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Particulate air pollution has had a significant impact on human health in China and it is associated with cardiovascular and respiratory diseases and high mortality and morbidity. These health impacts could be translated to reduced labor availability and time. This paper utilized a supply-driven input-output (I-O) model to estimate the monetary value of total output losses resulting from reduced working time caused by diseases related to air pollution across 30 Chinese provinces in 2007. Fine particulate matter (PM2.5) pollution was used as an indicator to assess impacts to health caused by air pollution. The developed I-O model is able to capture both direct economic costs and indirect cascading effects throughout inter-regional production supply chains and the indirect effects greatly outnumber the direct effects in most Chinese provinces. Our results show the total economic losses of 346.26 billion Yuan (approximately 1.1% of the national GDP) based on the number of affected Chinese employees (72 million out of a total labor population of 712 million) whose work time in years was reduced because of mortality, hospital admissions and outpatient visits due to diseases resulting from PM2.5 air pollution in 2007. The loss is almost the annual GDP of Vietnam in 2010. The proposed modelling approach provides an alternative method for health-cost measurement with additional insights on inter-industrial and inter-regional linkages along production supply chains.  
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1. Introduction
Fine particulate matter (PM2.5) is the main factor that contributes to smog in urban China1,2, and the PM2.5 concentration in Beijing during 2013 significantly exceeded the health standard suggested by the World Health Organization (WHO)3. PM2.5 air pollution has caused increasing numbers of hospital admissions and outpatient visits because of concomitant diseases, which has inspired research to measure the monetary value of PM2.5 induced health impacts in China. This research develops an integrated modelling approach to estimate direct and indirect economic losses (measured by the value of total outputs) in 30 Chinese provinces during 2007 caused by impacts on health of PM2.5 pollution. The adopted method provides an alternative approach for health-cost measurement apart from human capital (HC)4 and contingent valuation (WTP)5,6 approaches with new additional insights in health impacts resulting labor constraints as well as inter-industrial and inter-regional linkages along production supply chains. Compared with the focus of HC and WTP approaches on patients’ economic burden7-9, the proposed I-O analysis is able to assess the health impacts on a national economy by capturing interlinkages between industries and regions. With such advantage, I-O model has been widely applied in risk, impact and inter-dependency analyses of disaster studies10, CO2 emissions outsourcing11 and ecological footprints12-14. Meanwhile, natural disasters can be either relatively sudden-onset (flood, hurricane) or ‘persistent’ (drought, air pollution) and affect physical and human capital differently. Although the damages to human capital are difficult to be quantified, they can also cause disruption to economic activities because labor is another primary input during production. Therefore, both inter-industrial/regional linkages and health impacts are important for all disaster risk analyses and they can all largely raise the total economic losses, suggesting that direct economic loss is an insufficient indicator for risk assessment and management15. Thus, apart from mortality, PM2.5 induced morbidity (hospital admissions and outpatient visits) was also taken into consideration in this study and they were converted into labor year loss to feedback to a supply-driven economic model. This study is the first to assess the economic losses triggered by ailments related to PM2.5 air pollution in China by integrating risk, impact and inter-dependency analyses into health-cost measurement. 
2. Selective Review on Health-Cost Assessment and I-O Applications
Mortality and morbidity induced by PM air pollution can cause significant labor time loss. On the one hand, existing studies on health-cost assessment require us to consider inter-industrial/regional linkages. When we translate health impacts into monetary terms, contingent valuation/willingness to pay (WTP) and human capital (HC) are the two commonly used approaches for measuring the direct economic losses caused by PM2.5 pollution. They are based on the WTP among households to reduce the mortality risk associated with a particular disease and the potentially productive years of life loss and discounted value of future earnings respectively. Previous studies at the national level showed that the mean total health costs (mortality, chronic disease and countable hospital costs related to ambient air pollution) in urban China in 2003 were approximately 519.90 billion Yuan based on the WTP approach6. At the provincial level, Wang and Mullahy (2006)16 predicted a total of 286 thousand Yuan as the WTP for saving a statistical life in Chongqing, which is 4-times higher than the results under the HC approach. Kan and Chen (2004)17 applied the Chongqing study onto Shanghai in 2001 and found that the total economic losses amounted to 625.4 million US dollars. However, firstly, although the HC method has long been employed in economic and health studies as a means of measuring the expected lifetime earnings that would have been realized without disease or death18, it tends to attach heavier weight on labor force than students, homemakers and the elderly19 and fails to capture the individual willingness to pay to reduce the risk of premature mortality. Wan, et al. 7 and Wan, et al. 8 proposed a computable general equilibrium (CGE) model to assess the health impact of the ambient air pollution on the national economy in China during 2000. They also compared the results of HC approach and CGE model and concluded that results from these two approaches could provide distinctive implications for policymakers as the HC approach stems from the patients’ perspectives while the CGE model focus on the impacts on the entire national economy. They also pointed out that evaluating a life according to individual contribution to the society tends to underestimate the values for children and the elderly. Compared with the HC approach, a CGE model is able to feedback pollution resulting health impacts to national economic activities by capturing the sectoral inter-relationships7-9. Using income as a measurement in health cost estimation could be misleading in the case of China, because there maintains serious income gap. Indeed, the HC approach fails to quantify the monetary costs associated with pain and suffering caused by morbidity20, which has been however taken into consideration in this study. Secondly, compared with the HC approach, the WTP approach is based on each respondent’s risk perception. However, the results could still remain controversial because risk perceptions are extremely different under various social and health insurance systems17. Similar to the HC approach, such method also regards patients as the study objects and focuses more on patients’ economic burden of diseases rather than the losses in value-added and national GDP. Compared with the focus of both the HC and WTP approaches regarding the monetary benefit of reductions in mortality and morbidity, our study lays out a model to feed the pollution-induced health impacts back to the national economy and our proposed modelling framework assesses the impacts of mortality and morbidity on national economy through the lenses of reduced labor supply, which is defined as ‘total economic losses’ in this paper. Thirdly, both approaches merely focus on the direct economic losses resulting from health impacts but ignore the cascading indirect economic losses occurred through inter-industrial and inter-regional linkages on the supply side of the economy. In this case, the CGE model and I-O analysis are able to capture the inter-industrial and inter-regional linkages but neither of them is superior to the other. For example, a CGE model appears to be overly optimistic on market flexibility21 and idealistic as it neglects the dynamic feature of a real economy7. It also imposes high data requirements for parameters. Therefore, with the simplicity of I-O analysis, here, we proposed a supply-driven I-O model to provide an alternative method in assessing the overall economic losses resulting from PM2.5-induced health impacts with a specific focus on labor constraints on the supply side of the economy as well as indirect economic losses resulting from the inter-industrial and inter-regional linkages.
On the other hand, the important role of human capital urges to incorporate impacts on human capital, such as health impacts into I-O model and I-O analysis is suitable for disaster risk studies to measure the indirect economic losses occurred along interconnected production supply chain. When assessing the vulnerability of a system in the face of threats and risks, it is crucial to consider both systems per se and inter-dependencies among the systems under consideration22. Significant efforts have been devoted to modelling how risks’ effects propagate across inter-connected systems of infrastructure and industries. The Leontief I-O model was established as a meaningful tool to capture the industrial or regional inter-connectedness, which has been modified into different forms, such as the supply-driven I-O model/Ghosh model23 and inoperability I-O model (IIM)22,24. They have been widely applied in risk, impact and inter-dependency analyses of disaster studies10, CO2 emissions outsourcing11 and ecological footprints12-14. 
Rose (2004)25 noted that research results obtained from disaster-induced economic disruptions based on direct effects were misleading because these studies ignored indirect economic losses. Similarly, Hallegatte (2008)15 argued that direct economic losses was an insufficient indicator for risk assessment and management. By presenting an adaptive regional I-O (ARIO) model for disaster modelling, he concluded that the ratio of total to direct economic losses increases as the disaster impact increases. Direct economic losses include the destruction of physical constructions, whereas indirect economic losses refer to perturbations to consumption and production caused by direct economic loss. In our study, we defined direct economic losses as the reductions in industrial value added due to pollution resulting health impacts and indirect economic losses as the cascading losses occurred through inter-industrial and inter-regional linkages. When evaluating indirect economic losses, an I-O model successfully quantifies a circular economy. An economy is viewed as a system that contains inter-connected sectors or industries, where each sector produces a distinct commodity24. An I-O model is utilized to describe the equilibrium behavior of an economy at both regional and national levels26. As the current frontier extended to risk assessment and management, the Leontief I-O model was used to assess indirect losses from disruptions, including complexity, accidents and willful attacks27. Cho et al. (2001)10 confirmed that an I-O model was effective for evaluating earthquake-induced indirect economic losses in a regional economy. Indeed, an I-O model is able to capture both the backward and forward linkages among industries and regions. In addition to reducing consumption in the ‘upstream’ sectors that supply inputs, changes in a sector’s output could also affect those ‘downstream’ sectors, to whom it sells its outputs. This opposite way of thinking observes the inter-connectedness within economic systems from an opposite direction by focusing on supply-driven impacts on production23. In the study of a national power outage that consisted of multiple small outages, Crowther and Haimes (2005)28 combined demand-side and supply-side calculations and found that the national power outage caused economic losses in both sectors that provided power for essential operations and sectors requiring power. Guan et al. (2014)3 quantified sectoral annual emission contributions to PM2.5 pollution in China as well as socioeconomic factors causing PM2.5 pollution during 1997 to 2010. However, existing studies that have applied I-O models mainly focused on emissions embodied in production and consumption instead of integrating health impacts with economic losses in a circular economy. Therefore, an I-O model could be used to estimate the indirect economic losses caused by the health impacts of PM air pollution on the supply side when labor is viewed as a primary production factor and labor productivity is constrained because of PM2.5-induced diseases. My study here and its proposed economy-wide modelling approach tend to provide an alternative method for health-cost measurement with new additional insights cascading effects of labor constraints on the supply-side of the economy due to inter-industrial and inter-regional linkages compared with the traditional measures of economic value of air pollution resulting health impacts. 

3. Methods and Data
This study adopts an integrated modelling approach by (see SI – Supporting Information Figure 1): feeding air pollutants inventories29,30 (Multi-resolution Emission Inventory for China, http://www.meicmodel.org) into air quality simulation models (e.g. the offline-coupled Weather Research and Forecasting model and Community Multi-scale Air Quality model)31,32 to produce gridded PM2.5 concentrations (horizontal resolution 12 km); those provincial concentration levels are inputs for an integrated exposure-response model to estimate air pollution induced provincial mortality and morbidity counts17,33; the health impact can be translated into loss of labor availability and productivities; a supply-driven multi-regional input-output model is developed to calculate direct and indirect economic production impact due to labor time loss21 (see SI Figure 1). A major methodological contribution of this research is three-fold, which is explained below. Full description of the 5-stage methodology framework and related literature review are available in SI. 
3.1 Health Impact Estimation 
An integrated exposure-response (IER) model was applied to link PM2.5 concentration with mortality (ischemic heart disease (IHD), chronic obstructive pulmonary disease (COPD), stroke and lung cancer (LC)), as well as morbidity induced by hospital admissions (cardiovascular and respiratory diseases) and outpatient visits (all causes). For mortality, the relative risk (RR) was calculated based on the excessive PM2.5 concentration beyond the counter-factual concentration threshold by:
For z≥zcf,
RRIER(z) = 1+α｛1-exp[-ɤ(z-zcf)δ]｝                                          (1)
where z represents the PM2.5 exposure in micrograms per meter cubed and zcf is the counter-factual concentration below which we assume there is no additional health risk. The RR is 1 when the concentration is below the threshold value of 10 μg/m3. δ is the strength of the PM2.5 association with mortality risk and ɤ is the ratio of RR at low-to-high exposures33. The calculated RR was then converted into an attributable fraction (AF) by:
                                                              (2)
Next, mortality attributable to PM2.5 air pollution was calculated by:
E = AF×B×P                                                            (3)
where E is PM2.5 induced mortality counts, B is the national level incidence of a given health effect and P is population exposed.
The calculation steps were similar for morbidity while RR was calculated based on the log-linear response function34-37 and is shown as:
[image: ]                                                                (4)                                                          
where β is the parameter that describes the slope of the curve and is the exposure-response coefficient which is used to quantify the relationship between different levels of PM2.5 exposure and its resulting health effects38. We obtained the coefficients for cardiovascular and respiratory diseases hospital admissions from models for vulnerable subgroups of population39, and the coefficient for outpatient visits was derived from time-series analysis on effects of total suspended particulates (TSP) on daily unscheduled outpatient visits40. A detailed account of both the model and calculations can be found in SI Section 2.3.  
3.2 Loss of Labor Time from Health Impacts
The translation of mortality, hospital admissions and outpatient visits counts into labor year loss involved industry re-categorization and sectoral allocation of provincial mortality and morbidity counts. Provincial counts of PM2.5 induced mortality and morbidity were firstly scaled down to provincial counts of mortality and morbidity among the labor force using provincial employment-total population ratios. Then, China’s 30 industries were regrouped into 4 sectors (natural resources and mining, manufacturing, construction and services). Provincial counts of PM2.5 induced mortality and morbidity among labor force were distributed into these 4 sectors according to different respiratory condition incidence rates. Additionally, within the same sector, industrial counts of mortality and morbidity were calculated based on industrial-provincial output ratios. Moreover, industrial mortality and morbidity counts were converted into labor year loss based on the average labor time loss for each case of PM2.5 induced mortality, hospital admissions and outpatient visits. Each incidence of mortality and hospital admissions will cause 250 and 13.9 working days lost, respectively. An equivalence of 5 to 30 working days with a daily 4 hours working time loss was estimated as the lower and upper boundaries for each outpatient with a mean number of 17.5 working days with a daily 4 hours throughout the year. The reduced percentages of industrial labor years were calculated by comparing the decreases in industrial labor years with its original labor years without diseases induced mortality and morbidity, which were assumed to be 8 hours per day and 250 days throughout 200741. For detailed information, see SI Section 2.4. 
3.3 Supply-driven I-O Model
A supply-driven I-O model is able to capture the forward linkages among industries in a circular economy by observing the effects of changes in primary inputs on industrial gross production changes42. It suggests:
 x’ = i’Z + v’                                                            (5)
B= Z/x                                                                (6)
x = G’ v, G = (I-B)-1                                                                  (7)
where Z is the intermediate transaction matrix which records the transactions between industries, B denotes the allocation coefficient matrix, x is the industrial output vector, v is industrial value-added vector and G is the Ghosh inverse matrix which measures the impacts on output resulting from a dollar change in value-added. As labor is viewed as primary input in our study, the reductions in industrial value-added were estimated by multiplying industrial reduced percentages in labor years with original industrial value-added, which were then used as inputs in the supply-driven I-O model. The allocation coefficients in supply-driven I-O models are considered more stable in centrally planned economies, wherein exogenous primary supply drives the models and determines total inputs, intermediate outputs and final outputs43. By considering health impacts (mortality and morbidity) as a constraint on labor service, we suggest that the supply-driven I-O model is a useful tool for assessing the indirect economic impacts caused by degraded health conditions in China. Detailed explanation of the model is described in SI Section 2.5 and 2.6.
3.4 Data Source for Mortality and Morbidity-induced Labor Year Loss and Uncertainties
When scaling down the provincial counts of PM2.5 induced mortality and morbidity to provincial counts of mortality and morbidity among labor, the provincial employment data was obtained from the Chinese Statistical Yearbook41. For simplicity, we summed the counts of respiratory and cardiovascular diseases for hospital admissions. Counts of mortality, hospital admissions and outpatient visits were assigned into 4 sectors in each province following the US sector categorization according to the occupational respiratory condition incidence rates (1.5%, 2.1%, 1.2% and 1.8% for natural resources and mining, manufacturing, construction and services, respectively) which were obtained from the Census of Fatal Occupational Injuries in the US44. The impacted labor were further distributed into industries according industrial-provincial output ratios41. Labor year loss for hospital admissions were calculated by multiplying hospital admissions counts by time required for respiratory disease hospital admissions which was provided by respiratory disease hospital admissions costs and time analysis45. 
Although the counts of outpatient visits include all-cause outpatient visits, time required for each outpatient visit was assumed according to PM2.5 induced respiratory tract infections due to the lack of detailed classification of diseases and the different time length required for medical treatment. Differing from the overnight admissions, outpatient visits in this paper include medical consultation, purchasing medication, receiving medical treatment as well as the emergency department (ED) visits. Epidemiological studies have shown the adverse effects of PM2.5 pollution on the respiratory health system and each incidence would require 5 to 10 days’ treatment till recovery according to different severity of respiratory condition46,47. We assumed a daily 4 hours’ working time loss for treatment. Indeed, in the absence of effective patient follow-up in China, respiratory condition patients, including acute asthma patients and chronic obstructive pulmonary disease (COPD) patients, will suffer the higher risks for ED revisits or readmissions during post-discharge48,49. For simplicity, overnight readmissions were not considered in this paper. Therefore, for the case of severest health outcomes, each outpatient was assumed to have 2 times more follow-up revisits and thus, a maximum of 3 incidences of respiratory disease and the resulting outpatient visits during 2007 and each incidence would take an equivalence of 10 working days and 4 hours per day for treatment, while for the least severe case, it would take an equivalence of 5 working days and 4 hours per day for treatment and each outpatient will have only 1 incidence of outpatient visit during 2007. In this respect, we estimated the lower and upper boundaries for working time loss per outpatient as 5 to 30 working days with a daily 4 hours during a year. When the mean number of outpatient visits induced working time loss is adopted, each outpatient will lose an equivalence of 17.5 working days with a daily 4 hours during the year, accounting for almost 3.5% of the original labor time.
Although the upper boundary seems to be relatively high, we suggest that it is because of the inclusion of ED revisits and the long waiting time in Chinese particular medical system. This upper boundary, to some extent, can be offset by the potential underestimation in the hospitalization as we did not consider any readmissions or non-medically attended illness. We believe that the provision of such lower and upper boundaries can be used to compare the least severe case with the most extreme situation where all outpatients suffer the severest health outcomes, and also show the potential benefits of medical system reform to improve the overall effectiveness.
It is worth noting that this study follows the US sector categorization and the occupational respiratory condition incidence rates from the US study44. This is firstly due to the lack of systematic and comprehensive dataset in China. To be aligned with the occupational employment rates requires us to follow the same sector categorization as the US. Secondly, as the occupational disease protection is less developed and the professional responsibilities for occupational health and safety inspection are less clear in China compared with the US, Chinese workers would suffer higher respiratory health risks and thus, the occupational respiratory condition incidence rates would be higher in Chinese sectors than those from the US. In this respect, the employed US occupational respiratory condition incidence rates could provide a basis for conservative estimations of sectoral PM2.5 induced mortality and morbidity counts. Additionally, as the use of these incidence rates would affect the sectoral allocation of mortality and morbidity counts, a sensitivity analysis was conducted to test the results’ variation following two alternative sectoral allocation approaches (see SI Section 3.3 and 3.4) which shows no significant variation in final results. Furthermore, uncertainties might also come from the assumptions in labor year loss for each case of PM2.5 induced mortality, hospital admissions and outpatient visits. We assumed that each worker in China worked 8 hours per day and 250 days during 2007. Each case of PM2.5 resulting mortality would cause a total of 250 working days lost while each hospital admission took 13.9 days45 during 2007. We also assumed 5 to 10 working days and 4 hours per day as the lower and upper boundaries for working time lost for each outpatient with a mean number of 17.5 working days and 4 hours per day during the year. Such boundaries were estimated under the background of the particular ongoing medical system in China. They were also based on the time range required for respiratory diseases’ convalescence and increasing risks for ED revisits in the absence of effective follow-up care in China.  (see SI Section 2.4.2). 
3.5 Data Source for Input-Output Tables
The reduced industrial value-added were calculated based on the reduced percentage in labor year due to PM2.5 contaminant diseases and the original industrial value-added provided by the 2007 input-output table. The Chinese input-output table provides information regarding inter-industry transaction flows across 30 industries in each of the 30 provinces and other economic agents3. It contains detailed vectors in final demand categories, including rural and urban household consumption, government expenditure, fixed capital formation, capital inventory changes and exports, as well as in value-added, including labor salary, net production tax, fixed capital depreciation and operation profit. This study specifically focuses on labor as the primary inputs during production process and uses the reductions in labor year as an indicator for reductions in industrial value-added. 
4. Results
The national direct economic losses in 2007, referring to the totality of sectoral value-added loss across 30 Chinese provinces due to PM2.5 induced mortality and morbidity amounted at 146.25 billion Yuan. This number can range from 66.83 to 225.67 billion Yuan according to different levels of severity for PM2.5 induced health outcomes. Meanwhile, the indirect economic losses, referring to the additional output loss due to inter-industrial and inter-regional linkages along production supply chains doubled. The total economic losses amounted at 346.26 billion Yuan (～1.1% of GDP in 2007) with the lower and upper boundaries from 157.84 to 534.68 billion Yuan, which is approximately 0.5-1.6% of China’s gross domestic product (GDP) during 2007. Figure 1 illustrates the provincial and regional labor year loss in percentage, regional direct economic losses and the total economic losses for the intermediate case, where each PM2.5 induced mortality, hospital admission and outpatient will lose 250 and 13.9 working days as well as an equivalence of 17.5 working days with a daily 4 hours, respectively. In this case, the total economic losses resulting from PM2.5 induced health impacts and its resulting labor time loss reached 346.26 billion Yuan. Coastal provinces were more likely to suffer great economic losses as a result of health impacts caused by PM2.5 air pollution. Jiangsu and Shandong provinces experienced the greatest economic losses in 2007, which amounted at 55.90 and 47.41 billion Yuan, occupying 0.17% and 0.14% of the national GDP, respectively. Other coastal provinces, including Shanghai, Zhejiang and Guangdong, also suffered significant provincial GDP loss. In addition, interior provinces, such as Hebei and Henan were also expected to experience substantial output reductions of 23.45 and 26.76 billion Yuan in 2007. It is worth noting that all provinces with higher proportions of the total national economic losses have larger PM2.5 induced mortality and morbidity counts (Henan 9.4 million; Shandong 7.8 million; Jiangsu 6.4 million; and Hebei 5.7 million) and all of them have large population sizes, which is demonstrated in Figure 2. It is also noticeable that the above estimation followed the industrial respiratory conditions incidence rates during 2007 from the Bureau of Labor Statistics in the US due to the lack of industry injury and illness data in China. The respiratory conditions incidence rates employed in this study suggest that manufacturing sector has the highest respiratory condition incidence rate at 2.1% during 2007, compared with 1.5%, 1.2% and 1.8% for natural resources and mining, construction and services sectors, respectively. This indicates the high respiratory condition health risks in manufacturing sector and its related potential hospital admissions, outpatient visits and the resulting labor year loss. Therefore, the manufacturing sector could not only promote considerable economic benefits but also is more likely to result in great economic losses in the face of serious PM2.5 pollution and the resulting health risks.
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Figure 1. Provincial and regional total (direct and indirect) economic losses and reduced labor years (%). 
As can be seen from Figure 1, column ‘Location’ demonstrates the regional location and column ‘Province’ shows the provinces belonging to the corresponding region. ‘Provincial Total (Direct+Indirect) Economic Loss’ and ‘Regional Total (Direct+Indirect) Economic Loss’ involve both direct economic losses measured by monetary value of reduced value-added and indirect economic losses cascaded through inter-industry or inter-regional relationships within a province or a region. ‘Percentage of GDP’ measures the proportion of total economic loss (provincial or regional) to the national GDP during that year which equals to 32,961 billion Yuan. It helps understand how much each province or region contributes to the total national economic losses. ‘Provincial Labor Year Loss’ and ‘Regional Labor Year Loss’ were obtained by comparing labor year loss due to air pollution induced mortality and morbidity within a province or a region with the original labor year in that province or region without disease-induced mortality and morbidity. All workers were assumed to work 8 hours per day and 250 days per year without air pollution resulting diseases during 2007 and the labor year loss was measured as reduced percentages. It helps clarify that the provinces or regions with heavier reliance on labor-intensive industries are more likely to suffer greater labor constraints.  
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Figure 2. 2007 PM2.5 induced mortality and morbidity counts including hospital admissions (cardiovascular and respiratory diseases) and outpatient visits (all causes) for 30 provinces in China. 
Figure 2 shows the mortality counts focus on four PM2.5 induced diseases, including ischemic heart disease (IHD), chronic obstructive pulmonary disease (COPD), stroke and lung cancer (LC). For morbidity, we focus on cardiovascular and respiratory diseases hospital admissions and outpatient visits as respondents reported that cardiovascular and respiratory diseases occupy the greatest proportions among respondents exposed to particulate air pollution14. Provincial mortality and morbidity counts were calculated using an integrated exposure-response (IER) model (see Method and SI Section 2.3). Provincial counts of mortality and hospital admissions are shown on the left y-axes while provincial counts of outpatient visits are shown on the right y-axes.  
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Figure 3. Regional total economic loss in China in 2007 categorized by 4 sectors. 
Figure 3 presents the economic losses by sectors across China resulting from PM2.5 pollution in 2007 when the total economic losses reach 346.26 billion Yuan. The pie charts compare the regional economic losses attributable to four sectors in 6 Chinese regions. 30 industries in each province were re-categorized into 4 sectors and 30 provinces were grouped into 6 regions. Provincial economic losses under the same sector were summed up if they are within the same region. Regional sector-specific economic losses were then compared with total regional economic losses to evaluate sectors with greater vulnerability to labor year loss induced by PM2.5 contaminant diseases in each region. For detailed explanation of calculation and industry re-categorization, see SI Section 2.4 and 3.4. The greatest economic losses were observed in the manufacturing and service sectors at 163.76 and 84.64 billion Yuan, respectively, which accounted for 47.3% and 24.4% of the total estimated economic losses, respectively. These results appear to be consistent with China’s evolving industrial structure in its current stage. The percentages of value-added by the secondary (manufacturing) and territory (services) sectors to the total GDP were 46.9% and 42.9%, reflecting increases of 5.6% and 11.4% compared with 1990 level. Manufacturing sector still dominates the national economic growth in China while services sector continues growing. They both heavily rely on labor forces and other connected sectors. This could exacerbate total output loss in both sectors in the face of labor constraints caused by PM2.5 induced mortality and morbidity in 2007. In Eastern China where economic growth rely on the manufacturing sector, PM2.5 pollution caused significant reductions in labor-intensive value-added in the manufacturing sector. Thus, the reductions in manufacturing’s total output accounted for a considerable 51% of its total regional output loss. In addition, in certain provinces in North China where the service sector is burgeoning, PM2.5 induced mortality and morbidity also resulted in great economic losses in service sector, accounting for 27% of its total output reduction. In the Northwest and Southwest where the manufacturing sector is less developed but construction sector contributes a large share to the total regional GDP, the reduced value-added had the greatest impact on the construction sector, accounting for 17% and 13% of the total economic losses, respectively.  
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Figure 4. Provincial direct and indirect effects analysis, China, 2007. 
Figure 4 compares the direct and indirect economic losses of health impacts induced by PM2.5 air pollution in the intermediate case where total economic losses arrive at 346.26 billion Yuan. Each bar shows the provincial total economic losses resulting from labor year loss due to air pollution induced mortality and morbidity, consisting of both direct and indirect economic losses in that province. The purple area denotes the provincial direct economic losses referring to the provincial reduced value-added while the gray area is the provincial indirect economic losses cascaded through inter-industrial and inter-regional relationships on the supply side of the economy and their percentages were presented on the bottom and top of each bar for comparisons. It is clear that large proportion of provincial total economic losses come from indirect economic loss across almost all 30 Chinese provinces. The two provinces with the greatest total output loss were Jiangsu and Shandong, which also suffered the greatest indirect economic losses. In Jiangsu, the indirect economic losses amounted at 33.70 billion Yuan, which accounted for 60% of its total economic losses. The percentage was the same in Shandong, where the indirect losses amounted to 28.76 billion Yuan. Surprisingly, in all 30 provinces except Anhui and Hunan, indirect economic losses outnumbered direct economic losses which underscore the significance of capturing the ripple effects accumulated along inter-industrial and inter-regional linkages in a circular economy. This concept is fairly meaningful, especially in provinces such as Gansu, Qinghai, Ningxia and Xinjiang, where industrial structures are primarily based on raw and pre-processed products and exports to other regions. In such cases, although direct economic losses caused by reduced industrial value-added in the province were relatively small, the indirect cascading economic losses could contribute a significant part to its total economic losses. Provinces such as Jiangsu where the industrial production processes rely heavily on importing intermediate products from other industries could suffer severe economic losses due to reduced value-added and output in industries or sectors within other provinces. As each sector has backward linkages with the sectors that provide its inputs and forward linkages with those to which it sells its outputs, changes in the value-added in one sector would influence both the upstream and downstream sectors through inter-connectedness among industries and regions. 

5. Conclusion
Direct economic losses represent only a small fraction of total economic losses caused by any disruptive events. Some disruptive events, such as the PM2.5 air pollution could result in little physical capital damages but great labor constraints on production capacity due to PM2.5 related diseases. Indeed, the cascading indirect economic losses of reduced labor year could be considerable due to inter-industrial and inter-regional relationships. On the one hand, both labor constraints and inter-industrial and inter-regional relationships should be taken into consideration in health costs measurement and economic loss estimation during disaster aftermath. On the other hand, the idea of integrating risk analysis, impact analysis and inter-dependency analysis is significant for identifying key sectors and thus, it appears to be equally meaningful in developing effective post-disaster economic recovery strategies and more sustainable policies. In addition, since manufacturing still dominates the national economy in China, especially in Eastern China, from which most of its products are labor-intensive, expansion beyond the region’s geography and natural endowment cannot occur without accumulating human capital, learning and innovation processes50. This indicates that without sufficient adaptation measures and implementations, the economic growth of Eastern China is more likely to be hindered by any long term environmental stress that has adverse effects on human health. Nevertheless, the arguments above do not mean that China should turn back to natural resources; rather, they indicate that each region should develop its ability of pursuing a policy agenda to improve its capacity in diversifying its outputs beyond mundane resources and labor-intensive tasks and also, to explore its geographical advantages51-53. This requires policymakers to broaden the current industrial structure reforms54-56. Our results highlight the potential risks associated with China’s current industrial structure and emphasize the importance of moving from traditional primary sectors focus towards less labor-intensive sector focus57 in the face of serious air pollution and increasing frequency of extreme weather events. This research brings out important implications for integrating risk, impact and inter-dependency analyses into health costs measurement.
New research connects with uncertainties to certain degree. Firstly, this study follows the US sector categorization and the occupational respiratory condition incidence rates from the US study in order to achieve alignment due to the lack of systematic and comprehensive dataset in China. Secondly, labor year loss for each case of PM2.5 induced mortality, hospital admissions and outpatient visits were estimated based on assumptions due to data limits and they do not necessarily exclude holidays, weekends and the problem of double-counting. Thirdly, our study summed counts of hospital admissions for both cardiovascular and respiratory diseases and focused on respiratory tract infections for outpatient visits. This is due to the lack of data on time required for each disease’s treatment. Fourthly, due to the limited data available for regional age structure among labor, we have to use the averaged age structure across all regions. By scaling down the total affected population to affected counts among labor using provincial labor-population ratio, we considered labor as an aggregated group aged 16-65 without differentiating the different RR for various age groups among labor. Future research should devote more in differentiating health risks for at different age levels among labor in each region. Further, our application of a static supply-driven I-O model, to some extent, neglects the feedback of changing output into further changes in value-added as well as some possible nonlinear relationships between labor inputs and economic outputs (for further discussion, see SI Section 2.7). Besides, our sensitivity analysis shows the main variation comes from the assumption on outpatient visits-induced labor time loss. We suggest that the potential reason could be the majority of PM2.5 affected counts are outpatients and the particular context of Chinese medical system, which on the other hand, reveals the potential benefits of medical system reform, especially in improving the overall effectiveness of outpatient visits and patients’ follow-up care. Besides, more studies are required in the future for differentiating the PM2.5 induced diseases and the time required for outpatient visits. Further sensitivity results and discussions are included in SI Section 3. 
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