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Abstract 

Historic timber structures face substantial fire loads and complex fire risks. Subsequent renovations and utilization 
may influence their fire safety performance. Therefore, accurately predicting indoor fire development in historic 
buildings and assessing their fire safety performance is crucial. Numerical fire simulation is currently at the forefront 
of analyzing and assessing fire risks in historic buildings. However, there is a shortage of globally accessible historic 
building fire data. This paper proposes a method to determine fire scenarios, peak heat release rates, and develop-
ment curves of indoor fires in wooden historic buildings through a fire load investigation. Using the Guangzhou 
ancestral hall as an example, PyroSim fire dynamics simulation software is employed to calculate fire development 
and assess the available safe evacuation time. The simulation results are subsequently input into the Pathfinder 
evacuation simulation software to ascertain the required safe evacuation time for indoor occupants. A comparative 
assessment is conducted to evaluate the fire safety performance before and after the renovation of historic buildings. 
The research findings indicate that installing closed glass curtain walls in the courtyards of ancestral hall buildings 
in Guangzhou accelerates the infiltration of smoke during fires, leading to rapid fire spread and long-distance ignition, 
significantly reducing the time available for safe evacuation. Therefore, when renovating and utilizing the ancestral 
hall buildings in Guangzhou, the installation of ventilation and smoke extraction systems should be prioritized to slow 
down fire development. Additionally, controlling the number of indoor occupants is an effective management meas-
ure to mitigate fire damage in historic buildings.

Keywords Fire in historic timber structure, Fire safety performance evaluation, Fire load investigation, Fire dynamics 
simulation, Pedestrian evacuation simulation, Fire reinforcement measures

Introduction
Guangzhou boasts thousands of historically significant 
and unique architectural treasures, including ancestral 
halls, temples, residences, ancient towers, and a diverse 
array of other building types [1]. Unfortunately, his-
toric buildings are more prone to fire risks compared 
to other structures due to their predominantly wooden 

construction and the presence of abundant combustible 
materials indoors [2]. Moreover, many historic buildings 
feature expansive attic spaces with steeply pitched roofs. 
This configuration hinders the escape of high-tempera-
ture smoke, increasing the risk of fire and complicating 
firefighting efforts. Ancestral hall buildings represent the 
most iconic type of historic architecture in Guangzhou, 
with some already designated as cultural heritage con-
servation units [3]. In recent years, many ancestral hall 
buildings have been protected, restored, and repurposed. 
A common practice in these renovations is to install 
enclosed glass curtain walls around interior courtyards. 
This modification approach may significantly impact the 
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fire safety performance of historic buildings [4]. Once 
a fire breaks out, the safety of both the historic build-
ing and the occupants inside may be seriously jeopard-
ized. Therefore, analyzing the characteristics of indoor 
fire smoke movement and occupant evacuation behavior 
after installing enclosed glass curtain walls around inte-
rior courtyards of ancestral hall buildings is crucial for 
evaluating the fire safety performance of historic build-
ings after renovation and repurposing. This analysis aids 
in proposing non-intrusive improvement measures to 
reduce human and property losses [5].

Many studies are currently focused on the risk assess-
ment and management of building fires, with research 
methods shifting from qualitative and semi-quantitative 
approaches to quantitative research [6–9]. The Disaster 
Risk Index Method and Geographic Information System-
based Risk Mapping Method are common qualitative and 
semi-quantitative assessment methods for fire risk [10, 
11]. Both are large-scale static assessment methods that 
cannot simulate the uncertainty and dynamics of com-
plex disaster risks [12, 13]. The subsequent development 
of quantitative assessment methods for building fire risks 
mainly includes real fire tests [14], reduced-scale fire 
experiments [15], and computational numerical simu-
lations [16]. Researchers have utilized computational 
numerical simulation techniques to develop a series of 
fire numerical models, safety evacuation models, and fire 
risk assessment models that are widely applied interna-
tionally[17, 18]. The fire simulation field model combines 
computational fluid dynamics (CFD) simulations and fire 
combustion reaction models, allowing for a more refined 
analysis of changes in parameters such as fire tempera-
ture and products[19, 20]. For instance, the fire numerical 
simulation software PyroSim developed by the National 
Institute of Standards and Technology (NIST) in the 
United States, integrates fire dynamics simulation (FDS), 
the smoke visualization program Smokeview, and evacu-
ation software [21]. Some scholars have comprehensively 
utilized these engineering tools to assess the fire risk and 
fire safety performance of buildings and proposed opti-
mal measures for improving fire resistance performance 
based on numerical simulation results [22, 23]. Research-
ers compared full-scale indoor fire experiment data of 
wooden historic buildings with simulated predictive data 
from FDS software. The results demonstrate that utilizing 
PyroSim software to simulate the growth stage of indoor 
fires in historic buildings can accurately reflect the actual 
fire development situation [24].

The accuracy of numerical simulations of building fires 
is influenced by various factors, with the most critical 
being the setting of fire heat release rate, the heat value 
of combustible materials, and product characteristics 
[25]. In studies of the initial growth of fires in buildings, 

experimental fire models or  t2 fire models are generally 
employed based on the internal spatial characteristics 
of the building and the properties of combustible [26]. 
The four types of fire growth—slow, medium, fast, and 
ultra-fast—are distinguished based on the heat release 
rate of different combustible materials. Researchers 
have obtained maximum heat release rate data for com-
mon combustible materials and various fire scenarios 
(such as offices, supermarkets, etc.) through extensive 
fire experiments. Based on this data, they have designed 
fire development curves. These curves are widely used 
in numerical simulation and analysis of building fires, 
providing crucial data support for fire safety research. 
Several studies [27, 28] have simulated fire dynamics to 
recreate fire scenes and investigate the characteristics of 
fire spread and smoke movement. These studies collec-
tively demonstrate the accurate prediction of fire devel-
opment and smoke movement through fire simulation.

In our view, current fire simulation research primarily 
focuses on modern architectural areas, while there is rel-
atively little research on fire simulation in historic build-
ings [17, 29, 30]. It is worth noting that most of the heat 
release rate settings used in fire research are based on 
fire safety regulations or literature references for modern 
buildings. This approach may lead to a significant under-
estimation of the scale of fires in historic buildings. Few 
countries, aside from the United States, have established 
standard values for the peak heat release rate of historic 
buildings [31, 32].

Fire load surveys represent an essential method for 
understanding the indoor fire risk of historic build-
ings, with several researchers having undertaken rel-
evant investigations. A fire load density survey for 
historic buildings in Brazil revealed an average den-
sity of 2989  MJ/m2, with wood constituting 35% of the 
mobile fire load and 37% of the fixed fire load [33]. The 
recorded figures exceeded the Brazilian standard NBR 
14432 by tenfold. Li et  al. [34] conducted a survey and 
statistical analysis of fire loads in 83 historic buildings 
in Beijing, revealing an average load of 2847.7  MJ/m2. 
The proportion of fixed load exceeded 92%, highlight-
ing significant disparities from modern buildings. While 
it is theoretically challenging to establish a relationship 
between indoor fire heat release rate and fire load, there 
is an empirical correlation between the peak heat release 
rate of well-ventilated indoor fires and fire load density 
[35]. In the case of well-ventilated indoor fires in historic 
buildings with a single type of combustible material (pri-
marily wood with consistent combustion heat), the peak 
heat release rate and fire development curve can be esti-
mated from the combustible mass loss rate [36].

This study aims to develop a fire design method suit-
able for historic wooden buildings in Guangzhou. By 



Page 3 of 20Yi et al. Heritage Science          (2024) 12:222  

analyzing fire load survey data, we estimate the fire scale 
and development process of these wooden structures. 
Using the ancestral halls in Guangzhou as a case study, 
we apply this fire design method along with fire dynamics 
simulation software and evacuation simulation software 
to evaluate and compare the impact of installing enclosed 
glass curtain walls in internal courtyards on fire safety 
performance. Based on the findings, We propose non-
intrusive improvement measures. The results will provide 
guidance and reference for fire numerical simulation, risk 

assessment, and management of historic wooden build-
ings in Guangzhou. Additionally, this study offers a fire 
performance-based evaluation method for the renova-
tion and adaptive reuse of historic buildings, contributing 
to their fire protection.

Methods and materials
The research process can be represented by a simple 
flowchart (Fig.  1). First, a survey of historical build-
ing fire loads and process the recorded data digitally is 

Fig.1 Flowchart of the methodology employed in this study
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conducted. Fire scenarios are then designed, includ-
ing estimating the rate of heat release and the extent 
of the fire. A simulation model of the fire dynamics is 
then created using the PyroSim software. The results of 
the numerical fire simulation are then used in the Path-
finder evacuation model to evaluate the safety evacua-
tion performance of the existing routes and exits. Finally, 
improvement measures are proposed based on the evalu-
ation results.

Case study
The surveyed historic building, known as the Qingyun 
Academy, was built in the 38th year of the Kangxi reign 
during the Qing Dynasty. It is located within the historic 
and cultural district of Beijing Road in Guangzhou and 
is currently listed as a cultural heritage conservation unit 
by the Guangzhou government. The Qingyun Academy 
adopts the common layout of ancestral hall buildings in 
Guangzhou, oriented from north to south, with a width 
of approximately 12.7  m and a depth of about 36.4  m 
across three sections [37]. It consists of three independ-
ent buildings arranged along the central axis: the front 
hall, middle hall, and rear hall, all featuring pitched roofs 
in the Lingnan architectural style (Fig.  2). Connecting 
corridors run along the front and back of the buildings, 
forming two rectangular courtyards inside without par-
tition walls. The Qingyun Academy is one of the early 
examples in Guangzhou where restored ancestral hall 
buildings have been repurposed for public cultural ser-
vices. Extensive renovations and transformations were 
carried out while preserving the original appearance. 
The primary renovation measures included enclosing the 

originally open courtyards with transparent glass curtain 
walls and dividing the space into areas such as a cafe and 
exhibition hall, creating conditions for the use of air con-
ditioning and ventilation systems (Fig. 3).

Fire load investigation and fire scenario design
Building fire load is an important indicators to assess 
fire hazards [38], usually reflected by the magnitude of 
the building fire load density, which indicates the sever-
ity of potential indoor fires. According to the calculation 
formula for fire load density, we can survey and record 
spatial data of historic buildings and the total amount of 
combustible materials indoors, based on the combustion 
heat value of building materials. By tallying the total heat 
value of combustible materials, we can then calculate the 
building fire load density [39].

where qm denotes the fire load density, Mi , (i = 1,2,…) 
denotes the mass of combustible material indoors, qi 
denotes the combustion heat value of combustible mate-
rial per unit mass, and AF denotes indoor horizontal 
ground area.

The size of the building fire load density is positively 
correlated with the fire duration and the rate of fire 
growth [40]. Generally, when the fire load density is less 
than 1140  MJ/m2, the rate of fire growth falls between 
slow and medium; when the fire load density ranges 
between 1140  MJ/m2and 2280  MJ/m2, the rate of fire 
growth lies between medium and fast; and when the fire 

qm =

∑
Miqi

AF

Fig.2 The overall architectural layout of Qingyun Academy  (Source: Own illustration)
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load density exceeds 4560 MJ/m2, the rate of fire growth 
can be considered as ultra-fast [41, 42].

To address the complexity and large quantity of 
wooden structural components in Guangzhou ancestral 
hall buildings, we employed digital information recording 
methods for the fire load survey. Firstly, we conducted 
on-site surveys and mapping, analyzing potential com-
bustibles and unfavorable fire scenarios. We generated 
the overall floor plan of the building, as well as indi-
vidual building’s floor plans, elevations, cross-sections, 
and detailed drawings of specific structures and artistic 
components. Next, based on the survey drawings, we 
established full-scale three-dimensional models, incor-
porating the distribution of structural elements, deco-
rations, and combustibles within the building interiors. 
Subsequently, we recorded and measured combustible 
materials inside the historic buildings, determining their 

names, quantities, and types. For small combustibles 
such as furniture and items, we directly measured their 
mass using electronic scales. For fixed combustibles that 
were inconvenient to measure directly, such as columns 
and beams, we measured their dimensions and catego-
rized them in the three-dimensional model of the build-
ing. Their masses were calculated based on the volume of 
the components. Finally, we calculated the fire load den-
sity of individual ancestral hall buildings and evaluated 
the most unfavorable fire scenarios.

Based on the statistical data from the combustible 
materials survey of the Qingyun Academy as shown in 
Table 1, the building’s wooden structural material is pine 
wood, with a density of 0.5 ×  103 kg/m3 and a combustion 
heat value of 19.12  MJ/kg. Among the three hall build-
ings, the middle hall has the highest total fire load and 
fire load density, with a total fire load of 218,542 MJ and a 

Fig.3 Qingyun Academy’s indoor renovation and utilization involves enclosing the courtyard with glass curtain walls  (Source: Own illustration)
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fire load density of 2048 MJ/m2. Under conditions where 
building ventilation is good and oxygen supply is suffi-
cient, the fire can last for up to 2 h (Table 2).

In theory, for the same type of combustible materials, 
once we have the mass burning rate and total heat value 
of combustible materials in heritage building fires, we can 
calculate the peak heat release rate of the fire, which rep-
resents the maximum heat release rate during fire flasho-
ver. The heat release rate of a building fire is defined as 
the total heat released by the combustion of all combus-
tible materials inside the building per unit time [30]. The 
calculation formula is as follows:

where Q denotes the fire heat release rate, ϕ denotes the 
combustion efficiency factor which reflects the extent 
of incomplete combustion of combustible materials. In 
various fire scenarios and ventilation conditions, the 

Q = ϕṁ�H

combustion efficiency factor ranges between 0.3 and 0.9. 
ṁ denotes the combustible material mass burning rate, 
�H denotes the total heat value of combustible materials.

Based on the fire load survey statistics, the fire in the 
middle hall of the Qingyun Academy is considered the 
most dangerous and unfavorable fire scenario that could 
occur. Assuming excellent ventilation conditions at the 
fire scene and a combustion efficiency factor of 0.9, all 
combustible materials within the building are assumed 
to burn completely. With the average mass burning rate 
of reference building wood set at 0.1077 ×  103  kg/s, the 
calculation yields a peak heat release rate of 24 ×  103 kW 
using the formula. Thus, under ideal conditions, the peak 
heat release rate of the fire in the middle hall is estimated 
to be 24 MW. The fire load density in the middle hall is 
2048 MJ/m2, with a fire growth rate classified as fast and 
a fire development coefficient of 0.0469  kW/s2. The fire 
model for the middle hall employs a  t2 fire to describe the 

Table 1 Fire load statistical results for Qingyun Academy.  (Source: Own calculations)

Unit Area  (m2) Fixed fire load 
(MJ)

Movable fire 
load (MJ)

Fire load (MJ) Fire load 
density (MJ/m2)

Peak heat 
release rate 
(MW)

Fire patterns Fire 
development 
coefficient 
(kW/s2)

Front hall 101.6 170,263.6 9177.6 179,441 1766 19.3 Medium fire 0.0117

Middle hall 106.7 10,430 1000 218,542 2048 24 Fast fire 0.0469

Rear hall 114.3 8085 1330 180,015 1483 19.4 Medium fire 0.0117

Table 2 Relationship between fire load density and duration of fire [40]

Fire load density 
(MJ/m2)

450 675 900 1350 1800 2700 3600

Duration of fire (h) 0.5 0.7 1.0 1.5 2.0 3.0 4–4.7

Fig.4 The calculation area and grid division for the fire simulation model.  (Source: Own illustration)
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Fig.5 Evacuation routes and corridor widths under various conditions: a Condition one; b Condition two  (Source: Own illustration)

Fig.6 Evacuation simulation model: a Condition one model; b Condition two model; c Evacuation space for condition one; d Evacuation space 
for condition one  (Source: Own illustration)
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fire development process, and the calculation indicates 
that it takes 715 s for the fire in the middle hall to pro-
gress from the initial stage to the peak heat release rate 
stage.

FDS modelling and simulation settings
To contrast the impact of different forms of enclosed 
glass curtain walls on the development of indoor fires in 
the Qingyun Academy’s internal courtyards, we estab-
lished two distinct scenarios. The key difference between 
these scenarios is whether occupants can evacuate 
through the courtyard in case of a fire. Using SketchUp 
software, we constructed models for fire simulation, 
incorporating information on building grounds, walls, 
wooden structures, doors, windows, roofs, and other 
components. Subsequently, we imported these models 
into PyroSim software. It’s important to note that the 
models were not set up to simulate material combustion 
and pyrolysis reactions but rather to reflect the influence 
of internal structures on the flow of fire smoke.

The computational domain for fire simulation encom-
passes the entire Qingyun Academy premises, extending 
1 m outward from the boundaries of facade openings. The 
top boundary of the computational domain is positioned 
more than 1.5 m above the roof ridge to facilitate smoke 
flow. The dimensions of the computational domain in the 
X, Y, and Z directions are 13.5 m, 39 m, and 11 m, respec-
tively. Except for the bottom, the remaining boundaries 
of the computational domain are set as open boundaries. 
The simulation environment maintains a temperature of 
20 degrees Celsius, a pressure of 1.01 ×  105 Pascals, and 
a wind speed of zero. Based on the heat release rate of 
pine wood combustion, the characteristic diameter of 
the fire source is calculated to be 0.504  m. Considering 
the dimensions of the wooden structural components 
inside the Qingyun Academy, a grid size of 0.1 m, which 
is 1/5 of the fire source characteristic diameter, is chosen 
for the key fire area, namely the roof wooden framework 
area. The grid size for the remaining areas is set to 0.2 m 
to meet the accuracy requirements of fire simulation [43, 
44]. The total number of grids is 428,064 (Fig. 4).

The combustion chemical reaction used in the simu-
lation calculation is based on the WOOD-PINE setting 
in the software database, representing pine wood as the 
combustible material. A single-step combustion reac-
tion using a mixture fraction model is employed. The 
specified heat release rate per unit mass is 19.12 ×  103 kJ/
kg, with a carbon monoxide yield of 0.004 and a smoke 
yield of 0.015. The ignition surface is set in the mid-
dle of the middle hall, with a geometric fire source size 
of 1  m × 1  m × 1  m, and its top surface is designated as 
the burner. The heat release rate per unit area is set to 
21.3 ×  103  kW/m2, with a surface temperature of 500℃. 
The chosen fire model is  t2, with a growth time of 715 s, 
after which the fire reaches a steady state. Longitudinal 
temperature cross-sections along the axis of the ancestral 
hall building and transverse temperature cross-sections 
for each hall are set in the model. Smoke mass fraction 
is set to be visible to reflect the flow of smoke within the 
building during the fire. After the simulation calculation, 
Plot3D data is outputted, including volume fractions of 
carbon monoxide, carbon dioxide, and oxygen, as well as 
smoke visibility and temperature, which will be inputted 
into the Pathfinder evacuation simulation software for 
further analysis.

Evacuation modelling and simulation settings
In both fire simulation scenarios for the Qingyun Acad-
emy, the evacuation routes lead to the front hall as the 
sole exit, with a straight-line evacuation distance from 
the rear hall to the front hall measuring 36.4 m. Accord-
ing to the Chinese Fire Protection Design Code for His-
toric Buildings, for single-story historic buildings with a 
fire resistance rating of level four and no sprinkler system 
installed, when commercial functions are introduced 
internally, the maximum straight-line distance from 
internal rooms to the nearest safe exit should not exceed 
15 m. It can be observed that under the current building 
fire safety regulations, the fire evacuation distance in the 
Qingyun Academy does not meet the requirements. This 
poses a fire safety design dilemma faced by many ances-
tral hall buildings when repurposing their usage. In sce-
nario one, the minimum width of evacuation pathways in 

Table 3 Evacuee physical characteristics and average walking speeds. (Source: Own calculations)

Type Children Youth Young men Young women Middle-aged 
men

Middle-aged 
women

Elderly

Shoulder Width
(cm)

38.0 40.0 42.0 39.7 41.5 38.7 40

Average Walking Speed
(m/s)

0.90 1.10 1.51 1.45 1.47 1.39 1.00

Proportion
(%)

5 10 20 20 20 20 5
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the evacuation routes is 800 mm, falling short of the reg-
ulatory minimum width requirement of 900  mm. How-
ever, in scenario two, the minimum width of evacuation 
pathways in the routes is 1170 mm, meeting the regula-
tory standards (Fig. 5).

The indoor personnel evacuation simulation for the 
Qingyun Academy utilizes Pathfinder, a behavior-based 
evacuation modeling software [45]. Pathfinder discre-
tizes the architectural space into fine-grained grids and 
describes individual evacuation behaviors using the 
Steering mode. This model comprehensively considers 

the impact of architectural space and fire development 
on evacuation, accurately predicting individual charac-
teristics of evacuees and their chosen evacuation routes 
[46]. Pathfinder is compatible with PyroSim’s FDS simu-
lation results and Plot3D smoke visualization data [47]. 
The evacuation simulation first imports models of dif-
ferent scenarios into the Pathfinder software and defines 
the building floor. The interior of the ancestral hall is 
treated as a single room, with boundaries reflecting walls, 
doorways, and obstacles (Fig.  6). The internal capac-
ity limit for personnel in the Qingyun Academy is based 

Fig.7 Number and distribution of personnel in the rear hall under the most adverse evacuation conditions: a Condition one; b Condition two.  
(Source: Own illustration)
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on the evaluation criteria for visitor capacity of Chinese 
cultural heritage sites, setting a minimum of ≥ 1  m2/
person for each individual building within historic struc-
tures, resulting in an internal capacity limit of 100 peo-
ple [48]. Therefore, the evacuation simulation calculates 

evacuation times for different numbers of people, such 
as 50, 80, and 100 individuals, to analyze the relation-
ship between fire hazard and internal personnel capacity. 
The simulation considers seven categories of personnel 
(Table 3), with body size equivalent to a cylinder with a 

Fig.8 Longitudinal and horizontal slice temperature under condition one  (Source: Own illustration)



Page 11 of 20Yi et al. Heritage Science          (2024) 12:222  

diameter equal to the shoulder width. It assumest all per-
sonnel are located in the rear hall, simulating the most 
adverse evacuation scenario (Fig. 7).

Results and discussion
Temperature changes in building fires and areas of fire 
damage
In scenario one of the fire simulation at Qingyun Acad-
emy, longitudinal and transverse temperature profiles at 
different time points are illustrated in Fig. 8, depicting the 
evolution of the fire and its influence. By 100 s, smoke has 
filled the upper roof space of the central hall and begun 
to escape outward through the atrium glass curtain wall 
doorways. At 420 s, the temperature of the upper smoke 
layer in the central hall reaches 570 °C, indicating a state 
of flashover, although the fire does not spread to the front 
hall or rear hall. The temperature rise curve of the central 
hall fire shows a continuously accelerating heating rate. 
By 140  s, as the smoke layer descends, temperatures in 
the upper smoke layer can reach 95 °C, impacting indoor 
personnel evacuation. When the smoke layer height 
exceeds the average eye level (1.7  m), and temperatures 
above it range between 180  °C and 200  °C, radiant heat 
levels below the smoke layer approach human tolerance 
limits [49]. With the fire temperature exceeding 180  °C, 
the tolerable time for evacuating personnel does not 
exceed 1 min. According to the fire simulation results, at 
220 s, the upper smoke layer temperature in the middle 
hall fire scene surpasses 180 °C, indicating that the avail-
able evacuation time before reaching human tolerance 
limits is 220 s (Fig. 9).

Scenario two of the fire simulation at Qingyun Acad-
emy involves fully enclosing the atrium with glazed cur-
tain walls. Longitudinal and transverse temperature 
profiles at different time are depicted in Fig. 10, llustrating 

the fire’s propagation and the expanding impact of high-
temperature smoke. At 140 s into the fire, high-tempera-
ture smoke begins to hinder personnel evacuation from 
the rear hall. By 180  s, the temperature of the upper 
smoke layer in the middle hall exceeds 180  °C, limiting 
evacuation time before reaching human tolerance limits 
to 180  s. At 380  s, smoke temperatures surpass 160  °C, 
capable of igniting the wooden roof trusses in the rear 
hall and facilitating fire spread. By 420  s, the highest 
temperature at the entrance hall reaches 90 °C, although 
it has not yet ignited wood, it poses significant risks to 
evacuating personnel. The ancestral hall’s double-pitched 
roof design causes smoke to accumulate at the ridge and 
eaves after rising (Fig. 11).

Height and visibility of the smoke layer in building fires
Smoke layer height, temperature, and visibility are impor-
tant safety indicators influencing personnel evacuation 
during a fire. Evacuation time constraints are determined 
by whether the smoke layer exceeds eye level (1.7  m) 
and if smoke temperatures reach 180 °C to 200 °C. Even 
when the smoke layer is below eye level, temperatures 
between 110  °C and 120  °C still pose significant danger 
[50]. Smoke visibility plays a crucial role in determining 
evacuation routes. Ideally, the maximum tolerable light 
density should not exceed 0.2, and visibility should not 
fall below 5  m. When smoke visibility along evacuation 
routes is drops below 3 m, 30% of evacuees typically opt 
for alternative paths. Reduced visibility also slows down 
the walking speed of evacuating personnel, dropping 
from the normal 1.2 m/s to 0.3 m/s when visibility is less 
than 5 m [51].

In fire simulation scenario one at Qingyun Acad-
emy, analysis of smoke mass fraction and visibility over 
time reveals that initially, due to open doorways in the 
glass curtain walls of the central hall, smoke movement 
remains confined within the hall for the first 300 s after 
the fire begins (Fig.  12). The smoke layer descends to 
below head level in the crowd by 220 s, coinciding with 
visibility dropping below the tolerable 5  m for evacu-
ating personnel inside the central hall, although the 
smoke impact area remains relatively small. By 420  s, 
the reduction in light caused by smoke significantly 
slows down the evacuation speed of personnel.

In fire simulation scenario two at Qingyun Academy, 
analysis of smoke mass fraction and visibility over time 
indicates a rapid increase in smoke movement (Fig. 13). 
By 180  s, the smoke layer in the central hall descends 
below head level among the crowd, and by 220  s, it 
reaches eye level at the door. By 260 s, the indoor space 
is filled with fire smoke, with a significant amount spill-
ing out from the head door entrance. At 220 s, visibility 
in both the central hall and the rear hall drops below 

Fig.9 Temperature rise curve of the middle hall fire scene 
under condition one  (Source: Own illustration)
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4.5 m, significantly slowing down evacuation speed due 
to reduced light caused by the smoke.

Changes in gas composition in building fires
The concentration of toxic gases in fire smoke, particu-
larly carbon monoxide (CO), is a critical factor that 
poses a serious threat to the safety of indoor occupants 

Fig.10 Longitudinal and horizontal slice temperature under condition two  (Source: Own illustration)
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[52]. The volume fraction of CO in the fire scene serves 
as an indicator of smoke toxicity. When CO concen-
tration in smoke reaches 1%, occupants indoors face 
potential death within 1 to 2  min. At 0.5% concen-
tration, suffocation can occur within 20 to 30  min. A 
concentration of 0.1% causes discomfort within approx-
imately 1  h, whereas levels below 0.05% have minimal 
effects on occupants within the same timeframe.

In fire simulation scenario one at Qingyun Academy, 
analysis shows that as the fire in the central hall reaches 
a critical state, the volume fraction of carbon monoxide 
reaches 0.035%. This level does not exceed the human 
tolerance limit and has minimal impact on indoor per-
sonnel within one hour (Fig.  14). However, significant 
changes are observed in fire scenario two. By 420 s, the 
maximum volume fraction of carbon monoxide in both 
the central hall and the rear hall reaches 0.04%, surpass-
ing the human tolerance limit.

In conclusion, the design of enclosed glass curtain walls 
in the courtyard of Qingyun Academy significantly influ-
ences the development and hazards of fires. Compara-
tive analysis of fire simulations reveals distinct variations 
in fire temperature, smoke layer dynamics, visibility, and 
toxic gas composition within the fire scene. The Avail-
able Safe Egress Time (ASET) for both fire scenarios is 
detailed in Table 4.

Evacuation results
In Scenario one of the evacuation simulation, the total 
evacuation times for indoor evacuees are 55.5  s, 66.5  s, 
and 72.3  s for 50, 80, and 100 evacuees, respectively 

(Fig.  15). Evacuees predominantly choose pathways 
through the central hall, favoring the shortest routes, 
while fewer opt to pass through the courtyard. However, 
internal functional subdivisions such as screens, pillars, 
and partition walls often create narrow passages indoors, 
leading to congestion and increased waiting times during 
evacuation. As the number of evacuees rises, so does the 
corresponding waiting time.

In Scenario two of the evacuation simulation, the 
total evacuation times for indoor evacuees are 54.0  s, 
75.8 s, and 77 s for 50, 80, and 100 evacuees, respectively 
(Fig. 16). Due to the absence of complex spatial subdivi-
sions indoors and the decision not to use the courtyard 
for evacuation, the evacuation paths are generally similar. 
Evacuees initiate their evacuation from the rear hall, pro-
ceed through the corridors on both sides of the central 
hall, and ultimately reach the main entrance. However, 
evacuees encounter a bottleneck between the screens at 
the main entrance and the rear glass curtain wall, signifi-
cantly slowing their progress. Despite an increase in the 
number of evacuees, the overall evacuation times show 
minimal variation.

Evacuation safety evaluation
Based on the evacuation simulation results, the Required 
Safe Egress Time (RSET) is calculated considering dif-
ferent scenarios and indoor occupancy levels. Assuming 
the use of common point-type smoke detectors and a fire 
automatic alarm system in Qingyun Academy, the per-
ception time for occupants T1 is 40  s, the reaction time 
T2 is 60 s, and the safety factor for evacuation movement 

Fig.11 Temperature rise curve of the Qingyun Academy fire scene under condition two  (Source: Own illustration)
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time T3 is 1.5. The RSET for different simulation scenar-
ios and indoor occupancy levels is shown in the Table 5.

where T1 denotes the perception time for occupants, T2 
denotes the reaction time, T3 denotes the evacuation 
movement time, k denotes the safety factor.

The impact of indoor evacuation population on safety 
requirements at Qingyun Academy varies significantly 
between the two fire scenarios. In scenario one, evacu-
ation meets safety standards regardless of whether 

RSET = T1 + T2 + k × T3

there are 50, 80, or 100 people. Despite the presence of 
numerous interior compartments causing longer pas-
sage through the central hall, the open doorways in the 
atrium’s glass curtain wall facilitate early venting of fire 
smoke through the atrium, thereby extending the avail-
able evacuation time. Conversely, in scenario two, safety 
evacuation requirements cannot be met when the indoor 
population exceeds 50 people. This is due to the com-
plete closure of the atrium in this scenario, which renders 
it unusable as an evacuation route, resulting in a rapid 
decrease in indoor smoke layer height and consequently 

Fig.12 Smoke flow and smoke visibility under condition one  (Source: Own illustration)
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shortening the available evacuation time. However, safety 
evacuation requirements are achievable when the indoor 
evacuation population is fewer than 50 people.

Therefore, the spatial characteristics of the building’s 
fire scene directly influence fire safety. The available evac-
uation time is closely related to fire hazard, smoke flow in 
the fire scene space, and the complexity of indoor space. 
The required safe egress time is associated with indoor 

population, evacuation route conditions, and the opera-
tion of fire detection and alarm systems.

Improvement measures
In Guangzhou, glass curtain walls are often used to 
enclose internal courtyards in ancestral hall buildings, 
which is a common method for renovation and space 
utilization. This aims to facilitate the operation of air 
conditioning systems and the utilization of functional 

Fig.13 Smoke flow and smoke visibility under condition two  (Source: Own illustration)
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space. However, this practice severely affects the indoor 
fire development and safety performance of ancestral hall 
buildings. Through comparative results from fire numeri-
cal simulations and personnel evacuation simulations, we 
have identified the following non-intrusive improvement 
measures:

Firstly, controlling the number of indoor occupants is 
a direct method to effectively reduce the risk during fire 
evacuations in historic buildings. Many historic buildings 
open to the public in Guangzhou typically have only one 
entrance and are 1 to 3 stories high, with complex inter-
nal circulation that can easily lead to crowd congestion. 
Therefore, an intelligent gate management system can be 
installed at the entrance of historic buildings to effectively 
control indoor pedestrian flow. When the monitored 
number of people exceeds the safe range determined by 
fire simulation and performance evaluation for historic 
buildings, the entrance gate will automatically close to 
prevent indoor crowd congestion, thereby reducing the 
risk during fire evacuations.

Secondly, incorporating ventilation windows or actively 
linking smoke exhaust facilities with fire alarm equip-
ment as passive smoke exhaust measures in renova-
tion and utilization plans involving glass curtain walls is 
crucial. Ventilation windows or smoke exhaust facilities 
should be installed at the junction of the courtyard glass 
curtain wall and the eaves to promptly discharge smoke 
from early-stage fires outdoors, drawing the attention of 
fire alarm personnel. Simultaneously, this can also reduce 
the accumulation of hot smoke from fires at the base of 
the historic building’s sloped roof, thereby slowing the 
fire’s progression.

Conclusion
Our study aims to propose a fire design method based 
on fire load survey data to estimate the fire scale and 
development process of historic wooden buildings in 
Guangzhou. Using the representative ancestral hall build-
ing Qingyun Academy as a case study, we employ fire 
dynamics simulation software PyroSim and evacuation 

Fig.14 Volume fraction of CO: a Condition one; b Condition two  (Source: Own illustration)

Table 4 Available safe evacuation time for fire.  (Source: Own calculations)

Experimental conditions Time for temperature to 
reach human tolerance 
limit (s)

Time for smoke layer 
to descend to eye-
level (s)

Time for severe 
reduction in smoke 
visibility impairing 
evacuation (s)

Time for toxic and 
harmful gas to reach 
the human tolerance 
limit (s)

ASET

1 220 s 220 s 420 s  > 420 s 220 s

2 180 s 180 s 220 s  > 420 s 180 s
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simulation software Pathfinder to assess and compare the 
effects of installing enclosed glass curtain walls in inter-
nal courtyards on fire safety performance. Additionally, 
we discuss non-intrusive improvement measures that 
can be implemented. Below is a summary of our research 
conclusions:

Fire numerical simulation and evacuation simula-
tion provide effective engineering tools for evaluat-
ing the fire safety performance of historic buildings. 
To enhance the accuracy of fire simulation, we esti-
mated indoor fire development curves based on fire 
load survey data, combined with the fire load density 
and combustible material heat release rate specific 

Fig.15 Evacuation paths and movement times for different numbers of people in condition one: a 50 people; b 80 people; c 100 people  (Source: 
Own illustration)
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to ancestral hall buildings. We identified areas with 
the highest total and density of fire load in ancestral 
hall buildings as presenting the most adverse fire sce-
narios.
Installing enclosed glass curtain walls in ancestral hall 
buildings can extend the path of fire smoke flow and 
hinder the outward dispersion of high-temperature 
smoke, thereby accelerating indoor fire development 

and reducing evacuation time for occupants indoors. 
Therefore, when retrofitting interior courtyards of 
ancestral hall buildings with enclosed glass curtain 
walls, careful attention should be given to the design 
of ventilation and smoke exhaust facilities. This aids 
in slowing the spread of fire, providing crucial time 
for early fire suppression and thereby enhancing fire 
safety performance.

Fig.16 Evacuation paths and movement times for different numbers of people in condition two: a 50 people; b 80 people; c 100 people  (Source: 
Own illustration)
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For Guangzhou’s historic wooden structures with 
single exits, large internal depths, and long evacu-
ation paths, controlling the number of occupants 
indoors is an effective management measure for 
reducing the fire hazard in historic buildings. Fire 
numerical simulation and evacuation simulation 
methods can determine the maximum indoor occu-
pancy capacity for historic buildings.

This study presents technical methods for evaluat-
ing the fire safety performance of renovated and repur-
posed historic buildings in Guangzhou, contributing to 
numerical simulation research on fire in unique historic 
building types within complex environments. Future 
research should delve deeper, particularly exploring the 
influence of environmental wind speed on indoor fire 
development.
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