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Abstract
The risks associated with the treatment and disposal of healthcare wastes has gained attention
across the world over last decades. The potential for a causal link between the hazardous
emissions from waste treatment facilities and certain adverse health outcomes in workers
employed in these facilities is difficult to prove or to supply with decent figures.
However it is required to have a mechanism which provides an approach and data to assess
this risk in order for the justification of selection and planning of any waste treatment system.
In order to derive usable estimates for the adverse health impacts on workers, a system
dynamics approach was adopted by using a software package, Vensim Ple Plus. Using
relative risks and latency periods of adverse health outcomes reported by the epidemiological
studies and the incidence rates from Turkish Health Statistics for Istanbul, Turkey, the
hospital admissions (morbidity) is expected to increase by 40.0% and 9.3% among landfill
and incinerator workers respectively over the 30-year employment time; while mortality rate
goes up by 0.4% in landfill employees and 0.6% in incinerator employees over the same
period of employment.
Keywords: Healthcare waste; Hazardous emissions; Waste treatment facilities; Adverse
health outcomes; Decision making; System dynamics approach.
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1. Introduction
The risks associated with healthcare waste and its management has gained attention across
the world over last decades and this has resulted in the increased recognition of a need for
proper healthcare waste management. The primary objective of managing waste, healthcare
waste is no exception, is that the materials should be handled, treated and disposed of safely.
In this respect, The UK Health Department (UK DoH 2011) categorises treatment methods of
healthcare wastes in two groups; (1) High temperature (incineration) technology and (2)
Non-burn/low temperature alternative technologies (pre-treatment) and then disposal of to
landfill [the EU Landfill Directive (European Union 1999) prohibits landfilling of healthcare
waste without pre-treatment]. It is stated by the Department that while anatomical waste
(18-01-02), healthcare chemicals (18-01- 06*(1)), pharmaceuticals (18-01-09 or cytotoxic and
cytostatic medicines 18-01-08*) must only be treated by incineration; the others [such as
swabs, soiled dressings and gloves (orange bag 18-01-03*)] can also be treated by various
alternative technologies and then disposed of to landfill (Bracketed numbers are from the
European Union Waste Catalogue 2000).
Landfilling and incineration of solid waste releases toxic substances. Because of the wide
range of pollutants and different pathways; long term exposure concerns remain about
potential health effects. Much of the current understanding of the health impacts of the
healthcare waste treatment technologies is based on epidemiology. This paper aims to provide
an overview of the current epidemiologic studies reporting health impacts of healthcare waste
treatment technologies (landfill and incineration), and to determine the additional cases of
workers due to the exposure of hazardous emissions in their working place.
2. Literature Review
The main pathways of exposure were identified in the literature as inhalation, consumption of
water, and the food chain (Table 1 identifies the source-pathway-receptor relation of landfill
and incineration). However the studies surveying the emissions to land or water are very
limited in number, while there are a number of studies in the literature which provide
information on emissions to air from waste treatment facilities. Defra (2004a) states that this
does not mean that health effects due to exposure via water or soil are less significant;
however, there are controls on food and water quality which make any exposures through
these pathways easier to avoid. Therefore inhalation of emissions is the pathway which is
mostly assumed by epidemiological studies.

1

: The European Union Waste Catalogue 2000 is divided into 20 chapters. Each chapter is represented by a

two-digit code between 01 and 20 and comprises one or more subchapters (Chapter 18 is for healthcare wastes).
Individual waste types are detailed in the subchapters and are assigned a six-digit code that comprises two digits
for the chapter, two for the subchapter and two specific to the waste type. Hazardous wastes are signified by
entries where the EWC code is marked by an asterisk (*).
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Table 1. Emission-Pathway-Receptor for Landfill and Incineration
Source (Emissions)

Pathway

Landfill Gas (CO2, CH4 and
Air

Receptor

Emissions of fugitive

numerous trace compounds),
exhaust gases from combustion of
landfill gas, dust and odour

landfill gas and products of
landfill gas combustion

Landfill

Leachate containing salts, heavy
Water

metals, biodegradable and

receptors
Users of water

Leachate run off

persistent and synthetic organic

Nearby sensitive

to water

sources

compounds

resources
(groundwater or
surface water)

Land contamination during
Soil

post-operative activities,

Metals (Zn, Pb, Cu, As) and

animal factors (seagulls,

various organic compounds

vermin, rats) and visual

Post operative site
users

effect
SO2, NOx, N2O, HCl, HF, VOCs,
Air

CO, CO2 emissions, dioxins and

Emissions of gases and

furans, metals (Zn, Pb, Cu, As),

particles from combustion of

dust, odour, micro-organisms and

waste

Nearby sensitive
receptors

Incineration

PAHs
From deposition of combustion
Water

gases: sulphuric, carbonic and

Deposition of hazardous

nitric acids, particulate matter,

substances to water

metals (Zn, Pb, Cu, As), dioxins

resources

and furans
From ash and combustion gases:
metals (Zn, Pb, Cu, As), dioxins
Soil

and furans, sulphuric, carbonic
and nitric acids, particulate

Receptors in the
vicinity of waste
water treatment
plants

Leaching of materials from
landfilled ash; and

Receptors exposed

deposition of combustion

to contaminated soil

gases

matter, fluoride and chloride

Much of the current understanding of the health impacts due to the healthcare waste treatment
technologies is based on epidemiological studies. Giusti (2009) categorises these studies into
three groups:
(1) Prospective Cohort Studies: Two cohorts of people (exposed and non-exposed) who differ
with respect to certain factors under study are followed over a period to determine how these
factors affected rates of a certain outcome. This kind of study generally involves the
collection and analysis of blood or tissue samples. For example: Unuvar et al. (2007)
conducted a survey to assess whether pregnant women were at risk of mercury intoxication
due to fish consumption by taking blood samples from mothers and their new born babies.
Mudge et al. (2011) described the prevalence of inadequate energy and protein intake in older
9
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inpatients by screening consecutive patients admitted between November 2007 and March
2008 to the Royal Brisbane and Women‟s Hospital in Australia. Likewise Hoek et al. (2002)
examined the association between mortality and indicators of traffic related air pollution in
the Netherlands by investigating a random sample of five thousand people from 1986 to 1994.
A similar study was conducted in China by Cao et al. (2011) to improve understanding of the
link between outdoor air pollution and mortality.
On the other side, having too many repeated measurements and the selection of the
measurement time points of cohort studies cause these studies to have an ad-hoc basis
according to Tekle et al. (2011) who pointed out the necessity of optimal design methods with
a controlled budget for these studies.
(2) Retrospective Case-Control Studies: A case group of people who have already developed
a specific disease, and a control group of healthy people are selected. Information on past
exposure is collected retrospectively, generally via interviews with the participants. These
studies are relatively inexpensive compared to prospective cohort studies as (A) they involve
smaller groups of people, (B) they do not generally require structured experiments, but are
more prone to bias (Giusti 2009). For instance: The study by Burke and Sawchuk (2003) was
based on 244 women who died from tuberculosis between 1874 and 1884. Some 12% of
them had given birth within the year preceding their death. The study used the records in the
local government death registries; and indicated that recent childbirth did not increase the risk
of tuberculosis mortality among these women.
(3) Cross-Sectional Studies: They take account a specific group of the exposed population
over a short period of time. They are „cross sectional‟ because data is collected at one point in
time. They can only be useful to generate hypotheses that can be tested later by more
comprehensive studies; otherwise they might not be effective at distinguishing whether a
particular disease developed before or after the group was exposed to a potential hazard as
they do not look at time trends. There are a number of examples of cross-sectional studies in
the literature as they are relatively cheap to carry out (Mino et al. 2001; Peabody et al. 2006;
Scheeres et al. 2008; Geldart et al. 2010).
In order for the definition of the strength of the association between exposure to a potentially
toxic substance and specific health effects in epidemiological studies, the ratio of the
incidence of a disease in the exposed population to the incidence of the same disease in the
non-exposed population is calculated; this is called “Relative Risk” (RR) or “Odd Risk” (OR).
For instance, if the RR is 6, the risk is six times higher (or an increase of 500%) in the
exposed population than that in the non-exposed population.
The studies which were evaluated in this research were selected accordingly to the criteria
proposed by Hester and Harrison (2002): (1) They have to be conducted in authorised
incinerations or landfills; meaning that the ones considering open burning or unregulated
disposal sites were disregarded; (2) They must provide some degree of consistency with other
different epidemiological studies in terms of the types and significance of the outcomes; (3)
They must have a theoretical basis in linking adverse health effects and exposure pathway;
and (4) They must have a basis for the effects, as indicated by actual measurements or
10
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examinations.
The number of the studies satisfying the criteria set by Hester and Harrison (2002) is very
study: Gelberg (1997) carried out a cross-sectional study to examine acute health effects
among employees working for the New York City Department of Sanitation. Landfill workers
reported a significantly higher prevalence of work-related respiratory (RR=2.14),
dermatologic (RR=2.07), neurologic (RR=1.89), gastrointestinal (RR=1.26) and hearing
problems (RR=1.73), itching eyes (RR=1.54) and sorethroat (RR=2.26) than the controls.
Regarding the adverse health effects on incinerator workers, Gustavsson (1989) investigated
mortality among 176 incinerator workers who were employed at least one year or more
between 1920 and 1985 at a MSW incinerator in Sweden. Results revealed an excess
mortality from cancer (oesophageal cancer RR=2.84; stomach cancer RR=1.27, rectal cancer
RR=2.52, lung cancer RR= 3.55, bladder cancer RR=1.98, malignant cerebral tumors RR=
2.77, hematopoietic cancer RR= 1.35) and nervous disease (RR=1.33), circulatory disease
(ischemic heart disease RR=1.38), respiratory disease (asthma, bronchitis, emphysema
RR=1.62) and digestive disease (liver cirrhosis RR=4.54). The excess was found to be
highest in workers with more than 40 years exposure.
Counter to the above study by Gustavsson (1989), a retrospective study on 532 workers
employed at two municipal waste incinerators in Rome did not reveal any excess of lung
cancer (Rapiti et al. 1997). Mortality from lung cancer was reduced in comparison to the
general population and overall cancer mortality did not differ much from that of the general
population. However it was noted a 2.79 fold increased risk of mortality from gastric cancer
among workers who had more than 10 years latency since first employment.
A similar study was conducted by Hours et al. (2003); they carried out a cross-sectional
morbidity study for 102 workers employed at three French incinerators during 1996, matched
for age with 94 male workers from other industrial activities. The exposed workers were
categorised into 3 exposure groups based their workplace: crane and equipment operators,
furnace workers, and maintenance and effluent-treatment workers. The maintenance and
effluent group encountered elevated relative risks for skin symptoms (RR=4.85). An excess
of daily cough was reported for the maintenance and effluent group (RR= 2.55) and for the
furnace group (RR=6.58).
Many epidemiological studies dealing with waste management report limitations regarding a
lack of good exposure data and the use of surrogate indirect measures which might lead to
exposure misclassification (Rushton 2003; Defra 2004a; Defra 2004b; Porta et al. 2009). One
of the reasons for that is the unsuitableness of conducting an epidemiological study based on
experiments (not on observations) for ethical reasons (Giusti 2009). It is clear that future
research into the health risks of waste management needs to overcome these current
limitations.
3. System Dynamics Modelling
Models represent some aspect of a real system which consists of several interrelated
components and interactions among them. This real system could be a living space, a region
11
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or a city. Systems dynamics models are conceptual models focused on the selected
parameters which have to be quantified as variables and their influences have to be
formulated mathematically. Each arrow (Figure 1) indicates an influence of one element on
another.

+
recovery
-+

Susceptible

+

Workers
+

-

+

-+

exposure
-

exposure time

average treatment time

Figure 1. Causal Loop Diagram Notation
3.1 Causal Loop Notation
The word causal refers to cause-and-effect relationship and the word loop refers to a closed
chain of cause and effect. The words (elements) represent the parameters in the system; and
the arrows represent causal connections of these parameters.
Figure 1 shows the susceptible workers causal loop diagram. The diagram includes arrows
linking the parameters together and signing either (+) or (–). These signs have the following
meanings; (1) A causal link from one parameter to the other parameter has positive polarity
(+); if the two parameters in a cause-and-effect relationship change in the same direction and
(2) A causal link from one parameter to another parameter has negative polarity (–); if the two
parameters change in opposite directions. In Figure 1, the positive polarity on the arrow
between susceptible workers and recovery could mean that an increase in susceptible workers
causes an increase in recovery or that a decrease in susceptible workers causes a decrease in
recovery cases. Likewise in Figure 1, the negative polarity on the arrow between exposure
and susceptible workers conveys the meaning of that an increase in exposure results in a
decrease in susceptible workers and vice versa.
In addition to the signs on each arrow, a loop is given a sign. The dynamics of any system
stem from the interaction of just two types of feedback loops; positive (or self-reinforcing)
and negative (or self-correcting) loops. Specifically, (1) Positive loops tend to reinforce or
amplify whatever is happening in the system. An initial disturbance in positive loops leads to
further change by suggesting the presence of an unstable equilibrium and (2) Negative loops
counteract and oppose the change. They tend to be self-limiting by seeking a balance or
equilibrium.
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3.2 Dynamics of Stocks and Flows
The parameters in systems dynamics models are categorised as stocks, flows, auxiliary
variables, and arrows (Figure 2). Stock variables (symbolised as a rectangle) represent the
accumulations in the system. Flow variables (valves) are the rate of the change in stock
variables and they either fill in or drain the stocks depending on the activities they represent.
Auxiliary/constant variables are intermediate variables used for miscellaneous calculations,
and the arrows (connectors) are the information links representing the cause and effects
within the model structure.
Susceptible
Workers
recovery

exposure

average treatment time

exposure time

Figure 2. Stock and Flow Diagram
Mathematical Representation:
Integral
equation:
Workers(to)

Susceptible

Workers(t)=[recovery(s)−exposure(s)]ds+Susceptible
(Eq.1)

Differential equation: d(Susceptible
Workers=recovery(t)−exposure(t)

Workers)/dt=Net

change

in

Susceptible
(Eq.2)

Notation used in the model: Susceptible Workers=INTEGRAL(recovery−exposure,
Susceptible Workers(to))
(Eq. 3)
The Integral function is exactly equivalent to Eq.1 and represents that the stock (Susceptible
Workers) accumulates its inflows (recovery) and discharges its outflows (exposure),
beginning with an initial value of stock (Susceptible Workers). The mathematical mapping of
a system occurs via a system of differential equations, which is solved numerically via
simulation.
3.3 System Dynamics Modelling in Health Systems
The method has been applied widely in health systems as it offers diverse advantages over
simple spreadsheet programs; such as it conceptualises and rationally analyses the structure,
interactions and behaviour of complex systems to explore, assess, and prognosticate their
impacts in an integrated, holistic manner (Kollikkathara et al. 2010); it facilitates a more
sophisticated, quantitative simulation, hence it is capable of more robust and reliable
outcomes (Wolstenholme 2005); and it is flexible enough to accept any adjustment which
might be required under different conditions (Jian Li et al. 2008). It allows these adjustments
to be implemented by fine-tuning the parameters.
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Taylor and Dangerfield (2005) provided a plausible causal framework to present the
interaction between bringing health services closer to the community and the improvements
in accessing stimulating demand. Evenden et al. (2005) examined capturing Chlamydia
infection within a population incorporating the behaviour of different risk groups in
Portsmouth. In Canada, McGregor (2010) analysed jurisdictional conflict between a major
and a minor healthcare profession by means of system dynamics. Furthermore Mothibi and
Prakash (2006) presented an approach for the management of HIV/AIDS in order for the
Bostwana Government to control the diseases.
Estimating atmospheric emissions from relevant sources is also a growing area of application.
For example, Szarka et al. (2008) used system dynamics in conjunction with RegAir
modelling technique and looked at emissions due to transport, energy consumptions etc.
within the system boundary for the EuRegion Austrian-Hungary cross-border area. On the
other side, Anand et al. (2006) presented a model based on dynamic interactions to estimate
CO2 emissions from the cement industry in India.
However the application of system dynamics in healthcare waste management has recently
been introduced to the literature by two studies; (1) the research conducted by Chaerul et al.
(2008) which analyses the effect of NIMBY (Not In My Back Yard) Syndrome on the
healthcare waste generation; and (2) the research carried out by Ciplak and Barton (2012).
4. Development of Employees Health System Dynamics Model
The frequency of a number of incidences is higher among landfill and incinerator workers
due to their exposure to hazardous emissions in their workplace compared to non-exposed
societies as reviewed in the literature (Section 2). The models (Exposed Workers System
Dynamics Model and Non-Exposed Workers System Dynamics Model) aim to estimate the
number of “additional cases” which is expected to appear in 30-year-employment-time based
on the data gathered from the literature survey.
The Exposed Workers System Dynamics Model (represented by Figure 3: Causal Loop
Diagram of Exposed Workers System Dynamics Model and Figure 4: Exposed Workers
System Dynamics Model) starts with the initial workers who have completed their exposure
time period to develop the disease specified by the epidemiological studies. When the model
is run, depending on the “average time to get infected” exposed-workers move to
infected-workers stock. Based on average time for mortality, infected workers either die or
recover and enter the susceptible workers stock. Exposure time introduces a delay for
susceptible workers to reach to the certain level at which they start to develop symptoms of a
disease.
The Non-Exposed Workers System Dynamics Model (Figure 5) aims to estimate the number
of cases for the selected diseases that would appear in the same number of individuals
(workers) in the same time period as Exposed Workers System Dynamics Model. This
facilitates determining additional cases (additional hospital admissions and additional deaths)
by subtracting the number of cases in exposed population from the number of cases in
non-exposed population within the same amount of time. The number of additional cases
14
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refers to the number of workers whose poor health is due to the emissions from the waste
treatment facility where they work.
Since initial workers are introduced to Exposed Workers System Dynamics Model as the
exposed workers who have already completed an exposure time period, time period of both
of the models was adjusted by subtracting the number of exposed years from
30-year-employment time (Figure 6).
The developed models were kept as simple as possible while capturing all necessary elements
for the analysis of the system under study. The emphasis of the model was on structural and
functional simplicity. These models are not comprehensive, and in such problems never will
be, but are considered sufficient at this stage in terms of providing a basis for the purpose of
the study in the light of reported cases in academic literature. However, these models could
be improved by allocating disease specific parameters and could be adopted to solve similar
problems (such as investigating of health impacts of hazardous emissions on public in the
vicinity of waste treatment facilities); there are no doubt benefits to be achieved by further
research into the characteristics of each specific diseases and the development of these
diseases on populations.
average treatment
time

+

deaths

+

_

recovery

infected

+
+

-

exposed

susceptible
workers

workers

_

+

workers
+

-

_

-

_
mortality
-

+
sickness

average time for
+

exposure
+

-

mortality

average time to get

exposure time

infected

Figure 3. Causal Loop Diagram of Exposed Workers System Dynamics Model
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initial workers

exposure
time

average time to

average time

get infected

for mortality

Exposed

Susceptible
exposure

Workers

Workers

Deaths

Infected
Workers

sickness

mortality

average treatment
time
recovery

Figure 4. Exposed Workers System Dynamics Model

initial workers

average time to

average time

get infected

for mortality

Susceptible

Infected

Workers

Workers

sickness

Deaths
mortality

average
treatment time

recovery

Figure 5. Non-Exposed Workers System Dynamics Model

Starting

Quitting

working

working

Exposure period

System

dynamics

model time period

30-year-employment period

Figure 6. Time Frame for the Employees Health Models
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4.1 Model Parameters and Data Sources
Since there are not a significant number of health effect investigations specifically related to
healthcare wastes‟ treatment and disposal, municipal waste was used as a surrogate for
healthcare waste. The required data for the models were gathered from both epidemiological
studies providing relative risks (RR) and exposure time for a number of diseases (Section 2
Literature Review); and Turkish Statistics Databases which provided frequency of each
specific disease in the non-exposed population. Table 2 presents the relative risk values of
certain diseases in the measured exposure period given by these studies.
The parameter called “average time to get infected” in Exposed Workers System Dynamics
Model was derived from the frequency of each specific disease in non-exposed population
and the relative risk of each disease by following these steps;
(1) The frequency of each specific disease in non-exposed population (fnon-exposed) was
gathered from nationwide records of annual hospital admissions in Turkish Health Statistics
Database (Turkish Statistical Institution 2007)
(2) The frequency of each specific disease in exposed population (fexposed) was calculated
from the equation (Eq.4) (RRs are as provided in Table 2)
RR = fexposed / fnon-exposed
Eq.4: Relative Risk (Giusti 2009)
(3) The exposed frequencies were converted into time constants corresponding to the average
time it takes for someone to be infected. This facilitates computing the output rate (namely
“sickness”) by dividing the stock (namely “Exposed Workers” by the rate (namely “average
time to get infected”) and not multiplying it by a frequency.
Average time to get infected = 1/ fexposed
Eq.5: Conversion of Frequency to Time Constant in Exposed Workers System Dynamics
Model
In converting frequencies to a time constant in Non-Exposed Workers System Dynamics
Model, the parameter called “average time to get infected” was derived from the non-exposed
frequency of each disease;
Average time to get infected = 1/ fnon-exposed
Eq.6: Conversion of Frequency to Time Constant in Non-Exposed Workers System Dynamics
Model
(4) The parameter called “Average time for mortality” was derived from a mortality rate of
each specific disease by using the same correlation as above. Whereas the exposure of
hazardous emissions was reported to increase mortality (Table 2 incineration mortality),
“average time for mortality” of each disease was derived from the exposed mortality rates
which is equal to multiplication of non-exposed mortality rate (Turkish Statistical
17
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Institution 2007) and RRmortality (Table 2).
Table 3, 4 and 5 present the preparation of data to input to the models by following the steps
above. Mathematical formulations and units for the parameters are presented in Appendix
(Section 10).

Table 2. Data Sources for the Employees Health System Dynamics Models
Landfill (Morbidity)

Incineration (Morbidity)
exposure

RR

exposure

time

RR

(years)
Respiratory Problems

1

Dermatologic
Problems 1
Neurologic Problems 1
Gastrointestinal
Problems

1

Hearing Problems 1
Itching Eyes
Sorethroat

1

1

3

Skin Symptoms

2.07

1

Daily Cough 2

1.89

1

1.26

1

1.73

1
1

2.26

1

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

1

1

-

-

(years)

2.14

1.54

-

-

-

-

time

2

4.85

12.6

6.58

12.6

Incineration (Mortality)
Oesophageal
Cancer 3

2.84

18.7

Stomach Cancer

3

1.27

18.7

Rectal

3

Cancer

Lung

Cancer

Bladder Cancer

2.52

18.7

3

3.55

18.7

3

1.98

18.7

2.77

18.7

1.35

18.7

1.33

18.7

1.38

18.7

Malignant Cerebral
Tumors 3
Hematopoietic
Cancer 3
Nervous Disease 3
Ischemic Heart
Disease3
Respiratory Problems 3

1.62

18.7

Liver Cirrhosis

3

4.54

18.7

Gastric Cancer

4

2.79

10

Gelberg (1997)

2

Hours et al. (2003)

Gustavsson (1989)

4

Rapiti et al. (1997)
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Table 3. Data Preparation for Landfill Workers
1st STEP

MORBIDITY

2nd STEP

3rd STEP
average time

average time
to get

to get infected
Disease

RR

fnon-exposed

infected

(Non-Exposed
fexposed

(Exposed

Workers

1/

dimensionless

dimensionless

16.44x10-3

130

2.07

3.37x10-3

2.12x10-3

1.89

5.52x10-3

7.68x10-3

2.14

1.63x10-3

Problems
Dermatologic
Problems
Neurologic
Problems
Gastrointestinal
Problems
Hearing
Problems
Itching Eyes
Sorethroat

Model)

1/

dimensionless

for mortality

Dynamics

Model)
dimensionless

average time

System

Dynamics

dimensionless

mortality rate

Workers

System

Respiratory

4th STEP

dimensionless

1/dimensionless

61

1.50x10-2

67

613

297

0.10x10-2

1 000

4.01x10-3

472

249

1.30x10-2

77

1.26

6.96x10-3

181

144

0.90x10-2

111

0.43x10-3

1.73

0.74x10-3

2 326

1 351

0.02x10-2

5 000

0.64x10-3

1.54

0.99x10-3

1 563

1 010

0.00 x10-2

-

2.26

-3

0.02x10

-3

0.05x10

50 000

20 000

0.10x10

-2

1 000

Average treatment time was assumed 1 year and
Number of workers in a landfill site (initial workers) was assumed to be 10
Time period of model is 29 years (by taking into account a 1 year exposure in 30-year-employment time)

Table 4. Data Preparation for Incineration Workers‟ Morbidity
MORBIDITY

Disease

1st STEP

fnon-exposed

dmnless
Daily Cough
Skin symptoms

1.24x10

-5

1.63x10

-3

2nd STEP

RR

dmnless
6.58
4.85

3rd STEP
average time to

average time to

get infected

get infected

(Non-Exposed

(Exposed Workers

Workers System

System Dynamics

Dynamics Model)

Model)

1/dmnless

1/dmnless

fexposed

dmnless
8.16x10

-5

7.91x10

-3

4th STEP

80 645
613

12 255
126

mortality
rate

time for
mortality

dmnless
3.36x10

average

1/dmnless

-3

298

-3

901

1.11 x10

dmnless: dimensionless
Average treatment time was assumed 3months (0.25 year)
Time period of model is 17.4 years (by taking into account a 12.6 year exposure in 30-year-employment time)
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Table 5. Data Preparation for Incineration Workers‟ Mortality
MORTALITY

Disease

1st STEP

fnon-exposed

3rd STEP
average
time to
get
infected

4th STEP

non-exposed
mortality rate

average time for
mortality
(Non-Exposed
Workers System
Dynamics
Model)

RRmortality

exposed
mortality
rate

average time
for mortality
(Exposed
Workers
System
Dynamics
Model)
1/dmnless

dmnless
dmnless
dmnless
1/dmnless
dmnless
dmnless
Oesophageal
-5
-3
5.38x10
18 587
48x10
20.8
2.84
136.0x10-3
Cancer
Gastric
(stomach)
9.92x10-5
10 081
50x10-3
20.0
1.27
63.5x10-3
Cancer
Rectal Cancer
7.51x10-5
13 316
30x10-3
33.3
2.52
75.6x10-3
-5
-3
Lung Cancer
30.13x10
3 319
60x10
16.7
3.55
213.0x10-3
-5
-3
Bladder Cancer
9.59x10
10 428
30x10
33.3
1.98
59.4x10-3
Hematopoietic
23.00x10-5
4 348
42x10-3
23.8
1.35
56.7x10-3
Cancer
Nervous
2.15x10-3
465
13x10-3
77.6
1.33
17.1x10-3
Diseases
Ischemic Heart
2.90x10-3
345
36x10-3
27.8
1.38
49.7x10-3
Disease
Respiratory
8.00x10-3
125
15x10-3
66.7
1.62
24.3x10-3
Problems
Malignant
5.52x10-3
181
6x10-3
117.4
2.77
16.6x10-3
Tumours
Liver Cirrhosis
2.66x10-4
3 759
58x10-3
17.2
4.54
263.3x10-3
Gastric Cancer
9.92x10-5
10 081
50x10-3
20.0
2.79
139.5x10-3
*
dmnless: dimensionless
Average treatment time was assumed 5years; Time period of model is 11.3 years (by taking into account a
exposure in 30-year-employment)
* 10 year of exposure was taken into account as reported by Rapiti et al. (1997)

7.35
15.75
13.23
4.70
16.84
17.64
58.48
20.00
41.15
60.24
3.80
7.17
18.7 year

5. Results and Discussion
Simulation runs were carried out for each specific disease to predict health impacts on
employees working at landfill sites and incineration plants separately (Table 6, Table 7 and
Table 8) by assuming that;
(1) There was no immunity so that after the recovery period is completed, recovered workers
enter susceptible workers stock.
(2) Employees‟ population is closed; once a worker is recruited, he keeps working in the
same workplace for 30 years without changing his job or work environment.
S (t) +I (t) = N
Eq.7: Boundary for Population
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Where S (t) and I (t) are the numbers of susceptible and infected individuals (including deaths
after infection) at time t, and N is the constant population size
(3) Each reported case is a non-transmissible disease; hence it does not spread over other
members of the society.
Table 6. Additional Cases for Landfill Workers
Results of Exposed

Results of Non-Exposed

Workers System

Workers System Dynamics

Dynamics Model

Model

Additional Cases
(30 year)

Number of

Number of

Number of

Number of

Number of

Number of

Recoveries

Deaths

Recoveries

Deaths

Recoveries

Deaths

4.48

0.0607

2.24

0.0303

2.24

0.0304

0.84

0.0009

0.45

0.0004

0.39

0.0005

1.12

0.0133

0.56

0.0073

0.56

0.0060

1.96

0.0159

1.40

0.0133

0.56

0.0026

0.20

0.0000

0.11

0.0000

0.09

0.0000

Itching Eyes

0.28

0.0000

0.17

0.0000

0.11

0.0000

Sorethroat

0.01

0.0000

0.01

0.0000

0.00

0.0000

TOTAL

8.89

0.0908

4.94

0.0513

3.95

0.0395

Disease
Respiratory
Problems
Dermatologic
Problems
Neurologic
Problems
Gastrointestinal
Problems
Hearing
Problems

Figures in the table are out of 10 people as the number of workers in a landfill site (initial workers)
was assumed to be 10 (Samat 2009)

Table 7. Additional Cases for Incineration Workers‟ Morbidity

Diseases
Daily
Cough
Skin
symptoms
TOTAL

Results of Exposed

Results of Non-Exposed

Workers System

Workers System

Dynamics Model

Dynamics Model

Additional Cases
(30 year)

Number of

Number of

Number of

Number of

Number of

Number of

Recoveries

Deaths

Recoveries

Deaths

Recoveries

Deaths

0.02

0.0001

0.00

0.0000

0.02

0.0001

1.60

0.0017

0.32

0.0004

1.28

0.0013

1.62

0.0018

0.32

0.0004

1.30

0.0014

Figures in the table are out of 14 as the number of workers in an incinerator (initial workers) was
assumed to be 14.
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Table 8. Additional Cases for Incineration Workers‟ Mortality
Results of
Exposed Workers
System Dynamics

Results of Non-Exposed

Additional Cases

Workers System Dynamics
Model

(30 year)

Number of Deaths

Number of Deaths

Number of Deaths

Oesophageal Cancer

0.0022

0.0009

0.0013

Gastric (stomach) Cancer *

0.0021

0.0017

0.0004

Rectal Cancer

0.0019

0.0008

0.0011

Lung Cancer

0.0165

0.0062

0.0103

Bladder Cancer

0.0019

0.0010

0.0009

Hematopoietic Cancer

0.0045

0.0034

0.0011

Nervous Diseases

0.0136

0.0104

0.0032

Ischemic Heart Disease

0.0501

0.0372

0.0129

Respiratory Problems

0.0697

0.0442

0.0255

Malignant Tumours

0.0337

0.0177

0.0160

Liver Cirrhosis

0.0166

0.0053

0.0113

Gastric Cancer*

0.0092

0.0042

0.0050

TOTAL

0.2199

0.1313

0.0886

Model

Figures in the table are out of 14 as the number of workers in one incinerator (initial workers) was
assumed to be 14.
*When the set of data documented by Rapiti et al. 1997 was taken into account, more additional
cases for gastric cancer mortality were gathered (0.0050>0.0004), hence 0.0050 should be taken into
account in the worst case scenario.

Table 9 presents total additional cases (mortality and morbidity) based on each reported case
sourced in Table 2. Based on the inputted data to the models, a 40.0% (3.95 more cases out of
10 landfill employees) increase and a 9.3% (1.3 more cases out of 14 incinerator employees)
increase in hospital admissions (morbidity) is expected to occur over the 30-year employment
time. Likewise mortality rate is expected to go up by 0.4% in landfill employees and 0.6% in
incinerator employees over the same period of employment. It is stated by Defra (2004a) that
in the UK, taking into account the amount of waste managed by each process at present,
emissions to air from waste management are estimated to result in approximately five
hospital admissions for respiratory disease per year, and one death brought forward due to air
emission per year in the UK as a whole.
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Table 9. Total Additional Cases in the 30 year Employment Period

Mortality

Morbidi
ty

Exposed
Workers
Population
1.62

Incineration
Non-Exposed Total Additional
Cases
Workers
Population
Number (%)
0.32
1.30

(Table 7)

(Table 7)

0.0018
(Table 7)

0.0004
(Table 7)

+

+

0.2199
(Table 8)

0.0900

Exposed
Workers
Population

Landfill
Non-Exposed
Workers
Population

8.89

4.94

(Table 6)

(Table 6)

0.0908

0.0513

(Table 6)

(Table 6)

9.3

0.6

Total Additional
Cases
Number
(%)

3.95

40.0

0.0395

0.4

0.1313
(Table 8)

6. Conclusion
This study contributes to the waste management decision making process by reviewing
adverse health outcomes of healthcare waste incinerators and landfill sites on workers by
developing a mechanism to measure additional cases due to the exposure to hazardous
emissions released from waste treatment technologies. This provides the employees‟ health
issue to be identified as a factor which could be expressed in a quantitative scale; hence the
importance of this factor relative to the other criteria, such as „treatment cost‟ or „environment
performance‟ could be assessed for the planning of an optimum waste treatment system
within the scope of decision making (for instance, multi-criteria decision analysis [MCDA]),
which is the further step of this PhD project.
The greatest challenge emphasised in the current literature is the “confounding factors” which
might not adequately be controlled in many studies such as ethnicity, gender, socio-economic
or deprivation status, age, smoking/alcohol habits, medicinal drug use, occupational history,
hazards from other sources, population mobility, long latency period of some diseases, the
pre-existing health of the people being studied, the wealth or poverty of the people, the
availability of health or social care services and other present or historical sources of
pollution.
This paper suggests that further collaborative epidemiological studies using a more rigorous
approach along with an appropriate methodology which takes account of possible
confounding factors are required. The uncertainties surrounding the resultant outcomes of the
developed models should be considered carefully when health effects are to be estimated and
simulations should be repeated with updated data. It is anticipated that this will benefit in
improving a way of shaping public perspective through waste treatment facilities which
underlies social values in waste management decision making.
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Appendix: Formulation of the Employees Health System Dynamics Models
Table A1: Exposed Workers Health System Dynamics Model
Type of
Parameter
Stock
Stock
Constant
Stock
Stock
Constant

Name

Unit

Equation

Value

Susceptible Workers
Exposed Workers
initial workers
Infected Workers
Deaths
exposure time

people
people
people
people
people
year

*
**

Flow

exposure

people/year

INTEG(recovery-exposure,0)
INTEG(exposure-sickness, initial workers)
INTEG(sickness-mortality-recovery,0)
INTEG(mortality,0)
DELAY FIXED***(recovery, exposure
time , 0)

Constant

average time to get
infected

year

-

**

Flow

sickness

people/year

Exposed Workers/average time to get
infected

-

average time for
year
mortality
Flow
mortality
people/year Infected Workers/average time for mortality
Flow
recovery
people/year
Infected Workers/average treatment time
average treatment
Constant
year
time
*For landfill and incineration initial workers were assumed 10 and 14 people respectively
** Section 4.1: Model Parameters and Data Sources
***DELAY FIXED (X, T, I) delays the input X for a fixed time T starting with I
Constant
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Table A2: Non-Exposed Workers Health System Dynamics Model
Type of

Name

Unit

Equation

Value

Stock

Susceptible Workers

people

INTEG(recovery-exposure,0)

-

Constant

initial workers

people

-

*

Stock

Infected Workers

people

INTEG(sickness-mortality-recovery,0)

-

Stock

Deaths

people

INTEG(mortality,0)

-

year

-

**

Parameter

Constant
Flow
Constant

average time to get
infected
sickness

people/year

average time for
mortality

Susceptible Workers/average time to get
infected

-

year

-

**

Flow

mortality

people/year

Infected Workers/average time for mortality

-

Flow

recovery

people/year

Infected Workers/average treatment time

-

Constant

average treatment time

year

-

**

*For landfill and incineration initial workers were assumed 10 and 14 people respectively
** Section 4.1: Model Parameters and Data Sources
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