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ABSTRACT: The location of the hydroelectric power plant poses a high risk to occupants seeking to escape in a fire accident. Calculating the
heat release rate of transformer oil as 11.5 MW ⁄ m2`, the fire at the Taiwan Dajia-River hydroelectric power plant was reconstructed using the fire
dynamics simulator (FDS). The variations at the escape route of the fire hazard factors temperature, radiant heat, carbon monoxide, and oxygen were
collected during the simulation to verify the causes of the serious casualties resulting from the fire. The simulated safe escape time when taking tem-
perature changes into account is about 236 sec, 155 sec for radiant heat changes, 260 sec for carbon monoxide changes, and 235–248 sec for oxygen
changes. These escape times are far less than the actual escape time of 302 sec. The simulation thus demonstrated the urgent need to improve escape
options for people escaping a hydroelectric power plant fire.
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Owing to global energy shortages, the development of environ-
mentally friendly and sustainable substitute energy is actively pro-
posed by a number of nations. Hydroelectric power has the benefit
of little detrimental impact on the environment, and it also helps
in flood prevention and provides reservoirs for a variety of bene-
fits. However, hydroelectric power plants are commonly con-
structed in underground locations, which can greatly increase the
potential fire risks and serve as a detriment to escaping from
a fire.

To improve the fire safety of existing hydroelectric power plants
and set a reference point for future ones, this study analyzed the
fire at the Taiwan Dajia-River hydroelectric power plant, which
involved six deaths and 26 injuries. Using a computer simulation,
the characteristics of fire hazard especially at hydroelectric power
plants were discussed. The information of this study can serve as a
reference for fire escape and personnel’s protection at hydroelectric
power plants to reduce the fire casualties.

Fire Scene Observation

The worst fire case recorded at a hydroelectric power plant in
Taiwan was selected to study. From the investigation of site, this
study gleaned the locale information to complete a sectional
drawing of the case, as shown in Fig. 1. The research team also
conducted interviews with fire survivors. After all the collected
information was processed, the fire dynamics simulator (FDS)
version 4.05 computer-simulated program was used to reconstruct

the fire scene. The result of computerized fire simulation was
compared with the real fire scene to study the main cause of
the deaths and injuries from this particular fire.

The aforementioned fire took place at the Taiwan Dajia-River
hydroelectric power plant at around 4 pm on October 28, 1993.
When it occurred, the hydroelectric power plant was running under
testing mode before construction completion. It is suspected that
improper operation caused the oil inside the transformer to start the
fire. From there, the fire rapidly burned down the transformer room
and spread to the surrounding areas. The fire spread so fast and
furiously that it destroyed any escape path, resulting in serious
casualties.

Simulation of Fire Space

After on-site investigations and interviews, it was discovered that
the fire started in the transformer room. There was a transformer
set which was constructed of flammable polyurethane and con-
tained 38.1 m3 of transformer oil. Next to the transformer room
was a machine installation platform and the main egress lane. The
machine installation platform was used to maintain and repair the
generator set, while the main egress lane was accessed by employ-
ees and repair vehicles. The main egress lane connected with a
300-m-long cable tunnel to reach outside, as shown in Fig. 1.

When the fire started, the only escape route was through the
machine installation platform to the main egress lane and cable tun-
nel. The ignition transformer room was not airtight, and there was
a rolling steel door about 8 m wide, 5 m tall, and 1.2 mm thick
between the transformer room and main egress lane, and two alu-
minum blinds each about 2.5 m wide and 1.5 m tall between trans-
former room and machine installation platform, as demonstrated in
Fig. 2d. The rest of the transformer room surroundings were con-
crete walls about 20 cm in depth.

For computer simulation analysis, the heat release rate (HRR) cal-
culation of combustible materials at a fire scene plays a very
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FIG. 1—Sectional drawing of Taiwan Dajia-River hydroelectric power plant.

(a)
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(c)

(d)

FIG. 2—Section layout of the hydroelectric power plant. (Bold arrows indicate the escape route and dotted arrows indicate the travel distance.) (a) Main
valve corridor (EL. 544.50 m); (b) water turbine room (EL. 550.30 m); (c) generator room and control room (EL. 554.30 m); and (d) machine installation
platform, transformer room, and main egress lane, spots indicate the sensor location (EL. 559.30 m).
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important role as it affects the results of the overall simulation (1).
For the case study, the fire initiation area was the transformer room
and the combustible material was the transformer oil. The volume
of transformer oil was 38.1 m3, multiplied by its density
(889.9 kg ⁄m3) (2), and the weight of transformer oil was almost
3.39 · 104 kg. Based on on-site investigation, two data were col-
lected, the transformer area A = 6.4 m · 3.0 m = 19.2 m2 and burn-
ing time t = 7200 sec. With the burning heat of transformer oil
DH = 3920 kJ ⁄ mol and its molecular weight MW = 84 (2), this
study adopted the method used to calculate the HRR of gasoline in
the research of Shen et al. (3), and the HRR is calculated as below:

QðkW/m2Þ ¼DHðkJ/molÞ �W=MWðmolÞ � 1=Að1=m2Þ
� 1=tð1=secÞ
¼ 3920ðkW sec/molÞ � 3:39� 104=84ðmolÞ
� 1=19:2ð1/m2Þ � 1=7200ð1=secÞ
� 11; 500ðkW/m2Þ ¼ 11:5ðMW/m2Þ

ð1Þ

Simulation Results and Analyses

The FDS computer simulation results have shown that the fire
quickly spread after the ignition in the transformer room, as delin-
eated in Fig. 3a. As the room temperature increased, the aluminum
blind fractured about 15 sec after fire ignited, as shown in Fig. 3b.

The flame and smoke then rapidly spread to the machine installa-
tion platform outside and extended to main egress lane used for fire
escape, as shown in Fig. 3c,d. Not only did the broken window
provide a path for the fire to reach outside the transformer room,
but it also brought in additional air to fuel the fire. Figure 4a–d
show that the curves move dramatically from 180 to 240 sec after
fire began, which is believed to be related to the broken window.

To examine the escape risks in the main egress lane during
the fire, this study set up three sensors: two at each side and the
third one at the midpoint of the steel rolling door of transformer
room at 1 m ahead of the door along the main egress lane, as
depicted in Fig. 2d. The sensors were installed 1.8 m above the
ground, which is the average height of a walking evacuee’s nose
and mouth according to the information by the Architecture and
Building Research Institute (ABRI), Ministry of the Interior,
Executive Yuan, Taiwan (4). The changes over time of tempera-
ture, radiant heat, carbon monoxide, and oxygen at each detec-
tion point were collected by the sensors (Fig. 4a–d). From
Fig. 4a, it is shown that the main egress lane temperature
reached 60�C in 180 sec after the ignition and rose to 120�C in
236 sec. The rising temperature would lower the evacuees’
chance of escaping the fire safely (5). The research has showed
that the radiant heat should not exceed 2.5 kW ⁄m2; otherwise,
humans would not be able to tolerant the heat within 5 min and
would incur injury (6). According to Fig. 4b, the radiant heat in
the main egress lane already reached 2.5 kW ⁄ m2 in 155 sec after

(a) (b)

(c) (d)

FIG. 3—Fire and smoke spread profile of simulation; (a) 9 sec after fire ignited; (b) 15 sec after fire ignited, the aluminum blind fractured; (c) 21 sec after
fire ignited; and (d) 136 sec after fire ignited.
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the fire started. By Fig. 4c, the density of carbon monoxide at
the main egress lane reached 3000 ppm in 260 sec after the igni-
tion, which exposes the possibility of choking and death from
breathing in too much smoke during the fire escape (5). More-
over, evacuees are likely to make mistakes owing to fatigue
when oxygen levels go from 14% down to 10% (5). Figure 4d
shows that the oxygen level at the main egress lane was 15% in
235 sec after the fire started and then down to 10% in 248 sec
after the fire began.

Calculation of Actual Escape Time

To distinguish the difficulty of fire escape for evacuees from the
fire, the formulae developed by ABRI (4) were adapted to calculate
the actual escape time of this fire.

By Fig. 1, inside the underground hydroelectric power plant, the
main valve corridor was located at the deepest section, an elevation
of 544.50 m above sea level. The water turbine room was located
at the second deep section, an elevation of 550.30 m above sea
level. Upper section included the generator room and control room,
an elevation of 554.30 m above sea level. The nearest section to
the ground was the machine installation platform, transformer
room, and main egress lane, an elevation of 559.30 m above sea
level. The floor layouts of each section are diagrammed in Fig. 2.
In calculating the actual fire escape time, it was assumed that the
evacuees stayed farther away from main egress lane at the main
valve corridor and had to go through all the aforementioned floors
to escape. Based on related formulae (4) by ABRI, the actual
escape time that the personnel spent is calculated as following:

tescape ¼ tstart þ ttravel þ tqueue ð2Þ

where tescape is escape finish time (min), includes three dura-
tions: tstart, the escape start time, the time between fire started

and evacuees perception; ttravel, the escape travel time, the
traveling time for evacuees from any location to exit point; and
tqueue, the queue time, the time for all evacuees pass through
the exit.

• Calculation of escape start time (tstart)

tstart ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

Aarea

p
30

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A1 þ A2 þ A3 þ A4
p

30
ð3Þ

where Aarea is the total floor area (m2), A1 to A4 is the floor area
of each section, as depicted in Fig. 2a–d, the calculation is
A1 = 324 (m2), A2 = 400 (m2), A3 = 900 (m2), and
A4 = 660 (m2).

(a) (b)

(c) (d)

FIG. 4—Variation of the fire hazard factors of simulation; (a) temperature; (b) radiant heat (c); carbon monoxide; and (d) oxygen.

TABLE 1—Calculations of escape travel time (ttravel) for the investigated
case.

Space Situation

Travel
Distance

li (m)

Travel
Speed

v (m ⁄ min)*

Travel
Time

li ⁄ v (min)
Subtotal
tti (min)

Main valve
corridor

Stairs 7.2 35 0.206 0.559
Nonstairs 18 78 0.231
Nonstairs 9.5 78 0.122

Water turbine
room

Stairs 5.5 35 0.157 0.58
Nonstairs 20 78 0.256
Nonstairs 13 78 0.167

Generator room Stairs 6.3 35 0.18 1.013
Nonstairs 45 78 0.577
Nonstairs 20 78 0.256

Machine
installation
platform

Stairs 5.5 35 0.157 0.631
Nonstairs 20 78 0.256
Nonstairs 17 78 0.218

*v refers to the set travel speed of personnel at workplace by ABRI (8).
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Thus; tstart ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

Aarea

p
30

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
324þ 400þ 900þ 660
p

30
¼ 1:59 ðminÞ

• Calculation of escape travel time (ttravel)

ttravel ¼max
X li

m

� �
¼
X4

i¼1

tti ¼ tt1 þ tt2 þ tt3 þ tt4

¼ 0:559þ 0:58þ 1:013þ 0:631 ¼ 2:783 ðminÞ
ð4Þ

where li is the travel distance from any location to exit point (m),
v is travel speed (m ⁄ min), which v is 35 m ⁄ min on stairs and
78 m ⁄ min on nonstairs (4). tt1 to tt4 is the travel time to exit point
on each section. The calculation is detailed in Table 1.
• Calculation of queue time (tqueue)

tqueue ¼
P

pAareaP
NeffBeff

¼
X4

i¼1

tqi ¼ tq1 þ tq2 þ tq3 þ tq4

¼ 0:144þ 0:178þ 0:267þ 0:065 ¼ 0:654 ðminÞ
ð5Þ

where p is occupant density (p ⁄ m2), acquired from the on-site
investigation as 0.04 (p ⁄ m2). Aarea is total floor area (m2), Neff

is effective flowing coefficient (p ⁄ min ⁄ m), acquired from the
reference as 90 (p ⁄ min ⁄ m) (4), and Beff is effective exit width
(m). The calculation is given in Table 2.
• Actual escape time (tescape)

Using Eq. 2,
tescape = tstart + ttravel + tqueue = 1.59 + 2.783 + 0.654 = 5.027 (min)

= 302 (sec)

Verification on Real Fire Scene

As mentioned previously, the actual escape time of an evacuee
is calculated to be about 5.03 min (302 sec). However, the com-
puter simulation results from the detection point on the main egress
lane reveal that the simulated safe escaping time is about 236 sec,
taking into account changes in temperature, of 155 sec, changes in
radiant heat, of 260 sec, changes in carbon monoxide, and about
235–248 sec for changes in oxygen level. These escape times are
far under the actual escape time spent, 5.03 min (302 sec); thus, it
was difficult for evacuees to escape after the fire began, which
resulted in the tragic deaths of six and 26 injuries.

According to the fire investigation report, the fire area was
located in a cave that is tens of meters under ground. The changing
curve in Fig. 4d reveals the fire circumstance mentioned earlier.
After the fire occurred, oxygen levels dropped quickly and the fire
area went into an incomplete burning stage. Then, smoke rapidly
spread over the fire area, as diagrammed in Fig. 3d.

Based on Fig. 4a–d, among all the fire hazards, radiant heat
caused the most damage to fire escape. Figure 4b shows that less
than 155 sec after fire started, radiant heat levels detected by the

sensor at main egress lane would severely harm evacuees. The
study results match what was found in the fire investigation that of
26 injuries, several people injured in the fire later died of severe
burns.

At 400 sec after the fire occurred, oxygen levels dropped to
almost zero, as shown in Fig. 4d. This matches the results from the
fire investigation that five of six fire victims died from lack of
oxygen.

Conclusions

The HRR of transformer oil used in hydroelectric power plants
was calculated in this study to be as high as 11.5 (MW ⁄ m2). Com-
pared to a burning car, this rate is between a compact car and a
van (7), which reveals how high the fire intensity was. Based on
the computer simulation results, there were only 180–240 sec for
evacuees to safely escape. However, to effectively generate power,
the hydroelectric power plant generator is located as deep as tens
or hundreds of meters underground. Therefore, when a fire occurs,
especially in a transformer room next to the cable tunnel that is
also used as main egress lane, the extremely high fire intensity
would make it very difficult for evacuees to escape safely (8,9).

From the simulation results, the fractured aluminum blinds of
the transformer room played a critical role in spread of flame and
smoke. To avoid future similar fire tragedies, the openings in the
transformer room should sustain 1+ hour of fire resistance and
automatic sprinkler and fire smoke systems should be equipped as
they are in the long tunnel or even provide more than two escape
routes (10). Additionally, for protecting the trapped evacuees, per-
sonnel at the hydroelectric power plant should carry a breathing
apparatus that provides oxygen effectively up to 60 min, and sev-
eral emergency shelters should also be provided (11,12). It is
expected that these suggestions will enhance the fire prevention
and safety of both existing and future hydroelectric power plants to
minimize the fire casualties.

References

1. Christensen AM, Icove DJ. The application of NIST’s Fire Dynamics
Simulator to the investigation of carbon monoxide exposure in the
deaths of three Pittsburgh fire fighters. J Forensic Sci 2004;49(1):1–4.

2. Ko CS. Cheng-Wen the contemporary dictionary of chemistry and
chemical engineering, 1st edn. Taipei, Taiwan: Cheng-Wen Publishing,
1993;286.

3. Shen TS, Huang YH, Chien SW. Using Fire Dynamic Simulation (FDS)
to reconstruct an arson fire scene. Build Environ 2008;43:1036–45.

4. Chen CC, Chien WH. Technical manual of performance verification for
fire escaping safety of building. Taipei, Taiwan: Architecture and Build-
ing Research Institute, Ministry of the Interior, Executive Yuan, Taiwan,
2008.

5. Ke JM. Computer simulation and design analysis of smoke management
system in large stations [Dissertation]. Kaohsiung (Taiwan): University
of Sun Yat-sen, 2003.

6. Chen HI. Smoke and heat. In: Chen HI, editor. Fire science. Taipei, Tai-
wan: Tingmao Publishing, 2008;9–15.

TABLE 2—Calculations of queue time (tqueue) for the investigated case.

Space
Occupant Density

p (p ⁄ m2)
Floor Area
Aarea (m2)

Effective Flowing Coefficient
Neff (p ⁄ min ⁄ m)*

Effective Exit Width
Beff (m)

Subtotal
tti (min)

Main valve corridor 0.04 324 90 1 0.144
Water turbine room 0.04 400 90 1 0.178
Generator room 0.04 900 90 1.5 0.267
Machine installation platform 0.04 660 90 4.5 0.065

*Neff is the set value considering the capacity of main egress lane is enough for all evacuees (8).

CHI ET AL. • FDS TO RECONSTRUCT A HYDROELECTRIC POWER PLANT FIRE ACCIDENT 1643



7. PIARC Committee on Road Tunnels Operation (C3.3). Systems and
equipment for fire and smoke control in road tunnels. Paris, France: PI-
ARC, 2007.

8. Hu LH, Huo R, Peng W, Chow WK, Yang RX. On the maximum
smoke temperature under the ceiling in tunnel fires. Tunn Undergr Sp
Tech 2006;21:650–5.

9. Duarte D. A performance overview about fire risk management in the
Brazilian hydroelectric generating plants and transmission network. J
Loss Prevent Proc Indus 2004;17:65–75.

10. Ingason H, Wickstrom U. The international FORUM of fire research
directors: a position paper on future actions for improving road tunnel
fire safety. Fire Safety J 2006;41:111–4.

11. Ingason H. Large fires in tunnels. Fire Technol 2006;42(4):271–2.

12. Kang K. Application of code approach for emergency evacuation in a
rail station. Fire Technol 2007;43(4):331–46.

Additional information—reprints not available from author:
Jen-Hao Chi, Ph.D.
Department of Fire Science
Wu Feng University
117, Jianguo Rd., Sec. 2, Minsyong
Chiayi 62153
Taiwan
E-mail: chi.jen-hao@wfu.edu.tw; chi2415@ms19.hinet.net

1644 JOURNAL OF FORENSIC SCIENCES


