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Abstract 
Simulation of egress is vital for minimizing losses during fire disasters, how-
ever accurate simulations are scarce and real-life data is hard to come by. In 
this paper, a Proposed Wireless Fire Evacuation Model (PWFEM) is pro-
posed to simulate fire evacuation process in a short time to minimize eva-
cuee’s exposure to the harmful radiation and fire hazards. The PWFEM si-
mulation realistic by supposing fire scenario at cabined contains electrical 
cables inside a standard Main Control Room (MCR) in a Nuclear Power 
Plant (NPP) building. In addition, a new Hybrid Safest Shortest Exit (HSSE) 
is developed which consists of three stages: safest route based on rules-based 
technique, evacuees location based on the DV-hop technique [1] and shortest 
route that depends on Dijkstra technique. The PWFEM Simulations are ap-
preciated to yield a realistic fire scenario by using a telecommunications 
TCP/IP network in form of server and client sides that help in transfer data 
inside internal networks in the NPP building. On the server-side, suppose 
that Consolidated Model of Fire Growth and Smoke Transport (CFAST) fire 
modeling is applied to simulate the fire scenario in MCR through CFAST 
model to generate fire products as output data in excel sheets and sends them 
to the client-side. The client-side then runs HSSE to produce the tree map for 
safest and shortest routes to help the evacuee for safe exit from his/her loca-
tion. HSSE can be implemented on evacuee’s watches. From the results, it is 
concluded that PWFEM can simulate the fire scenario inside MCR, further-
more it is validated that HSEE can be used as an efficient emergency fire 
evacuation technique that can produce safest and shortest exit route for eva-
cuee in any location inside NPP in very small time. In addition, PWFEM can 
be used for simulating fire evacuation inside any high-risk buildings and can 
appreciate yielding any realistic fire scenario with many types of fire sources 
in different places inside buildings. 
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1. Introduction 

Nuclear Power Plants (NPPs) are a facility for electrical energy generation de-
veloped for operating on a continuous regime. Fire is a noteworthy hazard for 
NPP’s safety. Fire events may occur in any part of any NPP. Browns’ Ferry fire 
was the worst fire event in NPPs [2]. Fire safety in NPPs intended to ensure the 
highest level of safety that can reasonably be achieved by the protection for op-
erators, workers, and other public, environment, and investment [3]. It started 
in phase of NPP design and for all the plant life. In NPPs, fire emergency evacu-
ation plans are requirement from safety authorities and regularities for licenses 
and also, take into account the fire risk assessment, fire risk management and 
successful evacuation [4]. The NPPs’ buildings should follow the fire protection 
rules that have been constrained by the safety authorities for safety. In NPP the 
fire protection concerning about the safety of buildings and people thus Emer-
gency fire evacuation in NPPs is very important since, it concerns of the safety of 
operators, workers and public outside. In this research, the main goal is to iden-
tify the suitable shortest and safest route inside building as NPP for accomplish-
ing fire emergency evacuation in less time. Evacuation management for nuclear 
power fire accident involves a number of processes and factors that are eva-
cuated in a smallest time thus determining the safe and shortest routes are con-
sidered as the most important evacuation’s criteria [5]. 

Most of the previous works in evacuation models are developing to obtain the 
optimal route of buildings or public places for minimizing the total evacuation 
time only. Evacuation models are becoming a part of performance-based ana-
lyses to assess the level of life safety. Evacuation computer models achieve a 
more realistic evacuation calculation to assess evacuee’s life safety and reduce the 
predicted evacuation time. Emergency fire evacuation models can be categorized 
[6] as simulation models, dynamic programming models, and approximation 
and heuristic methods. Computational model [7] uses prediction data on smoke 
propagation inside a structure obtained from Fire Dynamics Simulator to iden-
tify evacuation fastest escape route by A* algorithm [8]. Evacuation model si-
mulates the proper shortest and safest route [9] and dynamic road network 
model by implementing the Dijkstra Algorithm [10]. 

In this research, a new hybrid Safest Shortest Exit (HSSE) algorithm for pro-
tecting evacuees, as operator, worker and other public which consists of three 
stages. In the first stage, the safest route is determined based in rules-based tech-
nique, called IF-Else algorithm [11] [12]. The second stage locates the evacuees’ 
location based on the DV-hop technique since it is the most accurate location 
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calculations than other techniques, which depends on the average hop count [1] 
[13]. The third stage determines the shortest route depend on Dijkstra technique 
which is a graph search algorithm that solves the single-source shortest path 
problem in the smallest time [14]. HSSE algorithm can be implemented in eva-
cuee’s watch to estimate the safest and shortest exit route from his/her location. 
HSEE is simulated at an MCR in an NPP fire using the Proposed Wireless Fire 
Evacuation Model (PWFEM) to imitate emergency fire evacuation cases in NPP.  

2. The Proposed Wireless Fire Evacuation Model (PWFEM) 

The Proposed Wireless Fire Evacuation Model (PWFEM) is simulated using tel-
ecommunications TCP/IP network as shown in Figure 1 consists of two parts 
server side and client side. In TCP/IP of PWFEM assume that, the server side 
collects the fire products which are assumed producing inside the wireless fire 
sensors, and sends to the client side. PWFEM is performed to imitate and simu-
late an emergency fire evacuation model. A fire scenario inside standard Main 
Control Room (MCR) is ignited and simulated as the server side using CFAST 
that generates fire hazard products as output data in Excel sheets for HCL, CO, 
CO2 that are sent to the client side. Moreover, evacuee’s watch, is simulated as 
client side, which after start fire, reviver the fire products data then runs the sug-
gested hybrid Safest Shortest Exit (HSSE) algorithm to identify the Safest Short-
est Exit route from the NPP building for evacuees (operator, worker and visitors). 

2.1. The First Part of the PWFEM (Server-Side) 

The First Part of the PWFE, a CFAST as a fire simulation zone model is applied 
to simulate a fire scenario in MCR which is considered in the server-side of the 
TCP/IP network. The fire modeling, CFAST calculations separate the MCR into 
two zones, commonly referred as the upper and lower layers. These layers are 
based on the physics and dynamics of fire ignition inside an enclosure, which in-
cludes the fire plume, combustion products, and air entrainment [15] [16]. The 
temperature and gaseous products from fire events have the main effect on the 
emergency evacuation [17].  
 

 
Figure 1. The proposed wireless fire evacuation model (PWFEM) block diagram. 
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CFAST Fire Simulation 
The CFAST simulation starts a fire scenario by considering the fire ignition 
started in cables inside the control cabinet in the standard Main Control Room 
(MCR) in NPP, which contains control cables [18]. The fire ignites due to an 
electrical malfunction in bundles of qualified XPE/neoprene cables inside an 
isolated control cabinet, designated as the Fire Origin Cabinet. The cabinet’s po-
sitions in the standard MCR are shown in Figure 2. These cabinets’ width, 
length, and height are 0.5 m, 1.0 m and 1.2 m respectively while the absolute 
width, length, and height are 1.5 m, 3.0 m and 2.1 m respectively. The fire grows 
according to the t-squared curve to a maximum value of 702 kW in 12 min and 
remains steady for eight additional minutes for a low-voltage cabinet fire in-
volving more than one bundle of qualified cable. After 20 min, the fire’s Heat 
Release Rate (HRR) decays linearly to zero in 19 min. A peak fire intensity of 702 
kW represents the 98% percentage of distribution probability for the HRR in the 
cabinets of this general description. The door of the standard MCR is open and 
ventilation conditions are the place condition at the fire start. The ambient pa-
rameters of the simulation are temperature (20˚C) and presser (101,300 Pa), fire  
 

 
Figure 2. The geometry of the standard Main Control Room (MCR) [22]. 
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ignition parameter fire grows according to t-squared curve with the maximum 
value of (702 kW) and source of fire with a heat of combustion (10,300 kJ/kg) 
[19] during simulation time 900s. The simulation results generate the fire para-
meter such as temperature, pressure, water vapor to estimate the results of the fire 
scenario from different fire gasses emissions such as smoke CO2, CO, HCL and 
determines the percentage of O2 and toxic species in both of two layers [20] [21].  

The HRR curve is shown in Figure 3. Based on a physical assessment of the 
cabinet, it is determined that the exterior panels of the burning cabinets do not 
open before or during the fire [23]. The smoke, heat, and flames are exhausted 
from an air vent in the side of the cabinet. The top of the air vent is 0.3 m below 
the top of the cabinet. The air vent is 0.6 m wide and 0.2 m high. The cabinet is 
2.4 m tall. The jacket and insulation material of the cable is taken as an 
equal-parts mixture of polyethylene (C2H4) and neoprene (C4H5Cl), with the ef-
fective chemical formula C3H4.5Cl0.5. The heat of combustion and product yields 
for XPE/neoprene cable considered with t-squared fire grows as a formula of 
time squared as flowing: 

( ) ( )
2

peak
peak

tQ t Q t
t

 
=   

 
� �                       (1) 

where: ( )Q t�  is the Q point of fire with time, ( )peakQ t�  is the Q point at fire 
peak, t is the simulation time, and peakt  is the time at fire peak. 

The simulation fire scenario in PWFEM, the fire grows to arrive at other three 
besides cabinets. A fire is described as a source of heat placed at a specific point, 
within cabinets inside standard MCR that generates combustion products ac-
cording to specified combustion chemistry. CFAST fire ignition in the standard 
MCR is represented in Figure 4. Consistent with typical practice for the use of 
zone fire models for electrical cabinet’s fires, the fires are positioned at the top of 
the air vent, 0.3 m below the top of the cabinets, at the center of the cabinet. The 
air vent dimensions are 0.6 m wide and 0.2 m height. The effective diameter of 
the fire is approximately 0.4 m. The fire simulated parameters of the heat of 
combustion and product yields for XPE/neoprene cable used in CFAST as fire 
source shown in Table 1. 
 

 
Figure 3. Fire heat release rate in the standard MCR. 
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Figure 4. Fire ignition in MCR. 

 
Table 1. The combustion heat and product yields for XPE/neoprene cable [22]. 

Parameter Value 

Effective Fuel Formula (Combination of  
polyethylene and neoprene) 

C3H4.5Cl0.5 

Peak HRR 702 kW 

Time to reach peak HRR 720 s 

Heat of Combustion 10,300 kJ/kg 

CO2 Yield 0.63 kg/kg 

Soot Yield 0.175 kg/kg 

CO Yield 0.082 kg/kg 

Radiative Fraction 0.53 

Mass Extinction Coefficient 8700 m2/kg 

2.2. The Second Part of PWFEM (Client-Side) 

In this part, the Hybrid Safest shortest Evacuation algorithm (HSSE) is simulated 
to determine the safest shortest suitable exit route for each evacuee that can be 
implemented in evacuee’s watch (client-side). Evacuees received CFAST simula-
tion fire output results data from the server-side. HSSE algorithm is imple-
mented for determining evacuees’ location, Shortest and Safest Exit graph route 
him. HSSE divided into three stages as shown in Figure 5. In the first stage the 
safest routes are detected using a rule-based technique, in the second stage the 
evacuee’s location determination based on the Wireless Localization Algorithm 
DV Hop technique and in the third stage shortest route is determined based on 
the Dijkstra technique as shown in Figure 5.  

2.2.1. The First Stage (Determine the Evacuee’s Safest Route)  
In the first stage, the evacuee’s safest route in the HSSE algorithm is determined. 
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In the first, it involved import matrix data from the server-side, using MCR fire 
products to avoid more dangerous routes that have high toxic fire radiated, ha-
zard gases and which have high temperatures. After that, the safest routes are 
generated using a rule-based algorithm [24], to assist in generating the Safest 
Route. The Rules typically take the form of a {IF: THEN} expression. Therefore 
rule-based methods typically comprise a set of rules that collectively make up the 
calculation model as shown in Figure 6. 
 

 
Figure 5. HSSE algorithm block diagram. 

 

 
Figure 6. Rule base flow chart. 

https://doi.org/10.4236/jpee.2021.94003


A. F. Abd El-Aal et al. 
 

 

DOI: 10.4236/jpee.2021.94003 37 Journal of Power and Energy Engineering 
 

2.2.2. The Second Stage (Estimate Evacuees Location) 
In the suggested HSSE algorithm, the evacuees’ location must be determined to 
estimate the safest and shortest route from evacuee’s location from NNP build-
ing thus, the second step in the HSSE determining the evacuee’s location using 
localization technique. Moreover, in this stage, the safest route in the HSSE algo-
rithm is involved at Import localization matrix of data. The algorithm plots the 
matrix data in a Visibility graph. The Visibility graph represents the route as it 
can be understood by displaying the relationship of nodes and edges. The rela-
tionship is connected way based on the weight from the matrix data.  

Localization techniques have been generally addressed which is used for loca-
tion-based services depended on the target detection [25], tracking of the nodes 
[26], topology control [27], clustering [28] and data tagging [29]. In HSSE wire-
less localization algorithm based on the DV-hop technique is used to estimate 
the coordinate of evacuees that can be random distributed in NPP building. 
Wireless sensor network (WSN) possesses a very broad application prospect in 
many fields, where the node location technology is one of the key technologies of 
WSN. Distance Vector Hop (DV-Hop) localization algorithm is a widely used 
algorithm in this technology, and it uses routing exchange protocol [30] to make 
unknown nodes obtain beacon node information which will be used for coordi-
nate calculation, therefore there exists certain error for the algorithm itself. 
Aiming at the disadvantage of large error existing in the traditional wireless 
sensor network location algorithm based on DV-Hop. In DV-Hop algorithm 
based on hop thinning and distance correction is applied as shown in Figure 7. 
A, B and C are three anchor beacons presented by triangles while unknown 
nodes represent by n1 to n5. 

The simulation of HSSE for determining the Evacuees location in random 
distributed in NPP building is implemented using localization algorithm based 
on DV-hop technique through three steps as following: 

1) The first step: Determining minimum hop counts of every evacuee’s 
node 

The evacuation region is simulated in the NPP building through assumed to 
be a square area with a fixed size of 100 × 100 m2, the radio range (R) is set to 50 
meters as shown in Figure 8. 50 nodes contain evacuees, are randomly deployed 
with 5 anchors [31] nodes. 

2) The second step: Determining average hop distance 
Each anchor estimates average distance per hop (Avg Hop Distance) as flow-

ing: 

( ) ( )2 2

1

1

Avg Hop Distance
n

i j i jj j i
n

jj j i

x x y y

h
= ≠

= ≠

− + −
=
∑

∑
           (2) 

where: n  is the total number of anchors in the network, ( ),i ix y  and ( ),j jx y  
represent coordinates of anchor i  and anchor j , jh  is the hop-size between 
beacon i  and beacon j .  
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Figure 7. Distance vector hop localization (DV-Hop). 

 

 
Figure 8. Random arrange of evacuees nodes. 

 
The node who does not know its localization site computes its distance from 

the anchor as flowing: 

Avg Hop Distancei id h= ×                      (3) 

where: id  is the distance from node to anchor and ih  is the hop-size from 
node to anchor. 

3) The third step: Determining coordinates of unknown evacuee’s nodes 
Each unknown evacuee node determines its location using a multilateration 

method [32]. Multilateration method states that ( ),n nx y  the coordinates of 
unknown evacuee’s nodes and ( ),i ix y  the coordinates for anchor and consent 
to there are total m anchors as in (4), the matrix form is (5). 

( ) ( )
( ) ( )

( ) ( )

2 2 2
1 1 1

2 2 2
2 2 2

2 2 2

n n

n n

n m n m m

x x y y d

x x y y d

x x y y d

− + − =

− + − = 



− + − = 

�
                   (4) 

nAx B=                             (5) 

where: 
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The coordinate of unknown evacuees nodes calculated as flowing:  

( ) 1T TХ А А А В
−

=                        (6) 

In this research, the mean square localization error is chosen to evaluate the 
performance of the proposed algorithm. The error calculated by: 

( ) ( )2 2

1error
range

N n n n n
n

X X Y Y
N=

′ ′− − −
=

×∑                 (7) 

where: ( ),n nX Y  are the estimated coordinates of unknown evacuees node N, 
( ),n nX Y′ ′  are the actual coordinates, the range is the communicate radius of the 
network and N is the total number of the nodes inside the range.  

In HSSE the three steps of DV-Hop Algorithm are applied in the evacuation 
region of simulation assumed to be a square area with a fixed size of 100 × 100 
m2 with radio range (R) is set to 50 meters and fifty evacuees, or nodes, are ran-
domly deployed in a two-dimensional space with 5 anchor nodes as shown in 
Figure 7 & Figure 8. Each anchor node transmits its location information to its 
neighbor nodes. The neighbor nodes additionally convey to their neighbor 
nodes, so that small packet broadcasts for all the nodes in the network get this 
information. The packet contains information of x and y coordinates of anchor 
node and hop count. The initial value of the hop count is 0. Each node affirms its 
hop count table including the number of anchors, x and y coordinates of anchor 
node and anchor hop count. Any node checks its table when received the packet 
and if the value of hop count in its table is less than hop count value received. 
The node ignores that received value otherwise it increments hop count value by 
1 and saves the new value of hop count for anchor node in its table. It broadcast 
the updated packet with hop count value to its neighbors. After that, each node 
gets the smallest hop-count from every anchor node and has an updated 
hop-count table. 

2.2.3. Third Stage (Determine the Evacuee’s Shortest Route)  
Determining the evacuee’s shortest route is implemented in the client-side as a 
third stage of the HSSE algorithm that can be propagated in the evacuee’s watch 
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for determining shortest route for the safest route from him/her location, during 
evacuating from the NNP building. In Dijkstra’s Shortest Route algorithm [33], 
the goal is finding the shortest routes between nodes that produce in a graph. 
Dijkstra’s finds the shortest route between two nodes as shown in Figure 9. The 
source node is acting as a single fixed node and finds the shortest routes from 
the source to all other nodes in the graph producing the shortest route tree de-
pend on a min-priority queue [34]. In HSSE Dijkstra Algorithm has been chosen 
not only for its efficiency in producing the shortest route for selection of route 
but also, it can provide an evacuation plan for the evacuee that can be 
represented as shortest route tree. In HSSE, the Shortest path algorithm charac-
terizes each node of each evacuee by its state. The state of a node consists of two 
features distance value and status label. The distance value of an evacuee node is 
a scalar representing an estimate of its distance from the evacuee node. Status 
label is an attribute specifying whether the distance value of a node is equal to 
the shortest distance to the evacuee node or not. The status label of a node is 
Permanent if its distance value is equal to the shortest distance from evacuee 
node Otherwise, the status label of a node is Temporary The algorithm main-
tains and step-by-step updates the states of the nodes, at each step one node is 
designated as current, after that the final safest and shortest route determined in 
tree visual graph as seen in the results.  

3. Results and Discussion 
3.1. The First Part (CFAST Simulation) Results 

The temperature and gaseous products from the fire events have the main effect 
in the emergency evacuation; so that in this part, the products data of the fire 
scenario modeling that the applied in the standard MCR and two selected corri-
dors during fire assume data collected from wireless sensors output data such as 
temperatures, the visible smoke and gas species concentrations within each 
layer. The produced gaseous and the temperatures develop with the simulation 
time. Fallouts in this work are obtained at 20˚C during the fire scenario time of 
900 s with mechanical ventilation. 
 

 
Figure 9. The route nodes obtained using Dijkstra Algorithm. 
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3.1.1. The Fire Temperature 
The fire is affected by the temperature because heat is one of fire Ignition and 
combustion requirements. Also, fire rate increases as temperature raise and 
warm fuels ignite faster since less heat energy is needed to raise fuel ignition 
temperature. The temperature of fire affects the human body due to heat transfer 
from the high-temperature fire to the human body which is relatively lower 
temperature [35], so that it is very important to know the temperature and 
measuring it during the fire. 

1) The temperature in the upper layer in standard MCR and corridors 
The upper layer temperature of the standard control room and the corridors 

during the fire growth and expansion are forward proportional with the time 
and then saturated. In the beginning, the upper layer temperatures of the stan-
dard MCR and the corridors is a slow increase in the interval from 0 sec to 250 
sec while a fast increase in the interval from 650 sec to 900 sec as shown in Fig-
ure 10. The difference in temperature between the control room and two corri-
dors depends on the flux flow and the ventilation in each compartment.  

2) The temperature in the lower layer in standard MCR and corridors 
The lower layer temperature of the standard control room and the corridors 

during the fire growth and expansion is stable to 20˚C during the interval from 0 
sec to 300 sec. it begins in a proportional increase in standard MCR from 20˚C 
up to 55˚C at interval from 300 sec to 900 sec. the increase in corridors temper-
ature delayed until 600 sec depending on the heat transfer and ventilation. The 
lower layer temperatures of the standard MCR and the corridors are shown in 
Figure 11. 
 

 
Figure 10. Upper layer temperatures of standard MCR and corridors. 
 

 
Figure 11. Lower layer temperatures of standard MCR and corridors. 
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3.1.2. Concentration of Fire Produces Gaseous  
Toxic gases produced by combustion are responsible for the fires hazard. The 
exposure for a certain time to quantities of toxic gases can cause death, thus, it is 
very important to know the measuring amount of fire toxic gases for safe evacu-
ation. The resulting toxic gases due to the fire are graphically presented with the 
simulation time. The product gases carbon dioxide CO2, carbon monoxide CO 
and hydrogen chloride HCL graphs look similar but they have different values. 
The resulting gases due to the burning of the cabinet are graphically represented. 
The product gases are emitted due to burning internal cables and components of 
the cabinet. 

1) Concentration of carbon dioxide (CO2) 
Carbon dioxide concentration in the upper layer for the standard control 

room and corridors is shown in Figure 12. Carbon dioxide begins to increase at 
the control room at 10 sec until it reaches 2.11E−2 mol fraction at 900 sec but 
delayed until 260 sec to increase in the two corridors reach 0.8E−2 mol fraction 
in the first corridor and 0.739E−2 mol fraction in the second corridor at 900 sec. 

Carbon dioxide concentration in the lower layer for the standard MCR and 
corridors is shown in Figure 13. Carbon dioxide begins to increase in the con-
trol room and corridors at the same time (360 sec). In the lower layer, carbon 
dioxide concentration increases faster in corridors than the control room which 
has a burning cabinet. From the graph can see that the second corridor is the 
higher concentration of 2.5E−3 mol fraction While 2.25E−3 mol fraction and 
1.67E−3 mol fractions. 
 

 
Figure 12. Concentration of carbon dioxide in the upper layer. 

 

 
Figure 13. Concentration of carbon dioxide in the lower layer. 
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2) Concentration of carbon monoxide (CO) 
Carbon monoxide (CO) in the upper layer for the standard control room 

and corridors is shown in Figure 14. Carbon monoxide begins to increase at 
the control room at 1 sec until it reaches 4.65E+03 mol fractions at 900 sec but 
delayed until 260 sec to increase in the two corridors reach 1.89E+03 mol frac-
tion in the first corridor and 1.62E+03 mol fraction in the second corridor at 
900 sec. 

Carbon monoxide (CO) in the lower layer for the standard control room and 
corridors is shown in Figure 15. Carbon monoxide begins to increase at the 
control room and two corridors at the same time 296 sec until reach at 900 sec to 
3.56E+03 mol fractions standard MCR, 1.07E+02 mol fraction in the first corri-
dor and 5.70E+01 mol fraction in the second corridor at 900 sec. 

3) Concentration of hydrogen chloride (HCL) 
Hydrogen Chloride (HCL) causes significant hazards in fires. HCL is causing 

incapacitation through sensory irritancy which can lead to painful breathing, 
enlargement of the airways and ultimately death. Hydrogen Chloride (HCL) in 
part per million (ppm) in the upper layer is shown in Figure 16. Hydrogen 
Chloride begins to increase at the control room at 1 sec until reach 1.44E+04 
ppm at 900 sec but delayed until 260 sec to increase in the first corridor and 
reached 5.87E+03 ppm at 900 and delayed in the second corridor at 300 sec to 
start increase and reach 5.05E+03 ppm at 900 sec. 

 

 
Figure 14. Concentration of carbon monoxide in the upper layer. 

 

 
Figure 15. Concentration of carbon monoxide in the lower layer. 
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Hydrogen Chloride (HCL) in the lower layer for the standard control room 
and corridors is shown in Figure 17. Hydrogen Chloride begins to increase at 
the control room and corridors at the same time 360 sec until reach 900 sec to 
1.13E+03 ppm in the standard control room, 3.36E+02 ppm in the first corridor 
and 1.79E+02 ppm in the second corridor. 

4) Concentration of toxic species fire releases  
Toxic species of fire releases in the upper layer of the standard control room 

and corridors are shown in Figure 18. Toxic species begins to increase in control 
room with fire start until reach to 1.87E+02 g min/m3 at 900 sec at the end of the 
simulation but delayed until 260 sec to increase in the first corridor and reached 
9.40E+01 g min/m3 at 900 sec and delayed in the second corridor at 300 sec to 
start increase and reach 8.09E+01 g min/m3 at 900 sec. 
 

 
Figure 16. Concentration of HCL in the upper layer. 
 

 
Figure 17. Concentration of HCL in the lower layer. 
 

 
Figure 18. Concentration of toxic species in the upper layer. 
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Toxic species of fire releases in the lower layer for the standard control room 
and corridors are shown in Figure 19. Toxic species begin to increase at the 
control room and corridors at the same time 360 sec although it increases in 
corridors higher in beginning put the highest at the end of the simulation. It 
reaches at 900 sec the end of simulation to 1.75E+01 g min/m3 in the standard 
control room, 6.01E+00 g min/m3 in the first corridor and 3.21E+00 g min/m3 in 
the second corridor. 

The output result data of CFAST are presented in the Excel sheets [36]. 
TCP/IP network server side sends the CFAST output Excel sheet to the 
client-side. Then client-side determines the safest and shortest route as shown in 
the flowing sections. 

3.2. The Results of the Second Part of PWFEM  

In this part, the Hybrid Safest Shortest Evacuation algorithm (HSSE) is imple-
mented for determining the Shortest and Safest Exit routes according to his 
evacuees’ location. The results of the HSSE divided into three results stages as 
flowing:  

3.2.1. The Results of the First Stage 
1) The results of the first step (Rule-Based Algorithm) 
In this stage, the safest route is determined for evacuee by using Rule-Based 

Algorithm, to assist in generating the Safest Route using the CFAST Output Da-
ta to remove the danger routes that contain more toxic and hazard gases such as 
CO & HCL to use in the next stage of HSSE.  

2) The results of the second stage (DV-Hop Algorithm) 
The results from this stage determine the evacuee’s node location coordinate 

in Excel sheet as shown in Figure 20. The Mean square error for each evacuee 
node must be determined to give the best location determined that give less val-
ue. In DV-hop, the output mean square error has low value since, it does not 
excess about 12% as shown in Figure 21.  

3.2.3. The Results of the Third Stage 
In this stage, Shortest Route is generated for the safest route that is determined  
 

 
Figure 19. Concentration of toxic species in the lower layer. 
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Figure 20. Evacuees node location coordinates. 
 

 
Figure 21. Location average mean square errors for each unknown evacuees node. 

 
in the first stage. The shortest route is generated based on the distance between the 
evacuee location (source) and Exit (destination) based on the Dijkstra Algorithm. 
The safest and shortest is displayed in the graph as a tree as shown in Figure 22. 
The red color of node in the graph obtains the required route. Evacuee’s nodes 
map for Exit, which can be produced in Evacuee’s watch is shown in Figure 23. 

The results of the second part in PWFEM can be represented in the schematic of 
NPP layout as shown in Figure 24. The Schematic plant layout used is a two-unit 
integrated NPP plant [37]. The distance calculation of the shortest route has been 
carried out between evacuee’s location assume at MCR and Exit node. The results 
of the HSSE in the PWFEM have a unique color to provide the evacuees with the 
safest shortest evacuation route for Exit from NPP building. The result of the 
shortest and safest route calculated in the HSSE algorithm embedded in the 
Dijkstra Algorithm can be generated in numerical form as in Table 2. 
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Figure 22. The plan of safest and shortest route. 

 

 
Figure 23. Evacuee’s nodes map for exit. 

 
Table 2. Safest shortest safest route.  

Source ID 13 

Destination ID 50 

Distance 51.0953 

Path 

13 

36 

4 

28 

50 
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Figure 24. Evacuee’s map in NPP layout. 

 
Evaluation of the Proposed Wireless Fire Evacuation Model realized by calcu-

lating the Required Safe Escape Time (RSET) for the proposed wireless fire 
evacuation model can be determined by: 

RSET C N HT T T= + +                        (8) 

where:  
TC: is time takes by the CFAST model to generate fire products data from the 

ignition, TN: is the time of transfer data through TCP/IP network sides, and TH: 
is the time of the HSSE algorithm to estimate the safest and shortest route.  

The Required Safe Escape Time (RSET) is about one minute. RESET short 
time so the evacuation process will be improved and shortest. For emergency 
management, the time for PWFEM is shortest than the predicted time for the 
evacuation process. 

4. Conclusions 

Fire accidents are very dangerous in NPP since the safety principles must be 
achieved. Fire evacuation is very important for NPP, so the main goal of this 
paper is to identify the suitable Safest Shortest exit route in the fire emergency 
evacuation, by proposing a new Fire Evacuation Model using wireless technique. 
The Proposed Wireless Fire Evacuation Model (PWFEM) has been developed to 
imitate emergency fire evacuation cases in NPP.  

The Proposed Wireless Fire Evacuation Model (PWFEM) is simulated using a 
TCP/IP network which consists of two parts server-side and client-side. In the 
first part, the server-side collects fire products extended in wireless fire sensors 
at fire ignition in standard MCR which is imitated in the model by the Consoli-
dated Model of Fire Growth and Smoke Transport (CFAST) as a fire zone mod-
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el. In the second part (client-side) Hybrid Safest Shortest Exit HSSE algorithm 
(which can be loaded in the evacuee’s watch) is proposed to determine the safest 
shortest exit evacuation route for the operator, workers, and visitor in NPP. The 
HSSE algorithm consists of three stages. The CFAST Output Data is received 
from the first part used to determine the safest route for the evacuee. The 
CFAST output data is in an Excel sheet format that represents the concentration 
of fire gasses emissions as CO2, CO, HCL, and toxic species. In the first stage, 
CFAST output data is used to remove the danger route in the visibility graph to 
produce the safest route using a rule-based (if-then) algorithm. In the second 
stage (Evacuees location), the evacuation location is determined based on the 
Distance Vector Hop (DV-Hop) localization technique. In the third step (Short-
est route): the input evacuee’s location node (Source ID) and Exit (destination 
ID) from the second step of HSSE are used to determine the shortest route for 
evacuee’s Exit from NPP building. The total distance will be calculated based on 
the route from the location of the evacuee to exit. In the final stage, the Safest 
Shortest Route is generated. 

HSSE algorithm plots a visibility graph that represents the Safest Shortest Exit 
route in evacuee’s watches. The escape time taken by Shortest and Safest Evacua-
tion (HSSE) algorithm to estimate the safest and shortest route as a tree, is the 
smallest time equal to 50.98 sec. The PWFEM validated that the independent 
evacuation preparedness algorithm can be used as emergency fire evacuation 
model to generate safest and shortest route for evacuee’s exit route (HSSE) to 
guide evacuees to discharge from the NPP building safely. It is more efficient to 
evacuate evacuees from danger to a safe place especially to evacuees who are un-
familiar with the NPP building, and need to follow the guide and escape safely to 
overcome the evacuee problem in finding the safest and shortest route. In addi-
tion, the Proposed Wireless Fire Evacuation Model (PWFEM) can be used as 
simulating tool for other places in NPPs or for other high buildings for generat-
ing fire evocation plans. 
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