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Abstract 

Bisphenol A (BPA) is an industrial chemical used as an additive in conventional point-of-sale thermal 

paper receipts. Due to BPA being an endocrine disruptor and a substance of very high concern, the 

European Union (EU) has proposed to ban its use in thermal paper from 2020. Potential similarities 

in toxicological profiles have raised concerns that the use of bisphenol S (BPS) as a substitute for 

BPA may result in yet another situation of a problematic chemical being distributed in consumer 

products. This study provides a comprehensive evaluation of the current knowledge of BPA and BPS 

use in thermal paper and, based on dynamic material and substance flow modeling, quantifies 

potential effects of the BPA ban on future BPA and BPS flows within the European paper cycle. 

Based on available data and the modeling of BPA and BPS flows, approximately 200 tonnes of BPS 

are estimated to be present in the current European paper cycle. The modeling further demonstrated 

that by substituting 50% of BPA, BPS amounts in the European paper cycle would increase more 

than fivefold over a modeling period of 60 years. In the same time, more than 90 tonnes of BPA 

would still be circulated in European paper products. BPA alternatives other than BPS should receive 

additional attention, as very limited quantitative data currently exist. The results of this study 

quantitatively demonstrate that chemical bans alone are not sufficient to ensure clean material cycles, 

and so the effective regulation of potential substitutes needs to be implemented in parallel. 
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1 Introduction 

Bisphenol A (BPA) is an industrial chemical with global annual production surpassing 6,000,000 

tonnes in 2012 and anticipated growth in production of approximately 30% by 2020. BPA is used in 

a variety of applications, resulting in its use by a number of industries and its presence in material 

exchange between numerous sectors of economy (Jiang et al., 2017). BPA is primarily used as 

monomer in polymer production (i.e. polycarbonate or epoxy resins), used in manufacturing of plastic 

products (e.g. water bottles, food containers, polycarbonate “glass”) or applied as coating (e.g. 

protective layer in tin cans). In addition, BPA is applied in form of an additive (developer) in thermal 

paper production, where it is used in its “free” (non-reacted) form. Developers in thermal paper are 

used in paper coating and react with heat sources by changing color and resulting in image 

development without the use of inks as in conventional printing (US EPA, 2014). Thermal paper is 

used primarily in conventional receipts in the retail sector (e.g. shop or supermarket receipts, ATM 

slips), potentially leading to human (consumer and professional) exposure to BPA through handling 

(Geens et al., 2011; Hehn, 2016; von Goetz et al., 2017). The majority of BPA present in paper 

material and products comes from its use in thermal paper, while BPA can potentially be used in ink 

and glue formulations (in form of e.g. bisphenol A diglycidyl ether (BADGE)) also applied on paper 

(Pivnenko et al., 2016a). Once BPA-containing paper is recycled, some BPA will be removed 

(primarily as paper sludge) during paper re-processing, while a fraction thereof may remain in the 

recycled materials and contaminate new paper products (Liao and Kannan, 2011a; Pivnenko et al., 

2016a; Pivnenko et al., 2015b). Widespread use of BPA in conventional consumer products with high 

degree of potential exposure, and its endocrine-disrupting (hormonal) effects on living organisms, 

have led to gradual restrictions on BPA use and imports of selected BPA-containing products in parts 

of Europe, Asia, and the US (EU, 2011; NITE, 2003; State of Connecticut, 2013). Moreover, in June 

2017, the Member State Committee of the European Chemicals Agency (ECHA) recognised BPA as 

an endocrine disruptor and a substance of very high concern (SVHC) (ECHA, 2017), leading to 

anticipated further restrictions on its use. 

European paper production is a well-established example of an effective material recycling system in 

which about half of raw material needs originate from recycled fibers (CEPI, 2013). To ensure clean 

material flows and safe recycling, “problematic” chemical substances in the recycled materials should 

be limited (Pivnenko and Astrup, 2016). Recent literature has demonstrated that the selective 

recycling of “clean” material fractions, or the improved removal of substances during reprocessing, 
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may not be sufficient to ensure BPA-free paper products without compromising quantitative recycling 

rates (Pivnenko et al., 2016a). Substance phase-out was therefore considered necessary. 

In December 2016, the EU decided to set a maximum concentration limit of 200 μg of BPA per gram 

of thermal paper by 2020, effectively phasing out BPA use in thermal paper (EC, 2016a). While no 

substitution strategies have been proposed, existing and potential alternatives to BPA have been 

suggested (e.g. Pivnenko et al., 2015b; US EPA, 2014). There is a number of BPA alternatives that 

are already in use or can potentially substitute BPA in thermal paper, including phenol-based (e.g. 

bisphenol S (BPS), bisphenol E (BPE), bisphenol F (BPF)) and phenol-free (e.g. Pergafast® and urea 

urethane) chemical compounds. Several of the proposed BPA substitutes are chemical analogues to 

BPA with similar molecular structures (Usman and Ahmad, 2016). Recent research has reported that 

some BPA substitutes have equal or even greater toxicological effects, with endocrine disrupting 

mechanism of action similar to that of BPA (Chen et al., 2016; Eladak et al., 2015; Kinch et al., 2015; 

Usman and Ahmad, 2016). BPS is a prominent example of a BPA substitute (Pivnenko et al., 2015b; 

US EPA, 2014). It is a structural analog to BPA with similar in vitro metabolism, potencies, and 

mechanisms of action (Rochester and Bolden, 2015). In addition, it has reported adverse effects in 

humans and rodents (Eladak et al., 2015), aligned with a number of health hazards (Rochester and 

Bolden, 2015). Among other applications, BPS is registered in the EU for use in formulations for 

“industrial manufacture of paper” (EC, 2006), but current amounts in the European paper cycle are 

virtually unknown. Although concerns about the current and potential future substitution of BPA by 

BPS have been expressed (EC, 2016b), quantitative data on presence, partitioning and persistence of 

BPA and BPS in the paper material cycle is extremely limited (Pivnenko et al., 2016a; US EPA, 

2014). Without clearly defined substitution strategy for BPA, increased use of potentially harmful 

alternatives can be expected. The question is, to what extent will the European ban ensure BPA-free 

paper flows, and how might levels of BPS develop over time? In view of limited data availability and 

restricted timeframe for BPA ban in the EU to enter into force, comprehensive literature overview 

and systematic modeling can offer useful insights for decision-making. 

The aim of this study is to provide an evaluation of the available literature on presence of BPA and 

BPS in thermal paper and to investigate the effects of phasing-out BPA and phasing-in BPS, as its 

partial replacement, within the European paper cycle. The intention is to quantify and demonstrate 

systematically the consequences of recent BPA-related European legislation and the potentials for 

achieving a clean material cycle. The specific objectives are to: i) Provide a comprehensive overview 

and evaluation of available data on the presence of BPA and BPS in thermal paper; ii) Establish a 
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dynamic model for BPA and BPS based on a state-of-the-art material flow model of the European 

paper cycle (Pivnenko et al., 2016a); and iii) Based on proposed European legislation, define 

scenarios for phasing-out BPA and determining potential consequences for BPA and BPS flows in 

the European paper cycle. The work illustrates the principles for estimating temporal changes 

associated with chemical substitution within material recycling loops—principles that could be 

applied to other cases where the presence of chemicals (e.g. conventional use, restrictions on use or 

introduction of new chemicals) in materials is of potential concern. 

2 Materials and Methods 

2.1 Literature overview and evaluation 

The existing literature concerning BPA and BPS in thermal paper receipts was reviewed from a global 

perspective. Scientific publications, public reports, patents, and ongoing projects were identified and 

evaluated. In total 29 experimental studies were identified, covering the period between 2009 and 

2017. In case actual year of thermal paper sampling was not mentioned in a study, the publication 

year was used. The presence of either BPA or BPS in thermal paper may result from direct application 

of additives (e.g. developer in paper coating) or as contamination (e.g. through formulation 

impurities, paper recycling (up to 0.5 mg/g) or direct contact with bisphenol-rich thermal paper (up 

to 0.1 mg/g)) (Konkel, 2013; Liao and Kannan, 2011b; Pivnenko et al., 2015a, 2015b). However, an 

unbiased threshold for distinguishing between amounts of BPA or BPS added directly or via 

contamination has not been identified. Hence, all reported concentrations above the respective limits 

of detection (LODs) were accounted for in this work. Values below respective LODs were excluded 

from statistical analyses for simplicity and transparency, as common substitution methods may have 

limited applicability at high degrees of censoring (Antweiler, 2015, 2008). 

2.2 Material and substance flow modeling 

Flows of BPA and BPS in the European paper cycle were modeled, following the state-of-the-art 

model with a step-wise modeling approach (Pivnenko et al., 2016a). In brief, the stepwise model was 

based on a combination of static and dynamic material and substance flow analysis. Static paper flow 

analysis was carried out in a previous study (Pivnenko et al., 2016a) to quantify paper flows in Europe 

in 2012. Although there is some decrease in the European paper consumption between 2007 and 2009, 

consumption remained rather steady in the period 2012-2016 (CEPI, 2016). Hence, the earlier study 

concerning year 2012 can be considered representative of the current flows of paper in the European 

paper cycle. On the other hand, static substance flow analysis was expanded with new and detailed 



6 
 

data concerning BPA and BPS amounts in end-of-life (EOL) paper fractions and thermal paper 

(Tables 1-4). In addition, the present work is aiming to reflect on the terms of recent European 

legislation proposing a ban of BPA use in thermal paper and focus explicitly on the modeling of BPA 

phase-out and BPS phase-in within the European paper cycle. The substance flow model is primarily 

based on chemical concentrations in the EOL paper and paper products as model input and output 

parameters, respectively. Figure A1 (Appendix A) provides detailed overview of the inputs and 

outputs from each of the modeling steps. Definitions, key assumptions (further addressed in Section 

2.5) and data sources for EOL paper fractions are outlined in Table 1 and final concentrations of BPA 

and BPS in discarded paper are presented in Table 2. 

2.3 Scenario analysis 

In paper products, BPA is primarily used as a developer in thermal paper production, but also as a 

plasticizer and plasticizer precursor for ink and glue formulations for paper conversion (Pivnenko et 

al., 2016a). A probable reduction in BPA use could lead to increased use of BPS and other 

alternatives, either in thermal paper only or in other paper products as well. Since BPS is potentially 

used as a partial substitute of BPA, the evaluation of BPS flows requires better understanding of BPA 

flows in the context of the newly proposed European legislation (i.e. scope, timeframe and maximum 

concentrations). In addition, reduction of a chemical’s use is assumed to gradually take place within 

a phase-out period, i.e. period between a ban is proposed and the ban is fully implemented. To 

quantitatively reflect on these differences and potential developments, four alternative scenarios were 

assessed in the present work. While Scenario 1 and 2 addressed future dynamics of BPA flows, 

Scenario 3 and 4 addressed flows of BPS in reflection on the first two scenarios. The four scenarios 

were defined as follows: 

i) In Scenario 1, BPA concentrations in thermal paper were assumed to reduce linearly 

within three years (between 2017 and 2020) down to 200 μg/g as defined by EC2016/2235 

(EC, 2016a); 

ii) In Scenario 2, in addition to BPA reduction in thermal paper (as defined in Scenario 1), 

other uses of BPA in paper production and conversion (ink constitute, glue formulation, 

etc.) were assumed to be phased out within three years, following BPA classification as 

SVHC (ECHA, 2017); 
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iii) In Scenario 3, amounts of BPA reduced through implementation of Scenario 1 were 

assumed to be substituted by 50% (w/w) of BPS, reflecting results of a recent study on 

use of BPA and its alternatives in Europe (Björnsdotter et al., 2017); 

iv) In Scenario 4, in addition to BPS used for BPA substitution in thermal paper production 

(as defined in Scenario 3), BPS was further assumed to substitute 50% (w/w) of BPA used 

in other potential applications within the paper industry (e.g. in adhesive formulations). 

BPS shares many similarities with BPA, e.g. a monomer used widely in epoxy resins, 

cyclic carbonates, dyestuff, flame-retardants, and fiber improvers (Molina-Molina et al., 

2013). 

A business-as-usual scenario, where amounts of BPA and BPS reflect the modeling year 2012 

and remain unchanged (i.e. steady state), was used as a reference for comparison.  
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Table 1. Paper product categories used in the present study with examples of paper products reported in the respective literature sources. Final concentrations for 
BPA and BPS in the seven EOL paper categories are provided in Table 2. 

# Present study Pivnenko et al., 2016b; Pivnenko et al., 
2015b  

Gehring et al., 2004 Liao et al., 2012; Liao and 
Kannan, 2011a 

Fan et al., 2015 

1 Carton board - Folding boxes – shipping 
- Folding boxes - sales (Food packaging) 
- Folding boxes - sales (Non-food 
packaging) 

 - Food cartons  

2 Case materials - Corrugated boxes – shipping 
- Corrugated boxes - sales (Food 
packaging) 
- Corrugated boxes - sales (Non-food 
packaging) 

- Corrugated board   

3 Household & 
sanitary 

- Tissue paper - Toilet paper - Napkins 
- Kitchen rolls 
- Toilet paper 

 

4 Newsprint - Newspapers - Newspapers - Newspapers - Newspaper 
5 Other graphic 

paper 
- Advertisements (non-glued) 
- Advertisements (glued) 
- Newsprint advertisements (non-glued) 
- Newsprint advertisements (glued) 
- Magazines/Journals/TV guides (non-
glued) 
- Magazines/Journals/TV guides (glued) 
- Office/administrative paper 

- Advertising supplements 
- Free advertising papers 
- Magazines 
- Catalogues 

- Flyers 
- Magazines 
- Printing paper 

- Advertising paper 
- Magazine paper 
- Art paper 

6 Other paper - Envelopes 
- Receipts 
- Self Adhesives 
- Books/booklets 
- Phonebooks 
- Other paper 
- Paper plates/Cups 
- Composites 
- Labels/Cards 
- Other cardboard 

- Chromo board - Mailing envelopes 
- Airplane luggage tags 
- Tickets 
- Airplane boarding 
passes 
- Food contact papers 
- Business cards 
 

- Book paper 
- Auto copy paper 
 

7 Wrappings & 
packaging 

- Wrapping paper 
- Kraft paper (brown/bleached) 
- Egg trays & alike 
- Tubes 
- Aseptic cartons 

  - Packing paper 
- Food wrapping paper 
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Table 2. Chemical concentrations in paper products contained in discarded paper (mg/kg for BPA and μg/kg for BPS, dry 
matter), as well as the respective sources used in the calculations of the final concentrations. 

Paper product category BPA (mg/kg)1 BPS (μg/kg)2,a 

SS R SS R 
Carton board (CB) 14 11 300 240 
Case materials (CM) 14 23 850 3100 
Household & sanitary (H&S) 15 19 100 100 
Newsprint (NP) 3 5 100 100 
Other graphic paper (OG) 8 45 100 300 
Other paper (OP) 42b 370b 6000b 58,000b 
Wrappings & packaging (WP) 34 28 100 100 

1 Fan et al., 2015; Gehring et al., 2004; Liao and Kannan, 2011a; Pivnenko et al., 2016b; Pivnenko et al., 2015b; 2 Liao 
et al., 2012; Pivnenko et al., 2015b; a low concentrations were rounded up to 100 μg/kg or 0.1 mg/kg; b apart from the 
literature sources mentioned, these values take into account the median concentrations of BPA (11.5 mg/g) and BPS (6.2 
mg/g) based on data for Europe in Table 3 and 4; SS – Source-segregated waste paper; R – Residual waste paper. 

 

2.4 Data sources 

While data on European paper flows were based primarily on industry statistics for the year 2012 (see 

Pivnenko et al., 2016a for details), concentrations of BPA and BPS in non-thermal paper products 

were derived from the literature (Fan et al., 2015; Gehring et al., 2004; Liao et al., 2012; Liao and 

Kannan, 2011a; Pivnenko et al., 2016b; Pivnenko et al., 2015b). Table 1 provides the seven paper 

and board product categories defined and used in the present study, as well the examples of paper 

products sampled and reported in the literature. Model input concentrations of BPA and BPS in 

thermal paper derived from an evaluation of the available experimental literature (see Section 3.1 for 

details). Quantitative data sources reported in Tables 1, 3 and 4 were used in calculations of the final 

concentrations of BPA and BPS in each of the seven EOL paper product categories and provided in 

Table 2. The process transfer coefficients for BPA were obtained from Pivnenko et al. (2016a) while 

transfer coefficients for BPS were calculated and are provided in Appendix B (Table B1-B6). EOL 

paper for recycling was classified into four paper grades: grade A (mixed grades), grade B (corrugated 

and Kraft), grade C (newspapers and magazines), and grade D (high grades), following the 

classification commonly used to report the European EOL paper statistics (CEPI, 2016). Since there 

is no information available on the removal efficiency of BPS in re-processing paper for recycling, 

40% was assumed for paper grades A, B, and D, corresponding to approximately four times higher 

water solubility of BPS in comparison to BPA (Pivnenko et al., 2015b). This is a simplification, as 

the specific physical and chemical conditions of paper recycling processes will influence the final 

partitioning of BPS between water and paper fibers, and hence affect removal efficiency. Due to the 

affinity of BPS to both water and paper fibers, accurate prediction of BPS partitioning in paper 
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recycling processes has been characterized previously as challenging (Pivnenko et al., 2015b). For 

paper grade C, removal efficiency was assumed to be identical to BPA (i.e. 95%) ( Pivnenko et al., 

2016a). 

2.5 Model limitations 

While loss of paper fiber due to deterioration, as well as the removal of BPA and BPS in paper re-

processing were included in the model, other losses of chemicals in the paper cycle (e.g. migration, 

evaporation) were not explicitly included, due to a lack of consistent data. However, such losses are 

expected to be insignificant in comparison to the flows remaining in the paper cycle. In addition, 

some literature sources suggested that BPS can be more effective than BPA as a developer in thermal 

paper (Miljøstyrelsen, 2011), while other sources posit the opposite applies (Konkel, 2013). Patents 

related to manufacturing thermal paper list developers (including BPA and BPS) and specify that they 

can be used interchangeably, in the same amounts (Ikeda et al., 1996). Hence, the functional 

substitution coefficient of BPA by BPS (i.e. amounts of BPS used to replace given amounts of BPA 

in specific applications) was assumed to be 1 in this work. Market substitution of BPA by BPS was 

assumed to reflect the current extent of BPS use suggested by Björnsdotter et al. (2017) and based on 

thermal paper samples from the Netherlands, Spain, Sweden and Norway. Predicting market 

infiltration of BPS as BPA substitute can be challenging and was beyond the scope of the present 

study, while sensitivity of the model to market substitution and other prominent parameters was 

evaluated. Model sensitivity was assessed using a one-at-a-time approach for selected input 

parameters: functional and market substitution coefficients, BPS removal efficiency in paper re-

processing, and BPS concentrations in each of the seven discarded paper product categories. Model 

sensitivity was assessed on basis of sensitivity ratio as calculated by Equation 1 (Clavreul et al., 2012), 

below: 

𝑆𝑆𝑆𝑆 =
(𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅2−𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅1)

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅1
(𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑅𝑅𝑅𝑅𝑅𝑅𝑃𝑃2−𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑅𝑅𝑅𝑅𝑅𝑅𝑃𝑃1)

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑅𝑅𝑅𝑅𝑅𝑅𝑃𝑃1

   (Eq. 1) 

Where, Parameter1 is the default input parameter value used in the model (e.g. substitution 

coefficients); Parameter2 is the default parameter value adjusted by ±25%; Result1 is the model 

result when default parameter value is used as model input; and Result2 is the model result when 

default parameter value either decreased (-25%) or increased (+25%) is used as model input. 

Scenario 3, as defined in the Section 2.3, was used as default. Hence, the adjustments in the input 

parameter values, as described above for model sensitivity assessment, were also applied in the 
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context of Scenario 3. Total BPS amounts in paper products within the European paper cycle in 

the end of the modeling period were the model result of interest for the sensitivity analysis. For 

example, if a parameter has a sensitivity ratio of 2, increase of its input value by 25% would result 

in 50% increase of the model result. 

3 Results and Discussion 

3.1 Evaluation of the literature data 

Figure 1 provides an overview of quantitative data on the presence of BPA and BPS in thermal paper. 

Detailed data for each of the reviewed studies are presented in Table 3 and 4. Most of the studies 

concern thermal paper receipts in Europe or America (predominantly USA), while some also address 

receipts in Asia (China, Japan, South Korea, and Vietnam). The data suggest that BPA and BPS 

concentrations are higher in America than in Europe. The median concentrations of BPA (BPS) were 

found as 15.5 mg/g (11.5 mg/g) in America and 11.0 mg/g (6.2 mg/g) in Europe. In specific cases, 

concentrations as high as 43 mg/g (LA, USA) and 30 mg/g (MO, USA) were identified for BPA and 

BPS, respectively. While median BPA concentrations for samples derived from Asia are comparable 

to those from Europe, BPS concentrations data for the region is limited. Liao et al. (2012) reported 

BPS concentrations in 20 samples from Japan (n=6), South Korea (n=11), and Vietnam (n=3). 

Considerable BPS concentrations in samples from Japan, were consistent with negligible 

concentrations of BPA and suggested use of BPS as BPA substitute following the ban on paper 

applications of BPA in Japan in 2001 (Liao et al., 2012; Liao and Kannan, 2011a).      

Across all data, the overall median concentrations were 11.7 and 6.8 mg/g for BPA and BPS, 

respectively. In addition, the available data suggest that 93% of thermal paper receipts contained BPA 

above respective detection limits, while 54% contained BPS (Table 3 and 4). These values correspond 

with earlier studies suggesting that 70-80% of thermal paper in the EU contains BPA as the main 

developer (Miljøstyrelsen, 2011). Most of the samples contained one chemical (e.g. BPA or BPS) in 

relatively high concentrations, and the other one was detected at very low concentrations or not 

detected at all. Although the use of mixtures is technically feasible (Ikeda et al., 1996), the presence 

of more than one developer in relatively high concentrations in a single sample was not common and 

has only been documented for a few samples in two studies (Björnsdotter et al., 2017; Thayer et al., 

2015). 
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Figure 1. Overview of literature data providing concentrations of bisphenol A (BPA) and bisphenol S (BPS) in thermal paper receipts (mg/g). Boxplots contain 50% of 

values and median values; whiskers range from min to max (or 5th to 95th percentile and outliers for larger datasets). Details of the presented data and literature sources 

are provided in Table 2 and 3. 
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Table 3. Overview of literature data on presence of bisphenol A (BPA) in thermal paper receipts on the global market. *Limit of detection (LOD). 

# Acronym Origin Sample 
collection 

year 

Number of 
samples 
analysed 

LOD 
[mg/g] 

5th 
percentile 
[mg/kg] 

Median 
[mg/kg] 

95th 
percentile 
[mg/kg] 

Min 
[mg/kg] 

Max 
[mg/kg] 

Detection 
ratio 

Reference 

America            
1 BR Brazil 2014 190 3E-04 1.9 16.6 24.9 3E-04* 43.0 92% (Rocha et al., 2015) 
2 LA, USA Louisiana, USA 2010-2012 170 - 8.3 13.2 27.7 4.5 42.6 99% (Babu et al., 2015) 
3 MA, USA Massachusetts, USA 2011 10 0.9 4.9 13.7 16.9 3.0 17.0 80% (Mendum et al., 2011) 
4 MN, USA Minnesota, USA 2013 19 0.2 12.2 15.0 22.0 11.0 24.0 47% (MPCA, 2014) 
5 MO, USA Missouri, USA 2014 50 - 11.8 20.3 26.2 11.5 26.3 44% (Hormann et al., 2014) 
6 NC, USA North Carolina, 

USA 
2011-2013 77 0.2 5.1 19.2 25.4 0.7 36.0 45% (Thayer et al., 2015) 

7 NY, USA New York, USA 2010 73 3E-07 7E-03 0.3 8.5 5E-03 9.4 100% (Liao and Kannan, 
2011a) 

8 USA1 Several states, USA 2010 22 5E-02 10.5 16.0 20.5 8.9 22.0 50% (Schreder, 2010) 
9 USA2 Several states, USA 2010 36 2E-02 6.4 18.0 27.2 0.2 28.0 47% (Lunder et al., 2010) 
10 USA3 Several states, USA 2010 10 3E-07 1E-02 3.3 12.3 1E-02 13.9 100% (Liao and Kannan, 

2011a) 
Asia            
11 FJ, CN Fujian, China 2013 7 1E-02 2.1 10.0 18.5 0.5 20.9 100% (Gao et al., 2013) 
12 GD1, CN Guangdong, China 2013 54 1E-04 1.3 16.6 25.0 0.2 26.8 100% (Fan et al., 2015) 
13 GD2, CN Guangdong, China 2011 42 0.1 5.2 9.4 13.5 2.6 14.7 100% (Lu et al., 2013) 
14 HE, CN Hebei, China 2013 1 - - 13.1 - 13.06 13.1 100% (Liu et al., 2013) 
15 JP Japan 2010 6 3E-07 7E-07 7E-07 7E-07 7E-07 7E-07 0% (Liao and Kannan, 

2011a) 
16 SKR South Korea 2010 11 3E-07 2E-02 5.9 9.8 2E-02 9.9 100% (Liao and Kannan, 

2011a) 
17 VT Vietnam 2010 3 3E-07 6.2 6.3 6.5 6.2 6.5 100% (Liao and Kannan, 

2011a) 
Europe            
18 BE Belgium 2011 44 1E-05 2E-04 11.5 20.2 1E-05 20.9 100% (Geens et al., 2012) 
19 CH1 Switzerland 2013-2014 124 1.2 8.1 14.5 17.2 5.6 30.4 81% (Goldinger et al., 2015) 
20 CH2 Switzerland 2010 13 5E-04 9.5 13.0 17.0 8.0 17.0 85% (Biedermann et al., 

2010) 
21 DE Germany 2014 14 7E-04 1.0 16.8 20.0 0.1 20.1 93% (Zech, 2015) 
22 DK1 Denmark 2014 13 2E-03 6E-03 5.5 17.3 3E-03 17.6 92% (Pivnenko et al., 

2015b) 
23 DK2 Denmark 2010 13 1E-04 2E-02 9.7 15.8 1E-03 17.0 69% (Miljøstyrelsen, 2011) 
24 EE Estonia 2009-2015 60 0.2 2.4 6.6 12.7 2.2 17.0 75% (Püssa, 2016) 
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25 ES Spain 2017 3 5E-03 1.1 11.0 18.1 2E-02 18.9 100% (Björnsdotter et al., 
2017) 

26 FI Finland 2013 10 1E-02 5E-02 8.3 14.4 5E-02 15.1 60% (Rajasärkkä et al., 
2014) 

27 FR1 France 2013-2014 10 0.3 9.4 16.0 17.9 9.3 18.1 90% (Ndaw et al., 2016) 
28 FR2 France 2011 50 0.1 8.6 13.4 17.9 8.0 19.3 72% (ANSES, 2013) 
29 IT Italy 2015-2016 50 1E-06 5E-04 8E-03 5.3 3E-04 15.3 56% (Russo et al., 2017) 
30 NL Netherlands 2017 6 5E-03 1E-02 3.8 14.1 1E-02 15.7 100% (Björnsdotter et al., 

2017) 
31 NO Norway 2017 1 5E-03 - 9.9 - 9.9 9.9 100% (Björnsdotter et al., 

2017) 
32 PL Poland 2017 4 - 4.3 9.8 12.4 3.4 12.8 100% (Lawrywianiec et al., 

2017) 
33 SE Sweden 2010 16 - 5.6 16.0 25.3 5.0 32.0 100% (Östberg and 

Noaksson, 2010) 
34 TR Turkey 2016 12 1E-02 0.3 11.9 20.8 0.1 21.7 100% (Yalcin et al., 2016) 
Total  1224   11.7    93%  
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Table 4. Overview of literature data on presence of bisphenol S (BPS) in thermal paper receipts on the global market. 

# Acronym Origin Sample 
collection 

year 

Number of 
samples 
analysed 

LOD 
[mg/g] 

5th 
percentile 
[mg/kg] 

Median 
[mg/kg] 

95th 
percentile 
[mg/kg] 

Min 
[mg/kg] 

Max 
[mg/kg] 

Detection 
ratio 

Reference 

America            
1 BR Brazil 2014 190 3E-05 - 11.9 - 11.0 22.0 6% (Rocha et al., 

2015) 
2 MN, USA Minnesota, USA 2013 19 0.1 9.1 11.0 15.6 8.5 18.0 47% (MPCA, 

2014) 
3 MO, USA Missouri, USA 2014 50 - 19.4 23.2 28.7 15.2 30.1 52% (Hormann et 

al., 2014) 
4 NC, USA North Carolina, USA 2011-2013 77 2E-02 3E-02 14.0 18.3 3E-02 26.2 52% (Thayer et 

al., 2015) 
5 NY, USA New York, USA 2010 81 3E-08 3E-04 7.4 13.4 1E-05 22.0 100% (Liao et al., 

2012) 
6 USA3 Several states, USA 2010 10 3E-08 1E-02 0.4 7.1 1E-03 12.0 100% (Liao et al., 

2012) 
Asia            
7 JP Japan 2010 6 3E-08 2E-02 5.5 6.1 5E-04 6.1 100% (Liao et al., 

2012) 
8 SKR South Korea 2010 11 3E-08 1E-04 8E-04 9E-03 9E-05 1E-02 100% (Liao et al., 

2012) 
9 VT Vietnam 2010 3 3E-08 1E-04 3E-04 5E-04 1E-04 6E-04 100% (Liao et al., 

2012) 
Europe            
10 CH1 Switzerland 2013-2014 124 2 8.5 10.0 12.2 8.3 12.6 3% (Goldinger 

et al., 2015) 
11 DK1 Denmark 2014 13 7E-03 8E-03 6.2 8.1 8E-03 8.1 62% (Pivnenko et 

al., 2015b) 
12 EE Estonia 2009-2015 60 1E-03 2E-04 3E-03 6.0 1E-04 6.0 85% (Püssa, 

2016) 
13 FI Finland 2013 10 1E-04 2E-03 1E-02 0.2 9E-04 0.2 40% (Rajasärkkä 

et al., 2014) 
14 FR2 France 2011 50 1E-03 5.2 8.1 9.6 5.1 10.1 24% (Anses, 

2013) 
15 IT Italy 2015-2016 50 4E-05 2E-02 3E-02 1.6 1E-02 3.6 56% (Russo et al., 

2017) 
16 NL Netherlands 2017 6 5E-02 13.2 13.3 13.4 13.1 13.4 33% (Björnsdotter 

et al., 2017) 
Total   760   6.8    54%  
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Systematic repeated measurements from specific producers of thermal paper or geographical areas 

were not available and rather than constructing complete time series, correlation of BPA and BPS 

amounts and year of sampling was explored. Temporal variations of the data (Figure C1) show a 

clearly declining trend in BPA median concentrations from the analysed studies. Liao et al. (2012) 

also showed a significant negative correlation between BPA and BPS in thermal paper analysed in 

their study, thereby indicating relatively high BPA concentrations in samples with low BPS 

concentrations, and vice versa. As Figure C1 suggests older studies (2010-2013) show an increase in 

median BPS concentrations, however, latest studies from Europe (2015-2017) (Björnsdotter et al., 

2017; Russo et al., 2017) suggest rather limited use of BPS. Even though correlation of BPS amounts 

and sampling years showed larger uncertainties (expressed as 95% confidence interval, see Figure C1 

for details) compared to BPA, decreasing BPS amounts with time may illustrate increasing use of 

BPA alternatives other than BPS. For example, 15% of the sampled receipts  from Denmark (n=13) 

contained neither BPA nor BPS (Pivnenko et al., 2015b), and 16% of Swiss samples (n=124) 

contained Pergafast® and D-8 as color developers (Goldinger et al., 2015). In fact, Björnsdotter et al. 

(2017) suggested extensive use of Pergafast 201 and D-8 in thermal paper samples from the 

Netherlands, Norway, and Sweden. Results presented by the authors suggest that BPS may currently 

represent approximately 50% of BPA alternatives in European thermal paper receipts. This value (i.e. 

50%) was used as a market substitution coefficient in assessment of the Scenarios 3 and 4 in the 

present work. Overall, data on the presence of BPA alternatives other than BPS are extremely limited, 

and so drawing conclusions regarding the current or potential use of these alternatives in paper is 

challenging. Impact of the BPS market substitution coefficient on modeling results was assessed in 

the sensitivity analysis. 

3.2 Material and substance flow modeling 

Consumption of BPA for thermal paper production was estimated to be 1100 tonnes/year, which is 

higher than previously estimated (Pivnenko et al., 2016a) and resulted from inclusion of additional 

data sources for estimation of BPA concentrations in the discarded paper (see Figure C2 for details 

of BPA flows within the European paper cycle). However, these values are lower than previously 

estimated by the EU for 2006 (1890 tonnes/year) (JRC-IHCP, 2008), thus suggesting a potential 

reduction of BPA use in thermal paper on the European market. This was also supported by the 

literature data (see Figure C1 for details) and discussed in Section 3.1. For comparison, the estimated 

BPA amounts used in paper conversion are somewhat lower (500 tonnes/year) when compared to 

paper production. Among other, thermal paper receipts are part of the “other paper” product category, 
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which primarily results in outstanding BPA and BPS concentrations (Table 2) and the largest flows 

of BPA and BPS in the European paper cycle (Figure C2 and C3). As Figure C3 suggests, 

approximately 200 tonnes/year of BPS are already used in paper in Europe, the vast majority of which 

is used in thermal paper production (180 tonnes), while about 10% may be used in paper conversion 

(e.g. epoxy resin formulations) (Li et al., 1999). Estimates of BPS amounts in the European paper 

cycle have not been previously reported. The largest share of BPS is in the residual waste paper, 

which is collected as part of the mixed waste. In Europe mixed waste is primarily landfilled or 

incinerated, potentially leading to leaching and environmental release of BPS or its complete 

destruction, respectively (Morin et al., 2015). However, substantial amounts of BPS are contained in 

the EOL paper for recycling, which leads to presence of BPS in paper products incorporating recycled 

fibers. Due to limited data regarding the presence of BPS in paper products other than thermal paper 

receipts, the BPS amounts used in paper conversion are rather uncertain and should be verified in 

future research. 

Figure 2 shows the modeled results of the BPA phase-out and its partial substitution by BPS, as 

defined in the Scenarios 1-4 (see Section 2.3 for details). The modeled BPA and BPS amounts in 

paper products in reference scenarios (2012) were approximately 2200 and 200 tonnes per year, 

respectively. While the amounts of BPA (and BPS) used in thermal paper production can be estimated 

from experimental data for concentrations in thermal paper products from the literature (Table 3 and 

4), the amounts added in paper conversion (i.e. non-thermal paper applications) are rather uncertain. 

As previously mentioned, presence may result partly from the introduction of BPA and BPS in epoxy 

resins, fiber improvers, dyestuff, or as impurities. In addition, some of BPA and BPS in paper 

products can also result from pre-existing contamination of paper products following the recycling of 

thermal paper, because chemicals (including bisphenols) are not completely removed in paper re-

processing (BMELV, 2012; Schabel, 2011). Based on the available data, the “separation” of these 

two sources of BPA and BPS in the non-thermal paper product categories cannot be achieved. The 

colored areas in Figure 2, between the two curves for BPA and BPS, respectively, thereby represent 

the uncertainty of the average BPA and BPS amounts in the European paper cycle; the two curves for 

either BPA (Scenario 1 and 2) or BPS (Scenario 3 and 4) illustrate the expected boundaries.
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Figure 2. Modeled amounts (tonnes/year) of BPA and BPS in European paper products. Initial shaded area (years 0 to 3) 

represents the scenario implementation period. Dotted lines represent averages between Scenarios 1 and 2 (for BPA) and 

Scenarios 3 and 4 (for BPS). Colored areas between the two curves represent the range of BPA and BPS amounts in paper 

products following implementation of the scenarios. The lowest BPA concentration achieved within the modeled period 

was approximately 1 mg/kg. *Calendar years are indicative and used for illustration purposes only; they may not reflect 

the actual situation in a given year. 

After the implementation period of three years and a steep decline of BPA amounts in paper products 

(also illustrating that the vast majority of BPA in the current cycle comes from added amounts rather 

than BPA already accumulated), BPA phase-out is rather gradual, in particular in Scenario 2. Over a 

modeling period of 65 years, BPA amounts were reduced by 64% in Scenario 1 and almost completely 

eliminated (96%) in Scenario 2. Such a considerable difference between the scenario results points 

out the range of uncertainty in the future BPA amounts in paper products, depending on developments 

in BPA use. However, even when Scenario 2 was implemented, more than 60 years were needed to 

reach the lowest BPA concentrations (below 1 mg/kg) in the paper products. These concentrations 

would still correspond to approximately 90 tonnes of BPA in the European paper products. BPA 

amounts were not expected to reach zero, since by definition of Scenario 2, some amounts of BPA 

(200 μg/g of thermal paper) can still be added in paper production. Overall, this suggests that a “legacy 

period” (i.e. measurable concentrations after a ban) for BPA could be even longer than previously 
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proposed (Pivnenko et al., 2016a). This also suggests that very long time periods may be needed to 

ensure “clean” flows of material cycles such as paper despite rather short phase-out periods of 

unwanted chemicals. 

Assuming that BPS represents 50% of BPA alternatives (as mentioned previously), a decrease in BPA 

amounts will result in increased BPS use and its gradual accumulation in the paper recycling loop, 

eventually converging towards a steady-state (Figure 2). A steady-state is achieved much faster by 

BPS than by BPA, primarily as the result of the higher removal efficiency of BPS in paper re-

processing compared to BPA (see Section 2.4 for details). In Scenario 3, the BPS amount will increase 

fourfold from the current 200 tonnes/year (i.e. the reference scenario corresponding to 2012) to 

approximately 800 tonnes/year. An even further increase (up to 1000 tonnes/year) will result in the 

case of Scenario 4, in which also BPA used in non-thermal paper applications was partially 

substituted by BPS. As shown in Figure 2, the steady-state amounts of BPS (approximately 1000 

tonnes/year) appear to be considerably lower than the reference scenario for BPA (approximately 

2200 tonnes/year). However, this does not take into account the use of BPA alternatives other than 

BPS, which requires additional data and research attention. 

3.3 Model sensitivity assessment 

The model results (i.e. total BPS amounts in paper products) depend on a variety of input parameters 

and their mathematical relationships within the model. These relationships include additions (e.g. 

BPS added to the cycle), subtractions (e.g. BPS removed from the cycle) and multiplications (e.g. 

transfer coefficients, substitution coefficients). In addition, recycling of paper and incomplete 

removal of BPS (or BPA) contributes to non-linear effects of parameter variation on the variation of 

the model results. Hence, sensitivity ratios (SRs) can be expected to be different from 1. The resulting 

SRs indicate the direct relevance of changes in an input parameter value on the model result compared 

to the default result. Hence, the higher the SR, the more critical the parameter value choice for the 

model outcome. As illustrated by the data presented in Table 5, model sensitivity to input parameter 

variations showed SRs lower than 1. This corresponds to a variation in the total BPS amounts in the 

European paper products less than 25% for 25% input parameter variation for the selected parameters. 

The functional and market substitution coefficients (i.e. amount of BPS used for BPA substitution) 

were the most important parameters influencing the modeling results, with SRs of 0.75 in both cases. 

In addition to BPS used in thermal paper production in Europe, BPS is added into the paper cycle in 

paper conversion and through import of paper products for use (see Figure C3 for details). Since the 
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last two sources of BPS are not affected by a substitution coefficient, but influence BPS amounts in 

paper products through recycling, the respective SRs are lower than 1. Although the removal 

efficiency of a chemical in paper re-processing may significantly influence the content of the 

chemical in specific paper products, the influence of BPS removal efficiency on its total content in 

the European paper was rather limited (sensitivity ratio ≤ 0.1). This points out the fact that while 

considerable amounts of BPS are re-introduced into the cycle through paper recycling, amounts of 

BPS added in paper production and manufacturing through BPA substitution are substantially higher. 

With respect to BPS concentrations in EOL paper, the larger BPS flow (a mathematical product of 

concentration and paper flow magnitude) was associated to an EOL paper category the larger 

influence BPS concentration variations in this category had on the total BPS amounts. “Other paper” 

(associated to approximately 100 tonnes of BPS in EOL paper (Figure C3)) showed the highest 

sensitivity ratio of 0.23 followed by “case materials” (associated to approximately 20 tonnes of BPS 

in EOL paper (Figure C3)) with a sensitivity ratio of 0.01. Although sensitivity ratios lower than 1 

sometimes are not regarded as critical (Heijungs and Kleijn, 2001), they should be interpreted with 

caution. Furthermore, interaction effects (variation of the result due to simultaneous variation of 

parameters) are not considered in the present sensitivity assessment (i.e. local sensitivity analysis). 

Although they have been shown to be of minor importance in typical dynamic MFA models, they 

may become relevant in models of (partly) closed material cycles (Džubur et al., 2016). In the present 

model, however, a local sensitivity approach was chosen to identify the most crucial input parameters 

out of a group of model parameters and not to explore the output variation across the full variation 

range of input parameters. Such an approach (i.e. global sensitivity analysis) could be chosen in a 

future study, when more reliable data becomes available to define probable parameter ranges for all 

input parameters.
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Table 5. Sensitivity analysis of prominent input parameters concerning BPS amounts in the model. Results illustrate the total amounts of BPS in paper products within 
the European paper cycle in the end of the modeling period (65 years). 

Parameter name Unit 

Input parameter value Model output [t/a] Sensitivity ratio 
(SR) 

Parameter 1a Parameter 2 
(-25%) 

Parameter 2 
(+25%) 

Result 1 Result 2 
(-25%) 

Result 2 
(+25%) 

(-25%) (+25%) 

Functional substitution coefficient* - 1 0.75 1.25 804.0 653.8 954.3 0.75 0.75 
Market substitution coefficient (BPS)* - 0.5 0.375 0.625 804.0 653.8 954.3 0.75 0.75 
Removal efficiency % 40 30 50 804.0 825.0 787.4 0.10 0.08b 
Carton board mg/kg 300/240 225/180 375/300 804.0 803.8 804.3 0.001 0.001 
Case materials mg/kg 850/3100 638/2325 1063/3875 804.0 801.2 806.9 0.01 0.01 
Household & sanitary mg/kg 100/100 75/75 125/125 804.0 803.6 804.4 0.002 0.002 
Newsprint mg/kg 100/100 75/75 125/125 804.0 803.9 804.2 0.001 0.001 
Other graphic paper mg/kg 100/300 75/225 125/375 804.0 803.6 804.5 0.002 0.002 
Other paper mg/kg 6000/58,000 4500/43500 7500/72500 804.0 757.6 850.5 0.23 0.23 
Wrapping & packaging mg/kg 100/100 75/75 125/125 804.0 803.7 804.4 0.002 0.002 

a Concentrations for both source segregated and residual discarded paper are given for paper product categories; b Removal efficiency for Grade C paper for recycling varied between 
0.7125 (-25%) and 1 (+25%), resulting in asymmetric results.*Functional substitution coefficient represents the mass ratio of either BPS or BPA used in a developer formulation for 
thermal paper applications; Market substitution coefficient represents the mass ratio of BPS to all other BPA-alternatives used on the European market. 
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4 Conclusions 

The results of the literature data evaluation suggested extensive use of BPA in thermal paper on a 

global scale (identified in 93% of samples) and the use of BPS as one of the principal substitutes for 

BPA in thermal paper applications (identified in 54% of samples). For both BPA and BPS, median 

concentrations were higher in America when compared to Europe, while quantitative data from Asia 

were rather limited. Temporal analysis suggested reduced use of BPA throughout the years, as well 

as potential reduction of BPS use in the recent years. Potentially decreasing use of BPS can be 

attributed to use of BPA alternatives other than BPS (e.g. Pergafast® and D-8), data on which is 

scarce and additional research efforts are required. Nevertheless, data suggest substantial share of 

BPS (approximately 50%) among potential BPA alternatives in European thermal paper. The 

modeling results quantitatively illustrated potential long-term effects of the currently proposed EU 

legislation, and unless further measures are taken, BPS accumulation and BPA contamination in paper 

products can be expected for several decades to come. Overall, this work illustrates on the example 

of BPA and BPS that ban on use of a chemical may not have the intended effects of ensuring clean 

material cycles, unless material decontamination and chemical substitution strategies are clearly 

formulated and implemented. Although this study addresses the specific case of the selected 

bisphenols (BPA and BPS) in paper products, the modeling approach can be applied to assess 

chemical flows (including the substitution of one chemical by another) in any product within circular 

material flows. Finally, this work demonstrates that the importance of chemical compounds in 

material cycles should not be neglected while our society is moving from linear production concepts 

towards circular economy solutions. 
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