RESEARCH ARTICLES

A GIS-based approach for radiation risk
assessment around a thermal power plant
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Coal combustion in thermal power plants releases ash,
which is reported to cause adverse health hazards in
humans and other organisms. Owing to the presence
of radionuclides, it is also considered as a potential
radiation hazard. In this study, based on the surface
radiation measurements and relevant ancillary data,
expected radiation risk zones were identified with
regard to human population residing near a thermal
power plant using GIS. With population density as the
vulnerability determining criterion, about 20% of the
study area was in the ‘high’ risk zone and another
20% in the ‘low’ risk zone. The remaining 60% was
under ‘medium’ risk zone. Based on the findings of
this study, greenbelt locations have been proposed as a
remedial measure.

Keywords: Geographic information system, radiation
risk analysis, remedial measures, surface radiation,
thermal power plant.

COAL-BASED thermal power plants (TPPs) release different
chemical substances in the environment in the form of flue
gas and ash. Most of these substances, beyond a certain
limit, are known to have the potential to adversely affect
the environment as well as other organisms, including
human beings. The continuous release of coal ash is ex-
pected to have a cumulative impact on the environment
and humans in the long run. Hence, it is considered as a
potential threat to the ambient environment, including the
human population. The finer fraction of ash, released
from the stacks, may be directly taken up by the local
population, whereas the coarser bottom ash stored in ash
ponds may contaminate the local soil and water
resources, both surficial and underground. The major
pathways for exposure to the contaminants for humans
are: (i) direct inhalation of ash from the moving plume;
(ii) external exposure (on skin, hair), and (iii) inhalation
and ingestion from deposition on soil'. In case of conta-
mination from ash, apart from the plume, transportation
and ash-handling also expose humans to the contami-
nants. Another possible way of exposure to these
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elements can be through surface water and groundwater.
In the absence of proper monitoring and management, the
situation may worsen and expose the environment and its
components to the risk of being adversely affected.

The elemental concentration of ash is dependent on the
coal type and is highly variable. The environmentally
significant component of ash is the inorganic fraction,
inherited from coal, like the primordial radionuclides
(**U, #°Th and *°K), different trace elements (TEs) and
rare earth elements (REEs).

Among these, radionuclides are one of the most toxic
components; their presence enhances the naturally occur-
ring radionuclide materials (NORM) concentration in a
given area. The association, concentration and partitioning
behaviour of these elements play a major role in deciding
the environmental impact of ash’, especially for concen-
tration of radon, thoron and associated radiation doses®™.
Several studies regarding partitioning of radionuclides in
the ash particles have reported that elements like ***U
(compared to **Th) and most of the TEs are found to be
enriched in the fine fly-ash particles leading to higher
mobility of the species®’. Presence of toxic elements
like radionuclides, along with high mobility and long
residence time of fine ash particles, make the fine ash
more hazardous than bottom ash®. Consequently, the
probability of these particles to be wind-borne, resulting
in a wide area of impact due deposition of ash, up to a
considerable distance from the TPP increases. The
bottom-ash particles, rich in other elements, from the
open ash mounds are also wind-blown and deposited in
the vicinity. As a result, enhanced concentration of radio-
nuclides has been observed near several coal-based
TPPs’ °. In these studies, the observed radionuclide con-
centration at discrete locations has been used to calculate
the doses. However, any damage due to radiation depends
on some other factors as well. For example, hazard due to
the same dose of radiation may vary from person to
person depending on the environment in which they live
as well as on their age, genetic make-up, health condition,
etc.'. This makes risk assessment due to radiation a
complex exercise. Although considering all the variables
is difficult, some of the factors may be considered along
with the calculated doses to obtain a better estimate of
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risk. Towards that aim, here the population density of the
study area, as a function of the land-use pattern, has been
considered since the cumulative dose depends on the
number of individuals receiving the dose'’. As the para-
meters affecting the risk intensity are highly variable, it
becomes essential to not only estimate the risk once but
to monitor the changes periodically.

According to the recent literature, any amount of radia-
tion carries some risk and the risk increases directly with
dose'*. Varnes'® defined natural hazards as ‘the probabi-
lity of occurrence within a specified period within a given
area of a potentially damaging phenomenon’. Hence, in
this study the increased radiation occurring near a TPP
due to continuous release and deposition of ash from it is
designated as the ‘potentially damaging phenomenon’ or
the ‘hazard’. The analytical methods for radionuclide
estimation are both time- and cost-intensive. For a fast
and effective monitoring plan, in this study the approach
of integrating the radiation measurements and one of the
key wvariables — population density, in the context of
spatial distribution has been adopted. The in situ radiation
measurements were integrated with the demographic
information on a GIS platform. The Kolaghat Thermal
Power Plant (KTPP), located in Purba Medinipur, West
Bengal has been considered in this study.

A few studies in the area suggested adverse impact on
the environment as well as human population, especially
on children'”'®. An overall risk assessment of the study
area due to radiation has not been reported so far.
Hence, the present study has been undertaken with the
following objectives: (a) to identify potential risk zones
on the basis of human exposure to radiation, and (b) to
recommend some remedial as well as precautionary
measures.

Study area

Geographically, Kolaghat lies 60 km WSW of Kolkata,
on the right bank of River Rupnarayan. Geologically, the
area is made up of quaternary alluvial deposition'’. The
terrain is almost flat with a gentle slope towards east—
southeast (average elevation being 5—7 m amsl). The soil
is mainly alluvial with about 60% clay content'’. Apart
from the Rupnarayan, the two other major water bodies in
the study area are Denan—Dehati canal and Medinipur
canal. The better an artificial canal, is used to pump water
from the Rupnarayan and supply it to KTPP for its opera-
tion. The total installed capacity of the plant is 1260 MW.
There are six units, each of 210 MW. The first unit was
commissioned in 1984 (ref. 20). The remaining units
were commissioned from 1986 to 1994. About 25 sq. km
of the area surrounding KTPP has been studied. The
localities in the area are situated as close as within the
radius of a few metres from the TPP as well as the ash
ponds.
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Methodology
Data collection

Surface radiation in the study area, with the TPP at the
centre, was recorded using a portable low-level gamma
survey meter — the microR-Surveymeter (R for Roentgen;
model UR-709, Nucleonix Systems Private Limited,
Hyderabad, India). The instrument provides its output in
dose rate. Surface radiation measurements were con-
ducted at 95 locations spanning across the study area. In
each location three readings were recorded for 100 sec
each. The sample spacing was 400 m on an average in an
almost grid pattern. GPS locations at each site were
collected. The measurements were made in micro-
Roentgen per hour (uR h™"), and were converted to nano-
gray per hour (nGy h™'; dose) by applying suitable con-
version factor. Figure 1 shows a schematic overview of
the methodology used.

Preparation of maps

The land-use map was prepared through on-screen visual
interpretation technique (Figure 1) in GIS platform at a
scale of 1:22,000 with UTM Projection, WGS 84 datum.
LISS-IV image from ResourceSat 2 satellite, acquired on
17 April 2012, was used for land-use map preparation.
Google Earth image was used as reference for map gen-
eration of the study area. The land-use map was verified
through intensive field visits. The major land-use classes
interpreted in the area were settlements with homestead
orchards, agricultural lands, industrial lands, open space,
river and canals, surface water bodies, road and railways.
The settlement-wise population density was calculated

| Surface radiation datal | Demographic datal |Land-use map |

Y Y
Identification of
elements at risk

AHP

Empirical Bayesian
Kriging (EBK)

Y

Vulnerability analysis
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Y

Feasible remedial
measures that may
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Figure 1. Schematic overview of risk analysis methodology.

CURRENT SCIENCE, VOL. 116, NO. 10, 25 MAY 2019



RESEARCH ARTICLES

using settlement area of the respective mouzas, computed
from the land-use map, and the population of each mouza
as retrieved from the census data’!. The hazard, vulnera-
bility and risk analyses were performed using GIS.

Radiation hazard zonation: The zonation of the study
area on the basis of surface radiation measurements was
done following the recommendation of the population-
weighted average absorbed dose rate (in air outdoors
from terrestrial gamma hazard) of 60 nGyh™' by the
United Nations Scientific Committee on Environmental
and Atomic Radiation, USA*. The surface radiation data
collected for the study area were interpolated. Empirical
Bayesian kriging (EBK) method was used to obtain a
kriged layer of interpolated dose over the entire area
followed by reclassification of the newly generated sur-
face based on the population-weighted average absorbed
dose rate of 60 nGy h™' as the threshold value. EBK is a
geostatistical interpolation technique based on the empir-
ical Bayes estimation method®. Traditional kriging
methods ignore the error introduced due to estimating the
semivariogram from the known data points, assuming that
it is the true semivariogram®*. However, EBK by virtue of
its properties, estimates the error in the semivariogram as
well. This results in a better estimation of the error in the
prediction®® and hence was used in the present study.
Two zones were created: low hazard zone with values
<60 nGyh' and high hazard zone with values
>60 nGy h™".

Vulnerability analysis: Vulnerability is a relative term
and different fields have their own conceptual description
of vulnerability as well as risk®. In this study, vulnerabil-
ity is referred to as the extent to which human popula-
tions residing in the neighbourhood of a TPP are expected
to experience the adverse impact due to radiation. The
vulnerability analysis traditionally involves ranking of
different ‘elements at risk’, followed by assignment of a
score to each element on the basis of ranks. In the present
study, analytical hierarchical process (AHP) was used to
calculate the vulnerability scores for the determining cri-
teria — high population density, medium population density,
low population density, agriculture, waterbodies and open
space.

AHP is an internationally accepted robust and flexible
multicriteria decision-making tool*®. The basic concept of
AHP is to decompose a complex decision problem into a
hierarchical structure of goal, criteria, sub-criteria and
alternatives followed by pairwise comparison of the ele-
ments in terms of a ratio scale based on both qualitative
and quantitative information about the elements. The ratio
scale generally ranges from 1 to 9, where 1 indicates
equal importance of both the elements and 9 indicates an
extremely strong significance of one element over the
other’’. The ratios are used to construct a comparison
matrix (say 4). This matrix must be transitive, i.e. if i, j
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and k are the alternatives and if i > j and j > k, then i > k;
for all i, j and k; and reciprocal a; = 1/a;;. Each column of
the comparison matrix is normalized using its principal
eigenvector (or positive multiple of the vector), and A
is the principal eigenvalue of the matrix (eq. (1))*"".

AW = ApaW. (N

In this study, the weightage for each criterion was gener-
ated according to Saaty’s ‘fundamental nine-point scale
for comparative judgements’*?. The weightage for popu-
lation density was generated considering the fact that rad-
iation risk in terms of collective dose increases with
higher population density, and vice versa'’. The weigh-
tage for rivers, waterbodies and agricultural lands was
generated considering the reports of adverse effect of ash
on them. Since the local population generally consumes
the local produce of fishes and crops in the study area,
some adverse effects are expected due to their intake.

Risk analysis: Risk was calculated as a function of radi-
ation score and vulnerability score. Based on the risk
score obtained, the final risk map was generated. In the
present study, three risk zones were created based on the
risk score. Jenks natural break method was used to classi-
fy the area into different zones®. The areas with risk
score <40 were designated as low risk zone; medium
risk comprised of areas with score 40-60, and areas with
risk score >60 were designated as high risk zones.

Results and discussion

Figure 2 shows the land-use map of the study area. The
percentage of area covered by the major land-use types is
as follows: settlements with homestead orchards (36),
agriculture (36), surface waterbodies (including canals,
7.9, industrial area (6.2) and ash ponds (2.7).

Table 1 gives the pairwise comparison between the
criteria using AHP. Table 2 gives vulnerability rank for
each criterion. The consistency ratio of the analysis was
found to be 7.2%.

Figure 3 shows the radiation zones. About 37% of the
total area is found to be ‘low hazard’ zone, receiving dose
rate below or equal to 60 nGy h™'. The remaining 63%
area comes under the ‘high hazard’ zone receiving aver-
age ambient dose rate >60 nGy h ™.

The latter zone is present towards the north and the
former zone is present towards the south and southeast of
the study area. The high hazard zone primarily coincides
with ash ponds and TPPs. The two probable reasons for
such kind of distribution of surface radiation in the area
as follows: (i) Airborne deposition of fine ash particles —
In this area, the prevalent wind direction is from south
and southwest to north and northeast. As a result, loose
and fine-sized ash particles from the ash ponds and stack
can get easily transported towards the north, resulting in a
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Figure 2. Land-use map of the study area.
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Figure 3. Radiation zone map of the study area.

high surface radiation. (iii) Use of fly ash for land fill-
ing — Huge amount of bottom ash is used to fill up low-
lying areas and making embankment for railways, roads
and highways in the study area. The large volume of ash
involved in such applications is a significant contributor
to the ambient surface radiation. Hence the northern part
of the study area experiences higher surface radiation
compared to the southern part. In the southern part, both
ash ponds, and railway and road network are absent. Be-
sides, it is opposite to the prevalent wind direction, and
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hence wind-borne deposition of the fine fly ash particles
is less.

The ash ponds, industrial areas, rivers, water bodies,
open spaces and agricultural lands have a lower vulnera-
bility rank as the population density in these areas is
almost negligible.

Figure 4 shows the radiation risk zones. The risk map
shows that, although a large area (63%) is estimated to be
under high hazard zone, the area under high risk zone is
less. About 20% of the area is under high risk. The low
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Figure 4. Radiation risk zone map of the study area.
Table 1. Pairwise comparison matrix of the criteria for Analytical Hierarchical Process
High population Medium population  Low population Open space
Criteria density (HPD) density (MPD) density (LPD) Agriculture Waterbodies (0S)
HPD 1 3 5 6 6 8
MPD 0.33 1 3 5 5 7
LPD 0.20 0.33 1 4 5 8
Agriculture 0.17 0.20 0.25 1 1 3
Waterbodies 0.17 0.20 0.20 1.00 1 3
(O 0.13 0.14 0.13 0.33 0.33 1

The consistency ratio is 7.2%.

Table 2. Importance of weights
Criteria Priority (%) Rank
HPD 44.9 1
MPD 25.2 2
LPD 16.2 3
Agriculture 5.5 4
Waterbodies 5.4 5
Open space 2.7 6

risk zone also covers 20% of the study area, and rest of
the area is under medium risk. Such distribution of risk is
because most of the high radiation zones are devoid of
any human settlement. Since the study mainly focused on
the adverse impact of radiation dose on the human popu-
lation, areas with no population were found to be less
vulnerable.

Remediation

The present study highlights the need to adopt appropri-
ate remedial measure(s). A feasible remediation option in
this study may be the setting-up of a ‘greenbelt’. The
alluvial soil found in the study area can be used as a
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resource for the planting of trees along ash ponds. This
can significantly reduce the risk due to the wind-blown
ash. Figure 5 is a schematic diagram showing the pattern
of plantation that may be adopted to minimize exposure
to ash. Based on the land-use and risk map of the study
area, two tiers of plantation can be adopted. The belt may
contain both shrubs and trees (Figure 5), and may be
placed around the embankments of ash ponds and close to
the human settlements.

Based on the risk zones identified in this study, Figure 6
shows the probable areas where of greenbelts can be set-
up. However, it is to be mentioned that the actual site for
plantation needs to be finalized after ensuring participato-
ry planning involving the local population. This greenbelt
is expected to significantly reduce the exposure of the
local population to ash from the ash ponds as well as
from stack emission.

Conclusion

The hazard map shows the distribution of hazard in the
study area due to surface radiation. About 63% of the
total area has dose rate above 60 nGy h™', and the rest has
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Figure 5.

Kolaghat Thermal Power Plant.
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Figure 6. Proposed location of the greenbelt based on risk zone map of the study area.

dose rate below 60 nGy h™'. The radiation risk zonation
map of the study area also shows that, since hazard and
risk are not synonymous, mere identification of hazard
zones can overestimate or underestimate the gravity of
the situation. Hence, apart from measuring and estimating
the concentration of contaminants in the environment, it
is necessary to estimate the resultant risk as well.

The radiation zone map, vulnerability map and risk
map generated can also be used for future planning in the
study area. The radiation hazard zone map can be used to
determine areas where, in future, new settlements can be
established or are to be averted. For example, the high
hazard zones may be strictly avoided for human occupan-
cy in any form. In addition, these areas may be avoided
for creating ash ponds in future. The highly vulnerable
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areas should be monitored regularly and should prefera-
bly be avoided for any further increase in hazardous
activities like creation of ash ponds and ash handling.
The risk map generated based on the radiation and vulne-
rability maps shows the distribution of radiation-induced
risk in the study area. This map may play a key role in
both identifying the areas demanding immediate interven-
tion, as well as deciding upon the type of remedial meas-
ure that can be adopted. Setting up greenbelts was found
to be a feasible option in this study area. The risk map
may be used to identify the areas for planting trees.
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