized and operationalized. A recurring pattern is the 

536 transgression of the limits measured in the current values, across most methods and impact 

537 categories. This indicates a shared understanding of the entity of anthropogenic pressure on the 

538 environment, and of the urgency of reducing. As evident also in Figure 1, the control variables 

539 for the “Toxic/ecotoxic chemicals” impact category becomes increasingly aggregated over 

540 time, going toward the NEs PB that represents an umbrella term including all the substances 

541 included in the early methods. 

542 Figure 1 illustrates how impact categories associated with environmental limits have changed 

543 over time, supporting the notion that the underlying concept is not new, while the language, 
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544 frameworks, and methodologies developed around it are progressively changing. Almost all 

545 impact categories across methods could be grouped according to the environmental pressure 

546 they assess, differing mainly in the control variable adopted or in impact nomenclature. The 

547 historical development of impact categories such as climate change, stratospheric ozone 

548 depletion, acidification, and novel entities (using PBs Earth system processes terminology) can 

549 be traced back to earlier methods and show substantial continuity over time. Notably, the 

550 precursors of the NEs category consist of a collection of substances included in the current 

551 definition of the corresponding PB, reflecting a progressively improved understanding of the 

552 global issue. On the contrary, land system change, change in biosphere integrity, and freshwater 

553 use emerged only with the conceptualization of the PB framework (and in some updates of DtT 

554 methods, which are outside of the scope of this review e.g., Frischknecht et al., 2009. Waste 

555 and energy-related impact categories were included only in ESM and ET methods. 

556 Figure 2 provides a conceptual overview of the co-evolution of environmental limits 

557 (“Science”), LCA practice integrating targets (“LCA”), and policy frameworks (“Policy”) 

558 discussed above. The relevant elements to describe the process of co-evolution are organized 

559 along a timeline. LCA is positioned in the center as the methodology in focus in this review. It 

560 represents the practice in which environmental limits have been operationalized, to which 

561 contributed both the theory provided by scientific production and the decisions taken within 

562 policy frameworks. The LCA practice has been shaped by both streams, influenced by the 

563 historical context (grey arrows). Scientific production on environmental limits has 

564 progressively contributed to the formalization of LCA as a standardized methodology, initially 

565 addressing a need to measure and reduce impacts at the local scale, for example by informing 

566 weighting approaches to thresholds, targets, or critical loads. These developments consolidated 

567 the use of LCA as a predominantly comparative tool, pursuing eco-efficiency in the short term. 

568 More recently, the emergence of the PB framework has reopened the discussion on the role of 
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569 environmental limits in LCA, fostering the development of PB-based LCA approaches that 

570 explore absolute sustainability benchmarking at various scales. This trajectory has been 

571 reinforced by national and international policies, steering sustainability efforts and informing 

572 environmental law with global agendas as prevalent instruments to address planetary level 

573 sustainability questions (e.g., Millenium Development Goals, Rio Declaration, Sustainable 

574 Development Goals). The PB framework gained momentum because it offers a scientifically 

575 robust basis to assess sustainability at the planetary scale, addressing the need to coordinate 

576 action in response to weak sustainability practices that have proven inadequate (Downing et 

577 al., 2019). The underlying idea is that LCA practice depends on how society thinks and takes 

578 decisions about the environment through policies, visible in Figure 2 showing Science and 

579 Policy mostly preceding LCA innovation.

580 The relation between societal preferences and environmental management is closely related to 

581 the previously discussed valuesphere dimension. In each of the methods, a background 

582 overarching configuration of value choices, normative judgements, distributional justice, and 

583 allocation principles functions as the underlying narrative scenario in which the methods 

584 operate. In Hofstetter et al. (2000) “Cultural Theory” is the framework used to systematically 

585 organize sets of value choices within the valuesphere environment in which they operate. The 

586 DtT, AESA and Future section’s approaches do not explicitly define the virtual valuesphere 

587 environment in which they operate. We have identified political acceptability as the main 

588 subjective element in the DtT weighting methods; the allocation of global SOS to smaller levels 

589 in AESA (and consequently in SBTs and SSbD); and the boundary definition for the Novel 

590 Entities environmental pressure. Although for the DtT methods their valuesphere dependence 

591 is more explicit, to the point of being one of the main criticisms of the LCA weighting step, in 

592 AESA and absolute sustainability it is less evident. The approaches that have operationalized 

593 these methods include few elements attributable to the valuesphere, such as selecting a 
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594 temporal horizon, the reference population entitled to that environmental space, which 

595 functions are socially necessary, and how responsibility should be distributed. Organizing these 

596 elements in structured and coherent sets would help overcome some of the methodological 

597 challenges that arose in this first decade of AESA application. 
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598  DISCUSSION

599 Linking past and present methods.

600 Conceptually, despite their differences in goal and scope, we argue that both AESA and PB-

601 LCA i) aim to evaluate how a given system performs relative to predefined environmental 

602 limits or targets, ii) align with the weighting step of the LCA procedure, and iii) support the 

603 interpretation phase of LCA by indicating which impact categories should be prioritized. 

604 Below, we discuss each point with a comparative perspective.

605 Evaluation against environmental limits. In the case of the DtT methods examined in this study, 

606 the environmental limits are conceived as the maximum acceptable load in a given area. 

607 Acceptability is defined at the government level, according to the reference body that produced 

608 the evidence. As a result, ideological profiles and societal preferences play a crucial role in 

609 accepting targets proposed by the scientific community (Seppälä & Hämäläinen, 2001) and 

610 define the valuesphere of reference for the specific DtT method. Because of this dependence 

611 on value choices and stakeholders’ judgment, it is essential to clearly explain how the 

612 weighting factors were determined. For PBs environmental limits definition depends on an 

613 integrated Earth-system perspective that synthesizes evidence on key biophysical processes 

614 and their interactions across scientific disciplines, aiming to capture the most important 

615 anthropogenic influence at the planetary level of the boundary in focus (Richardson et al., 

616 2023). Targets are defined as pre-industrial Holocene conditions for each boundary, where the 

617 elements attributable to the valuesphere are the i) selection of studies to produce the evidence 

618 synthesis, and ii) the assumption that pre-industrial conditions correspond to Earth-system 

619 stability.

620 Weighting perspective. According to ISO 14040:2006a and ISO 14044:2006b, the integration 

621 of impact categories results using weighting methods is an optional step in LCA. It consists in 
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622 assigning weights to the environmental impact categories considered in the assessment to 

623 support the interpretation of the results. The PB-based LCA for AESA also aligns to this 

624 definition, as it includes an evaluation of the systems according to the targets defined for each 

625 boundary. When applying DtT weighting, weights are calculated based on the relative severity 

626 of the current environmental impact for each specific impact category. The greater the deviation 

627 of an impact indicator from its target, the more urgent the category is considered. While DtT 

628 approaches assumes that all targets are considered as equally important, and no impact has 

629 more severe consequences than others (Tuomisto et al., 2012), AESA obtains disaggregated 

630 values for each boundary to avoid trade-off. 

631 Interpretation and prioritization. In the interpretation phase, both DtT weighting and PB-based 

632 LCA discuss results considering the deviation from targets levels, according to the purpose of 

633 the study. When these DtT approaches were conceptualized, datasets and models were less 

634 comprehensive than in 2009, when Rockstrom et al. (2009) consolidated existing knowledge 

635 and proposed the PB framework. Accordingly, DtT weighting methods have typically been 

636 developed from a local perspective, tailored to specific countries or regions, and based on a 

637 consumer-oriented perspective (i.e., the country where the product system is consumed). This 

638 represents a limitation for interpreting environmental pressures that transcend borders, and 

639 global production systems, as impacts occurring along their value chain are weighted according 

640 to the conditions of the region for which the method was developed (Muhl et al., 2021). The 

641 PB-based approaches, by contrast, seek to anchor LCA in global Earth-system limits to account 

642 for planetary level changes, globalization of supply chains, and shared responsibility in 

643 environmental management, facing different challenges regarding boundary choice and 

644 allocation. 
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645 Valuesphere. In this article, we reviewed how the concept of environmental limits was 

646 interpreted and implemented in the past, present, and how we envision it to be in the future of 

647 LCA. The differences in the thresholds set in the past and present stress how much a boundary 

648 for absolute assessment is dependent on the criterium set for its establishment. This choice will 

649 ultimately be made by a partly subjective decision depending on the social and historical 

650 context to which it pertains. In weighting, setting a target value can coincide with the definition 

651 of a threshold for a PB, where pollutant critical loads (i.e., ESM), environmental themes’ limits 

652 (i.e., ET), or eco-points (i.e., EI95) are substituted by Earth system process control variables. 

653 The values to set the limits for DtT methods were found to be predominantly subject to political 

654 willingness to integrate scientifically defined targets in policy, or else focus on compromise-

655 based targets. A limitation of this approach is the gap between policy limits and best-case 

656 scenario for environmental protection, as they are the results of debates matching science and 

657 societal acceptance. This is evident when comparing the different definitions of goals in the 

658 environmental sciences context and in global agendas, even with the shared aim of maintaining 

659 the earth system in an acceptable status for human prosperity. On the contrary, the PB 

660 framework, although openly anthropocentric, was conceived to be independent from any 

661 country or policy. However, while pursuing objectivity in boundaries definition, AESA too 

662 cannot, at this point, be decoupled from social values and preferences. This happens when 

663 selecting the principles that guide the sharing of the PBs allowance, choices that reflect various 

664 understanding of fairness. The share of SOS works addictively, meaning that the sum of all 

665 production and consumption should equal the earth system carrying capacity, resulting in a set 

666 of scenarios of sustainability results for the same system according to different distribution of 

667 SOS. In this way, the “absolute” element of sustainability advocated by this approach falls into 

668 relativity because of the very nature of distributional justice theories, by definition providing 

669 options rather than an unequivocal answer of what is fair. To support this claim, most of the 
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670 studies developing such an assessment were obliged to test a few sharing principles, obtaining 

671 a set of possible limits rather than an operative result (Ryberg, Owsianiak, Richardson, et al., 

672 2018; Sandin et al., 2015). This distinction is particularly important because AESA is absolute 

673 in their reference to biophysical limits, but not value-free in their operationalization. The 

674 definition of thresholds, the translation of PBs into LCA-compatible indicators, the allocation 

675 of global limits to product-level functions, and the interpretation of transgressions all involve 

676 context-dependent normative judgements. Making the valuesphere explicit therefore should be 

677 one of the scientific ambitions of absolute sustainability assessment, along with methodological 

678 development. This element would improve transparency, interpretability, and credibility, 

679 especially when these methods are used to support product-level decision-making in SSbD 

680 contexts. This tension contributes to the resistance to adopt such absolute perspective in our 

681 system, missing an operational level. We concluded that the valuesphere has in both approaches 

682 a significant role that inevitably shapes the results of the study. Our question is: can absolute 

683 sustainability aim to produce stronger claims than DtT weighting?

684 Future.

685 Towards absolute sustainability. Grounded in the principles of strong sustainability, the PBs 

686 concept has been proposed to move from pursuing what is merely acceptable or marginally 

687 improved to identifying what is essential for maintaining natural capital in the long term. The 

688 LCA and its consolidated methodological structure can be combined with the decision-support 

689 strengths of the PB framework, creating a coherent basis for assessing sustainability (Ryberg, 

690 Owsianiak, Clavreul, et al., 2018). The PB framework offers a suitable pathway to 

691 operationalize absolute environmental sustainability and address the asymmetry between 

692 strong and weak sustainability paradigms. The concept of sustainability is inherently linked to 

693 the carrying capacity concept, although it is now widely used to describe any effort aimed at 

694 reducing impacts, lowering emissions, or optimizing resource uses. Its original meaning, 
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695 indicating a status that can be sustained in the long term, is now being reintroduced along with 

696 the “absolute” specification. Within this perspective, traditional comparative approaches are 

697 characterized as “relative”, since product-to-product assessments primarily promote eco-

698 efficiency, which does not necessarily equate to a sustainable system. The shift from 

699 regionalized DtT environmental limits to the global PB framework reflects this change in 

700 perspective, supported by emerging evidence that human activities drive global environmental 

701 change (Steffen et al., 2007 cited in Rockström et al., 2009). This finding supported the debate 

702 around the Anthropocene, a concept rejected by the International Commission on Stratigraphy 

703 (ICS) and the International Union of Geological Sciences (IUGS), yet still influential as a 

704 scientific and societal narrative. As environmental change increasingly manifests at a planetary 

705 scale, the regional level of analysis has become insufficient to guide a sustainable transition.

706 We associated the relative/absolute contrast to the tension between the strong/weak 

707 sustainability paradigms. The stress on the “absolute” terms, we believe serves to differentiate 

708 it explicitly from comparative sustainability, that means trying to be “less unsustainable” 

709 without engaging on concerns on growth (Steffens et al., 2025). On the other hand, PBs 

710 implicitly set limits to growth. By stating that the system studied exceeds its shares of SOS, 

711 AESA results call for less impacts. This cannot derive only from technological improvements 

712 but must be paired with changes in production and consumption patterns, when seven out of 

713 nine boundaries are well beyond the SOS (Sakschewski et al., 2025). Weak and relative 

714 sustainability has proven more operational but, missing a path to get to the SOS in a safe, just, 

715 and economically viable way, it is not enough to address the ecological crisis. This perspective 

716 is characterized by awareness of risk exceeding capacity for practical action, which is 

717 ultimately a major obstacle to operationalizing strong and absolute sustainability. 

718 Addressing asymmetry in SSbD. We identify an asymmetry in the SSbD framework arising 

719 from a methodological mismatch between safety assessment, which follows a product-to-limit 
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720 logic, and sustainability assessment, which is predominantly product-to-product. This 

721 asymmetry might limit the ability of SSbD to support early-stage innovation, as sustainability 

722 assessments rely on context-specific reference systems that may not yet exist for novel 

723 solutions and lack a boundary perspective to account for intra and intergenerational justice. We 

724 therefore ask whether a shift toward AESA within SSbD could help overcome these 

725 constraints. As one of the key conceptual differences between past and present methods 

726 reviewed in this manuscript is their positioning with respect to comparative approach, it was 

727 proposed that integrating the PB framework into Step4 of SSbD may offer a pathway to move 

728 beyond comparison (Caldeira et al., 2022). The latest update of the SSbD framework 

729 (Garmendia Aguirre et al., 2025) proposed another way to address the asymmetry and the 

730 relative-absolute tension, defining benchmarks on average impacts of chemicals, and not 

731 grounding the assessment in concepts of absolute sustainability or PBs. Considering the role of 

732 the SSbD framework as a support for redesign, substitution, and early-stage decision-making, 

733 we agree that the definition of benchmarks remains crucial in the assessment. We suggest that 

734 the asymmetry should be resolved complementing a relative LCA with AESA to expand the 

735 assessment and account for environmental limits. Alternatives would be compared against each 

736 other within the share of SOS assigned to the system. To support the vision outlined above, 

737 Figure 3 represents a conceptual overview of the proposed workflow. Rephrasing the popular 

738 statement of absolute sustainability, we suggest that systems should be better and good enough. 

739 Improvement of environmental profiles should remain a priority, especially considering the 

740 high level of boundaries transgression that studies up to now have proved. This suggestion, 

741 acknowledging the limitations discussed above on operationalization of AESA, provides a 

742 different perspective on the relative/absolute assessment relations, within SSbD and more in 

743 general in the field of sustainability assessment. Matching the two types of assessment is 

744 essential to avoid two opposite limitations. Comparative LCA anchors the evaluation of 
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745 emerging technologies in the current system, identifying whether they are environmentally 

746 preferable to existing alternatives and where trade-offs may arise. The AESA framework, in 

747 contrast, situates these improvements within planetary conditions, but may lose interpretability 

748 if disconnected from benchmarks and realistic substitution pathways. Combining comparative 

749 LCA with AESA therefore allows SSbD to connect the short- to medium-term question of 

750 whether an innovation is environmentally “better” than current practice with the long-term 

751 sustainability question of whether it is “good enough” in relation to planetary conditions. 

752 Recommendations / Outlooks. Our systems – economic, political, social – are not (yet?) built 

753 to function within the PBs. To bring the Earth system back into its SOS several perspective 

754 changes are required, along with a more radical socio-economic transition. The PBs limits are 

755 applied on systems that depend on many factors and stakeholders, across life cycle stages. For 

756 this reason, absolute sustainability in practice has to go beyond the assessment committing 

757 party. First, it is important to make discourses on essential use and sufficiency at the global 

758 level practical., The AESA community has started to address the question of ideal consumption 

759 levels, both in terms of which products and how much of them (Schlesier et al., 2024). This 

760 opens a further question on how to distribute responsibility between producers and consumers, 

761 and how to deal with individual people’s behavior. This point must be address jointly with 

762 social sciences, broadening the meaning of just safe operating space (Rockström et al., 2023). 

763 To support sufficiency efforts from the producers’ side, sustainable business models need to 

764 be adapted to integrate a link to limits and fair share. Concerning LCA, we believe that the shift 

765 to an absolute sustainability perspective demands to prioritize integration of scenarios, to model 

766 sets of possible futures targeted at SOS compliance. Scenarios would have to account for the 

767 allowed size of the market sector, possible sustainable business models for companies to adopt, 

768 the role of stakeholders along the value chain, and so on. An interesting and established 

769 framework to construct scenarios is the Shared Socio-economic Pathways (SSPs) (O’Neill et 
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770 al., 2017), that provide development narratives to reach climate goals. These pathways provide 

771 five scenarios posing different challenges for mitigation and adaptation strategies, offering a 

772 solid basis to discuss possible roads to make our system sustainable in a PBs-based absolute 

773 way. Parallel to this modelling work, we encourage discussion on the definition of absolute 

774 sustainability, which can shape results of this transition and help imagine how the future will 

775 look like. We agree with Guinée et al. (2022) that absolute sustainability, as currently framed, 

776 is also relative because its validity depends on strong assumptions, including that carrying 

777 capacity shares are perfectly assigned to all existing product systems, that functional units are 

778 defined based on annual consumption levels, and that production remains constant over time. 

779 We complement this reasoning by arguing that such relativity also derives from its grounding 

780 in a weak sustainability paradigm. To avoid contradictions and greenwashing, we suggest that 

781 the absolute sustainability narrative should be primarily coupled to systems aimed at strong 

782 sustainability rather than growth. Reframing this discourse to support societal and economic 

783 transition could be complemented by the development of global pathways towards PBs 

784 compliance, envisioning a future where companies are ready to decouple from market 

785 dynamics.
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786 CONCLUSIONS

787 We critically reviewed the historical integration of environmental limits in LCA, motivated 

788 by an asymmetry in assessing safety and sustainability within an SSbD context. Our 

789 comparison of early DtT weighting methods and modern PB-based approaches showed that the 

790 first attempts for LCA-based decision-making in industrial context were also limited by policy-

791 based target-setting compared to the science-based target-setting approach which, underpinned 

792 by the PB framework, forms the basis of the modern PB-based LCA. The main PB-based LCA 

793 approaches identified include PB-based weighting, carrying capacity-based normalization, 

794 product-level reduction targets, and substituting current LCA impact assessment methods with 

795 PB-aligned impact categories. The current discussion on limits revolves around the 

796 methodologies of integrating the PBs in sustainability assessment and agreeing on the strength 

797 of the PB framework. In our view, PB-based LCA needs to address the challenges of i) linking 

798 global and local scales, including the use of appropriate data in sustainability assessments, and 

799 ii) considering the great variability of system-level thresholds and their role in target-setting. 

800 We further highlighted the role of the valuesphere in selecting the distributional justice theory 

801 and sharing principles. To overcome the safety-sustainability asymmetry identified in SSbD, 

802 we propose a safety-sustainability integration rather than transitioning from a comparative to 

803 an absolute sustainability assessment paradigm for novel entities. In the future, we envision the 

804 need to strengthen the scenario and consumption discussion and modelling, as well as the 

805 definition of the role of absolute sustainability for consumers and companies, taking as 

806 examples the SBTs initiative and the SSbD framework. 
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807 Figure captions

808 Figure 1. Comparison of impact categories in DtT weighting methods and PBs Earth system 

809 processes over time. Each term starts with the method that developed it. The reference used, if 

810 not corresponding to the original document, is cited in brackets. Some categories have been 

811 grouped as pertaining to the same area of protection, either broadening or narrowing the scope 

812 along with scientific understanding of the processes. ■ ESM: Ecological Scarcity Method. The 

813 impact categories introduced in 2009 were excluded; ■ ET long: Environmental Themes - long 

814 term; ■ EI95: Eco-indicator ’95; ■ PB: Planetary Boundaries (shaded, light (2009) to dark 

815 (2023)); P: Phosphorus; N: Nitrogen The overlap of colours in “ozone layer depletion”, 

816 “acidification”, and “eutrophication” represent an overlap of terms in the respective methods.

817 Figure 1 – Alt text

818 Timeline diagram showing the evolution and continuity of environmental impact categories 

819 across the Ecological Scarcity Method, Environmental Themes method, Eco-indicator 95, and 

820 successive Planetary Boundaries frameworks from 1978 to 2023. Horizontal bars indicate 

821 when related environmental categories appear across methods, highlighting continuity in 

822 climate change, ozone depletion, acidification, and eutrophication, as well as the later 

823 emergence of Earth-system processes such as biosphere integrity, land-system change, 

824 freshwater change, and novel entities.

825 Figure 2. Conceptual representation of the interactions of Life Cycle Assessment practice, 

826 scientific understanding of environmental limits, and policy frameworks. ■ Science; ■ LCA; ■ 

827 Policy. PBs: Planetary Boundaries; LCA: Life Cycle Assessment; CH: Switzerland; NL: The 

828 Netherlands; DtT: Distance to Target; PB-LCA: Planetary Boundaries based Life Cycle 

829 Assessment; AESA: Absolute Environmental Sustainability Assessment; NEPA: National 
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830 Environmental Policy Act; MDGs: Millenium Development Goals; SDGs: Sustainable 

831 Development Goals; SSbD: Safe and Sustainable by Design: CE: Circular Economy.

832 Figure 2 – Alt text

833 Timeline showing the co-evolution of environmental science, Life Cycle Assessment (LCA) 

834 practice, and sustainability policy. Scientific concepts and policy developments precede and 

835 influence successive LCA approaches, from early environmental limits and distance-to-target 

836 (DtT) weighting methods to Planetary Boundaries (PBs), PB-LCA, Absolute Environmental 

837 Sustainability Assessment (AESA), and Safe and Sustainable by Design (SSbD).

838 Figure 3. A proposal to reframe the asymmetry between safety and Sustainability in SSbD. 

839 LCA: Life Cycle Assessment; SSbD: Safe and Sustainable by Design; SOS: Safe Operating 

840 Space.

841 Figure 3 – Alt text

842 Conceptual diagram comparing two approaches to sustainability assessment within Safe and 

843 Sustainable by Design (SSbD). The upper panel shows a shift from comparative to absolute 

844 assessment: safety is evaluated against a yes/no threshold, while comparative Life Cycle 

845 Assessment (LCA) based on more/less impact is replaced by an absolute LCA assessment 

846 against an allocated share of the Safe Operating Space (SOS). The lower panel shows the 

847 proposed combined approach, in which safety retains its yes/no threshold and sustainability 

848 integrates both comparative LCA between alternatives and absolute assessment against the 

849 SOS.

850
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Global warming potential

Climate impact

Greenhouse effect

Climate change

Ozone depletion potential

Ozone layer depletion

Stratospheric ozone depletion

Acidification potential

Acidification

Ocean acidification

Characterization of radioactive emissions

Toxic substances emission

Carcinogenic substances

Airborne heavy metals

Waterborne heavy metals

Chemical pollution

Novel entities

Characterization of plant protection products

Pesticides

Land system change

Rate of biodiversity loss

Change in biosphere integrity

Photooxidant formation

Summer smog, Winter smog

Atmospheric aerosol loading

Eutrophication

Bio-geochemical flows: interference with P and N cycles

Bio-geochemical flows: P and N cycles

Landfilled waste

Environmentally hazardous waste

Characterization of primary energy resources

Resources (fossil fuels)

Electricity use

Global freshwater use

Freshwater use

Seminal publications

ESM
Frischknecht et al., 2009 
(Müller-Wenk, 1978)

ET
Baumann & Rydberg, 1994
Lindfors et al., 1995
(Annema, 1991; McKinsey 
& Company, 1991)

EI95
Goedkoop, 1995

PB
Rockström et al., 
2009

PB
Steffen et al.,
2015

PB
Richardson et al., 
2023
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Critical loads & 
socio-ecological 

principles
Critical loads work in 
the 1980s; Holmberg/ 
Azar socio-ecological 
principles early–mid-
1990s

PBs refinements, 
justice & allocation 

debates 
PB update (2015), 
“safe & just” PBs, 
allocation/ justice 
discussions

“Limits to growth”, 
carrying capacity 

Club of Rome report 
(1972), early global 
limits, and carrying-
capacity debates

Planetary Boundaries 
framework

First PB paper (2009)

Early env. legislation 
& intl. agreements

NEPA (1969), 
Stockholm 
Conference (1972), 
first wave of modern 
environmental law

SDGs, climate 
targets, 
national/regional 
Env. Limits
SDGs and Paris 
Agreement (2015) 
onwards

Rio process, Agenda 
21, MDGs

Rio & Agenda 21 
(1992) and Millennium 
Development Goals 
(2000)

Early LCA 
formalization & 

weighting families
Late 1980s–mid-1990s: 
standardization of LCA 
framework and 
identification of 
weighting approaches

DtT methods
development

• Eco-scarcity (CH) 
1990

• ET long (Nordic) Mid-
1990s

• Eco-indicator 95 
(NL) 1995

Absolute 
sustainability at 

product level
Emerging product-level 
PB-LCA/AESA 
applications (late 
2010s–2020s)

PB-LCA, 
AESA

~2010 
onwards

DtT consolidated in 
practice

Approx. 2000–2010: 
Distance to Target 
weighting becomes 
established in applied 
LCA

1980s 2000s 2010s 2020s 1990s 1970s 

SC
IE

N
C

E
LC

A
PO

LI
C

Y

SSbD sustainability, 
CE, just allocation 

debates
EU circular economy 
packages, SSbD 
framework, “safe & 
just” PB uptake (mid-
2010s–2020s)
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SAFETY SUSTAINABILITY

YESNO

SSbD

LESSMORE

SUSTAINABILITY

YESNO

SSbD

LESSMORE

SUSTAINABILITY

NOYES

Comparative ➔ Absolute

Comparative + Absolute

LCA LCA LCA

LCA LCA

SAFETY
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Table 1. Distance-to-target weighting methods reviewed in this study. AG: Aktiengesellschaft (Swiss 
joint-stock company).

Method Year Region Commissioner Reference

Ecological 
Scarcity 
Method (ESM)

1978 Switzerland Frisco-Findus AG

Müller-Wenk, 1978: Die ökologische 
Buchhaltung: Ein Informations- und 
Steuerungsinstrument für 
umweltkonforme Unternehmenspolitik. 
Campus Verlag Frankfurt – cited by 
Frischknecht et al., 2009

Environmental 
Themes 
method (ET)

1990s

The 
Netherlands 
(adapted for 
Sweden)

Dutch Chemical 
Industry and the 
Dutch 
government

Annema, 1991; McKinsey & Company 
Inc, 1991 – cited by Baumann & 
Rydberg, 1994; Lindfors et al., 1995

Eco-
indicator95 
(EI95)

1995 The 
Netherlands 

National Reuse of 
Waste Research 
Program

Goedkoop, 1995
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Table 1. Planetary Boundaries-based Life Cycle Assessment (PB-LCA) approaches reviewed in this study. 
PBs: Planetary Boundaries; LCIA: Life Cycle Impact Assessment.

Method Year Commissioner Reference

PBs for 
Normalization 2015 Technical University of Denmark Bjorn & Hauschild, 2015

PBs for 
Interpretation 2015 Chalmers University of 

Technology Sandin et al., 2015

PBs in LCIA 2018 Technical University of Denmark Ryberg et al., 2018a
PBs for 
Weighting 2019 L’Oréal Research & Innovation Vargas-Gonzales et al., 2019

PBs for 
Normalization 2020 European Commission Sala et al., 2020
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Table 1. Research streams operationalizing Planetary Boundaries (PBs) for industry reviewed in this 
study.

Method / Topic Year Commissioner Reference

Science Based 
Targets (SBTs) 
for nature 
initiative 

2015

World Wide Fund for Nature 
(WWF), the United Nations 
Global Compact (UNGC), and the 
World Resources Institute (WRI)

Bjørn et al., 2022; Tilsted et al., 2023; 
Romito et al., 2024 
https://sciencebasedtargetsnetwork.org/

Novel Entities 
(NEs) 2015 Stockholm Resilience Centre

Steffen et al., 2015; Tulus et al., 2021; 
Persson et al., 2022; Kosnik et al. 
2022; Richardson et al., 2023; 

Safe and 
Sustainable by 
Design (SSbD)

2022 European Commission Joint 
Research Centre 

Caldeira et al., 2022; Garmendia 
Aguirre et al., 2025.
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Table 1. Threshold in early attempts to link LCA impacts to planetary or other related absolute boundaries. The PBs biosphere integrity, land system 
change, and freshwater change are missing in the early methods and are not reported for the purpose of comparison. The ESM includes more 
substances under the impact category “Toxic/ecotoxic chemicals”, not listed for the purpose of comparison. References to compile the table: ESM 
= Frischknecht et al., 2009; EI95: Goedkoop, 1995; ET: Rydberg, 1996; PB: Richardson et al., 2023. Abbreviations:  GW: Global Warming; GHG: 
GreenHouse Gas; Current: at the time of the reference publication; CH: Switzerland; EU: Europe; SE: Sweden; GLO: Global; CO2: carbon 
dioxide; ∆T: temperature change;  yr: year; [CO2]: CO2 Concentration; ppm: parts per million; RF: Radiative Forcing; W/m2: Watt / square 
meter; R11: trichlorofluoromethane; DU: Dobson Units; CFC: ChloroFluoroCarbons; Cl: Chlorine; Br: Bromine; NOx: nitrogen oxides; NO2: 
nitrogen dioxide; NH3-N: nitrogen content in ammonia;  SO2: sulphur dioxide; Ωaragonite: aragonite saturation state; Ca: Calcium; Mg: 
magnesium; K: potassium; Al: aluminum; P: phosphate; N: nitrogen; NMVOCs: Non-Methane Volatile Organic Compounds; ppb: parts per billion; 
∆AOD: interhemispheric difference in Aerosol Optical Depth; PM: particulate matter; PAH: Polycyclic Aromatic Hydrocarbons; Pb: lead; Cd: 
Cadmium; REACH: Registration, Evaluation, Authorization and Restriction of Chemicals.

Impact Category Ecological Scarcity 
Method (ESM)

Eco-Indicator ’95 (EI95) Environmental Themes 
short (ET short)

Environmental Themes 
long (ET long)

Planetary Boundaries 
(PB) framework

Current (CH): (baseline of 
1990) 41.1 million t CO2-

eq

Current (EU): 
∆T=+0.2°C/10yr

Current (SE): CO2-eq = 
9.0*1013 g

Current (SE): not specified Current (GLO):
[CO2]: 417ppm CO2,

RF: +2.91 W/m2

Target:
CO2/yr2010 ≤ 37 million t or 

10% reduction by 2010
CO2/yr2050 ≤ 80.6 million t 
or 80% reduction by 2050

Target: 60% reduction Target: CO2-eq ≤ 9.0*1013 
g

Target: CO2-eq ≤ 2.7*1013 
g or 70% reduction

Target:
[CO2]: 350ppm CO2,

RF: +1.0 W/m2

GW / GHG effect

Criteria: 10% fuel 
reduction from the 1990 

baseline in the Swiss CO2 
Act (2010); Swiss 

Sustainable Development 
Strategy (2050)

Criteria: ∆T ≤ +0.1° C / 
10yr or ecosystem 
impairment < 5%

Criteria: policy target for 
year 1995

Criteria: ∆T ≤ 0.11°C / 
10yr

Criteria: possibility of 
extreme Earth system 
impacts above 1.5° C 

warming

Current (CH): (2006) 391 t 
R11-eq/a

Current (EU): 2.6% of 
ozone layer depletion

Current (SE): R11-eq = 
4.1*109

Current (SE): not specified Current (GLO):
284.6 DU

Ozone depletion

Target: R11-eq/a ≤ 188 in 
2015

Target: CFC emissions = 0 
by 2000 or 60% reduction

Target: 95% reduction Target: R11-eq ≤ 3.1*1013 
g or 92.5% reduction

Target: 276 DU
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Criteria: estimation on 
releases of the stocks of 

substances already in use 
and substances ban

Criteria: probability of 1 
death per year per million 
people (due to melanoma)

Criteria: policy target for 
year 1995

Criteria: Cl/Br 
concentrations below 
formation of the polar 

ozone hole

Criteria: max of <5% 
reduction from pre-

industrial level

Current (CH): (2006)
91000 t NOx as NO2/yr

44000 t NH3-N/yr
19000 t SO2/yr

Current (EU): location 
dependent, value missing

Current (SE): SO2-eq = 
7.6*1011

Current (SE): not specified Current (GLO): carbonate 
ion concentration on the 

ocean surface = 2.8 
Ωaragonite

Target:
45000 t NOx as NO2/a

25000 t NH3-N/a
25000 t SO2/a

Target: 90% reduction Target: 50% reduction Target: SO2-eq ≤ 3.0*1011 
or 60% reduction

Target: carbonate ion 
concentration on the ocean 

surface ≥ 3.44 Ωaragonite

Acidification

Criteria: ambient limit 
values defined within the 

Swiss Federal Air 
Pollution Control 

Ordinance

Criteria: 5% system 
impairment

Criteria: policy target for 
year 1995

Criteria: ion balance 
(Ca+Mg+K):Al >1 in soils

Criteria: avoid major 
disturbance in marine 

ecosystems (i.e., aragonite 
desaturation, leading to 
inhabitable corrosive 

water)
Current: n/a Current (EU): approx. 200 

kg P-eq/ha per yr in 
Benelux countries, North-
Rhine Westphalia, and Po 

valley region

Current (SE): NOx-eq = 
6.4*1011

Current (SE): not specified Current (GLO): 22.6 Tg 
P/yr global, 17.5 Tg P/yr 

regional; 190 Tg N/yr

Target:
17000 t N/yr

20 mg/m3 P in lakes

Target: NOx ≤ 2.2 mg/l; 
POx ≤ 0.15 mg/L or 80% 

reduction

Target: 40% Target: NOx-eq ≤ 9.2*1011 
or -40% (no reduction 

needed)

Target: P global ≤ 11 
Tg/yr, Regional ≤ 6.2 
Tg/yr; N ≤ 62 Tg/yr

Eutrophication

Criteria: n/a Criteria: rivers and lakes, 
impairment of an unknown 

number of aquatic 
ecosystems (5% 

degradation)

Criteria: policy target for 
year 1995

Criteria: critical loads of 
nutrients to sea water 
surrounding Sweden

Criteria: phosphate: avoid 
large-scale anoxia; 

nitrogen: water quality 
standards (Steffen et al., 

2015)
Photo-oxidants Current: (2006)

116000 t/yr NMVOCs
Current (EU): O3 = 25 ppb 
average, summer peak 300 

ppb

Current (SE): g ethene-eq 
= 1.84*1011

Current (SE): not specified Current (GLO): ∆AOD = 
0.076
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Summer smog
Target: ≤ 25 ppb or 90% 

reduction

Target:
81000 t/yr NMVOCs

Winter smog:
Target: 50 µg/m3 or 
75/80% reduction

Target: 30% reduction Target: g ethene-eq ≤ 
5.6*1010 or 70% reduction

Target: annual ∆AOD ≤ 
0.1

Criteria: ambient limit 
values defined within the 

Swiss Federal Air 
Pollution Control 

Ordinance

Criteria: occurrence of 
smog periods health 

complaints, particularly 
among asthma patients and 

old people. For summer 
period also occurrence of 

agricultural damage

Criteria: policy target for 
year 1995

Criteria: 5%-il for damages 
of ozone to crop)

Criteria: estimation of pre-
industrial annual ∆AOD

Current: (2006)
22000 t PM10/yr, 12745 t 

PM2.5/yr,
9255 t PM2.5-10/yr, Pb in 
air 91 t/yr, Cd in air 2 t/yr, 

0.004 µg PAH/L

Current (EU): pesticides 
exceedance in 65% of EU, 

heavy metals in air 
exceeded (GLOBE report), 

heavy metals in water 
exceeded in Rhine 

(GLOBE report), 
carcinogenic substances 

(PAHs) in Western 
European cities around 1 

ng/m3.

Current (SE): tox.-eq = 
1.27*108

Current (SE): not specified Current (GLO): 
transgressed

Target:
Particulate matter: 12000 t 
PM10/yr, 6952 t PM2.5/yr, 

5048 t PM2.5-10/yr

Target:
Pesticides: 0.5 µg/l or 96% 

reduction

Target:
Lead emissions to air: 58 t 

Pb/yr

Target:
Heavy metals in air: Pb ≤ 

0.5-1 µg/m3 or 80% 
reduction

Toxic/ecotoxic chemicals

Target:
Cadmium emissions to air: 

2.08 t Cd/yr

Target:
Heavy metals in water: 
80% reduction of Cd

Target: 60% reduction Target: tox.-eq ≤ 2.5*107 
or 80% reduction

Target: no release without 
adequate safety testing
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Target:
Carcinogenic substances: 

0.1 µg PAH/l,

Target:
Carcinogenic substances: 

0.01 ng/ m3 or 90% 
reduction
Criteria:

Pesticides: groundwater 
contamination, 5% system 

impairment
Criteria:

Heavy metals in air: lead 
levels in children’s blood, 
limited life expectancy and 

learning ability in an 
unknown number of people

Criteria:
Heavy metals in water: 

cadmium content in rivers, 
ultimately also effect on 

people

Criteria: ambient limit 
values defined within the 

Swiss Federal Air 
Pollution Control 

Ordinance, PAHs’ target 
within the International 

Commission for the 
Protection of the Rhine

Criteria:
Carcinogenic substances: 
probability of 1 death per 
year per million people

Criteria: Policy target for 
year 1995

Criteria: critical load of 
deposition of Mercury

Criteria: percentage of 
untested synthetics 

released globally, e.g., 
among chemicals currently 

registered under the EU 
REACH regulation, at least 
~80% had been in use for 
at least 10 years without 
yet having undergone a 

safety assessment 
(Richardson et al., 2023)
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