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Evaluating the effectiveness of the radiation protection measures deployed at the Centralized Radioactive Waste Manage-
ment Facility in Ghana is pivotal to guaranteeing the safety of personnel, public and the environment, thus the need for this 
study. RadiagemTM 2000 was used in measuring the dose rate of the facility whilst the personal radiation exposure of the 
personnel from 2011 to 2022 was measured from the thermoluminescent dosimeter badges using Harshaw 6600 Plus Auto-
mated TLD Reader. The decay store containing scrap metals from dismantled disused sealed radioactive sources (DSRS), 
and low-level wastes measured the highest dose rate of 1.06 ± 0.92 µSv·h−1. The range of the mean annual average person-
nel dose equivalent is 0.41–2.07 mSv. The annual effective doses are below the ICRP limit of 20 mSv. From the multivariate 
principal component analysis biplot, all the personal dose equivalent formed a cluster, and the cluster is mostly influenced 
by the radiological data from the outer wall surface of the facility where no DSRS are stored. The personal dose equivalents 
are not primarily due to the radiation exposures of staff during operations with DSRS at the facility but can be attributed to 
environmental radiation, thus the current radiation protection measures at the Facility can be deemed as effective.
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1. Introduction

The Radioactive Waste Management Centre (RWMC) 
of the Radiation Protection Institute (RPI), Ghana Atomic 
Energy Commission (GAEC) receives radioactive wastes 
mostly as disused sealed radioactive sources (DSRS) from 
various clients, then characterizes, treats, packs, conditions 
and stores the waste at the Centralized Radioactive Waste 
Management Facility (CRWMF) for future disposal. There-
fore, the RWMC is responsible for the safe and secure man-
agement of all radioactive waste generated in Ghana from 
various sectors of the economy such as industry, medical 
facilities, universities, mining, and road construction. The 
ultimate aim of radioactive waste management is to handle 
and manage all generated radioactive waste using sustain-
able approach that protects the environment and human 
health, now and in the future, devoid of imposing unneces-
sary burden on present and future generations [1]. The man-
agement practices adopted by the RWMC ensure that the 
population and the environment are satisfactorily protected, 
now and into the future. However, the attainment of this no-
ble aim comes with attendant radiation exposures to the oc-
cupationally exposed persons (OEP) consisting of scientists, 
radiation safety officers, and technologists at the RWMC.

The RWMC since its establishment in July 1995 [2] has 
received more than three hundred (300) DSRS generated 
from industrial, medical and research applications. These 
sources cumulatively account for circa 55 TBq activity at 
the CRWMF. The radioactive waste management activities 
undertaken at CRWMF include off-loading, characteriza-
tion of the DSRS, transfer of sources into the storage units, 
updating of the inventory and all other predisposal activi-
ties such as dismantling of devices and removal of bare 
sources for conditioning. The facility has a large area for 
receipt, characterization and dismantling of DSRS, and that 
is labelled as the holding area (HA). There are two main 
storage units for radioactive waste; area for high dose store 
(HDS) where high activity DSRS are stored, and decay 
store (DS) where low activity wastes pending clearance are 

stored. The storage units, therefore, host conditioned and 
unconditioned DSRS pending disposal. The conditioning 
of retrieved sources from dismantled radioactive devices is 
performed at Office 3 (OFF-3) of the facility.

At the core of effective radioactive waste management 
is the safety of the OEP. In this regard, as low as reasonably 
achievable (ALARA) principle is strictly observed to limit 
the exposure of individuals to acceptable levels of radia-
tion. A radiation protection programme has been instituted 
and implemented by the RPI which includes workplace 
and personnel radiation surveillance. The facility has been 
designated as a radiologically controlled area, thus staff of 
the RWMC working in the facility are designated as OEP. 
Therefore, the OEP is provided with the necessary train-
ing, personal protective equipment (PPE) and thermolu-
minescent dosimeters (TLD) badges for personal radiation 
dose monitoring. The radiation protection program of the 
RWMC integrates both international recommendations and 
the radiological safety requirements of the Ghana Nuclear 
Regulatory Authority (NRA). Dose constraints established 
by the International Commission on Radiological Protec-
tion (ICRP) ensures that exposures of individuals within 
the workplace are justifiable and acceptable [3]. The occu-
pational radiation dose is expressed by the ICRP in terms of 
equivalent dose and effective dose. Equivalent dose refers 
to the dose received by the lens of the eyes, skin, and ex-
tremities, whilst effective dose implies the dose received by 
the whole body. The annual effective dose limit specified 
by the ICRP is twenty (20) mSv, with a five-year limit of 
one hundred (100) mSv, however, the dose should not ex-
ceed 50 mSv in any single year. The equivalent dose limit 
of skin and extremities is 500 mSv, and 200 mSv for the 
eye lenses [4-6]. 

According to the International Atomic Energy Agency’s 
(IAEA) basic safety standards (BSS), the personal dose 
equivalent, depicted by the operational quantity, Hp(10) is 
the recommended international operational parameter in in-
dividual monitoring radiation protection program. Hp(10) 
refers to the dose received by tissue (effective dose) at a 10 
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mm depth from the skin surface. It is considered as the dose 
to the whole body (that is the total effective dose) since in-
ternal radiation exposure via the intake of radionuclides at 
the facility is assumed to be negligible. The CRWMF han-
dles and manages only sealed radioactive sources with no 
reported occurrence of surface contamination or airborne 
radionuclide contamination. In this regard, the estimation of 
committed effective dose from internal exposure was deem 
inapplicable in this study. The dose to the extremities of the 
body is assessed via the operational quantity Hp(0.07) which 
is defined as the dose at a 0.07 mm depth within the skin. It 
is representative of the dose received by the skin of the OEP. 
Dose estimation for OEP is essential in evaluating radiation 
risks and the establishment of relevant protective measures 

[7]. In this regard, this study evaluates the individual an-
nual dose records of OEP at the RWMC in relation to the 
radiation levels in and around the CRWMF from 2011–2022. 
This study will, therefore, facilitate the assessment of the 
effectiveness of the existing radiation protection program 
established by the RPI in Ghana with reference to the recom-
mended ICRP dose limits. 

2. Materials and Methods

2.1 �Radiation Dose Rate Measurement in and 
Around the CRWMF

The ambient dose equivalent rate at various locations in 

Label Description
HDS high dose store where sealed radioactive sources (SRS) are 

stored
DS decay store where low level wastes pending decay clearance, 

and scrap metals from dismantled DSRS are stored 
HA holding area; large area for receipt, characterization and 

dismantling of DSRS
LAB Laboratory where radioactive waste processing and treat-

ment will occur in the future
LBY lobby area serves an integral area for defense in-depth

OFF-1 Office 1 where conference desk is located with bookshelves
OFF-2 Office 1 where site investigatory and other equipment are 

kept
OFF-3 Office 3 where hot cell for DSRS conditioning is established
BWR washroom lobby
WR washroom
A1 outer wall surface of OFF-2 and OFF-3
A2 outer wall surface of HDS adjacent to A1
A3 outer wall surface of HDS adjacent to A4
A4 outer wall surface DS adjacent to A3
A5 outer wall surface of DS adjacent to A6
A6 outer wall surface of HA, OFF-1, BWR and WR adjacent 

to A5
A7 outer wall surface of OFF-3, LAB and WR

Table 1. Description of various locations in and around the CRWMF

Fig. 1. Floor plan of the Centralized Radioactive Waste Management 
Facility (CRWMF); the description of various units is shown in Table 1.
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and around the CRWMF (see Fig. 1 and Table 1) was sur-
veyed/monitored monthly using a calibrated RadiagemTM 
2000 personal portable dose rate and survey meter (see Fig. 
2). The unit of measurements was µSv·h−1, and the recorded 
monthly values were then used to estimate the annual av-
erage dose rates for each location. Background dose rate 
measurements were conducted fifty (50) metres away from 
A7 (50-A7) where no radioactive materials are kept. How-
ever, the background values were not subtracted from the 
measurements recorded from other locations of the facility 
as shown in the results and discussion section due to the 
negligible values obtained.

2.2 �Occupational Radiation Dose 		
Measurement

Thermoluminescent dosimetry is considered as one of 
most effective approaches for measuring personal exposure 
to radiation [7]. A retrospective analysis was undertaken on 
the effective radiation doses for OEP working at the CRWMF 

in Ghana for a period of 12 years (2011–2022). The external 
radiation exposure of each OEP is regularly monitored by 
means of thermoluminescent dosimeter (TLD) badges. The 
badge is normally worn at the waist level whenever the per-
sonnel are working in and around the CRWMF. The TLDs 
are subsequently sent at quarterly intervals to the Personal 
Dosimetry Laboratory (PDL) of the RPI for measurement 
and analysis. The PDL utilizes LiF-100 TL dosimetry sys-
tem for the measurement and analysis. In this regard, the 
Harshaw 6600 Plus Automated TLD Reader, a state-of-the-
art dosimetry system for whole body, neutron, extremities, 
and environmental monitoring is used [8]. Two personal 
dose equivalent values, Hp(0.07) and Hp(10) are quantified 
and recorded for each personnel. Background dose levels 
from previous routine monitoring activities using control 
dosimeters were negligible, thus, background deduction 
was not applied to the personnel doses in this study. Fur-
ther information on the measurement, analysis, and calibra-
tion of the TLD badges can be found in Al-Abdulsalam and 
Brindhaban [3] and Hasford, Owusu-Banahene [8].

2.3 Data Analysis

The radiological data from the CRWMF and RWMC 
OEP covering a period of twelve (12) years were retrieved 
and transferred to Microsoft excel for univariate and mul-
tivariate statistical analysis. Principal component analysis 
(PCA) multivariate technique was used to reduce the com-
plexities in data, to ascertain the patterns and clusters in the 
radiological data thereby maximizing the latent information 
in the research data. PCA essentially reduces a complex data 
set with multiple variables by transforming the data into 
a new data set such that fewer new orthogonal variables 
known as principal components (PCs) are achieved. As in-
dicated in equations 1 to 3, the PCs are linear combination 
of the initial variables (Xi) (that is the radiation dose rates 
and personnel dose equivalents) by which various coeffi-
cients (bi j) of the terms in the equation promotes minimal 
correlation among the new variables [9-12]. Where n refers 

Fig. 2. RadiagemTM 2000 personal portable dose rate and survey meter.
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Year
Radiation measurement, µSv·h−1

A1 10-A1 A2 10-A2 A3 10-A3 A4 10-A4 A5 10-A5 A6 10-A6 A7 10-A7 50-A7

2011 0.12 0.15 0.13 0.13 0.12 0.15 0.12 0.14 0.12 0.13 0.12 0.13 0.30 0.25 0.27

2012 0.21 0.26 0.20 0.29 0.25 0.43 0.24 0.36 0.22 0.25 0.21 0.27 0.16 0.26 0.33

2013 0.14 0.20 0.21 0.21 0.22 0.31 0.20 0.27 0.19 0.23 0.14 0.22 0.16 0.34 0.26

2014 0.14 0.20 0.18 0.24 0.25 0.38 0.21 0.36 0.19 0.24 0.18 0.20 0.19 0.33 0.23

2015 0.08 0.12 0.09 0.10 0.15 0.20 0.11 0.18 0.12 0.13 0.09 0.12 0.09 0.17 0.13

2016 0.03 0.04 0.04 0.04 0.06 0.07 0.03 0.06 0.04 0.05 0.03 0.04 0.03 0.07 0.04

2017 0.07 0.10 0.08 0.09 0.15 0.13 0.09 0.12 0.10 0.12 0.06 0.10 0.06 0.15 0.08

2018 0.06 0.09 0.08 0.12 0.29 0.14 0.09 0.18 0.06 0.13 0.05 0.09 0.05 0.14 0.06

2019 0.05 0.10 0.06 0.10 0.36 0.19 0.08 0.13 0.06 0.09 0.06 0.07 0.05 0.15 0.07

2020 0.06 0.09 0.10 0.09 0.38 0.12 0.08 0.11 0.08 0.12 0.05 0.08 0.05 0.13 0.08

2021 0.06 0.08 0.08 0.10 0.73 0.17 0.24 0.13 0.08 0.13 0.05 0.08 0.05 0.20 0.11

2022 0.09 0.11 0.08 0.12 0.75 0.17 0.09 0.16 0.09 0.16 0.06 0.12 0.06 0.20 0.11

Mean ± 
SD

0.09 ± 
0.05

0.13 ± 
0.06

0.11 ± 
0.06

0.14 ± 
0.07

0.31 ± 
0.22

0.20 ± 
0.11

0.13 ± 
0.07

0.18 ± 
0.10

0.11 ± 
0.06

0.15 ± 
0.06

0.09 ± 
0.06

0.13 ± 
0.07

0.10 ± 
0.08

0.20 ± 
0.08

0.15 ± 
0.10

Table 2. Radiological data from the Centralized Radioactive Waste Management Facility

Year

Radiation measurement, µSv·h−1 Personal dose equivalent, mSv

DS HA LBY LAB OFF-
3

OFF-
2 OFF-1 BWR WR Hp

(0.07)
Hp
(0.07)−

Hp
(0.07)+

Hp
(10)

Hp
(10)−

Hp
(10)+

No.
 of 
person

2011 0.25 0.20 0.07 0.10 0.07 0.10 0.09 0.06 0.08 1.17 0.85 1.74 1.53 1.05 1.98 8

2012 3.84 0.34 0.15 0.15 0.14 0.15 0.20 0.15 0.15 1.17 0.53 1.89 1.40 0.58 2.52 10

2013 0.77 0.21 0.11 0.14 0.14 0.14 0.11 0.12 0.14 2.07 0.87 2.95 2.47 0.93 3.4 13

2014 0.87 0.28 0.12 0.13 0.15 0.17 0.32 0.14 0.13 1.52 0.23 2.33 1.27 0.30 1.99 13

2015 0.73 0.34 0.09 0.06 0.07 0.06 0.06 0.06 0.04 0.85 0.39 1.14 1.01 0.60 1.24 11

2016 0.38 0.09 0.01 0.02 0.02 0.02 0.01 0.01 0.01 1.62 0.28 2.26 2.11 0.34 3.4 7

2017 0.92 0.15 0.04 0.05 0.05 0.05 0.04 0.05 0.04 1.19 0.41 1.82 1.34 0.47 2.07 8

2018 0.95 0.26 0.04 0.05 0.04 0.05 0.04 0.05 0.06 1.19 0.41 1.82 1.34 0.47 2.07 8

2019 1.01 0.19 0.03 0.06 0.06 0.05 0.04 0.05 0.04 2.18 0.45 3.06 2.24 0.46 3 8

2020 1.07 0.17 0.03 0.05 0.04 0.06 0.04 0.04 0.04 0.32 0.19 0.44 0.39 0.15 0.51 9

2021 0.67 0.23 0.05 0.04 0.05 0.06 0.04 0.04 0.04 0.51 0.14 1.18 0.54 0.2 1.35 9

2022 1.25 0.29 0.06 0.10 0.07 0.09 0.07 0.06 0.06 0.46 0.12 1.18 0.49 0.13 1.35 7

Mean 
± SD

1.06 ± 
0.92

0.23 ± 
0.08

0.07 ± 
0.04

0.08 ± 
0.04

0.07 ± 
0.04

0.08 ± 
0.05

0.09 ± 
0.09

0.07 ± 
0.04

0.07 ± 
0.05

1.19 ± 
0.60

0.41 ± 
0.25

1.82 ± 
0.77

1.34 ± 
0.68

0.47 ± 
0.29

2.07 ± 
0.89

As shown in Fig. 1, A1 refers to the outer wall surface of Office 2 (OFF-2) and Office 3 (OFF-3) where the radiation was monitored; A2 refers to the outer wall surface of high dose store (HDS) adjacent 
to A1 where the radiation was monitored;  A3 refers to the outer wall surface of HDS adjacent to A4 where the radiation was monitored; A4 refers to the outer wall surface decay store (DS) adjacent 
to A3 where the radiation was monitored; A5 refers to the outer wall surface of DS adjacent to A6 where the radiation was monitored; A6 refers to the outer wall surface of holding area (HA) , Office 
1 (OFF-1), washroom lobby (BWR) and washroom (WR) adjacent to A5 where the radiation was monitored; A7 refers to the outer wall surface of Office 3 (OFF-3), laboratory (LAB) and WR where 
the radiation was monitored; whilst LBY refers to the lobby area. The prefixes 10 or 50 before any of these labels refers to radiation been monitored from 10 m or 50 m distance, respectively from the 
wall surface. Note that 50-A7 represents the background radiation dose rate. Hp(0.07), Hp(0.07)-, and Hp(0.07)+ refer to the annual average personal dose equivalent at a depth of 0.07 mm on the 
body, the minimum measured value of Hp(0.07), and maximum measured value of Hp(0.07), respectfully whilst Hp(10), Hp(10)-, and Hp(10)+ refer to annual average personal dose equivalent at a 
depth of 10 mm on the body, the minimum measured value of Hp(10), and maximum measured value of Hp(10), respectively. SD refers to the standard deviation.
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to the total number of original and new variables. The re-
duction in the number of variables and complexity in the 
original data is achieved by selecting useful PCs based on a 
descending trend of contribution to the total variance in the 
data set such that PC1 contributes higher variance than PC2, 
and likewise PC2 than PC3 etc [12].

PC1 = b1 1 X1 + b1 2 X2 + b1 3 X3 + … + b1 n Xn	 (1)

PC2 = b2 1 X1 + b2 2 X2 + b2 3 X3 + … + b2 n  Xn	 (2)

PCn = bn 1 X1 + bn 2 X2 + bn 3 X3 + … + bn n Xn	 (3)

The application of statistical analysis is therefore, envis-
aged at producing valuable information that will contribute 
to the safe and effective management of radioactive waste 
in Ghana. Microsoft Excel with StatistiXL add-in statisti-
cal software tools were used in this study. The knowledge 
gained from this study will be beneficial to other countries 
especially those with less established radioactive waste 

management infrastructure thereby ensuring that both staff 
and the environment are effectively protected during the 
management of radioactive waste.

3. Results and Discussions

3.1 Univariate Evaluation of Radiological Data

The range for the generated mean annual average radio-
logical data from 2011 to 2022 for both inside and around 
the CRWMF is 0.07–1.06 µSv·h−1 compared to 0.46–0.57 
µSv·h−1 reported by Pereira, Kelecom [13] at a low activity 
radioactive waste storage facility in Brazil. The minimum 
estimate of 0.07 µSv·h−1 was recorded at the lobby area, 
office 3, washroom lobby and washroom areas. These four 
areas with minimal dose rates tantamount to background 
measurement are not used for storing DSRS even though 
OFF-3 is occasionally used for conditioning of sources. 
Therefore, it can be inferred that the conditioning processes 

Fig. 3. Variations in the dose rates at various locations of the radioactive waste storage facility.
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leave behind no potential contamination. The data further 
shows that the Decay Store recorded the highest mean an-
nual radiation dose rate of 1.06 ± 0.92 µSv·h−1 followed 
by A3 and HA with dose rates of 0.31 ± 0.22 and 0.23 ± 
0.08 µSv·h−1, respectively (see Table 2 and Fig. 3). The 
DS contains scrap metals from dismantled DSRS, and very 
low-level wastes (see Table 1) such as hand gloves and dis-
carded laboratory apparels produced from the operations 
of Ghana’s Research Reactor. The highest annual average 
radiological value of 3.84 µSv·h−1 which was measured at 
DS in 2012 can be attributed to the temporary storage of 

the DSRS at this area when the facility was under renova-
tion in 2012. The sources were subsequently relocated per-
manently to the HDS area upon completion of the facility 
modernization process, hence the decrease in the dose rate 
for ensuing years in the DS area.

A3 refers to the outer wall surface of the High Dose 
Store where category 1 and 2 DSRS are stored. According 
to the IAEA [14], category 1 DSRS refer to radioactive ma-
terials that can cause permanent injury to an individual who 
comes into contact with the material for over a few min-
utes if it is not securely protected or managed. Therefore, 

Fig. 4. Variations in the mean annual average personal dose equivalent.
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contact with quantities of this unshielded material for a 
duration of approximately minutes to an hour can result in 
fatalities. On the other hand, exposure to unshielded quanti-
ties of categories 2 and 3 DSRS can lead to fatalities within 
hours to days, and days to weeks, respectively [15]. The 
measured dose rate of A3 is not alarming primarily due 
to the effectiveness of the thick concrete walls in shield-
ing the associated radiation emanating from the category 
1 and 2 sources. HA is one of the key areas of the facility 
for the receipt, characterization and dismantling of DSRS 
whenever the need arises. The levels of radiation dose rate 
across all other segments and surroundings of the facility 
are generally very low and similar in distribution across the 

twelve-year monitoring period (see Fig. 3). It must be noted 
that the dose rate at the high dose store was not measured 
since there was no significant justification in line with the 
application of the ALARA principle. Moreover, there is 
lack of a remote radiation monitor within the HDS to en-
able the remote measurement of dose rates.

The range of the mean annual average personnel dose 
equivalent data is 0.41–2.07 mSv (see Table 2). Hp(10)+ 
was the highest estimate (2.07 ± 0.89 mSv) followed by 
Hp(0.07)+ (1.82 ± 0.77 mSv) whilst the least estimate was 
recorded by Hp(0.07)−(0.41 ± 0.25 mSv) (see Fig. 4(a) and 
Table 2). A comparison of the occupational radiation expo-
sure data from this study with the ICRP limits indicates that 

Value PC 1 PC 2 PC 3 PC 4 PC 5 PC 6

Eigenvalue 19.818 5.028 1.839 1.090 0.763 0.521

% of Var. 66.061 16.760 6.129 3.634 2.542 1.738

Cum. % 66.061 82.821 88.949 92.583 95.125 96.864

Table 3. Explained variance/eigenvalues

Variable PC 1 PC 2 PC 3 PC 4

A1 0.971 0.090 0.078 −0.144

10-A1 0.986 0.021 0.004 −0.118

A2 0.952 −0.023 0.133 0.053

10-A2 0.976 0.104 −0.137 −0.075

A3 −0.144 0.687 −0.234 0.361

10-A3 0.952 0.100 −0.252 −0.047

A4 0.775 0.255 −0.093 0.210

10-A4 0.950 0.131 −0.200 −0.007

A5 0.975 0.028 0.055 −0.047

10-A5 0.954 0.216 −0.064 0.052

A6 0.977 −0.008 0.065 −0.089

10-A6 0.979 0.064 −0.027 −0.128

A7 0.703 −0.219 0.571 0.182

10-A7 0.906 0.016 0.128 0.378

50-A7 0.931 −0.061 0.277 −0.050

Variable PC 1 PC 2 PC 3 PC 4

DS 0.547 0.309 −0.331 −0.641

HA 0.572 0.524 −0.012 −0.216

LBY 0.959 0.110 0.057 −0.088

LAB 0.962 0.042 0.018 0.072

OFF-3 0.970 0.033 −0.099 0.125

OFF-2 0.954 0.113 0.023 0.225

OFF-1 0.847 0.155 −0.165 0.213

BWR 0.985 0.044 −0.121 −0.028

WR 0.973 −0.015 −0.039 0.055

Hp(0.07) 0.277 −0.871 −0.355 0.101

Hp(10) 0.210 −0.947 −0.222 −0.031

Hp(10)− 0.444 −0.654 0.548 −0.130

Hp(10)+ 0.224 −0.845 −0.402 −0.047

Hp(0.07)− 0.470 −0.691 0.455 −0.129

Hp(0.07)+ 0.335 −0.800 −0.433 0.175

Table 4. Component loadings of the initial variables to the principal components
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all the measured values were extremely low. This implies 
that all the current radiation protection measures deployed 
by the RWMC in the management of radioactive waste in 
Ghana is effective in protecting the health of the OEP and 
by extension the public.

A comparison of the different categories of annual av-
erage personnel dose equivalent data as displayed in Fig. 
4(b) shows similar distribution pattern between Hp(0.07)− 
and Hp(10)−, Hp(0.07) and Hp(10), and Hp(0.07)+ and 
Hp(10)+. This observation shows that similar results may 
be obtained when personal radiation exposure is estimated 
at 0.07 mm and 10 mm depth from the skin surface. To 
further explore the latent patterns between the various pa-
rameters, the radiological data was subjected to multivari-
ate analysis below.

3.2 �Multivariate Evaluation of Radiological 
Data

A data matrix consisting of 12 objects and 30 variables 

was subjected to principal component analysis. As shown 
in Table 2, the 12 objects represent the different years for 
which the 30 radiation dose rate and personnel dose equiva-
lent variables were measured. The data was pre-processed 
using standardization due to the differences in units and 
variance of variables. The result of the analysis shows that 
four (4) principal components (PC) were found to be sig-
nificant based on Eigenvalues > 1 (see Table 3) and they 
cumulatively accounted for 92.5% variance in the data. 
However, the loading contributions of most of the original 
variables to PC1 and PC2 are very high compared to PC3 
and PC4 (see Table 4). Moreover, PC1 and PC1 accounted 
for 82.8% variance in the data. In this regard, only the bip-
lot between PC1 and PC2 as shown in Fig. 5 is considered 
in this discussion.

The radiological data for most of the areas monitored 
formed one cluster on the positive axis of PC1 except A3, 
HA and A7 as shown in Fig. 5, and this cluster was influ-
enced by 2012 and 2014 radiation monitoring data. A3 and 
HA have more variance in their associated data and with 

Fig. 5. Biplot of PC1 and PC2.
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reference to Fig. 5, they could be considered as a cluster. As 
already noted from the univariate analysis, these two areas 
measured the second and third highest mean annual average 
radiological data. A3 and HA are mostly influenced by the 
annual average radiological data from 2015, 2020 to 2022.  
The radiological data from 2020 to 2022 can be described as 
similar due to the cluster formed in Fig. 5. The biplot shows 
that all the personal dose equivalent clustered together and 
this further confirmed earlier observations made under the 
univariate discussion whereby similar distribution patterns 
were observed between Hp(0.07)− and Hp(10)−, Hp(0.07) 
and Hp(10), and Hp(0.07)+ and Hp(10)+. The cluster of 
the dose equivalent is mostly influenced by the radiological 
data from A7 due to the positive correlation between these 
variables as shown in Fig. 5. It must be noted that A7 is the 
outer wall surface of OFF-3, LAB and WR where no DSRS 
are stored. In this context, the personal dose equivalent esti-
mates obtained and utilized in this study may not necessar-
ily be attributable to the radiation exposures of staff during 
their operations at various sections of the CRWMF where 
the DSRS are stored. As a result, the personnel exposure 
at the facility is essentially due to environmental radiation. 
Moreover, since all the estimated dose equivalent values 
are below regulatory threshold it may be inferred that all 
the current radiation protection measures deployed by the 
RWMC during the management of radioactive waste in 
Ghana are effective in guaranteeing the health and safety of 
the OEP and the environment.

4. Conclusions

This study assessed the radiological data gathered from 
the management of radioactive waste facility in Ghana 
covering a period of twelve (12) years from 2011 to 2022. 
RadiagemTM 2000 was used in measuring the dose rate in 
and around the Centralized Radioactive Waste Manage-
ment Facility (CRWMF). The personal radiation exposure  
to the occupationally exposed persons (OEP) at the CRWMF 

was estimated from the thermoluminescent dosimeter  
(TLD) badges assigned to the OEP using Harshaw 6600 
Plus Automated TLD Reader. The data was subjected to 
univariate and principal component analysis (PCA) multi-
variate analysis. The results showed that the range for the 
mean annual average radiological data from CRWMF was 
0.07–1.06 µSv·h−1. The minimum estimate of 0.07 µSv·h−1 
was recorded at the office 3, lobby area, washroom lobby 
and washroom areas where no DSRS are stored. Decay 
store (DS) recorded the highest mean annual radiation dose 
rate of 1.06 ± 0.92 µSv·h−1 and contains scrap metals from 
dismantled DSRS, and very low-level wastes such as hand 
gloves and discarded laboratory apparel from the operation 
of Ghana’s Research Reactor. The range of the mean annual 
average personnel dose equivalent data was 0.41–2.07 mSv. 
The estimated annual effective doses from the present study 
were below the International Commission on Radiological 
Protection (ICRP) limit of 20 mSv. The PCA biplot showed 
that all the personal dose equivalent clustered together 
with high correlation between Hp(0.07)− and Hp(10)−, 
Hp(0.07) and Hp(10), and Hp(0.07)+ and Hp(10)+. The 
cluster of the dose equivalent was mostly influenced by the 
radiological data from A7 where no DSRS are stored. In 
this context, the personal dose equivalent measurements 
used in the present study cannot be scientifically ascribed 
to the radiation exposures of staff during their regular op-
erations at the CRWMF where DSRS are stored. Secondly, 
since the dose equivalents of personnel are extremely lower 
than the regulatory limit, it may be deduced that the current 
radiation protection measures deployed by the RWMC in 
the management of radioactive waste in Ghana are effective 
in guaranteeing the health and safety of the OEP as well as 
the environment. 
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