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ABSTRACT 

This thesis focuses on exacerbating chemicals risk in workplaces under the background of 
rapid industrialization in developing countries. The overall aim is to investigate the 
development of regulatory tools which aim at minimizing the health risks from chemical 
substances in the workplace. The contents of the thesis are divided into three sections: the 
profile of occupational diseases in China (paper I), occupational exposure limits (paper II and 
III), and comparison between chemicals regulations in Europe and China (paper IV). 

Paper I presents an analysis of the development of occupational diseases in China between 
2000 and 2010. The number of recorded cases of occupational diseases increased rapidly in 
China during this period and the majority of cases were attributable to dust and other 
chemicals exposures. Difficulties in diagnosis and inefficient surveillance are major 
impediments to the proper identification and mitigation of occupational diseases. Migrant 
workers are extremely vulnerable to occupational hazards. 

Paper II investigates the state of harmonization of OELs between twenty-five OEL systems in 
Europe and Asia. The majority of the investigated organizations declare themselves to have 
been influenced by the American Conference of Governmental Industrial Hygienists 
(ACGIH), and in many cases this can be empirically confirmed. However, large international 
differences still exist in substance selection and in the level of OELs among organizations.  

Paper III explores the setting of risk-based OELs on non-threshold carcinogens. Relatively 
few agencies set risk-based OELs. Differences exist in policy, both regarding the magnitude 
of risk considered as tolerable or acceptable and whether a general risk level or case-by-case 
substance-specific risk levels are determined. In regards to the level of the OELs both 
differences in science and policy contribute, and it was not possible to determine which has 
the larger influence. 

Paper IV systematically compares the regulation systems for chemicals in the EU and China 
in terms of substances covered, requirement on information, risk assessment and risk 
management. It shows that the European and Chinese chemicals legislations are remarkably 
similar. The differences are larger in terms of substance coverage and data requirements than 
in terms of risk assessment and management. Substitution of hazardous substances is driven 
more by updates of the EU regulatory system than of the Chinese system. 

 

Keywords: Occupational Diseases, Chemicals, Carcinogens, Risk Management, Regulatory 
Toxicology, Occupational Exposure Limits, Chemicals Legislations, Risk Assessment, 
Acceptable Risk 
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1.  
INTRODUCTION 

Globalization of industry is boosting the world economic development. But it also increases 
work-related health and safety problems as the flow of industrial production to developing 
countries continues to increase. Occupational diseases are transferred with industries 
involving hazardous chemicals from economically developed regions to less developed 
regions, such as Asian countries. Unlike developed countries’ proactive safety management 
on occupational hazards, many companies in developing countries have little knowledge on 
workplace safety and health. It indicates that these companies do not have enough knowledge 
and skills to sufficiently understand and manage workplace risks (Hämäläinen et al., 2009). 
On the other hand, because of the stress of global competition, employers may view 
prevention and control of occupational hazards as a barrier to profit (Baram, 2009).  

Meanwhile, the massive flow of labor accompanying industrialization is challenging the 
current occupational health system.  Migrant workers in the informal economy are likely to 
face high levels of workplace exposure because they tend to be outside of the systems that 
prevent, report and compensate occupational diseases (European Parliament, 2011; ILO, 
2011).  

Workers may also get a disease in jobs involving exposure to substances that have not yet 
been identified as hazardous. There were already over 100 000 chemical substances on the 
global market as of 1997 (WHO, 1997), and the overall growth of new chemicals annually is 
still steadily rising during these years (Binetti et al., 2008).  Despite the large amount of 
chemicals in use, little information is known for most of them regarding the hazardous 
properties. There is still a considerable information gap between the knowledge we have and 
the knowledge we need to regulate chemicals to protect human health (Applegate and Baer, 
2006). The risk posed by unidentified hazardous properties of chemicals will be exacerbated 
by the globalization due to the increasing amount and kinds of chemicals used and the 
increasing number of workers involved.  

1.1. AIM OF THIS THESIS 

This thesis focuses on exacerbating chemical risks in workplaces under the background of 
rapid industrialization in developing countries. The overall aim is to investigate the 
development of regulatory tools which aim at minimizing the health risks from chemical 
substances in the workplace. Towards this aim, the first study was conducted, aiming to 
determine the extent to which chemicals exposure has contributed to the burden of 
occupational diseases in China during recent years. It provides a description and analysis of 
the development of occupational diseases in China during the period 2000-2010, identifies 
major challenges, and explores possible solutions for prevention and control. The second 
study moved to a specific regulatory tool in occupational hygiene, namely occupational 
exposure limits (OELs). The objectives of this study were to examine the systems for setting 
OELs, the coverage of individual chemical substances and the levels of the exposure limits in 
European and Asian regions. The third study explores OELs setting for a specific group of 
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substances, namely carcinogens for which the OEL setter has assumed no threshold above 
zero is sufficiently supported by available knowledge. This study aimed to investigate the 
extent to which the risk-based approach has been used for OEL setting for no-threshold 
carcinogens and also tentatively determine the relative weight of science and policy in the 
setting of these limits. The fourth and final study concerns regulations for chemicals control 
generally. The objective of this study was to investigate the legislative designs between the 
EU and China in order to evaluate differences and similarities regarding substances covered, 
requirement on information, risk assessment and risk management. It is hoped that they these 
studies can provide knowledge used for improving management of chemical risk in workplace 
thereby helping to prevent and control occupational diseases. 
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2.  
BACKGROUND 

In the following sections the background to the thesis work will be described, starting with the 
burden of occupational disease followed by an overview of health risk assessment, approaches 
to regulate chemicals in the workplace, and chemical regulations’ influence on occupational 
health.  

2.1. BURDEN OF OCCUPATIONAL DISEASE DUE TO OCCUPATIONAL 
CHEMICALS EXPOSURE 

Occupational health problems caused by exposure to hazardous substances have long been 
part of human history. It was well understood as long ago as the 15th century that airborne 
dusts and chemicals could bring about illness and injury, but the concentrations and lengths of 
exposure at which this might be expected to occur were unclear (Paustenbach and Sahmel, 
2011). In Germany in 1473, Ellenbog wrote on the occupational hazards faced by goldsmiths 
and metalworkers, describing how to avoid lead and mercury poisoning (Gochfeld, 2005). In 
the late 17th century Ramazzini, who is often called the founder of occupational medicine, 
recognized that workers might suffer from diseases due to exposure to “….the harmful 
character of the materials that they handle, for these emit noxious vapors and very fine 
particles inimical to human beings and induce particular diseases” (cited from Gochfeld, 
2005). In China, documentation of rock-crushing-related lung damage and symptoms of 
occupational lead poisoning can be traced back even further, to the Song Dynasty (1000 B.C.) 
and the Ming Dynasty (14th to 17th century) (Liang and Xiang, 2004).  

Today, chemicals are essential parts of our life. People are likely to encounter them every day 
– either from work or elsewhere. Although the welfare of human society has been largely 
relying on industrial chemicals, exposure to them may still cause negative effects even 
diseases. Exposures in the workplace usually tend to be high and sustained comparing to those 
in the ambient environment. Consequently, workers are at much higher risk of developing                       
chemicals-related diseases than the general population. A number of diseases have been 
related to the occurrence of harmful substances in the occupational setting, including, but not 
limited to, respiratory disease, skin disease, and cancers (ILO, 2010).  

There are various estimates of the burden of occupational disease attributable to chemicals 
exposure. ILO (2013) stated that 2.02 million people die from work-related diseases each year. 
This figure also included diseases caused by other factors than chemical exposure in 
workplace, but it is reasonable to assume that exposure to chemicals causes a high proportion 
of fatal diseases. It was estimated that in the year 2000  the global burden of non-malignant 
respiratory disease due to occupational airborne exposures was 386 000 deaths and nearly 6.6 
million DALYS (Driscoll et al., 2005a). In the same year there were estimated 152 600 deaths 
and nearly 1.6 million DALYS due to exposure to occupational carcinogens (Driscoll et al., 
2005b). The exposure to chemical risk factors slightly decreased over time between 1995 and 
2005 in Europe (Eurostat, 2010) but it still poses a substantial risk to workers. It is estimated 
from EU aggregate data that nearly one third of all occupational diseases recognized annually 
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in the EU are related to exposure to chemical substances (Walters and Grodzki, 2006). 
According to a report prepared for the Environment Directorate-General of the European 
Commission (RPA, 2003), it is estimated that 32 500 cancer deaths in Europe each year are 
caused mainly by occupational exposure to chemicals, which represent 3.5% of total cancer 
death cases in Europe. Of the total 27 240 recorded cases of occupational diseases in China in 
2010, 23 812 cases were caused by exposure to airborne chemical dust (ILO, 2013). A 
calculation of Li et al. (2012) shows that in the year 2005, 48 511 cancer deaths in China were 
attributable to occupational agents and this accounts for 3.1% of the total cancer deaths in that 
year. 

It is clear that occupational diseases cause huge suffering and loss. They not only damage 
workers’ health and their personal economy, but also have negative impact on the 
productivity and profitability of enterprises and ultimately on the welfare of entire societies. It 
is estimated by ILO that direct and indirect costs in work-related accidents and diseases result 
in approximately 4% loss in global GDP, or about US$2.8 trillion (ILO, 2013). Within the EU 
the yearly costs of work-related diseases is at least €145 billion (EU-OSHA, 2013).  

2.2. TOXICOLOGICAL RISK ASSESSMENT 

Toxicological risk assessment (henceforth risk assessment) is a useful tool to identify and 
prioritize chemical hazards. It is a systematic scientific evaluation process intended to 
estimate the nature and probability of adverse health effects in humans who may be exposed 
to chemicals in contaminated environmental media, now or in the future (Hansson and Rudén, 
2005). Risk assessment involves four steps: hazard identification, dose-response assessment, 
exposure assessment and risk characterization (Figure 1). From a regulatory perspective, risk 
assessment can serve an aim to identify chemical risks due to present circumstances in society 
or to identify risk levels of sufficiently low concern in order to determine allowable exposures. 
An example of the first would be to evaluate the risk caused by the presence of Bisphenol A 
in currently marketed consumer products, while the determination of limit values such as an 
acceptable daily intake (ADI) or an OEL are examples of the latter.  

 
Figure 1. The structure of the risk assessment process, and its connection to risk management 
decision-making. The figure is slightly modified from NRC, 1983. 
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2.2.1. HAZARD IDENTIFICATION 

For risk assessment of a chemical agent, hazard identification evaluates the weight of 
evidence for adverse effects in humans caused by the exposure of a given chemical (or group 
of chemicals). It is based on assessment of all data available on inherent properties of the 
chemical of interest. Two questions need to be answered: (a) whether this agent may pose 
health hazards to human beings, and (b) under what circumstances an identified hazard may 
be expressed.   

In order to assess the toxicity of chemicals, information from a number of different types of 
studies can be used, e.g. structure-activity relationships (SAR), in vitro studies, in vivo 
bioassays, and human epidemiological or experimental studies. Each source of information 
has its advantages and limitations in contributing to an assessment and characterizing 
potential adverse health effects (IPCS, 1999).  

Good quality human data, whenever available, are preferred to animal data in providing the 
most relevant information on health effects of human, thus avoiding interspecies extrapolation. 
But the use of human epidemiological data may frequently be limited as data are either not be 
available or be inadequate scientifically. Experimental studies in human volunteers are most 
often restricted for ethical reasons to the examination of mild, temporary effects of short-term 
exposures in a limited number of subjects. Animal and in vitro studies supply evidence 
missing from human studies, but may not be sensitive enough to identify all hazards relevant 
for humans.  However, animal studies have clear advantages particularly in respect of 
characterization of exposure, use of controls, pathological investigations and may hence also 
be more efficient as tool to identify potential hazards than epidemiological studies. The 
experimental setting also significantly improves the potential to identify a dose-response 
relationship (SCOEL, 2009). 

2.2.2. DOSE-RESPONSE ASSESSMENT 

Having identified the hazard, it is useful to determine at what concentration an adverse effect 
would be found. It starts with identification of the “point of departure” (POD) which is the 
starting point for extrapolation (ECHA, 2012a). For some detrimental health effects caused by 
chemicals, it is accepted to assume the existence of a threshold dose below which the effect 
will not appear (Figure 2 to the left). For other effects, it is not possible to identify a threshold 
(Figure 2 to the right). Historically in risk assessment a threshold has generally been assumed 
to exist for non-cancer endpoints, while for cancer endpoints it has often been assumed that 
no threshold exists.  

5



 
 

 

Figure 2. Dose-response relationships with (to the left) and without (to the right) thresholds. 
(adapted from Schenk, 2011) 

For threshold dose-response relationships the POD can be a “no observed adverse effect level” 
(NOAEL), “lowest observed adverse effect level” (LOAELs) or based on the benchmark dose 
approach. The NOAEL has traditionally served as the basis for risk assessment calculations. 
However, the NOAEL approach has been criticized for its limitation. The NOAEL, by 
definition one of the experimental doses tested, is subject to the sensitivity of the methods 
used, the sizes of the exposed groups and the differences between estimated doses. And once 
the NOAEL has been identified, the rest of the dose-response curve is ignored. Hence, Crump 
(1984) proposed an alternative approach, benchmark dose (BMD). BMD is the dose that 
produces a certain increase in incidence of adverse response compared with the response in 
untreated animals (generally in the range of 1% to 10%). A dose-response curve is modeled 
and fitted to the experimental data. From the lower confidence limit on that curve a low level 
of response in the experimental dose range can be obtained (Faustman and Omenn, 2007).  

Different PODs may be used in the extrapolation of non-threshold effects, for instances BMD 
and T25. T25 is the chronic dose rate in mg per kg body weight per day which will give 25% 
of the animals tumors at a specific tissue site, after correction for spontaneous incidence, 
within the standard study period of that species (Dybing et al., 1997).  T25 may either be 
incidentally obtained from the experiments or calculated from other tumor incidences using 
linear intrapolation or extrapolation. In the USA, it is recommended that a BMDL is selected 
as the representative of the lower end of the observed range (US EPA, 2012). In Europe, 
PODs of non-threshold effects can be T25 or BMD10 (ECHA, 2012a). German Committee on 
Hazardous Substances (Ausschuss für Gefahrstoffe, AGS) (2008a) suggests in its guide for 
cancer risk assessment of carcinogenic that if data of sufficient quality are available from 
animal studies, the POD is to be identified as the benchmark concentration (BMC) or BMD. If 
a sufficiently qualified BMC cannot be achieved, AGS requires T25 (the dose giving a 25% 
incidence of cancer in animal experiment) be used as the POD. For BMD modeling with even 
poorer data quality, it is appropriate to calculate both the T25 and the BMD10 to identify the 
effects of the uncertainty of the specific decision (AGS, 2008a). 

2.2.2.1. EXTRAPOLATION 
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The dose-response relationship needs to be extrapolated from restricted human and animal 
data to wider human conditions, relevant to the target population. Sometimes uncertainty 
factors (UFs) are applied to address variability and uncertainty in the process of extrapolation. 
UFs should cover nature and severity of the critical effect, nature of the POD, known species 
differences, consistency, slope of the dose response curve and information on absorption, 
distribution, metabolism and excretion (ECHA, 2012a). The use of UFs in health risk 
assessment was first introduced by the US Food and Drug Administration (FDA) (Dorne and 
Renwick, 2005), and the original investigators, Lehman and Fitzhugh (1954), proposed the 
100-fold default factor, which was applied to the dietary concentration. The use of UF in OEL 
setting is described in section 2.4.3.  

When extrapolating between species, differences in two aspects need to be considered. The 
first aspect represents differences in toxicokinetics. The second aspect concerns the nature and 
severity of the target adverse effect.  

Heterogeneity between individuals exists within any population group in sensitivity and 
toxicokinetics to an adverse effect. Variations in such as genetic composition, nutrition, 
disease state and lifestyle should be considered for intra-species extrapolation.     

When only a LOAEL value is available, a UF may be applied to achieve a value comparable 
to a NOAEL (e.g. ECHA, 2012a). The magnitude of the UF (often recommended to be 
between 1 and 10) is based on both the dose-response relationship and the severity of the 
endpoint. 

Ideally, data should be available for the same routes of exposure in practice. Where studies by 
one route of exposure are not available, justification may exist for converting data from other 
routes of exposure (Dourson and Felter, 1997, ECHA, 2012a). 

For adverse effects without threshold, linear extrapolation is considered to be appropriate if 
evidence available supports a mode of action that is considered to be linear or there is no 
evidence of non-linearity. However, it is difficult to prove or disprove linearity in low-dose 
range experimentally even in bioassays involving extremely large amount of animals. 
Although it is recognized that linear extrapolation may in some cases result in overestimation 
of risks at low exposures, Bolt et al (2004) pointed out that for a number of chemical 
carcinogens a linear non-threshold extrapolation appears appropriate and scientifically well 
founded. However, if the available data do indicate a deviation from linearity, these data 
should be taken into account resulting in a modification of the default approach. 

2.2.3. EXPOSURE ASSESSMENT 

There are a variety of potential sources and routes of exposure to hazardous chemicals, for 
instance air, food and cosmetics. Exposures sources for the chemical of interest can also be 
multiple. Exposure assessment is the process of determining source, type, magnitude, 
frequency, and duration of human exposure to a chemical of interest (Faustman and Omenn, 
2007). Simply put the exposure is the product of a concentration in the exposure medium, the 
biological uptake, duration and amount of contact with that medium. Exposures might be 
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measured directly at the interface between the person exposed and the exposure source, such 
as measuring the concentration in the breathing zone. The total body burden of a certain 
exposure can also be estimated by measuring the concentration of the chemical, or its 
metabolite in a biological matrix, such as blood or urine. Exposure might also be estimated by 
modeling approaches, which allows a risk characterization before actual exposure to the 
hazard or a reconstruction of previous exposures (ECHA, 2012b).  

2.2.4. RISK CHARACTERIZATION 

Risk characterization is the final step of risk assessment. It aims to synthesize an overall 
conclusion on the hazard assessment, the dose-response assessment and the exposure 
assessment. Risk characterization identifies chemicals that present significant risks and 
indicates how risk varies with exposure, thus helps to select priority substances and apply 
proper management options. The simplest approach of risk characterization is to compare the 
dose at which no effects are expected as extrapolated from the dose-response assessment, with 
the estimated exposure. Crudely, if the exposure does not exceed this dose the risk is 
negligible, at least to the best available knowledge. Conversely, if the exposure exceed this 
dose additional risk management measures are required.  The ratio between the dose of 
negligible risk and the measured, or estimated, exposure can also be referred to as the margin 
of safety (Eaton and Gilbert, 2007). The larger the MOE, the less likely that an adverse effect 
will occur. 

2.3. REGULATING CHEMICAL RISK IN THE WORKPLACE 

The exposure of humans to chemical substances can be divided into three types: exposure in 
the workplace (occupational exposure), exposure from the use of consumer products 
(consumer exposure), and indirect exposure through the environment. The most common 
routes of exposure in the workplace are by inhalation or by skin absorption. Workplace 
exposure to chemicals calls for regulating action to protect workers against negative health 
effects. There are different approaches to regulating chemicals exposure of which some are 
described further in the following sections.  

2.3.1. SUBSTITUTION PRINCIPLE 

Substitution means the replacement or reduction of hazardous substances in products and 
processes by less hazardous or non-hazardous substances, or by achieving an equivalent 
functionality via technological or organizational measures (EU, 2003; KEMI, 2007). When it 
is technically feasible, workplace exposure of hazardous chemicals should be eliminated or 
reduced by substitution with safer substances whilst maintaining an equivalent functionality. 
Legislation is found in many cases to be one of the most powerful drivers for substitution (EU, 
2003). Substitution principle has been required in several regulations. EU Directive on the 
worker protection from chemical risks (EU, 1998) requires that “The employer must ensure 
that the risk is eliminated or reduced to a minimum, preferably by substitution.”  According to 
Article 4.1 of EU Directive on workers’ exposure to carcinogens and mutagens (EU, 2004), 
“The employer shall reduce the use of carcinogens or mutagen at the place of work, in 
particular by replacing it, in so far as is technically possible, by a substance, preparation or 
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process which, under its condition for use, is not dangerous or is less dangerous to worker’s 
health or safety”.  

2.3.2. THE ALARA PRINCIPLE 

In reality, substitution or otherwise reducing an exposure to zero is not always possible. 
Residual risk exists due to social, technical, economic, practical, or public policy 
considerations. “As low as practicable” (ALAP), “as low as reasonably practicable” (ALARP), 
and “as low as reasonably achievable” (ALARA) are closely related principles that have been 
introduced into radiation protection where they supplement other principles such as 
justification of exposures and individual dose limits (Tran et al., 2000; Hansson, 2013). 
Although primarily developed for the purposes of radiation protection, the ALARA principle 
has also been applied to a large extent in workplace health and safety for instance by the EU 
Directive on workers’ exposure to carcinogens and mutagens (EU, 2004), and for some risk-
based OELs of non-threshold carcinogenic effects (paper III). Applying the ALARA principle 
to management of chemicals in workplace, means measures must be taken to keep a worker's 
exposure to a level as low as is reasonably achievable (Tran et al., 2000). To achieve adequate 
control of risks in occupational settings, EU Directive on workers’ exposure to carcinogens 
and mutagens (EU, 2004) requires where it is not technically possible to prevent exposure 
then, it should be reduced to as low a level as technically possible. Lowering exposures can be 
achieved through technical measures such as closing processes and ensuring adequate 
ventilation. If general risk management measures are inadequate the use of personal protective 
equipment can further reduce workers’ exposure (Roger, 2012). 

2.3.3. OCCUPATIONAL EXPOSURE LIMITS 

Occupational Exposure Limits 1  (OELs) specify maximum allowable concentrations to 
airborne substances in workplace and are expressed as time-weighted averages (TWAs). The 
most common type of OEL is the 8-hour TWA, but short term exposure limits (STELs, 
usually 15-min) and ceiling limits (CL, often 5-min) are also frequent. Most OEL lists 
established are legally binding, while some lists are only recommendations (paper II). 
Although not the first list of OELs (Fairhurst, 2003), the history of systematic setting of OELs 
is often said to have begun with the first list threshold limit values (TLVs) that the American 
Conference of governmental Industrial Hygienists (ACGIH) published in 1948 (Topping, 
2001). ACGIH historically influenced on OEL setting in many countries. The influences of 
the ACGIH on the European lists took place mainly before the 1980s and have been followed 
by many revisions of the Europeans lists (Piney, 1998). Several Asian lists were much 
influenced by the ACGIH lists in the 1980s concerning both substance selection and limit 
setting (see e.g. Liang et al., 2006; paper II). The OELs were adopted in China since mid-
1950. However, OELs were not systemically developed in China until 1981. The status of 
OELs was legalized in China in 2002 because of the enforcement of the Law on Prevention 
and Control of Occupational diseases (Liang et al., 2006).  

                                                            
1 Different organizations use different terminologies for limits on workplace exposure. In this thesis, we use term 
“occupational exposure limits”, or OELs. 
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OELs can be classified into two categories, according to the basis on which they are 
established, health-based and pragmatic Health-based OELs may be established when it is 
possible to identify a clear threshold dose below which exposure to the substance in question 
is not expected to lead to adverse effects. Also, health-based OELs are defined as being set 
only on the basis of medical and toxicological data, paying no consideration to factors such as 
technical and economic feasibility to comply with these values2. Pragmatic OELs on the other 
hand are based on medical and toxicological knowledge as well as socio-economic 
considerations (Remaeus, 2001). These values aim at protecting workers from adverse health 
effects, but some residual risk might be considered as acceptable in the trade-off with 
feasibility of compliance. Pragmatic OELs can be set for substances both with and without an 
identifiable effect threshold. In practice, indicative or recommended, i.e. not legally binding, 
OELs are often health-based while legally binding OELs are pragmatic (Norseth, 2001; paper 
II).  

Risk-based OELs for substances without an identifiable effect threshold, such as some 
carcinogens and sensitizers, can be seen as a subset of pragmatic OELs. These OELs are 
established at concentrations which can be achieved by good occupational hygiene practices 
so that the risks to workers are reduced to a risk level of little concern. What is considered to 
be little concern is a, more or less pragmatic, policy decision. Risk-based exposure limits for 
carcinogenic substances associate workplace exposure with the additional lifetime cancer 
risks due to occupational exposure (Brokamp and Hendrikx, 2008; BAuA, 2013). The 
additional risk here means difference between the risk of exposed workers and the risk of non-
exposed general population. The philosophy behind risk-based OEL is that the risk of 
developing diseases increases with an increasing exposure concentration of the substances, 
and the risk is a continuum, so it can be divided into ranges with high risk, medium and low 
risk by exposure concentrations. 

Risk-based OELs have been set for non-threshold carcinogens and sensitizers. For non-
threshold carcinogens, risk-based exposure limits can be divided to two categories: two-tier 
exposure limits and one-tier exposure limits (paper IV). Two-tier exposure limits apply two 
reference levels of additional risk levels to divide the likelihood of developing cancers into 
three areas (Figure 3). The boundary between high risk and medium risk is referred to as 
tolerable or prohibited risk, and the corresponding exposure concentration is set as tolerable 
exposure limit, while the boundary between medium risk and low risk is referred to as 
acceptable risk accompanied with acceptable exposure limit. Employers are required to keep 
workplace exposure no higher than tolerable exposure limit. In the case of activities in the 
range of medium risk, as long as the acceptable risk level is not reached, employers must obey 
the ALARA principle and take additional protective measures to further minimize workplace 
exposure by taking additional protective measures (Brokamp and Hendrikx, 2008; BAuA, 
2013; SUVA, 2013). One-tier exposure limits apply a single reference level of additional risk 
which is considered of very low concern. Either this reference level is set as acceptably or 

                                                            
2 It is difficult to truly establish that health-based OELs are health-based, they are claimed to be set only on 
medical and toxicological data – but practice has often been shown to be more pragmatic. Also, what is a health-
based OEL today, might – with newly emerged knowledge – become “unsafe” tomorrow.  
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tolerably, employers should keep workplace exposure under this level, and minimize the 
exposure as far as technically feasible. Whether termed as tolerable risk or acceptable risk, the 
risk level applied by one-tier concept plays a similar role to the tolerable risk level of two-tier 
concept. 

 

Figure 3. The concept of two-tier risk-based exposure limits. 

2.4. DERIVATION OF OELS 

Setting appropriate OELs is a complex process involving science, feasibility, socio-economic 
factors and policy. Figure 4 illustrates the general process of setting OELs. The need for 
regulatory action, such as OELs, originates from the occurrence and use of hazardous 
substances at workplaces. The process of OEL-setting starts with the prioritization and 
selection of which substances should be evaluated. The process of identifying the numerical 
value of the OEL is referred to as a toxicological evaluation and basically corresponds to the 
hazard identification, dose-response assessment and extrapolation as presented in section 2.2. 
In the toxicological evaluation the assessment of adverse effects is performed, and sometimes 
the identification of a health-based OEL. For OEL-setting risk characterization in some sense 
comes before the exposure assessment, as the OEL should correspond to the risk of no/little 
concern, i.e. that exposure which will lead to no, or acceptably low, adverse health effects. 
The policy step of identifying the level of acceptable effects for pragmatic OELs is 
represented in Figure 4 with the box consequence analysis. The extent of the consequence 
analysis, or indeed what it is called, varies between OEL setting agencies. The final step in 
figure 4 is implementation, which refers to the regulatory enforcement and practical use at the 
workplace. The feedback arrow is included to show that OELs might need to be reassessed as 
new knowledge emerges. In the following sections the four highlighted steps in figure 4 are 
described closer.   
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Figure 4. Schematic representation of the process concerning the setting and enforcement of 
OELs. (adapted from Schenk, 2011) 

2.4.1. PRIORITIZING SUBSTANCES FOR OEL SETTING 

Setting an OEL is a time-consuming process, and most standard-setters do not have the 
resources to evaluate all chemicals that occur in the workplaces under their jurisdiction. The 
criteria on which substance are prioritized by OEL-setters vary, although a few general 
principles can be assumed to apply (Mikheev MI, 1995). Obviously the potential impact of 
the substance plays a major role in the prioritization, here the number of workers that are, or 
potentially are, exposed is a major factor. However, how severe the effects are, or are 
suspected to be also matters. This later aspects depends on the amount of available knowledge, 
data on toxicity and workplace exposures are necessary for an efficient OEL setting process. 
The availability of measurements methods might also influence the prioritization, if there are 
no means to enforce the OEL through exposure measurements OEL-setters might give 
priority to other substances. However, an OEL could also serve as an incentive to develop or 
improve measurement methods. Some agencies, for instance the Swedish Work Environment 
Authority (SWEA), engage in public consultative processes, in which stakeholders are 
requested to provide feed-back in the prioritization list for OEL evaluation. EU conducted a 
survey on OELs for carcinogens, mutagens and reprotoxic substances at EU Member States 
Level in 2007 (EU-OSHA, 2007). Based on the answers of 11 countries, the most important 
criteria for the selection of substances for setting of OEL appear to be (in order of priority): (1) 
epidemiological evidence, including reported cases of ill-health in the workplace, (2) 
availability of toxicological data, (3) severity of effects, (4) number of persons exposed, (5) 
availability of data on exposure, and (6) availability of measurement methods.  

2.4.2. TOXICOLOGICAL EVALUATION 

The process of setting an OEL does not conform fully to the classical risk assessment. The 
focus is on the first part, toxicological evaluation which is similar to Section 2.2.1 Hazard 
Identification. In this step, both the technical literature available and the latest studies on the 
substance of interest are screened and inspected, and the quality of the work is evaluated. All 
relevant data on the substance’s hazardous properties will be assembled, which include human, 
animal and other experimental information, as well as physicochemical properties relevant to 
the establishment of an OEL. The evaluator assesses the quality of individual studies as well 
as the sufficiency of the compiled data-base.  The key components of a sufficient data set 
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should cover information on threshold and non-threshold effects after long term as well as 
short term exposure and for the appropriate exposure route.  (see e.g. SCOEL, 2009). 

 Based on the compiled database an assessment of likely adverse effects caused by the 
substance is performed. Further, which adverse effect(s) is (are) critical in deriving the level 
of the OEL are established, as well what dose descriptor constitutes a suitable POD for the 
extrapolation to an OEL. 

Evaluation of data quality and sufficiency has been shown to vary widely between different 
standard-setters, in health risk assessment in general (Rudén, 2002; Öberg et al., 2010) and 
for OELs in particular (Schenk, 2010). This in turn affects the identification of critical effects 
and PODs, which may significantly affect the resulting OEL (Schenk, 2010).  

2.4.3. EXTRAPOLATION FROM DATA TO OEL 

An OEL is derived from the point of departure (POD), by performing an extrapolation to 
incorporate the variation within and between species, differences in exposure duration and 
uncertainties due to lack of data. For chemicals with threshold, a health-based OEL can be set 
by using NOAEL or BMD as a POD. The extrapolation from POD to OEL can be performed 
using UFs, however the application of UFs is not as well developed or explicit as in health 
risk assessment on other regulatory areas (Hansson, 1997; Nielsen and Ovrebø, 2008; Schenk, 
2010). The working population is more homogeneous than the general population. Workers 
are commonly exposed to chemicals for 8 hours per day, 5 days per week, 240 days per year 
for a working lifetime (up to 45 years). This contrasts with daily uptake for a full lifetime, for 
which  maximum Acceptable Daily Intakes (ADIs) and similar limits are set. For the above 
reasons the UFs used in setting OELs are traditionally lower than those which are used to 
develop limit values for the general population in other regulatory areas. The small overall UF 
indicates that the determination of UFs for setting health-based OELs should be well-founded 
in and justified from toxicological mechanisms (Nielsen and Ovrebø, 2008). 

There are some previous studies concerning the use of UFs when setting OELs. Fairhurst 
(1995) presented an analysis of health-based OELs for 24 substances set in the UK between 
1990 and 1993. For these OELs the severity of the critical effect seems to have had some 
influence on the UF. Hansson (1997) calculated the ratio between the POD and the OEL for 
Swedish OELs based on human data, and found an unsatisfactorily distinction between 
LOAELs and NOAELs. Schenk & Johanson (2010) scrutinized the use of UFs by the SCOEL 
showing that for 31 out of 75 indicative OELs, no explicit uncertainty factor was stated, also 
significant differences in the magnitude of the UFs were found between critical effects.  

The pragmatic OELs are derived essentially in the same manner as health-based OELs, but 
the numerical value of pragmatic OELs is modified by socio-economic factors. As a subset of 
pragmatic OELs, risk-based OELs have been established for some (non-threshold) 
carcinogens (paper III).  According to the method developed by the Health council of The 
Netherlands (1995), the starting point of extrapolation is the carcinogenic activity for lifespan 
exposure per unit dose (or per unit air concentration) rather than BMD or T25. Then the 
additional lifetime cancer risk per mg/m3 under occupational conditions associated with the 
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starting point is calculated and then used to extrapolate to OELs associated with reference risk 
levels by a linear model. In Germany, a BMD or T25 is generally used as starting point of 
extrapolation (AGS, 2008b), and both an exposure-risk function and a reference level of 
additional risk are needed when deriving a risk-related exposure limit. Linearized models are 
commonly used for extrapolation to exposure values with lower risk levels for non-threshold 
carcinogenic effects (Galer et al, 1992; AGS, 2008; AFSSET, 2009).  

The decision whether a calculated lifetime cancer risk is of concern depends not only on its 
objective quantitative probability and the nature and severity of the consequences, but also on 
societal and political factors that influence how risks are perceived (Ricci et al., 1989) One 
definition of acceptable risk that has been widely accepted in environmental regulation is if 
lifetime exposure to a substance increases a person’s chance of developing cancer by 10-6 or 
less (Kelly et al., 1994). As shown in paper III, different OEL-setters aim at different levels of 
protection, and what is found acceptable lies within the range of 4×10-5 to 4×10-4. 

2.4.4. USE IN THE WORKPLACE 

OELs represent an important tool in workplace both for monitoring current workplace 
conditions and planning future workplace design (Walters et al., 2003; Walters and Grodzki, 
2006). In a workplace risk assessment the OEL for the relevant substance is compared to the 
estimated workplace exposure of that substance. The outcome of such a workplace risk 
assessment obviously depends both on the toxicological reliability of the OEL and the 
reliability of the information about exposure conditions. However, it is usually difficult and/or 
expensive to measure, estimate and model workplace exposure. 

The meaning of OELs is misconceived to represent “safe limit” by some users. Due to many 
uncertainties in the OEL-setting process, including the often limited toxicological knowledge 
about a substance, and the variation among individuals, such an assumption can be misleading. 
Also, OELs is usually apply to a work schedule of 8 hour shifts, with 16 hours between each 
shift at an assumed concentration of the agent of near zero, for five days with a two day 
weekend for a circular. Deviations from this standard work schedule are common, but 
correcting the TWA values for this is difficult (Morgan, 2003). Yet another issue is that of 
exposure to several different substances at the same workplace. The vast majority of 
occupational exposure limits (OELs) relates to single chemicals (Feron, 2003). Exposures to 
mixtures of two or more compounds in air pose serious difficulties for interpretation of 
guidelines and OELs. Depending on the composition of the elements of mixtures, significant 
toxicological interactions between the components may occur. These interactions are complex 
and often difficult to predict, ranging from synergistic to additive and subadditive interactions 
(Dennison et al., 2004).Hence, it is important to emphasize OELs do not represent “safe 
levels” of exposure for all workers and it is always prudent to reduce exposure as far below 
OELs as can reasonably be achieved, in order to provide the greatest degree of health 
protection. Employers, and enforcement agencies, should be clear that what is being set is not 
a “safe limit” but rather a tool in the assessment and management of risk.  

Walters and Grodzki (2006) pointed out that the efficiency of OELs partly depends on the 
responsible parties’ awareness and understanding of it. Schenk (2013) showed that awareness 
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and understanding of Swedish OELs is low among workers, as well as managers and 
occupational health and safety employees. It has also been recognized that small company 
owners or managers generally have limited awareness and understanding of the meaning of 
OELs and therefore little capacity to apply them adequately in their risk management 
strategies (Walters et al., 2003).   

2.5. CHEMICALS REGULATIONS AND OCCUPATIONAL HEALTH 

Although there are many regulations specifically aimed at managing chemicals risks at the 
workplace, also other chemicals regulations may have positive impacts in the occupational 
setting. The recent updates of chemical regulations in the EU and China are expected to 
provide more information about chemicals’ properties and risk assessments, as well as 
establish new channels of communication alone the supply chain, and remove substances with 
high risk from the market. 

In 2007 the European regulation of industrial chemicals REACH (Registration, Evaluation, 
Authorization and Restriction of Chemicals) (EU, 2006a) entered into force. REACH has 
replaced 40 pieces of EU regulations and introduce a single system for the vast majority of 

chemicals. Its aim is to reduce, as far as possible, adverse effects on human health and the 
environment from chemicals, to promote alternative methods for the testing of hazards of 
substances, and ensure the free circulation of substances within the EU market. REACH is a 
major change in the way chemicals are regulated. REACH makes companies manufacture 
chemicals within or importing into the EU (in quantities above 1 tonne per year per 
manufacturer) responsible for registration of those substances at ECHA. The burden of data-
generation and risk assessment is shifted from authorities to manufacturers and importers of 
chemicals. 

REACH’s impact on non-EU regulatory approaches depends on the globalized character of 
the chemical industry. China is the world’s second largest manufacturer and consumer of 
chemicals. The bilateral chemical trade between the EU and China is massive and still 
increasing (Griesar, 2009). As a response to the existing regulatory gaps, revised Chinese 
regulations concerning industrial chemicals were issued in 2010 and 2011. On January 19, 
2010, the Ministry of Environmental Protection (MEP) of China released the amended 
“Measures on Environmental Management of New Chemicals” (MEP, 2010), the No 7 Order 
of MEP (shortened as “Order 7” below) to replace the former 2003 version. Risk assessment 
has been introduced into Order 7 as an important component. On March 12, 2011,  the 
amendment of “Regulation on the Safe Management of Dangerous Chemicals” (SAWS, 
2011), the No 591 Decree of China’s State Council (shortened as “Decree 591” below) was 
issued by  China’s State Administration of Work Safety (SAWS) based on the previous 
versions from 2002 and 2008. It introduces a licensing system in order to ensure the safety of 
humans and protect the environment against risk posed by hazardous chemicals in the 
processes of manufacture, storage, use, sales and transport. Similarities and differences in 
legislative designs between the EU and China have been explored in paper IV, in the 
following sections some effects these regulations may have specifically on occupational 
health and safety management are described. 
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2.5.1. DATA GENERATION  

The recognition of workplace risk starts with hazard identification. The effectiveness of 
worker protection depends very much on the available information on chemicals. It is 
estimated there are over 100 0000 chemical substances on the global market and the overall 
growth of new chemicals annually is still high and steadily rising. Despite the large amount of 
chemicals marketed and intended to be marketed, little information is known for most of them 
regarding the hazardous properties. A considerable information gap lies between the 
knowledge we have and the knowledge we need to regulate chemicals to protect human health 
and environment.  

REACH and Order 7 aim to produce initial information on a large number of substances. This 
might help to keep up the pace of screening hazards in workplace and prioritize for setting 
OELs. The registration systems of REACH and Order 7 force industrial suppliers to provide 
information on the intrinsic properties of the substances they place on the market. For some 
substances, Chemical Safety Assessment (CSA) is furthered required to identify and describe 
the conditions under which the risks are controlled. According to REACH, CSA is needed in 
the registration dossier for chemicals manufactured or imported at 10 tonnes or more per year 
per registrant, while the trigger for CSR in Order 7 is 1 tonne per year per registrant combined 
with identification of dangerous, PBT or vPvB properties. Hence REACH will influence 
workplace risk management by providing toxicological evaluations for a large number of 
substances on toxicokinetics, acute and repeated dose toxicity, sensitization, carcinogenicity, 
mutagenicity and reproductive toxicity. (Musu, 2004; Nielsen and Ovrebø, 2008) and so will 
and Order 7 as it provides similar information (paper IV). This information will in most cases 
not be sufficient as a basis for deriving OELs, but may serve as a basis for prioritization of 
substances for further research and/or evaluation for an OEL (Nielsen and Ovrebø, 2008). The 
European Chemicals Agency (ECHA) makes information on toxicological evaluations 
publicly available by its on-line dissemination portal 
(http://echa.europa.eu/web/guest/information-on-chemicals/registered-substances, 2013-08-
18), while there is currently no similar public dissemination required by Order 7. 

2.5.2. TOXICOLOGICAL EVALUATION 

It has been expected that REACH will further influence workplace risk management by 
setting a kind of exposure limits (Musu, 2004; Ogden, 2010). According to REACH, the 
Derived No-Effect Level (DNEL) is required as part of CSA (ECHA, 2012a). Based on an 
integration of all available and relevant human health hazard data, the DNEL can be 
considered as an ‘overall’ No-(Adverse-)Effect-Level (N(A)EL) for a given exposure (route, 
duration, frequency), accounting for uncertainties/variability in these data and the human 
population exposed. For endpoints without threshold, a Derived Minimal-Effect Level 
(DMEL) should be established (ECHA, 2012a). DN/MEL should reflect the likely route(s), 
duration and frequency of exposure. In the risk characterization, the exposure of each human 
population known to be or likely to be exposed is compared with the appropriate DN/MEL. 
The risk to humans can be considered to be controlled if the exposure levels estimated do not 
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exceed the appropriate DN/MEL. Different DN/MELs are set for each relevant human 
subpopulation and workers are specified as one such subpopulation.  

2.5.3. RISK COMMUNICATION 

The flow of information about potential hazards will also benefit from the implementation of 
REACH (Musu, 2004; Ogden, 2010) and the two Chinese chemical regulations (paper IV). It 
is required both by REACH and the Chinese chemical regulations that information on 
hazardous properties, classification and labeling, risk assessment and risk management of a 
substance should be composed by the manufacturers in Safety Data Sheet (SDS) and 
transferred to downstream users in the supply chain. This enables the employer and workers 
to become better informed about the chemicals they use. The information carried by SDS will 
help employers to identify hazardous substances in workplace and take preventive and 
protective measures to risks posed chemical exposure. REACH further requires that for 
substances fulfilling the PBT/vPvB criteria or the criteria for any the hazard classes list in 
Article 14 (4) of REACH, relevant exposure scenarios should be attached to SDS (ECHA, 
2011). Adhering to the working procedures and operational conditions specified in these 
exposure scenarios is supposed to result in exposures below the DNEL or DMEL, and hence 
prevent the causing of risk to workers’ health. 

The Globally Harmonized System of Classification and Labeling of Chemicals (GHS) is 
implemented in Europe through the Classification and Labeling Regulation (CLP) and in 
China through a series of national standards (so-called “China GHS”). Skoglund and Deeds 
(2009) expect that GHS will transform work safety and health in Europe by increasing the 
breadth and depth of the hazard information available in the workplace.   

2.5.4. PROMOTING SUBSTITUTION  

Substitution of harmful chemicals with safer alternatives plays an important role in protection 
of human health and the environment. Both the EU and Chinese chemical regulations force 
industry to systematically gather and analyze data on substances to fulfill the requirement of 
registration. During this process, companies might identify all kinds of issues which they may 
have missed before. Industry is getting more aware of what they are producing, using and 
placing on the market and, in some cases, may come to the conclusion that using a certain 
chemical is no longer desirable. In addition, the increased and improved information on the 
classification and labeling of substances will also help companies to make better informed 
choices towards using safer substances.  

A procedure of authorization has been set up by REACH but Chinese chemicals regulations 
as a driver for substitution with hazardous industrial chemicals. Substances on the 
Authorization List (Annex XIV of REACH) can be made subject to an authorization 
requirement. Manufacturers and importers are required to replace substances on the 
Authorization List with less dangerous alternative substances when it is technically feasible. 
As of August 2013, 44 substances are recommended to be subject to authorization in the EU 
(ECHA, 2013a) and 22 of them have been formally included in Authorization List (ECHA, 
2013b). Companies have the opportunity to apply for an authorization to continue (or to start) 
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using a hazardous substance. However, this application has to include an analysis on the 
availability of alternative substances or techniques, and is subject to a public consultation, 
where more information on substitutes might become available. To achieve an authorization, 
applicants will also be required to demonstrate that the risks associated with the use of the 
chemical concerned are “adequately controlled”, or the risks are outweighed by socio-
economic benefits and there are no suitable alternative substances or technologies. According 
to ECHA “… substitution is happening” due to the authorization procedure, for instance with 
“the substances musk xylene and 4,4’-Diaminodiphenylmethane (MDA), as no application for 
these two substances was received by ECHA until application deadlines in February 2013” 
(ECHA Newsletter, 2013). Restriction is another important tool specified in REACH to 
promote substitution. Annex XVII of REACH contains a list of chemicals that are subject to 
ban or to limitations of manufacture, placing on the market or use, commonly called the 
restriction list. Currently, there are 59 categories of restricted substances in Annex XVII, 
including more than 1000 substances. Provisions on restriction have not been included in 
Order 7 or Decree 591.   
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3.  
METHOD 

3.1. DOCUMENT STUDIES 

All papers in the present thesis have their basis in document studies. Paper I, which focuses 
on the development of occupational diseases in China, is based on China’s annual national 
reports of occupational diseases in 2000 to 2010 which have been extracted from government 
circulars and scientific literature. The occupational disease cases covered in this paper are 
those ascertained by state-authorized diagnosis institutes. Analyses on the development of 
occupational diseases were made in aspects of changes in case numbers, distribution of cases 
between industrial sectors, vulnerable work population, enterprises with high risks, and major 
hazardous factors. Policy analysis was made on relevant national strategy, legislation and 
regulation documents recently updated in China to seek interlinks to facilitate the prevention 
of occupational diseases. 

For the quantification of OELs presented in paper II, the official documents of OEL setting 
were collected in published forms or via websites or email communication to establish a 
database of OEL lists. Lists of OELs from twenty-five regulatory agencies were collected 
through these means. The compiled database covers 1406 substances with CAS identification 
number, of which 1305 substances were found within the European subset and 763 within the 
Asian subset.  

In paper III a literature search was conducted regarding risk-based OEL-setting for 
carcinogens. Search terms used include “risk based/oriented/related/associated occupational 
exposure limit”, “risk-exposure relationship” and “cancer risk” in English and some other 
languages. For policy documents concerning risk-based OELs, we identified if there is a 
general approach to setting such values, and what risk levels are considered tolerable and 
acceptable.  

In paper IV the comparative analysis of chemicals regulations was conducted between the 
European chemical regulation system REACH (Registration, Evaluation, Authorization and 
Restriction of Chemicals), and China’s “measures on the Environmental management of New 
Chemicals” and “Regulation on Safety management of hazardous Chemical. Legal texts of 
these regulations and their accessory documents were scrutinized for document study. 
Comparison has been made in terms of coverage of substances, data requirement on inherent 
properties, risk assessment, and risk management.  

3.2. QUANTITATIVE COMPARISONS 

A major part of the work presented in this thesis has been to compare different OEL values. In 
paper II entire lists of OELs were compared using the geometric means method and non-
metric multidimensional scaling. In paper III the relationship between science and policy was 
explored for a subset of OELs set for carcinogens under the assumption of a linear dose-
response relationship. These methods are closer described in the following sections. 

3.2.1. THE GEOMETRIC MEANS METHOD 
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A comparison between two lists of exposure limits should refer to all substances that have 
exposure limits on both lists. For each substance, the quotient between its values on the two 
lists is the indicator of the difference. The geometric mean of all these ratios is used to 
compare the overall levels of the lists. The geometric mean is used rather than medians or 
arithmetic means, because it more accurately reflects whether one list is higher than another. 
The arithmetic mean cannot be satisfactorily used for this purpose as which list is perceived as 
having the higher level can depend on which list is used as the denominator. This can be 
illustrated by the example of List A and List B, which both include three OELs, for the same 
three substances. In List A substance I is assigned 20 ppm, substance II 15 ppm and substance 
III 10 ppm, List B on the other hand has the OELs 200 ppm for substance I, 15 ppm for 
substance II and 1 ppm for substance III. The arithmetic mean of the ratios of B/A ((10 + 1 + 
0.1)/3 = 3.7) gives the impression that B has the higher values. However, the arithmetic mean 
of the A/B ratios is also 3.7, giving the impression that List A has the higher OELs. In both 
these instances the geometric mean equals 1, indicating that the two lists do not differ in their 
overall levels. The geometric means method has previously been applied to OELs by Hansson 
(1998a) and Schenk et al. (2008a; b). 

The geometric means method was used in paper II to compare the average level of lists of 
OELs. A standardized comparison list was compiled to which all other lists were compared. 
Such a comparison list should consist of substances that appear on many of the lists. For this 
purpose, the first ACGIH list from the year 1946 and the first and second lists of EU IOELVs 
(EU, 2000; EU, 2006b) and the list of EU BOELVs were combined and a comparison list of 
191 exposure limits was compiled, henceforth called the combined comparison list. For 
substances with both EU OELs and ACGIH TLVs, the values from the 1946 ACGIH list were 
used.  

3.2.2. MULTIVARIATE ANALYSIS OF SIMILARITY BETWEEN THE OEL-LISTS  

Non-metric multidimensional scaling methods are useful for spatially representing the 
interrelationships hidden in a complex data matrix. A non-metric multidimensional scaling 
analysis was performed in Paper II for visualizing the similarity (or rather the dissimilarity) of 
the substance selection between different regulators. The defining features were the presence 
or absence of the 1426 substances on each of the Asian lists, the European lists and also the 
ACGIH 2010 list. The more the coverage of substances differs between the two lists, the 
larger is the distance between them in the plot. The dissimilarity measure used was Jaccard 
distance. The resulting plot is a two-dimensional representation of the dissimilarity between 
organizations concerning their choices of substances. 

3.2.3. EXPLORATION OF RISK-BASED OELS 

Paper III categorized OELs associated with certain risk levels as one-tier OELs and two-tier 
OELs according to the risk levels applied. To analyze the relative weight of science and 
policy in establish risk-based OELs, we tabulated the limit values and corresponding risk 
levels for substances regulated by more than one regulator. Based on this we have compared 
for each substance (1) the risk levels that the different regulators found to be tolerable and/or 
acceptable, respectively, and (2) the risk/exposure relationships that are inherent in those 
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judgments. The ratio between highest and lowest value were calculated as a tentative indicator 
of the variations under study. If the differences depend only on policy, then we should expect 
the risk/exposure relationships to be essentially the same in documents issued by regulators 
who have set divergent OELs. If the differences depend only on variations in scientific 
judgment, then we should expect the risk levels that the regulators associate with their own 
OELs to be largely the same, even if the OELs themselves differ. Benzene was selected as a 
case study to compare risk levels and limit values set by regulators as it is the substances for 
which most risk-based OELs have been established.  
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4.  
PREVIEW OF PAPERS 

4.1. PAPER I  

It is estimated that about 16 million Chinese enterprises are using hazardous materials in 
workplace and that 200 million Chinese workers are potentially exposed to these industrial 
hazards. This paper presents and analyzes the development of occupational diseases in China 
between 2000 and 2010. Accompanying the fast growth of China’s economy during this 
period, the cases of occupational diseases recorded in the official statistics increased 
dramatically and notably between 2008 and 2009. Occupational diseases have been spreading 
from large enterprises to small and medium sized enterprises (SMEs), from traditional 
industries to emerging industries, and from economically developed areas in eastern China to 
less-developed areas in western China.  

From 2000 to 2010, 152 017 cases of occupational diseases were reported to China’s Ministry 
of Health (data from 2004 excluded). Of the ten categories of occupational diseases officially 
recognized in China, pneumoconiosis was the most prevalent one as it accounted for 80% of 
reported cases. Coal dust and silica-containing dust are currently the two most dangerous 
occupational hazards in China. Although information on service length before diagnosis is 
limited, it showed that that between 2006 and 2008 the time that workers served before being 
diagnosed with pneumoconiosis was becoming shorter. In 2009 and 2010, more than half of 
the pneumoconiosis cases were reported to have originated in small-scale enterprises. 
Chemical poisonings cases accounted for 13% of the cases of occupational diseases. The most 
prevalent toxicants include carbon monoxide, hydrogen sulfide, benzene, lead and its 
compounds and hexane. Except eye diseases and skin diseases, other commonly reported 
occupational diseases showed an increasing trend, including diseases caused by physical or 
biological factors and tumors. 

There are several impediments to the mitigation of occupational diseases in China. Firstly, it 
is difficult to obtain correct and timely diagnosis of occupational diseases in China. The 
demand for occupational health service is much higher than the capacity, and diagnosis skills 
of physicians need enhancement. Proper diagnosis is also impended by difficulty in collecting 
evidence of occupational history and workplace exposure. Secondly, inefficient surveillance 
by local authorities has also contributed to the deficiencies in workers’ protection. Some local 
governments prioritize economic growth at the expense of workers’ health. Thirdly, migrant 
workers, who constitute 80% of labor force in China, are extremely vulnerable to workplace 
hazards due to their lack of knowledge about occupational health and limited awareness of 
self-protection. Migrant workers are the main population group exposed to occupational 
hazards in China. Most of them work in SMEs and perform hazardous jobs without sufficient 
protective equipment. Migrant workers’ mobility is high and they are seldom guaranteed by 
labor contracts. This has led to difficult in diagnosis due to absence of confirmed labor 
contract, occupational histories and workplace information. Migrant workers’ high mobility 
also makes it difficult to keep their health under surveillance.  
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Occupational diseases have a negative impact on both China’s economic development and the 
welfare of its society. The imminent aging society also put pressures on the improvement of 
occupational health in China. Legislations, policies and surveillance will need to become 
more effective in order to meet this challenge. The second national strategy for the prevention 
and control of occupational diseases was released in 2009 and the law on Prevention and 
Control of Occupational Diseases was updated in 2011 aiming to tackle difficulties in 
diagnosis and supervision. We suggest that these be implemented by an update of the 
Catalogue of Occupational Diseases at regular intervals. We also argue that there must also be 
increased regulatory vigilance regarding emerging hazardous chemicals. A successful 
occupational health and safety policy needs to identify risks caused both by substances 
presently used in the workplace and by newly marketed substances. Closer connection among 
the Catalogue of Occupational Diseases, the list of OELs, and different chemicals regulations 
targeted at protecting human health may facilitate such identification.  

4.2. PAPER II 

This paper investigates the state of harmonization of OELs in a global context. Comparative 
analyses were conducted between twenty-five OEL systems. The three major variables 
examined were the systems for setting OELs, the coverage of individual chemical substances 
and the levels of the exposure limits. The Asian OEL systems involved are those established 
by China, Hongkong, Taiwan, Japan, South Korea, Singapore, Malaysia and India. The 
European systems are developed by Belgium, Denmark, Finland, France, Germany (both 
MAK3 and TRG4), Iceland, Ireland, Luxembourg, the Netherlands, Norway, Poland, Spain, 
Sweden, Switzerland, United Kingdom, and the European Commission.  

For OEL setting systems, factors used for comparison include regulation basis, legal status of 
OELs, responsible organization, the number of substances (with and without CAS number), 
update intervals, considerations on economic and technological feasibility, authority of 
supervision/enforcement, and main sources of influence to each system. It shows the 
American Conference of Governmental Industrial Hygienists (ACGIH) has had an influence 
on most of the 25 organizations, although they chose ACGIH lists from different periods as 
their basis for OEL setting. Most OEL lists established are legally binding, while some lists 
are only recommendations. Economic and technological feasibility were taken into 
consideration by most organizations, as well as human health, into account when setting 
exposure limits. 

The numbers of CAS-specified OELs on the lists range from 86 to 771. The database 
established for quantitative comparison between OEL lists covers 1406 substances with CAS 
number. More than one third (36%) of these substances are regulated by only one of the 
investigated organizations. Only very few substances are regulated by all organizations in the 
same kind of OEL: in the European subset 4%, in the Asian subset 5%, and in the combined 

                                                            
3 MAK is short for Maximale Arbeitsplatz-Konzentration (Maximum workplace concentration), and it is a list of 
recommended OELs in Germany. 
4 TRG is short for Technische Regeln für Gefahrstoffe (Technical Rules for Hazardous Substances), and are 
based on MAK-values. TRG is the legally binding list of OELs in Germany. 
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subsets less than 0.5%. The non-metric multidimensional scaling shows that are two main 
clusters in the plot, one centered around the ACGIH and one around the EU, although four 
countries fall outside these clusters. The differences in substance selection could potentially 
reflect variations in industrial structure, exposure conditions or policies on the consideration 
of health, economic, technological and other factors. 

Using the geometric means method we showed that most Asian lists (except China and JSOH) 
have relatively higher, i.e. less protective, OELs than most European lists (except Luxemburg 
and EU). These Asian lists were much influenced by the ACGIH lists in the 1980s concerning 
both substance selection and limit setting. The influences of the ACGIH on the European lists 
took place mainly before the 1980s and have been followed by several revisions of the 
Europeans lists. 

The EU harmonization process is reflected in trends towards convergence within the EU 
based on the EU’s indicative and binding OELs. There are no similar trends of convergence in 
OEL related regulations between Asian authorities. Comparisons reported in this study reveal 
large international differences still exist in substance selection and in the level of OELs. 

4.3. PAPER III 

This study explores how occupational exposure limits are associated with life-time risks of 
cancer by regulatory agencies for substances that they assume to have a non-threshold 
carcinogenic effect. In total 36 carcinogens were identified for which at least one regulator 
has set OEL that was said to be risk-based. According to the tiers of risk levels applied, risk-
based OELs were divided into two categories: one-tier OELs and two-tier OELs. The two-tier 
approach was applied by the Netherlands, Germany, Japan and Switzerland, and the one-tier 
approach by Poland, France, and the European Union. 

In total 36 carcinogens were identified as being associated with at least one risk-based OEL.  
For the 11 carcinogens which are regulated by more than one regulator, it is found that the 
risk levels applied diverge substantially between regulators. For each regulatory agency that 
establishes two-tier OELs, the same pair of lifetime risks of cancer which are respectively 
considered as acceptable and tolerable are adopted to all non-threshold carcinogens this 
agency regulates. For two-tier OEL setting systems, the tolerated risk levels range between 
4×10-3 and 1×10-3 and the targeted (acceptable) levels between 4×10-5 and 4×10-4. Setters of 
One-tier OEL have explicitly postulated individual reference risk levels for selected no-
threshold carcinogens, either instead of or as an exception to general reference risk levels. 

For each substances regulated by more than one authority, we calculated the ratio between 
highest and lowest risk/exposure quotients. For most substances the risk/exposure ratios fall 
within what could be deemed as reasonable considering the uncertainties of toxicological risk 
assessment. Three substances stand out due to higher ratios: 1,3-butadiene, benzene and 
refractory ceramic fibers (RCF). For these three substances there is a considerable time 
difference between the different limits (15 to 23 years) which due to differences in data 
availability at the time of limit setting could play some part in the different risk/exposure 
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quotients, although there are considerable time differences also for some of the other 
substances’ OELs.  

Benzene is the substance for which most OELs with associated risk levels have been set. For 
benzene the differences in estimates of the risk/dose exposure relationship and in risk 
acceptance were about equal in size, namely a factor of 13 and 10, respectively. The findings 
for the other substances that have fewer data points are more difficult to interpret, but they are 
compatible with what we saw for benzene. In conclusion, we found that (1) both scientific and 
policy differences seem to contribute to the differences between exposure limits for 
carcinogens that have been decided by different regulators, and (2) based on the limited data 
reported here it is not possible to determine which of these is the most important source of 
differences. 

4.4. PAPER IV 

In 2007 the EU’s new chemicals legislation REACH entered into force. This legislation 
introduced substantial changes to system of chemicals regulation in the EU, most notably on 
the burden of proof regarding the substantiation of a chemical’s safety. As another prime 
manufacturer and consumer of chemicals, China has made a timely response to the regulatory 
gaps by revising its regulations on both new and existing chemicals, namely “Measures on the 
Environmental Management of New Chemicals” (Order 7), and “Regulations on Safety 
Management of Hazardous Chemicals” (Decree 591). This paper investigates the legislative 
designs between the EU and China in order to evaluate similarities and difficulties regarding 
substances covered, requirement on information, risk assessment and risk management. 

There are rather large differences in coverage of substances between the European and 
Chinese legislations. On one hand, REACH only regulates chemicals in quantities above 1 
tonne per year per manufacturer or importer, whereas the Chinese legislation covers all 
substances irrespective of tonnage. On the other hand, REACH covers all substances 
irrespective of when they were introduced into the market, whereas the Chinese legislations 
only cover (1) substances recognized as “new” in China, namely that not listed on the 
Inventory of Existing Chemical Substances in China (IECSC) and (2) over 3 800 old 
(“existing”) substances that are included in the Catalog of Hazardous Chemicals. Hence, 
REACH applies to much broader scope of chemicals than the Chinese regulations do.  

Both REACH and Order 7 have shifted the responsibility of information generation on 
inherent properties to industry. These two regulations encourage registrants for the substances 
to share information from testing. REACH also promotes minimization of animal testing and 
for tests on vertebrates information sharing is mandatory, Order 7 does not require such data 
sharing and testing data is prioritized over non-testing data. In addition, Order 7 requires that 
certain ecotoxicity data must come from testing using species bred within the territory of 
China.  For substances in the lower tonnage bands (up to 100 tonnes per year per registrant), 
the Chinese system requires more toxicity and ecotoxicity data than REACH, whereas 
REACH demands more data in the highest tonnage band (above 1000 tonnes). In all three 
regulations SDS are used as a means to carry information on hazardous properties, 
classification and labeling, as well as risk management measures along the supply chain. 
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According to Decree 591, permission is needed to manufacture, store, use, sell or transport 
substances in the Catalog of Hazardous Chemicals. Within REACH a permission process is 
required for fewer substances, i.e. PBT/vBvP, wide-dispersive use, or high volumes) included 
in the Authorization List (22 substances included as of August 2013). Authorization provides 
more momentum in promoting substitution than the risk management systems in Order 7 and 
Decree 591. Restriction, which is another important driver of substitution, does not exist 
either in Order 7 or Decree 591. Substitution of hazardous substances is driven more by 
updates of the EU regulatory system than of the Chinese system. 

Competition, learning and emulation provide possible explanations for EU influence on the 
adoption of Chinese regulations. Chinese regulations are not, however, a mere copy of EU 
regulation, as shown by our comparisons. Major contributing factors for differences between 
EU and Chinese chemicals regulations could be a potentially lower capacity to enforce, or in 
the case of industry to comply with, chemicals regulations but also the policy on including 
China-featured parameters on testing and risk assessment.  

It seems likely that in the long-term run, convergence will increase between EU and China 
due to bilateral trade. As the EU and China are both important players on global chemical 
market, legislative updates in these two regions will not only have impact on their bilateral 
trade, but also will be widely influential on chemical-related industries and regulations in 
other countries. 
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5.  
DISCUSSION 

Globalization has brought both great opportunities and many challenges to developing 
countries which are in the process of industrialization. It is identified in paper I that 
accompanying the fast growth of economy, China experienced a quick increase of 
occupational diseases cases during the period of 2000-2010. Although the increase could be 
due to improved reporting, the difficulties in receiving a proper diagnosis, especially for 
migrant workers is a factor leading to an underestimation of occupational disease in the 
statistics (paper I). Pneumoconiosis and chemical poisoning together account for about 172 
210 cases of occupational disease in China between 2000 and 2010, which represents 93% of 
all cases of occupational disease in the country. The high proportion of chemical-related cases 
reported in China shows that chemical exposure contributes greatly to China’s burden of 
occupational diseases.  

Providing sufficient protection to the large labor population against chemical hazards in 
developing countries like China is of great important both for social and for economic 
development. Hence, this thesis has been focused on risk management tools which serve to 
reduce chemical risks at the workplaces.  

The overall conclusions from this thesis are:  

(1) Large international differences still exist in substance selection and the level of OELs 
among OEL setting organization in Europe and Asia. 

OELs exist both in developed and in developing countries for decades. Due to globalization of 
industry, in recent years, issues of risk management of occupational industrial hazards have 
become increasingly globalized. It has been proposed that there is a tendency toward 
harmonization of OELs internationally (Wong, 2006). However, the comparison study of 
OELs reported in paper II reveals that large international differences still exist  both in 
substance selection and the level of OELs among 25 EU’s and Asian organizations. There is 
no discernible trend of harmonization among Asian lists like that within the European Union 
based on the EU’s indicative and binding OELs. In my opinion, there is a need for 
harmonization on critical criteria and procedures of toxicological evaluation to increase the 
transparency of OELs. However, harmonization in coverage of substances and value levels 
should not be a primary goal in itself. A country should prioritize substances for OEL setting 
and set limit values based on its own industrial structure, exposure conditions, policies on 
occupational health, and economic and technical factors. OEL updates in other countries, 
developed or not, can be used as an alert to investigate if there is new relevant information for 
existing OELs, or if a new substance poses a risk to workers in domestic workplaces.  

(2) Occupational carcinogens do not receive enough attention in China. Further efforts 
are needed to identify carcinogens in workplace and regulate them with proper tools.   

It is shown in paper I that there is huge discrepancy on occupational tumors cases between 
data in official national reports and the estimated data. This indicates that occupational 
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cancers have received much less concerns in China compared to common chemical-related 
occupational diseases such as pneumoconiosis and chemical poisonings. The reporting system, 
tumor diagnosis skills and diagnosis capacity on occupational diseases, need to be improved, 
so that statics more accurately reflect the real situation of occupational cancers in China. 
Much attention should also be given to migrant workers. Migrant workers’ high mobility and 
insufficient or even missing documentation of their work history make it difficult to keep their 
health under surveillance and this most likely results in underreporting of both morbidity and 
mortality caused by occupational hazards. 

Setting risk-based OELs could be a solution towards efficient management of risks posed by 
non-threshold carcinogens. Paper III shows how for carcinogenic effects without a threshold, 
risk-based OELs have been set by some organizations, mainly in Europe. The determination 
of reference risk levels is a cornerstone of risk-based OELs. It is found in paper III that the 
magnitude of risk which is considered as tolerable or acceptable diverges between regulators. 
Differences also lie in whether the regulatory agency has set a general risk level(s) or sets 
substance-specific risk levels on a case-by-case basis for their risk-based OELs. According to 
the case study on benzene, it is concluded that the science factor and the policy factor both 
contribute to differences in exposure limits for carcinogens.  

As of now, only 36 substances have been identified being assigned at least one risk-based 
OEL. The Netherlands, which has established 28 risk-based OELs over the last two decades, 
is the main contributor in this area. Germany is a new comer since 2008, and is very active as 
it has set and published 11 risk-based OELs between 2008 and 2012. Both countries released 
formal and detailed documentation for each risk-based OEL they set. This has increased the 
transparency in method and decision making, therefore may contribute to the development 
and spread of risk-based OELs. 

(3) The implementation of OELs in Chinese workplaces needs more time and further 
investigation. 

Setting OELs will not prevent occupational disease in itself, they also need to be implemented 
at the workplaces. The status of OELs was legalized in China in 2002 because of the 
enforcement of the Law on Prevention and Control of Occupational diseases. However, 
according to results presented in paper I, for pneumoconiosis cases, the service length before 
diagnosis was growing short after the legalization of OELs in China. This indicates that OELs 
have not been properly implemented in China.  

Enterprises in China, especially SMEs, commonly fail to carry out their legally binding 
responsibilities to manage occupational hazards in the workplace due to inefficient 
surveillance (paper I). Besides strengthening surveillance from authorities, improving 
employers’ and employee’s knowledge and awareness in occupational health may also extend 
the practical use of, and adherence to, OELs. Investigations into the awareness and 
understanding of OELs and other occupational health regulations may serve as a basis for 
planning inspection and communication efforts from relevant authorities.  
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(4) Updates of chemicals legislation systems in the EU and China have positive potential 
also for workplace health and safety.  

World-wide some 2000 (Schenk et al., 2008a; Paper II) to 3000 (Adkins et al., 2009) 
substances have an OEL. About 100 000 substances chemicals are contained in the European 
Inventory of Existing Commercial chemical Substances (EINECS) (http://esis.jrc.ec.europa.eu, 
2013-08-18), and close to 10 000 substances have been registered under REACH 
(http://echa.europa.eu/information-on-chemicals/registered-substances, 2013-08-18). These large 
differences do not necessarily mean that the substances not assigned an OEL are harmless 
enough to workers. To the contrary, it indicates that there a large information gap and that it 
may not be feasible to aim for identifying all potentially harmful substances and setting OELs 
for them. This shows the need for streamlining the knowledge transfer between regulatory 
areas. Recent update of chemicals regulations in the EU (REACH) and China (Order 7 and 
Decree 591) will generate and provide information on substances’ inherent properties as well 
as  risk assessments (paper IV). This information will in most cases not be sufficient as a basis 
for deriving OELs, but may serve as a basis for prioritization of substances for further 
research and/or evaluation for an OEL.  

REACH’s promotion of substitution, by authorization and restriction, may reduce the use of 
hazardous substances in the workplaces where they are manufactured or used to produce 
articles. It is recommended that the Chinese chemicals legislation system also adopt similar 
tools as REACH to promote substitution.  

Another potential influence on work environment protection from REACH and the Chinese 
chemicals regulations is that they improve the communication of chemicals information along 
the entire supply chain. The exposure scenarios attached to safety data sheet, and therein well-
defined instructions on how substances can be used safely, may even serve better as tools for 
protecting workers’ health than OELs (Musu, 2004; Ogden, 2010). Obviously this depends on 
the quality of the input to these exposure scenarios. More research is needed in the future on 
the actual impact of safety data sheet and exposure scenarios on occupational health and 
safety practices.   
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6.  
FUTURE WORK 

As was pointed out in paper I, a successful occupational health and safety policy needs to 
cover the issue of identifying both previously unidentified hazards (existing substances in 
workplace) and new potential hazards (newly marketed substances). Due to large amount of 
chemicals used in workplace, it is important to identify good tools for priority setting. Hence 
it would also be interesting to scrutinize the methodology and procedure for identifying and 
prioritizing substances subject to OEL setting, as well as for other regulatory measures such 
as substitution.   

I am also interested in how legislations in different regulatory areas affect workplace health 
and safety in practice in developing countries. Increasing complexity of regulatory 
arrangements implies high costs on implementation and compliance. Due to limited capacity 
of economy and technical feasibility, healthy working conditions can be difficult to achieve 
for developing countries. Ideally such a study could aim at identifying which regulatory tools 
are most effective for preventing occupational disease, and also how their efficiency might be 
improved.  
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