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Abstract: Purpose
This paper proposes a method to assess the social impacts of nano-enabled products
through the life cycle that is a) quantitative, b) integrates performance and attitudinal
dimensions of social impacts, and c) considers the overall and stakeholder balance of
benefits and costs. Social Life Cycle Assessment (s-LCA) and Multi-Criteria Decision
Analysis (MCDA) are integrated to address this need, and the method is illustrated on
a case study of a nano-enabled product.
Method
The s-LCA framework comprises of fifteen social indicators within the classification
structure of Benefit/Cost and Worker/Community. The method includes four steps: a)
Normalization of company  level data on the social indicator to country level data for
the year, b) Nested weighting at stakeholder and indicator level and its integration with
normalized scores to create social indicator scores, c) Aggregation of social indicator
scores into benefit score, cost score and net benefit scores as per the s-LCA
framework, and d) Classification of social indicator scores and aggregated scores as
Low/Medium/High based on benchmarks created using employment and value added
proxies.
Results and Discussion
A prospective production scenario involving novel product, a nano-copper oxide (n-
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CuO) based paint with anti-microbial functionality, is assessed with respect to its social
impacts. The method was applied to twelve indicators at the company level.
Classification of social indicator scores and aggregated scores showed that the n-CuO
paint has high net benefits.
Conclusions
The framework and method offer a flexible structure that can be revised and extended
as more knowledge and data on social impacts of nano-enabled products becomes
available. The proposed method is being implemented in the Social Impact
Assessment sub-module of the SUN Decision Support System (SUNDS) software.
Companies seeking to improve the social footprint of their products can also use the
proposed method to consider relevant social impacts to achieve this goal.
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Abstract 25 

Purpose  26 

This paper proposes a method to assess the social impacts of nano-enabled products through 27 

the life cycle that is a) quantitative, b) integrates performance and attitudinal dimensions of 28 

social impacts, and c) considers the overall and stakeholder balance of benefits and costs. 29 

Social Life Cycle Assessment (s-LCA) and Multi-Criteria Decision Analysis (MCDA) are 30 

integrated to address this need, and the method is illustrated on a case study of a nano-enabled 31 

product. 32 

Method  33 

The s-LCA framework comprises of fifteen social indicators within the classification structure 34 

of Benefit/Cost and Worker/Community. The method includes four steps: a) Normalization of 35 

company  level data on the social indicator to country level data for the year, b) Nested 36 

weighting at stakeholder and indicator level and its integration with normalized scores to create 37 

social indicator scores, c) Aggregation of social indicator scores into benefit score, cost score 38 

and net benefit scores as per the s-LCA framework, and d) Classification of social indicator 39 

scores and aggregated scores as Low/Medium/High based on benchmarks created using 40 

employment and value added proxies.  41 

Results and Discussion 42 

A prospective production scenario involving novel product, a nano-copper oxide (n-CuO) 43 

based paint with anti-microbial functionality, is assessed with respect to its social impacts. The 44 

method was applied to twelve indicators at the company level. Classification of social indicator 45 

scores and aggregated scores showed that the n-CuO paint has high net benefits. 46 

Conclusions 47 
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The framework and method offer a flexible structure that can be revised and extended as more 48 

knowledge and data on social impacts of nano-enabled products becomes available. The 49 

proposed method is being implemented in the Social Impact Assessment sub-module of the 50 

SUN Decision Support System (SUNDS) software. Companies seeking to improve the social 51 

footprint of their products can also use the proposed method to consider relevant social impacts 52 

to achieve this goal. 53 

Keywords: Social Life Cycle Assessment, Sustainability Assessment, Decision Analysis, 54 

Nanotechnology, Decision Support System, Case Study 55 

1. Introduction 56 

In the recent years, Life Cycle Assessment has been extended to social aspectsand the resulting 57 

social Life Cycle Assessment (s-LCA) is an approach to assess social impacts associated with 58 

the Life Cycle of an activity (Althaus et al., 2009). s-LCA is a relatively young method (Petti 59 

et al, 2016; Jorgensen et al, 2007; Hunkeler, 2006), but its value in assessing the social impacts 60 

of products has already been recognized by companies (Benoit et al, 2010). Roundtable of 61 

Product Social Impact Assessment (RPSM, 2014) and World Business Council of Sustainable 62 

Development chemical method (WBSCD, 2016) harmonize definitions of social impacts and 63 

suggest measurable indicators to be applied in a company context. s-LCA for products has been 64 

implemented within SEEBALANCE sustainability assessment tool (Schmidt et al., 2004), 65 

Social Hotspots Database scoping assessments (Benoit-Norris et al, 2012) and LICARA 66 

NanoSCAN tool 1(van Harmelen et al, 2016). s-LCA has been widely applied to product 67 

systems and organizations (Ramirez et al, 2016; Siebert et al, 2016; Smith and Barling, 2014; 68 

Hosseinijou et al, 2014; Manik et al, 2013; Foolmaun and Ramjeeawon, 2012; Hunkeler, 2006; 69 

Norris, 2006; O’Brien et al, 1996).  70 

                                                           
1 LICARA NanoSCAN is the only assessment tool that specifically addresses nano-enabled products. 
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There are, however, important gaps to be addressed to link s-LCA to real world decision-71 

making. Social impacts inherently have both performance and attitudinal dimensions that 72 

should be incorporated explicitly in decision-making. Furthermore, the decision-making 73 

framework and method should make explicit benefits and costs, and how these are distributed 74 

along the value chain. There are additional methodological issues that remain to be addressed 75 

for credible assessment of the social impacts of nano-enabled products. Subramanian et al 76 

(2016b) highlight some of these issues pertaining specifically to nanotechnology including lack 77 

of metrics on contribution of innovation to sustainable development goals and information 78 

sharing on environmental health and safety risks in the value chain, as well as the challenge in 79 

operationalizing impacts with substantial ethical and cultural dimensions.  80 

Subramanian et al (2016b) propose an s-LCA framework for nano-enabled products and couple 81 

it to a Multi-Criteria Decision Analysis (MCDA) method to address the problem described 82 

above. This quantitative method is being implemented in the Social Impact Assessment (SIA) 83 

sub-module of the Socioeconomic Assessment (SEA) module in Tier 2 of SUNDS 84 

(Subramanian et al, 2016a). The SEA module in Tier 2 of SUNDS compares sustainability 85 

aspects of scenarios of manufacturing nano-enabled products of similar functionality 86 

(Subramanian et al, 2016a). Each product manufacturing scenario will be characterized through 87 

the Life Cycle using outputs of ecological and human health risk assessment, lifecycle impact 88 

assessment, economic assessment and social impact assessment. Instead of a mathematical 89 

integration of these outputs to derive a sustainability indicator, a classification profile 90 

indicating hotspots for further investigation based on technical criteria, benchmarks and user 91 

preference profiles is proposed for the SEA module.  92 

This paper describes the method implemented in the SIA sub-module and its application to an 93 

actual industrial product at pre-production stage. First, we review the s-LCA framework for 94 

nano-enabled products (Section 2.1). Then, the method comprising of normalization, 95 
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weighting, and aggregation and classification steps is described (Section 2.2). A case study of 96 

a nano-enabled product is introduced (Section 3.1) and results of application of the method to 97 

this case study are presented and discussed (Section 3.2). Finally, future improvements to the 98 

SIA method are discussed (Section 4).  99 

  100 

2. Method 101 

 102 

2.1 s-LCA Framework 103 

The procedure followed to select social indicators for the assessment of nano-enabled products 104 

has been described comprehensively in a previous publication (Subramanian et al., 2016b). A 105 

list of social impacts was developed by reviewing the following sources and harmonizing 106 

categories: a) Corporate Social Responsibility Guidelines (ISO 26000, 2010) and Global 107 

Reporting Initiative Metrics (GRI, 2014), b) List of social impact in method guidance 108 

documents (ECHA, 2011, s-LCA Consumer Health and Safety Sheets, 2010, Althaus et al., 109 

2009; EC IA, 2009), c) existing product sustainability assessment tools (van Harmelen et al, 110 

2016; Benoit-Norris et al, 2012; Schmidt et al., 2004), and d) nanotechnology Ethical Legal 111 

and Social Implications literature. Indicators available in statistical databases were reviewed 112 

and fifteen distinct social indicators were chosen to operationalize to these social impacts 113 

(Table 1). These indicators selected covered two stakeholders, namely worker (8 indicators) 114 

and community (7 indicators). The coverage in terms of classification as benefits and costs is 115 

as follows: 10 benefit indicators (6 indicators for workers and 4 indicators for community) and 116 

5 cost indicators (2 indicators for workers and 3 indicators for community). Expert assessment 117 

deemed five indicators to be particularly relevant for nano-enabled products (shown in bold in 118 

Table 1).  Two indicators in the community cost category are relevant only to developing 119 

countries (indicated in text in Table 1).  120 
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[Table 1 here] 121 

 122 

2.2 Social Impact Assessment Sub-module Method  123 

The s-LCA framework was linked to an MCDA method which comprises of the following 124 

steps: a) Normalization, b) Weighting, c) Aggregation, and d) Classification. MCDA comprises 125 

a large class of methods for the evaluation of different alternatives based on relevant criteria 126 

(Giove et al., 2009). In the Multiple Attribute Value Theory (MAVT) method, a value function 127 

is specified for each criterion (Giove et al., 2009) and modified according to normalization and 128 

user weights and finally integrated into a common domain. The classification step proposes a 129 

method to derive benchmarks according to which outputs of the SIA sub-module can be 130 

compared to provide guidance to the user of Decision Support System (DSS).  131 

In environmental LCA, impacts can be clearly linked to functional unit but the cause and effect 132 

relationship is more ambiguous in the case of s-LCA (Swarr, 2009; Klopffer, 2008; Dreyer et 133 

al, 2005). Ideally, the unit of analysis for the production scenario should be fairly specific but 134 

the appropriate level is not always easy to pinpoint, obtain data for, or interpret. For example, 135 

perhaps the most discrete unit of analysis for a production scenario is the manufacturing 136 

production line in which the product is manufactured. Having annual data for the production 137 

line allows the analysis of a decision context where a manufacturer can manufacture two types 138 

of products with similar functionality. However, the same production line is used to 139 

manufacture more than one product (particularly in medium and large industry) and hence the 140 

social indicator score in such contexts cannot be viewed as strictly associated with a single 141 

product. Due to the dynamic nature of the company context (e.g. mergers, data collection 142 

processes, etc.), data aggregated at higher units of analysis over the year is viewed as more 143 
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reliable, meaningful and typically used in reporting. The explanatory value of the analysis 144 

results is a further test of the use of the appropriate unit of analysis.  145 

2.2.1 Normalization  146 

Social indicator scores represent the product development’s annual share contribution to the 147 

country level social impact. Product development’s social impact is defined in terms of the 148 

annual contribution of the chosen unit of analysis within the company. As available social 149 

indicator data for countries is not disaggregated in terms of Small and Medium Sized 150 

Enterprises (SME) and Large Industry (LI) contributions, country-level proxies for which data 151 

is classified as SME/LI are used to derive proxies. The “relative potential” of an SME or LI 152 

company to create a social impact in a country was derived using a) average number of 153 

employees for SME and LI, and b) average value added for SME and LI.  Relative potential 154 

index was calculated for 22 EU countries and EU-28 group. Each social indicator is linked to 155 

one of these relative potentials based on if it was more closely linked to employment or value 156 

added. In the case of the 15 social indicators listed in Table 1, two are classified as linked to 157 

value added (i.e. Social Benefits & Pension and Research & Development investment), and the 158 

rest are classified as linked to employment. Both these relative potentials are used to derive the 159 

adjusted total number of companies, which in turn is used to derive the mid-level value for the 160 

social indicator for a SME and LI.  161 

2.2.2 Weighting  162 

Weighting involves the assignment of an importance value to social indicator scores based on 163 

personal, social or policy preference, mathematical properties, panel weighting approaches 164 

based on polls, etc. s-LCA categorizes social impacts as being relevant to stakeholders like 165 

worker, consumer, value chain, legal framework, community or society. The SUNDS user may 166 

attach different value to different social indicators, as well as stakeholders through the Life 167 
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Cycle.  The SIA sub-module method accounts for this by using a nested weighing scheme. 168 

Users are asked to define weights on a scale of 1-5 first at stakeholder level and then at social 169 

indicator level. MAVT value functions for both sets of weights are normalized in order to have 170 

a sum of one. Stakeholder and indicator weights are integrated with each (normalized) social 171 

indicator value function. 172 

2.2.3 Aggregation  173 

Normalized and weighted social indicator value functions are aggregated as overall benefit and 174 

cost scores using weighted sum of the social indicator scores classified as benefit and cost 175 

respectively. Net benefit score is the difference between benefit and cost score. In addition, 176 

stakeholder percentage of impacts calculate the relative share of benefits and costs generated 177 

by each stakeholder.  178 

2.2.4 Classification  179 

Social indicator and aggregated scores are closely tied to the relevant social context and can 180 

vary significantly even in the same country in terms of social values, type of industrial 181 

structure,  laws and regulations, preferences and other factors. To guide the user, a 182 

classification system was developed and implemented as default option in SUNDS. It is based 183 

on the assumption that one of the key factors that can cause social impacts or benefits are 184 

significantly different for companies of different sizes. The overall social impact in a country 185 

is composed of different activities within that country (including industry), and the size of the 186 

industrial enterprise influences its capacity to create social impacts at country level. We 187 

therefore explored the idea to develop thresholds of High, Medium and Low classes for SME 188 

or LI.  189 

The mid-value of the social impact (obtained as described in Section 2.2.1) is divided by the 190 

social indicator data at country level to obtain benchmarks for SME and LI. Low/Medium and 191 
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Medium/High thresholds are defined using 80% and 120% of benchmark’s value. Thresholds 192 

for aggregated scores are calculated for SME and LI by following the same process of 193 

weighting and aggregation.  194 

3. Application to Case study 195 

 196 

3.1 Case study description 197 

A production scenario involving novel product being considered for industrial production, a 198 

nano-copper oxide (n-CuO) based paint with anti-microbial functionality, is assessed with 199 

respect to its social impacts. Wood preservation treatment is indispensable to increase the 200 

service life of timber by imparting it with bactericidal, fungicidal and insecticidal properties 201 

(Freeman and McIntyre, 2008, Lebow et al. 2004). Moreover, improving the efficacy of wood 202 

preservation treatments and ability to use a variety of timber species can limit deforestation 203 

and also save human labour to build essential infrastructure (http://www.wei-204 

ieo.org/woodpreservation.html).  Usually, chemical preservatives are used to treat softwood 205 

intended for commercial uses, and copper-based preservatives are commonly used for this 206 

purpose (Freeman and McIntyre, 2008, Lebow et al. 2004). The paint formulation provides an 207 

additional aesthetic functionality, in addition to preserving timber currently in use.  208 

The functional unit for this application is the provision of one million square meter of exposed 209 

softwood exterior cladding for one year. While it is more precise to express scores in terms of 210 

functional unit, we do not do this in the current application as the scores are already quite small 211 

numbers due to normalization with country level data and converting data to functional unit 212 

has no impact on the method or decision context.  The unit of analysis considered is company 213 

level for a LI based in Germany in which the paint will be manufactured. Cradle to grave 214 

lifecycle stages in so far as quantitative social indicators are available. The company level data 215 
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was obtained from company reports, and company level data was available for 12 social 216 

indicators for the year 2014 (directly or could be inferred by combining data). Data on patents 217 

and employees in R&D were available at higher levels of aggregation (i.e. worldwide) and 218 

employment of handicapped persons was not measured. The source of country level data used 219 

to normalize these indicators is given in Supplementary Information (Table 1).  220 

3.2 Case study results and discussion 221 

Stakeholder weights are assigned as worker=4 and community=2, to consider a scenario where 222 

community is more important to the user than the workers and to counterbalance the higher 223 

number of worker benefit indicators in this illustrative application. All indicator weights are 224 

assigned equally as 1. Underlying data and employment and value added benchmarks for SME 225 

and LI for Germany are provided in Supplementary Information (Table 2). In a case study 226 

including more than one product, at this stage,  social indicator scores could also be scaled 227 

down to the company sub-division level using current proportion of employment and sales at 228 

sub-division level for indicators classified as associated with employment and sales 229 

respectively. 230 

The social indicator score benchmarks for LI are used to further calculate low, medium and 231 

high thresholds for each social indicator incorporating also the weights assigned. These 232 

thresholds, n-CuO paint scores and resulting classification of social indicators for the case 233 

study are presented in Table2.  Overall, seven indicators were classified as high, and five 234 

indicators were classified as low. While the order of magnitude of the thresholds is 10-5 or      235 

10-6, n-CuO scores range from zero to 10-9.  The highest scores for the n-CuO case study are 236 

for professional training (classified as worker benefit) and R&D expenditure (classified as 237 

community cost); both of which are relevant to nano-enabled products. n-CuO paint performs 238 

as desired on most social indicators. The only exception is contribution to social security and 239 
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pension, where the resulting classification is LOW. High scores can be good or bad, that 240 

depends strongly on the type of indicator and must be defined for each indicator. 241 

[Table 2 here] 242 

 243 

Aggregated scores for the benchmark and case study are obtained as described in Section 2.2.3. 244 

Thresholds, n-CuO paint scores and resulting classification of aggregated scores for the case 245 

study are presented in Table 3. Stakeholder share of benefit and costs and its classification are 246 

presented in Figure 1.  247 

[Table 3 here] 248 

[Figure 1 here] 249 

 250 

The overall picture that emerges from this case study application is that n-CuO paint has high 251 

net benefit. The social indicator which has the most significant magnitude in cost category is 252 

R&D expenditure. The rationale behind the classification of R&D expenditure as a community 253 

cost is that this method analyses the social context for one year, and typically R&D expenditure 254 

yields benefits (if at all) over longer periods of time. n-CuO paint is particularly favourable to 255 

workers, with high benefits and low costs. 256 

  257 

4. Discussion  258 

We propose and apply a method that takes into account both social impact performance and 259 

stakeholder preferences in decision-making on nano-enabled products through the Life Cycle. 260 

This framework and method offer a flexible structure that can be revised and extended as more 261 
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knowledge and data on assessment of nano-enabled products becomes available. The simple 262 

conceptual framework is also an advantage as it allows value-laden conceptual categorization 263 

(i.e. benefits and costs or stakeholder categories) to be easily changed in the analysis.  264 

Quantitative indicators associated with use and end-of-life phase as well as relevant to other 265 

stakeholders are currently not available and would be required to make the s-LCA framework 266 

comprehensive (Lehmann et al, 2013). Social indicators have been defined in accordance with 267 

available country level data in order to enable application of the method. However, these data 268 

are not disaggregated in terms of the impact of specific emerging technologies or industrial 269 

contexts (e.g. SME/LI), which would allow more precise application of the method. As social 270 

impacts as part of sustainability of products acquires greater importance to companies and 271 

consumers these issues can be addressed, in a meaningful way, by deploying annual country 272 

level surveys to generate more targeted and standardised information. 273 

Measurement of social indicators at company level should also be standardized and done at 274 

appropriate levels. In choosing the unit of analysis to apply the method, there should be a match 275 

between the decision context, link to product(s) being evaluated and meaningfulness to the 276 

company context. A general rule-of-thumb that unit of analysis should be only as fine-grained 277 

as it needs to be to support the decision context and as it makes sense from the data generation 278 

point of view. Relevant information are needed but on a level, where differences of data makes 279 

sense in terms of meaningful interpretation of data. One limitation of the proposed method is 280 

that the classification step can be applied only at the company level. For an absolute assessment 281 

of two products produced in the same company (e.g. within different product lines, sub-282 

division, etc.), company level data and country level benchmarks are required at this level. In 283 

the absence of actual or meaningful data, scaling factors can also be used. For example, for a 284 

sub-division level analysis, company level data can be scaled down to sub-division level using 285 

sub-division to company ratio of employment and value added. Country-level benchmarks for 286 
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companies could be divided by average number of sub-divisions per company in that country, 287 

if this can be somehow known. Often it makes no sense to go more details of the figures, 288 

because the statistics are not assessed on such a detailed level. In contrast to an environmental 289 

LCA, where even in one sub-division the environmental impacts of two products might differ 290 

significantly, the social indicator data for these products are exactly the same because they use 291 

the same facilities.  292 

Due to lack of disaggregated data on SME and LI, employment and value added are used as 293 

proxies that are linked to the capacity of the enterprise to create social impacts on account of 294 

its size. Several social indicators can be linked to these proxies, and the nature of the association 295 

of the social indicator and proxy (i.e. direct or inverse) is also clear. Special attention should 296 

be paid in considering the classification results for social indicators for which this relationship 297 

is not unambiguous.   298 

  299 

5. Conclusions  300 

This paper aims to fill the gap in the quantitative assessment of social impact of nano-enabled 301 

products by proposing a method based on s-LCA and MCDA. This method enables the 302 

coverage of the entire Life Cycle and value chain, while allowing inclusion of stakeholder 303 

preferences to the analysis. This method is applied to the case study of a real industrial product, 304 

which facilitates identification of hotspots as well as decision making on the nano-enabled 305 

product in absolute terms. Companies can consider various production scenarios and choose 306 

the scenarios with better desirable social impacts. Companies seeking to improve the social 307 

footprint of their products can also use this method as a starting point to consider most relevant 308 

social impacts to achieve this goal. This method will be linked to the outputs of the 309 
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environmental and economic sub-modules to have an overall sustainability assessment within 310 

the SEA module (Subramanian et al, 2016a). 311 
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 390 

Tables 391 

Table 1 Social Indicators in SIA sub-module 392 

Worker Benefits 

 

- Social Benefits and Pension 

-Professional training 

Worker Costs 

 

-Strikes and lockout 

-Non-fatal occupational injuries 
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-Tertiary education 

-Female employees 

-Trade union membership 

-Collective agreements 

Community Benefits 

 

-Employment 

-Employment to handicapped persons 

-Patent applications 

- Employees in Research and Development 

Community Costs 

 

-Poverty (if product is developed in a 

developing country) 

- Research and Development (R&D) 

investment 

-Child labour (if product is developed in a 

developing country) 

 393 

Table 2 Classification of n-CuO Social Indicator Scores 394 

 395 

Social Indicator Low/Medium 

Threshold  

Medium/High 

Threshold  

n-CuO 

paint 

score 

Classification 

Employees covered by 

collective agreements       

3.3E-06 5.0E-06 1.5E-04 HIGH 

Employees  who are 

trade union members                  

3.3E-06 5.0E-06 5.9E-04 HIGH 
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Female employees  

who are part of senior  

management  

3.3E-06 5.0E-06 5.46E-05 HIGH 

Non-fatal accidents           1.0E-05 1.5E-05 1.6E-09 LOW 

Days not worked due 

to strikes and lockout            

1.0E-05 1.5E-05 0 LOW 

Employees who are at 

risk of poverty                                

3.3E-06 5.0E-06 0 LOW 

Child employees  

 

3.3E-06 5.0E-06 0 LOW 

Employees with 

tertiary education                             

3.3E-06 5.0E-06 3.82-03 HIGH 

Contribution to Social 

Security and Pension                             

4.2E-06 6.2E-06 7.1E-07 LOW 

Employment                        1.0E-05 1.5E-05 2.7E-04 HIGH 

R&D expenditure            4.2E-06 6.2E-06 6.7E-02 HIGH 

Professional Training                  3.3E-06            5.0E-06 2.4E-01 

 

HIGH 

Table 3 Classification of n-CuO Aggregated Scores 396 

 397 

Aggregated Score Low/Medium 

Threshold 

Medium/High 

Threshold 

n-CuO 

paint 

Score 

Classification 

Cost score 3.1-05 4.6E-05    6.7E-02 HIGH 
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Benefit score  3.1-05 4.6E-05    2.3E-01 HIGH 

Net Benefit Score 0 0 1.7E-01  HIGH 

 398 

 399 

Figures 400 

Figure 1 Stakeholder share of Costs (left panel) and Benefit (right panel).  401 

Cost, Worker Benefits and Stakeholder Benefits are classified as HIGH, and Worker Costs 402 

are classified as LOW. 403 

 404 

 405 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 


