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Coolinghigh-densityhistoricdistrictswith
strategic greening in the “port-opening
area” of Shantou city

Check for updates

Wenqing Liu1,2 , Junhang Mai3, Shuang Yuan1, Haosen Han1 & Yingzi Wang1

This study addresses summer thermal comfort optimization in high-density historic districts,
exemplified by the “port-opening area” of Shantou city—an area of renowned for its well-preserved
arcade architecture and rich cultural heritage of south east China. Integrating fieldmeasurements and
ENVI-met simulations, we analyzed how street morphology (orientation, height-to-width ratio) and
green infrastructure affect thermal conditions. Results identified peak heat stress (PET > 43 °C) at
14:00–15:00. The 75% tree canopy coverage scheme achieved maximum cooling, reducing PET by
0.45–11.10 °Cwhile generating aCool IslandSpillover Effect that improved adjacent streets. In narrow
streets, 2m-high shrubs reducedPETby0.17–3.73 °C. Strategic recommendations includedeploying
decentralized tree greening (50–75% coverage) in open spaces and modular 1–2m shrubs along
pedestrian corridors to synergize shading, ventilation, and heritage preservation. The research
provides a data-driven framework for climate-resilient design in heritage-intensive urban contexts.

High-density historic districts, as carriers of urban cultural heritage, are
characterized by intensive building layouts, compact spatial textures, and a
tight integrationof historical architecturewith public life1–3, features that not
only preserve the authenticity of traditional urban forms but also pose
unique challenges for microclimate regulation4,5. In southern China, the
traditional “port-opening area” along the inner bay of Shantou City is a
typical example of such high-density historic districts (Fig. 1): from the
origin of modern markets (1858, with 32 blocks) to the rise of foreign trade
and commerce (1983, with 124 blocks), to urban planning during the
Republic of China period (1923, with 179 blocks) and its improvement and
expansion (1937, with 192 blocks), the number of districts (commercial and
residential built-up areas enclosed by roads) and building density here have
gradually increased, forming a radial urban road pattern with a building
coverage density of up to 41.7%, and making it one of the most prosperous
commercial districts along the southern coast ofChina.Meanwhile, this area
is home to China’s “arcade building heritage with the largest area and
highest density”; most of these buildings were invested and constructed by
overseas Chinese returning to China, and are regarded as the spiritual
homeland of the Chaoshan people.

In recent years,with the rise of tourism inChaoshan’s overseasChinese
hometowns and the explorationof theheritage value of the arcadebuildings,
the port-opening area of Shantou has become one of the most culturally
vibrant and economically promising historic districts in the southeast

coastal region6–8. Meanwhile, against the backdrop of a surge in tourist
numbers and the intensified urban heat island (UHI) effect driven by
urbanization, the worsening trend of the summermicroclimate in this area,
especially the deterioration of thermal comfort, has become increasingly
prominent9–11, and this has evolved into a key factor restricting the experi-
ence of external tourists to the heritage site and the outdoor activities of local
residents. The worsening summertime thermal stress has directly led to
diminished visitor experience and restricted outdoor activities for residents,
which not only threatens the social vitality of the district but also poses
potential risks of thermal fatigue damage to the historic buildings due to
frequent extremeheat.Currently, how to alleviate the contradictionbetween
the sustainable development of this historic district and the hot outdoor
climate in summer has become a practical issue that must be addressed.

In the context of aggravated climate change, the optimization of
thermal comfort in outdoor spaces of historic districts has attracted wide-
spread attention. Existing achievementsmainly focus on two aspects: one is
to explore the influencing factors and indicators of regional thermal com-
fort; the other is to propose and assess improvement strategies, and apply
them to urban renewal design.

The first aspect of research primarily focuses on climate parameters,
ground materials, and building layouts. For instance, Jamei12 evaluated
outdoor thermal comfort in the historical district, new district, and suburbs
of a historical town using the heat intensity index and relative humidity
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(RH)12. Chu et al.13 analyzed the impact of natural ventilation on outdoor
thermal comfort in historical districts, where historical buildings and new
constructions are mixed, and proposed planning and layout recommen-
dations for new buildings13. Ragheb et al. 14 highlighted that air temperature
(AT),RH, airflow, and solar radiation (SR) inhistorical districts significantly
influence human thermal comfort14. Castaldo 15 investigated the effects of
vegetation, surface materials, and building density in mountainous city
historical districts on pedestrian comfort15. Biqaraz et al.16 identified the lack
of greenery coverage in public spaces as a key factor contributing to resi-
dents’ dissatisfaction with outdoor thermal environments in historical
districts16. Bochenek et al.17 studied the impact of street tree formsonhuman
thermal comfort through a historical district renewal project17. Yang et al.18

combinedmicroclimatemeasurements, surveys, and simulations to explore
thermal comfort evaluation indicators and thresholds for Beijing’s historical
districts18.

The first research stream investigates the influence of climate
parameters, ground materials, and building layouts on the thermal
environment of historic districts. Studies in this area have employed
tools such as the heat intensity index to evaluate outdoor thermal
comfort across varied urban settings, including historic cores, newer
developments, and suburban zones12. In contexts where historic and
contemporary buildings coexist, research has emphasized the role of
natural ventilation in shaping thermal comfort, offering planning and
design guidance for new constructions13. Key microclimatic elements,
such as AT, humidity, airflow, and SR, have been identified as critical
factors in historical urban settings14. Further work has explored how
vegetation, surface materials, and building density jointly affect pedes-
trian thermal perception, particularly in mountainous city contexts15.
The significance of greenery is further underscored by studies linking
insufficient vegetation in public spaces to resident dissatisfaction with
thermal conditions16. Morphological attributes of street trees have also
been examined through regeneration projects, revealing their nuanced
role in modifying human thermal comfort17. Complementing these
focused inquiries, integrated methodologies combining microclimate
measurements, surveys, and simulation have been applied to establish
evaluation frameworks and thermal comfort thresholds in Beijing’s
historic districts18. Extending these insights, research in high-density
urban environments confirms that tree coverage must reach a critical
threshold to producemeaningful cooling benefits19. This is supported by
Beijing Dashilar–based analyses identifying three-dimensional green
volume as the principal predictor of thermal comfort, with densely
vegetated zones exhibiting markedly lower PET values20. In parallel,
studies addressing high-density urban constraints propose integrated
strategies, including site-specific planting and systematic maintenance,
to embed trees within tightly built environments21.

The second research direction centers on the application of inte-
grated improvement strategies to enhance outdoor thermal comfort in
high-density historical neighborhoods. These include the use of high-
reflectance pavement materials to mitigate thermal stress in street
canyons22, the design of shading structures informed by passive cooling
principles in hot-arid climates23, and the strategic incorporation of street
trees, whose microclimate benefits have been quantitatively confirmed
through field measurements and simulations24. Recent studies further
address the specific thermal comfort needs of vulnerable groups such as
the elderly, promoting context-aware renewal strategies in historic
settings25. Urban renewal case studies additionally highlight the chal-
lenge of reconciling thermal performance with broader livability
objectives26. Beyond conventional approaches, emerging studies explore
vertical greening systems, indicating that substantial facade coverage can
yield measurable temperature reductions in compact urban forms27.
Coupled simulation studies further refine vegetation planning by
quantifying the trade-offs between cooling energy savings and humidity
increases under different greening configurations28. At the neighbor-
hood scale, optimized spatial arrangements of trees, particularly in sun-
exposed areas, have been shown to enhance cooling efficiency29, while
centralized greening layouts that employ continuous and enclosed
planting have been proposed to extend the spatial reach of thermal
comfort improvements30.

Themain indicators for assessing outdoor thermal comfort include the
physiological equivalent temperature (PET), standard effective temperature
(SET), and universal thermal climate index (UTCI)31,32. Among these, PET
integrates environmental parameters such as AT, RH, WS, and SR, and
additionally incorporates individual physiological factors such as human
metabolic rate and clothing thermal resistance. This makes PET capable of
more comprehensively reflecting the differences in human thermal per-
ception, making it one of the most frequently used thermal comfort eva-
luation indicators33,34. In this study, PET is selected as the primary indicator
for thermal comfort evaluation.

In summary, the thermal comfort level of outdoor spaces in historic
districts is a result of the combined effects of four microclimate factors: AT,
RH, wind speed (WS), and SR. Individual climate indicators alone cannot
fully reveal human outdoor thermal sensations, and the dominant factors
influencing thermal comfort vary among different space configurations35,36.
Additionally, human perception of the spatial environment also influences
thermal comfort37,38, and optimization measures in urban thermal envir-
onment research have become increasingly diversified, with a growing focus
on human experience39–42. Improvements through landscaping, especially
greening strategies, are considered more natural, environmentally friendly,
and aligned with human physiological sensations, thus receiving increasing
attention43–45.

Fig. 1 | The location and evolution of the urban fabric of “port-opening area” of Shantou city.Red circle indicates the location of ShantouCity; Red rectangle indicates the
location of “port-opening area”; Red dashed lines indicate the changes in the scale of “port-opening area”.
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The Existing research on outdoor thermal comfort optimization in
historic districts focuses on influencing factors or single improvement
strategies, but lacks comprehensive exploration of the synergistic effects of
greening type, layout, and coverage, especially in high-density historic dis-
tricts. It also rarely integrates historic district constraints (heritage view
protection, pedestrian flow) or quantifies the “Cool Island Spillover Effect”
of greening. A gap remains inmatching greening configurations to different
spaces of high-density historic districts while balancing heritage conserva-
tion and thermal comfort.

This study takes the high-density historic district in Shantou’s port-
opening area, characterized bywell-preservedarcades, as research object. By
integrating fieldmicroclimatemeasurements and ENVI-met simulations, it
aims to clarify the distribution of microclimate and thermal comfort
(evaluated by the PET index) during the summer peak heat period
(14:00–15:00), analyze the interactive effects between street morphology
and green infrastructure, design context-adapted greening schemes for the
district, quantify the effects of these schemes, and ultimately propose a
greening strategy framework.

Building on this, we propose two research questions: (1) How to use
field measurements and ENVI-met simulations to capture summer
microclimate/thermal comfort distribution in the study area and identify
key influencing factors? (2) How to design greening schemes balancing
heritage conservation/pedestrian needs, and quantify their thermal comfort
optimization effects?

Addressing these questions fills the gap in integrated greening research
for high-density historic districts, provides a targeted technical framework
for thermal comfort optimization, and promotes the integration of heritage
conservation and climate resilience in urban renewal.

Methods
Study area and data source
Research on urban microclimate mainly focuses on small and medium
scales, as the deterministic processes of meteorological conditions are more
prominent at this scale46. As shown in Fig. 2, this study focuses on a suitable-
scale area of 230 × 270m2, which centers on Zhongshan Pavilion—a
landmark building in the Shantou Port Opening Area.With the pavilion as
the starting point, a central square is formed by radiating outward, and this
square is connected to five surrounding radial pedestrian streets, con-
stituting the most densely populated and built-up historical block in
Shantou city.

This study uses three main data sources. First, on-site mapping pro-
vides data on street/building forms and scales for the site survey phase. As
Table 1 shows, since the 2010s, street-facing building facades in the study
area have been renovated, with original facade decorations and street spaces
restored and cleaned; following this, we remeasured street widths and

building heights on both sides via laser rangefinder. Measurements show:
Guoping Road (north-south) is 10m wide, with average building height of
15m and H/D ratio of 1.5; Shengping Road (east-west) is also 10m wide,
with average adjacent building height of 11m and H/D ratio of 1.1;
Yuanqian Road (northern part) is approximately10m wide, with average
building height of 12m and H/D ratio of 1.2.

Second, themicroclimate status data required for the current situation
assessment phase aremainly obtained frommeteorological stations and on-
site monitoring. Specifically, this is accomplished by collating the 10-year
meteorological data (2011–2020) from the Shantou Meteorological Station
(Station Number: 59316) and combining it with on-site monitoring data
from microclimate measuring equipment. Third, the microclimate index
data and thermal comfort data required for the optimization simulation
phase are mainly derived from computational fluid dynamics (CFD)
simulations, with specific operations carried out using the ENVI-met
software.

Field measurement of microclimate
Using daily meteorological data from Shantou Weather Station (Station
Number: 59316, 2011–2020), we conductedmonthly temperature statistics.
The averagemaximumtemperatures for June, July, andAugust over thepast
decade are 31.96 °C, 33.14 °C, and 32.99 °C, respectively, with 70% of
summer daily maximum temperatures falling between 31 °C and 34.4 °C.
Focusing on summer, we selected June 20th (temperature: 32.6 °C) as the
measurement date, aligning with themid-value of Shantou’s summer high-
temperature frequency range, to ensure representative street thermal
comfort data.Measurements were taken from9:00 a.m. to 7:00p.m. (10 h of
continuous monitoring), covering the peak pedestrian period in the his-
torical district, with parameters including RH, AT, and WS.

Four observation pointswith uniformground conditionswere selected
(Fig. 3) to isolate the impacts of street orientation and spatial openness on
microclimate: Point 1 (southeast-oriented Guoping Road), Point 2 (east-
west-oriented Shengping Road), Point 3 (intersection of north-south
Guoping Road and east-west Yuanqian Road), and Point 4 (central square).

As shown in Fig. 4a, hourly AT at all points (9:00–19:00) follows a
similar trend: rising from 9:00, peaking at 14:00, then declining, with the
highest AT recorded between 13:00 and 15:00. Point 4 had the highest AT
(likely due to unobstructed SR on the square’s large paved area), while Point
1 had the lowest, with a maximum AT 2.3 °C lower than Point 4, possibly
because the southeast-oriented street’s higher aspect ratio reducesSR.Points
2 and 4 had relatively consistentAT, indicating east-west ShengpingRoad is
more affected by SR; Point 3’s AT was 1.1 °C lower than Point 4 on average
(13:00–16:00), suggesting more open spaces are more susceptible to SR. As
shown in Fig. 4b, hourly RH at all points shows no significant differences,
with a trend inversely correlated to AT (declining to a minimum at 14:00);

Fig. 2 | Plan of the study area. Red rectangle indi-
cates the study area; Red dashed line indicates the
boundary of “port-opening area”.
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Point 2 had the lowest RH (42.1%). As shown in Fig. 4c, analysis of hourly
averageWSrevealsPoint 1had the lowestWS (max: 1.35m/s),while Point 4
had stable, gradually increasing WS (attributed to the square’s open layout
improving air circulation). Point 2’s hourly average WS was slightly higher
than Point 4 (likely due to airflow from the square compressing air density
on Shengping Road), and Point 3’s WS fluctuated significantly
(12:00–14:00), possibly from local airflow variations.

With the straight-line distance between observation points ≤300
meters, and under consistent natural climatic conditions and paving
materials, street orientation and spatial openness are inferred as key factors
driving microclimate differences. From AT, RH, and WS data: Point 3
(narrow intersection)had significantly lower averageWS thanPoint 4 (open
square), and notably lower AT (13:00–15:00)—suggesting WS is primarily
influenced by spatial openness, while AT is dominated by SR. Additionally,

Table 1 | Building facades along streets in the study area

Position Facade along the street

a. Measuring point locations b. Point 1 c. Point 2 d. Point 3 e. Point 4
Fig. 3 | locations of 4 measured points. aMeasuring point locations; b Point 1; c Point 2; d Point 3; e Point 4. Red circle indicates the location of measuring point.
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Point 1 (southeastGuopingRoad,H/D = 1.5) had lower averageWSandAT
(13:00–15:00) than Point 2 (east-west Shengping Road, H/D = 0.9), indi-
cating street orientation and H/D strongly affect SR. Since point measure-
ments cannot represent the entire street’s microclimate, simulations will
further explore how street orientation, H/D, and other spatial features
influence microclimate.

Microclimate simulation
A 230 × 270 m2 block model (max building height: 24 m) was con-
structed in ENVI-met. To enhance accuracy, five blank grids and ten
nested grids were added around the simulation area; horizontal grids
(240 × 280) had a 1 × 1 m2 resolution, and vertical grids (27 total) used
an elastic system with a 10% amplification factor above 5 m. Four
receptor points were set to match the field observation points, with
simulation details (date, location, underlying surfacematerials) outlined
in Table 2. Hourly AT and RH inputs were sourced from real-time data
at Shantou Weather Station (Station Number: 59316, Fig. 6), and the
simulation ran from 8:00 to 19:00.

As shown in Figs. 5 and 6, measured and simulated AT/RH (1.5m
above ground) were compared: all points’ measured and simulated AT
peaked at 14:00, with near-identical maximum AT for Points 1 and 3.
SimulatedAT forPoints 1, 3, and4were slightly lower thanmeasured values
(9:00–14:00), while Point 2’s measured and simulated AT showed high
consistency. RH variation trends were generally similar, with measured
values fluctuating more and simulated values remaining smoother.

The errors between themeasured and simulated valueswere calculated
using the RMSE and MAPE indicators. As shown in Table 3, the RMSE
values for AT range from 0.42 to 0.96 °C, and theMAPE values range from
0.95 to 2.24%. For RH, the RMSE values range from 2.68 to 3.24%, and the
MAPE values range from 4.13 to 4.92%. The RMSE values for AT at all
measurement points are below 1.63 °C, and the RMSE values for RH are
below 5%, with MAPE values below 10%. All measurement points are
within the allowable error range, indicating that the simulation results can
effectively analyze and predict the microclimate environment of the
study area.

Results
The assessment of current microclimate and thermal comfort
Air temperature and radiation. Based on field measurements and
simulation analysis, the period from 13:00 to 15:00 is the time when the
daytime temperature reaches its peak within the study area. This period
has been selected for analysis. Building shadows dynamically regulate the
reception and conversion of SR, forming a thermodynamic equilibrium
system with temperature, where the interactions among these elements
play a crucial role in controlling thermal comfort47–49. As shown in Fig. 7
and Fig. 8, themeteorological data, includingAT, direct SR (DSR), diffuse
radiation (DR), and reflected radiation (RR), calculated by ENVI-met
software, are visualized in the Leonardo module.

Between 13:00 and 15:00, the change in solar altitude angle causes the
area of building shadows to gradually increase, effectively blocking SR. The
radiation values of DSR range from 929.34 to 1003.66W/m², while the
radiation values of DR during this period range from 1.25 to 120.25W/m²,
and the radiation values of RR range from 252.8 to 401.46W/m². During
this period, the impact of DSR on AT is greater than that of RR, which in
turn has a greater impact than DR.

During the same period, Guoping Road exhibits the highest RR but the
lowest AT. This phenomenon may be attributed to Guoping Road having
the largest building shadow area, where shading effectively reduces AT. At
14:00, the AT reaches its peak within the study area, with AT ranging from
35.18 to 37.02 °C. Under identical conditions of time and paving materials
(withvarying shadedareadistributions),ATvariations along the same street
are primarily influenced by differences in DR, RR caused by shaded area
differences. When direct SR is constant, the RR values of the square, the
vacant land, and the western section of Shengping Road vary with the
albedos of different underlying surfaces. However, the AT over the vacant
land, which has a soil substrate, is lower than that over the permeable
pavement of the square. The AT difference at 13:00 is 0.7 °C, at 14:00 is
0.6 °C, and at 15:00 is 0.7 °C,with an average difference of 0.67 °Cduring the
high-temperature period. Similarly, the AT over the asphalt pavement on
the eastern sectionof ShengpingRoad is higher than that over thepermeable

Fig. 4 | Hourly air temperature measurements at four points. aHourly AT at 1.5 m height (°C); bHourly RH at 1.5 m height (%); cHourlyWS at 1.5 m height (m/s). Red
point indicates point 1; Orange point indicates point 2; Green point indicates point 3; Blue point indicates point 4.

Table 2 | Initial parameter settings for simulation model

Type Parameter information

Base location Shantou port district 23°32′N, 116°45′E

Roughness of near-
surface

0.1

simulation time Starting time 8:00 on June
20, 2021

Simulation duration (h) 11

Wind direction (°) 260

Meteorological parameters Continuous wind speed
(m/s)

2.09

cloud cover 0

Underlying surface material Asphalt/soil/permeable
pavement

Default values in
ENVI-met

Horizontal boundary
condition

- Forced
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pavement on the western section. The AT difference at 13:00 is 1.2 °C, at
14:00 is 0.9 °C, and at 15:00 is 1.1 °C, with an average difference of 1.07 °C
during the high-temperature period. The comparison results indicate that
the impact of the three paving materials on AT within the study area is
ranked as follows: asphalt > permeable pavement > soil.

Under the same street orientation at the same time, Yuanqian Road,
with a H/D ratio of approximately 1.2, has a larger building shadow area
compared to the eastern section of Shengping Road, which has a H/D ratio
of approximately 0.9. This suggests that, during the summer high-
temperature period, streets with a higher H/D ratio within the study area
are more effective in blocking SR and thus better at reducing AT.

Relative humidity and wind speed. As depicted in Fig. 9, during the
timeframe of 13:00 to 15:00, the overall trend of changes in RH at various
moments is inverse to that of AT, with RH decreasing as AT rises. At
14:00, notable temperature variations are observed among Guoping
Road, Shengping Road, and Yuanqian Road, whereas there is little var-
iation in RH. Under peak AT conditions, the RH at 14:00 has nearly
reached its lowest point of 45.31%. Simultaneously, although the AT in

the unused space on the west side of the Central square is not the lowest
within the study area, the RH there is generally higher than in other
districts. This could be attributed to the natural soil underlying this area,
as the evaporation of soil moisture elevates the RH. Furthermore, despite
no significant fluctuations inWS across different time periods within the
same region, the changes in RH are pronounced, indicating that, during
this period, RH within the study area is more prominently influenced
by AT.

As shown in Fig. 10, during the 13:00–15:00 period, the overall WS
varies within the range of 0–2.71m/s. In some areas of the west side of the
central square, WS slightly increases, while WS in other spaces shows no
significant changes. At the same moment, WS differences are significant
across different regions. The maximumWS in the central square can reach
2.43m/s, and in the unobstructed area near Shengping Road (within the
vacant space on the west side), theWS can reach as high as 2.59m/s. In the
semi-enclosed area near Anping Road, the WS is relatively low, with a
minimum of only 0.09m/s. The WS on Shengping Road and Yuanqian
Road, which run east-west, are notably higher than those onGuoping Road.
Additionally, the WS in the eastern section of Shengping Road and some
areas ofYuanqianRoad showsignificant variations,whichmaybedue to the
canyon effect caused by the alignment between the east-west orientation of
the streets and the wind direction on the simulation day.

Thermal comfort. We imported the atmosphere data output by ENVI-
met into the BIO-met module, and calculated the PET thermal comfort
index by using summer clothing thermal resistance and a metabolic rate
of 86.21W/m². The thermal comfort scale of PET can be divided into
nine levels: very cold, cold, cool, slightly cool, neutral, slightly warm,
warm, hot, and very hot50, with each level corresponding to a PET tem-
perature range from low to high. The neutral range refers to the PET value
range when the human body subjectively feels comfortable. Due to the

Fig. 5 | Comparison of measured and simulated air temperature values. a Point 1; b Point 2; c Point 3; d Point 4. Blue point indicates measured value; Orange point
indicates simulated value.

Table 3 | Analysis of RMSE andMAPE betweenmeasured and
simulated values at 1.5m

Measure point Air temperature Relative humidity

RMSE (°C) MAPE (%) RMSE (%) MAPE (%)

Point 1 0.59 1.34 3.08 4.92

Point 2 0.74 1.65 3.24 4.76

Point 3 0.42 0.95 2.73 4.65

Point 4 0.96 2.24 2.68 4.13

Fig. 6 | Comparison of measured and simulated values of relative humidity. a Point 1; b Point 2; c Point 3; d Point 4. Blue point indicates measured value; Orange point
indicates simulated value.
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influence of various factors such as climate environment and social
culture on thermal comfort evaluation, the thermal comfort evaluation
criteria need to be adjusted according to the local PET neutral range.
Based on the PET grading standards of regions with similar climate
environments such as Hong Kong, Taiwan, and Guangzhou50–53, it is
known that the summer neutral PET index range in Shantou City is
between 21 and 29 °C.

As shown in Fig. 11, the maximum PET values at all measurement
points occur during the 14:00 and 15:00 periods, which is the worst time for
thermal comfort during theday.As shown inFig. 13, by visualizing the14:00
and 15:00 data in the Leonardo module, it can be seen that the PET high-
temperature area distribution is the largest within the street space at 14:00.
During the high-temperature period, the PET values within the study area
are all above 43 °C, and this period falls under the “very hot” level. The five
pedestrian streets face thermal environment safety hazards and are unsui-
table for visitors to tour.

As shown in Fig. 12, for east-west oriented streets, the PET values on
both sides of Yuanqian Road are lower than those on the east side of
Shengping Road, which has the same orientation. The areas with relatively
lower PET values coincide with the shaded areas. For north-south oriented
streets, Guoping Road exhibits different PET values divided by building
shadows, with the northern section having better thermal comfort than the
southeast section. On Anping Road (runs from southeast to northwest),
sectionswithout building shading even have PETvalues exceeding 52.40 °C.
The western side of the central square and the east side of Shengping Road
have relatively lower PET values. Combining these PET area distribution
observationswithmicroclimate simulation results, it is found that areaswith
lower PET values coincide with areas of higherWS. During this period, the
AT on the east section of Shengping Road is higher than that on the

southeast section of Guoping Road, with the same RH. However, due to the
higher WS on the east section of Shengping Road, its PET value is sig-
nificantly lower than that of the southeast section of Guoping Road. This
suggests that at 14:00 and 15:00, direct sunlight and WS have a more sig-
nificant impact on thermal comfort within the study area.

Comparing the simulation results, it is evident that the time of highest
temperature coincides with the time of poorest thermal comfort, but their
spatial distributions are not entirely consistent. This is because the PET
thermal comfort index is influenced by multiple factors, including AT, RH,
WS, and mean radiant temperature. Comparison of mean radiant tem-
perature and wind speed shows that spaces with higher mean radiant
temperature and lower WS within the study area have higher PET values
and poorer thermal comfort. Examples include Guoping Road, Anping
Road, and the unused area west of the square near Anping Road.

The assessment of PET optimization from greening schemes
Open space: As shown in Fig. 13, in the vacant land area west of the central
square, three different greening schemes were created by selecting tree
coverage rates of 25%, 50%, and75%,whilemaintaining a consistent ground
cover coverage rate of 80%. The thermal comfort of these schemes was then
compared through simulation results.

In terms of site plan design, we positioned the site entrances and exits
according to the pedestrian flowdirection in the study area. The entranceon
the northeast and southeast sides facilitate visitors’ access and linger, while
the entrances on the northwest and west sides are convenient for residents.
Additionally, the layout follows the road fabric on the west and southeast
sides, forming a radial road network to enhance accessibility for visitors.
Furthermore, to minimize visual impact on visitors in the historic district
and to screen the parking lot to the north, we adopted a dispersed, aligned

Fig. 7 | Simulated AT and DSR from 13:00 to 15:00. a AT simulation at 13:00; b AT simulation at 14:00; c AT simulation at 15:00; d DSR simulation at 13:00; e DSR
simulation at 14:00; f DSR simulation at 15:00. AT air temperature, DSR direct solar radiation.
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tree arrangement. This layout also promotes local natural ventilation,
allowing trees to fully utilize their transpiration effects and SR blocking
capabilities.

The morphological and dimensional parameters of tree models, par-
ticularly the tree crown, are closely related to the results of urban thermal
environment simulations54–56. As shown in Fig. 14, during the daytime heat
periods in summer, the morphology of trees determines the position and
size of tree shade, thereby producing different microclimate. The umbrella-
shaped tree crown has a large shade area and high branching points,

resulting in excellent shading effects, minimal wind obstruction, and opti-
mal cooling and humidifying effects. The spherical tree crown is less
effective, while the tower-shaped tree crown has the smallest effective sha-
ded area and lower branching points, causing more significant obstruction
to air circulation. Considering the actual height of surrounding buildings,
the greening plan selects umbrella-shaped tree crown trees with a height of
7m and a crown spread of 5m.

Scheme 1 has a tree coverage percentage of 25%; Scheme 2 has 50%;
and Scheme 3 has 75%. All three schemes use the same tree species, which

Fig. 8 | Simulated ofDRandRR from13:00 to 15:00. aDR simulation at 13:00;bDRsimulation at 14:00; cDRsimulation at 15:00;dRR simulation at 13:00; eRR simulation
at 14:00; f RR simulation at 15:00. DR diffuse radiation, RR reflected radiation.

Fig. 9 | Simulation of relative humidity distribution from 13:00 to 15:00. a RH simulation at 13:00; b RH simulation at 14:00; c RH simulation at 15:00. RH relative
humidity.
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are planted inwalking and resting areas, which helps provide effective shade
for visitors. The paving materials are all low-luminance, light-colored
permeable bricks, reducing absorption of SR. In terms of visual impact, trees
are planted along thewest side of ShengpingRoad to block the visual impact
of the parking lot on the site entrance. Additionally, trees are planted next to
the isolated historical building on the west side of the square to weaken the
background visual impact when visitors view the historical building. Based
on the three greening schemes, an ENVI-met model is established, with the
initialmeteorological parameters of themodel being the same as those of the
current simulation, and visualization of microclimate indices is conducted
at a height of 1.5 m.

As shown in Figs. 15 and 16, we have selected the areas within the
dashed-line boxes as specific evaluation zones. Compared to the original site
without landscaping, the planting of trees and their shaded areas have
significantly improved thermal comfort during the 14:00 and 15:00 time
slots. In Scheme 1, which features a 25% tree coverage rate, approximately
27% of the area experienced a decrease in PET values ranging from 0.63 to
5.96 °C at 14:00, and about 33%of the area saw a reduction of 0.40 to 7.74 °C
at 15:00. At the northeast entrance square, PET values increased by 0.4 to
0.6 °C at 14:00, but remained unchanged at 15:00. This phenomenon can be
attributed to the change in paving material from soil to permeable pave-
ment, asWS showedno significant variation during this period, as indicated
by the previous microclimate analysis.

In Scheme 2, with a 50% tree coverage rate, approximately 53% of the
area experienced a decrease in PET values ranging from 0.75 to 6.72 °C at
14:00, and about 64% of the area saw a reduction of 0.92 to 9.83 °C at 15:00.

At the northeast entrance square, PET values increased by 0.4 to 0.6 °C at
14:00, with minimal changes at 15:00. This was due to the combined effects
of treeobstruction toventilationon thewest sideof the site and the change in
paving material from soil to permeable pavement. Additionally, this plan
also improved thermal comfort in the external street spaces. At 14:00,
approximately 10% of the area along the northern section of Guoping Road
sawadecrease inPETvalues ranging from0.31 to 0.57 °C, andabout 2.5%of
the area along the southeast section experienced a reduction of 0.45 to
0.83 °C. At 15:00, approximately 12.5% of the northern section saw a
decrease of 0.49 to 1.87 °C, and about 12% of the southeast section
experienced a reduction of 0.71 to 1.18 °C. The eastern section of Shengping
Road saw a 25% area with PET values decreasing by 0.20 °C at both 14:00
and 15:00. Anping Road saw a decrease of 0.26 to 0.74 °C in approximately
2.5% of its area at both 14:00 and 15:00. Yuanqian Road only showed a
decrease of 0.20 °C in about 10% of its area at 15:00.

In Scheme 3 with 75% tree coverage, at 14:00, approximately 78%
of the area experienced a decrease in PET values ranging from 0.45 to
7.62 °C, and at 15:00, about 85% of the area exhibited a decrease in PET
values ranging from 0.75 to 11.10 °C. The area with PET values
exceeding 54.20 °C was significantly reduced compared with the ori-
ginal site. Additionally, this scheme had a notable impact on improving
the external street spaces: at 14:00, about 17% of the area along the
northern section of Guoping Road showed a decrease in PET values
ranging from 0.36 to 1.31 °C, and about 4% of the area along the
southeastern section demonstrated a decrease ranging from 0.48 to
0.97 °C. At 15:00, about 30% of the northern section and 14% of the
southeastern section experienced decreases ranging from 0.65 to
2.28 °C and 0.76 to 1.46 °C. Along the eastern section of Shengping
Road, 45% of the area had a PET decrease of 0.20 °C at both 14:00 and
15:00. Anping Road had a PET decrease of 0.20 to 1.37 °C in 5% of its
area, and Yuanqian Road had a PET decrease of 0.20 to 0.40 °C in about
13% of its area, both at these times.

Although the association between urban green spaces and cooling
effects is increasingly clear57–59, the relationship between greenery and
human thermal comfort remains worthy of discussion60,61. Comparing the
optimization results of the three greenery design schemes, it is evident that
during peak summer heat periods, Scheme 3 with 75% tree coverage pro-
vides the largest improvement in comfort, the greatest decrease in PET
values, and the most significant impact on adjacent pedestrian streets.
Scheme 2 with 50% tree coverage follows, while Scheme 1 with 25% tree
coverage shows weaker improvements in thermal comfort. The optimiza-
tion areas for Scheme 1 are mainly concentrated within the green-covered
site, whereas Schemes 2 and 3 show a noticeable expansion of optimization
areas, enhancing thermal comfort in nearby areas due to the introduction of
greenery. This indicates that increasing greenery enhances the “Cool Island
Spillover Effect”(CISE). However, this does not mean that higher tree
coverage is always better, as in Schemes 2 and3, certain areas experiencedan

Fig. 10 | Simulation of WS distribution from 13:00 to 15:00. aWS simulation at 13:00. bWS simulation at 14:00. c WS simulation at 15:00. WS wind speed.

Fig. 11 |Hourly PET thermal comfort simulation values ofmeasuring points 1–4.
Red circle indicates point 1; Orange circle indicates point 2; Green circle indicates
point 3; Blue circle indicates point 4. PET physiological equivalent temperature.
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increase in PET values of 0.87 to 1.67 °C due to the negative impact of high-
density tree cover on ventilation and heat dissipation in those areas, sug-
gesting that an appropriate tree coverage and strategic placement are more
conducive to improving outdoor thermal comfort.

Regarding street spaces. As shown in Fig. 17, inmost streets within the
study area, the first-floor spaces along the streets recess inward to form
public spaces for pedestrians, known as arcades. Most historical buildings
have facades spanning 4-5 floors, and visitors can only fully view the facades

Fig. 12 | Simulation of PET distribution at 14:00 and 15:00. a PET simulation at 14:00; b PET simulation at 15:00. PET physiological equivalent temperature.

Fig. 14 | The effect of different trees on thermal environment of surrounding area.

a. Plan of Scheme 1 b. Plan of Scheme 2 c. Plan of Scheme 3

Fig. 13 | Plans of three greening layout. a Plan of Scheme 1; b Plan of Scheme 2; c Plan of Scheme 3.
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of each floor from corridors or streets if their line of sight is not obstructed.
Based on visual analysis, under the constraint that the sightlines of visitors
with a height of 1.7 m are not obstructed, plant heights should not exceed
2m. The width of the pedestrian streets is approximately 10m, and a 4-m-
wide fire lane must be reserved on each side. Therefore, the width of street
greening should also not exceed 2m, making it suitable to adopt a greening
approach combining shrubs with groundcovers.

As shown inFig. 18, linear greening is added to the street space. Scheme
4 employs 1-meter-high shrubs combined with groundcovers, while
Scheme 5 utilizes 2-meter-high shrubs combined with groundcovers. Apart
from the difference in shrub height, the planting methods and paving
materials are identical in both schemes. The green space ratio for each street
is 10%. The initialmeteorological parameters for themodels are the same as
those used in the previous microclimate status simulation, and visualiza-
tions of PET values are conducted at a height of 1.5m.

As shown in Figs. 19 and 20, at 14:00 and 15:00, the PET simulation
results of two linear greening schemes (Schemes 4 and 5) at a height of 1.5m
are compared with the current non-greening thermal simulation results,
with the comparison scope indicated by the dashed line in the figure.

For the eastern section of Shengping Road, in Scheme 4, at 14:00,
approximately 40%of the area surrounding the greenery experienced a PET

value decrease of 0.20–0.40 °C, and at 15:00, approximately 8% of the area
showed a similar decrease. In Scheme 5, at 14:00, approximately 37% of the
surrounding area had a PET value decrease of 0.20–0.40 °C, and at 15:00,
approximately 10% of the area showed a similar decrease.

For the northern section of Guoping Road, in Scheme 4, at 14:00,
approximately 3% of the area surrounding the greenery had a PET value
decrease of 0.15–0.20°C, and at 15:00, about 10% of the area experienced a
significant PET value decrease of 1.42–1.79 °C. In Scheme 5, at 14:00,
approximately 21% of the surrounding area had a PET value decrease of
0.32–0.76 °C; at 15:00, about 14%of the area showed aPETvaluedecrease of
1.55–2.11 °C. For the southeastern section ofGuopingRoad, in Scheme 4, at
14:00, there was no significant improvement in the PET values surrounding
the greenery, while at 15:00, almost 6% of the area showed a PET value
decrease of 0.96–1.48 °C; In Scheme5, at 14:00, about 8%of the surrounding
areahadaPETvaluedecreaseof 0.63–1.55 °C, andat 15:00, about 20%of the
area experienced a PET value decrease of 0.98–1.61 °C.

For Anping Road, according to Scheme 4, at 14:00, the PET values in
approximately 4% of the area surrounding the greenery decreased by
0.20–0.53 °C; at 15:00, the PET values in approximately 6% of the sur-
rounding green areas decreased by 0.20–2.73 °C. In Scheme 5, at 14:00, the
PET values in almost 11% of the surrounding green areas decreased by

a. Current PET simulation b. PET simulation for Scheme 1

Fig. 15 | PET Simulation of Scheme 1–3 at 14:00. aCurrent PET simulation; bPET simulation for Scheme 1; cPET simulation for Scheme 2;dPET simulation for Scheme 3.
The black dashed line represents the data analysis area. PET physiological equivalent temperature.
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0.20–0.53 °C; at 15:00, the PET values in about 13% of the surrounding
green areas decreased by 0.17–3.73°C.

For YuanqianRoad, according to Scheme 4, at 14:00, the PETvalues in
approximately 10% of the surrounding green areas decreased by
0.20–0.40 °C; at 15:00, the PET values in about 8% of the surrounding green
areas decreased by 0.20–0.40 °C. In Scheme 5, at 14:00, the PET values in
about 11% of the surrounding green areas decreased by 0.20 –0.40 °C; at
15:00, the PET values in almost 10% of the surrounding green areas
decreased by 0.20–0.40 °C.

In summary, by comparing the PEToptimization degree of the various
streets, it can be seen that the improvement degree of Scheme 5 is generally
superior to that of Scheme 4.Without obstructing visitors’ sightlines, the use
of taller shrubs can improve thermal comfort in more surrounding areas.
However, compared to tree-based greening schemes, the areas improved by
shrub-based greening remain relatively limited.

An optimized greening scheme suitable for high-density histor-
ical districts
As shown inTable 4, according to the thermal comfort improvement results
of the 5 greening schemes: In the tree greening scheme with an area-based
layout, the thermal comfort of Scheme 3 with 75% tree coverage is the best.
During the hottest period of summer, from 14:00 to 15:00, the PET values
within the observation range decreased by 0.45–11.10 °C, with an average

Fig. 16 | PET Simulation of Schemes 1–3 at 15:00. aCurrent PET simulation; b PET simulation for Scheme 1; c PET simulation for Scheme 2; d PET simulation for Scheme
3. The black dashed line represents the data analysis area. PET physiological equivalent temperature.

Fig. 17 | Analysis of street sightline.This figure shows the section of the street in the
study. The black dashed line represents a person’s sightline.
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optimized area ratio of 81.5%, forming a significant “Cool Island Effect”
(CIE), which significantly reduced the PET values in the tree canopy cov-
erage area, helping to quickly improve the thermal comfort of aggregated
crowds. Combined with the conclusions from Section 3.1, this greening
scheme also reduced the PET values of the surrounding street spaces by
0.20–2.88 °C, with the improved area ratio reaching up to 45%. A high-
coverage tree greening scheme can also produce a more pronounced “Cool
Island Spillover Effect” (CISE), benefiting pedestrians dispersed in the
surrounding spaces. In the two shrub greening schemes with linear layouts,
Scheme 5 (2m-tall shrubs) has 50% more green volume than Scheme 4
(1m-tall shrubs), calculated based on the same planting density and average
canopy width. Simulation results show that Scheme 5 has better thermal
comfort, with PET values within the observation range decreasing by
0.20–3.73 °C, an average optimized area ratio of 14.5%, and the optimized
area concentrated within 1 meter around the green belt. The CISE is
insufficient, failing to affectmore distant district spaces, and only prioritizes
the improvement of thermal comfort for pedestrians near the green belt.

Overall, under the same indicators, such as plant configuration principle
and site conditions, area-based greening is more effective in improving the
overall thermal environment, significantly reducing the PET values in the
greening coverage area. However, it is important to avoid excessive tree
coverage leading to poor local heat dissipation. Additionally, due to site area
constraints, it is difficult to add large area-based greening in high-density
historical districts. The introduction of linear greening, although unable to
significantly lower PETvalues, has stronger targeting for pedestrian thermal
comfort optimization and can be flexibly arranged in themiddle or on both
sides of the streets, making it more suitable for flexible and dispersed pla-
cement in high-density historical districts.

As shown in Table 5, to compare the cost-effectiveness of the five
schemes and help planners quantify the “greening investment— thermal
comfort benefit” relationship, we further define the cooling efficiency of
greening using “the decrease in PET (°C per 1% greening rate) and the ratio
of thermal comfort improvement area per 1% greening rate,” with the
calculation formulas as follows:

ET ¼ Tavg

G
ð1Þ

Note: ET represents the temperature improvement efficiency (°C/1%
green coverage); Tavg is the mean value of the PET reduction range (°C); G
represents the green coverage rate (%).

EA ¼ Ar

G
ð2Þ

Note: EA represents the area improvement ratio (ratio/1% greening
rate);Ar represents the proportion of the improved thermal comfort area to
the observed area (%); G represents the greening rate (in %).

From the calculation results in the table, it can be seen that the tem-
perature improvement efficiency (ET) of the patchy tree greening scheme
exhibits diminishing unit benefits as the greening rate increases (with the
cooling efficiency per 1% greening rate decreasing under high coverage).
The ET at 14:00 decreases from 0.26 to 0.11 for -Schemes 1 to 3, while the
area improvement ratio (EA) remains stable at 0.0104–0.0108, indicating
that the cool island spillover effect can drive a comprehensive improvement
in thermal comfort across the entire observation area. In the linear shrub
scheme, the 1m tall shrubs (Scheme 4) have a higher temperature
improvement efficiency (0.29 at both 14:00 and 15:00) due to their proxi-
mity to pedestrian height and minimal obstruction to ventilation. Mean-
while, the EA at 14:00 for the 2m tall shrubs (Scheme 5) is 0.0170, the
highest in the entire table, demonstrating the local efficiency of low-level

Fig. 18 | Layout plan of linear greening.

Fig. 19 | PET simulation of Schemes 4 and 5 at 14:00. a Current PET simulation; b PET simulation for Scheme 4; c PET simulation for Scheme 5. The black dashed line
represents the data analysis area. PET physiological equivalent temperature.
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shading. Overall, the patchy scheme with a 50% greening rate (Scheme 2)
strikes a balance between cooling efficiency and coverage,making it suitable
for comprehensive optimization of open spaces. Linear greening, on the
other hand, is more suitable for localized enhancement in narrow streets,
with 1mtall shrubs emphasizing abalance betweenventilationand shading,
and 2m tall shrubs focusing on precise cooling in vertical spaces. The above
data provides a quantitative basis for the “form-efficiency” relationship in
greening planning for high-density historic districts, namely selecting
greening forms based on spatial scale and functional needs: preferring
patchy trees with a coverage rate of 50–75% in open areas to leverage their
spillover effect for overall thermal environment improvement; and opting
for intermittent linear shrubs 1–2m tall in narrow streets to achieve a
synergy of “comprehensive cooling and localized enhancement”.

In similar research cases, historical districts exhibit three prominent
characteristics: high building density, high pedestrian density, and a high
proportion of “very hot” areas. These constraints necessitate that efforts to
enhance outdoor thermal comfort through increased greenery must
simultaneously address the protection of heritage buildings, the coordina-
tion of building facades, the width of fire lanes, and unobstructed visitor
views. This imposes detailed requirements on the form and scale of

greenery. Different spaces within historical districts, such as squares, vacant
lots, main streets, alleys, and areas around heritage buildings, require tai-
lored greenery strategies. Beyond the trees and shrubs mentioned in the
simulation plans, a more diverse range of greenery types can enhance the
targeting and adaptability of greenery schemes. For instance, movable
greenery and vertical greenery can increase layoutflexibility, shallow-rooted
greenery canminimize damage to heritage building foundations, and native
plants can strengthen the environmental adaptability of greenery plans. As
shown in Table 6, we present a greenery strategy matrix that illustrates the
correspondence between different spatial types and greenery types in
Shantou port districts, along with key design considerations.

In addition to selecting a reasonable greenery strategy, adhering to the
design process is equally crucial. During the current thermal comfort
assessment phase, priority levels for greenery implementation are deter-
mined based on the thermal comfort grades of different areas. Areas with a
PET greater than 50.6 °C (such as the west side of the central square) are
classified as the first priority, areas with a PET between 45.2 and 50.6 °C are
the second priority, and areas with a PET between 39.8 and 45.2 °C are the
third priority. In the preliminary design phase of the greenery plan, fol-
lowing the “minimum intervention” principle, greenery strategies are

Table 4 | Impact of 5 greening schemes on thermal comfort

Greening plan Greening type Tree
coverage rate

Plant height,
crown
diameter (m)

Improvement at 14:00 Improvement at 15:00
Cooling range
(°C)/Area ratio (%)

Cooling range
(°C)/Area ratio (%)

Area-based greening Schemes1 Tree, vegetation 25% 7*5 0.63–5.96, 27% 0.40–7.47, 33%

Schemes2 Tree, vegetation 50% 7*5 0.75–6.72, 53% 0.92–9.83, 64%

Schemes3 Tree, vegetation 75% 7*5 0.45–7.62, 78% 0.75–1 1.10,85%

Linear greening Schemes4 Shrubs 10% 1*2 0.15–2.73, 13% 0.20–2.73, 8%

Schemes5 Shrubs 10% 2*2 0.20–1.55, 17% 0.17–3.73, 12%

Note: 1. The temperature reduction range includes the difference between the shaded and non-shaded areas of trees. 2. The area ratio is based on ENVI-met grid counting.

Table 5 | Comparison of greening investment and thermal comfort benefits

Greening plan greening rate 14:00 15:00

ET (°C/1% green coverage) EA (ratio/1% greening rate) ET (°C/1% green coverage) EA (ratio/1% greening rate)

Scheme1 25% 0.26 0.0108 0.32 0.0132

Scheme2 50% 0.15 0.0106 0.22 0.0116

Scheme3 75% 0.11 0.0104 0.16 0.0113

Scheme4 10% 0.29 0.0130 0.29 0.0080

Scheme5 10% 0.18 0.0170 0.39 0.0012

Fig. 20 | PET simulation of Schemes 4 and 5 at 15:00. a Current PET simulation; b PET simulation for Scheme 4; c PET simulation for Scheme 5. The black dashed line
represents the data analysis area. PET physiological equivalent temperature.
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allocated to various areas based on the greenery strategy matrix of Table 6,
with different greenery rates such as 10%, 25%, 50%, and 75% configured to
form multiple greenery plans. During the thermal comfort simulation cal-
culation phase, the simulated PET results of each plan are compared with
the current non-greening thermal environment to quantify the extent and
area of thermal comfort improvement, and the correlation between
greeneryplans and the district’s pedestrian thermal comfort is analyzedwith
reference to Tables 4 and 5. Specifically, Table 4 provides basic data such as
the cooling range and improved area ratio of each scheme, while Table 5
offers quantitative indicators like temperature improvement efficiency (ET)
and area improvement ratio (EA), which together support the correlation
analysis. In the optimization design phase, the impact characteristics of
greenery forms, greenery rates, and plant scales on the study area are
evaluated, providing abasis for the formulationof optimized greeneryplans.

As shown in Fig. 21, following the above four design processes, we have
designed the greenery distribution plan for the historical district of Shan-
tou City.

Discussion
Under the international consensus on the conservation of built heritage,
urban morphological characteristics in high-density historical districts are
protected by heritage regulations62,63. However, within the context of rapid
urbanization, many such districts, including the “port-opening area” of
Shantou city, have experienced overdevelopment for commercial purposes,
resulting in a notable lack of greening that exacerbates urban heat stress6,7.
This issue is compounded by studies showing that insufficient greenery
coverage significantly contributes to resident dissatisfaction with outdoor
thermal environments in historical areas16, while the cooling potential of

Table 6 | Greening strategy matrix of the study area

Area Space features Greening Key points of design

Square, vacant land 1. Open space (H/D < 0.5)
2. Tourist gathering areas, high density, long stay
duration.

Area-based greening 1. Umbrella-shaped trees (H = 7m, coverage rate
50–75%);
2. Linear layout;
3. Permeable pavement with low reflectivity.
4. Unobstructed area at the entrance and exit with width
of 4m.

Main street 1. Radial pattern around the central square, with
width of ≥10m and H/D ratio of 0.8–1.5.
2. The width of the fire escape lane on each side
is ≥4m.

Linear greening. 1. A 2m-high shrub belt arranged along the arcade
colonnade;
2. Movable potted plants added in between.
3. The width of the shrub belt is ≤2m, and the spacing
between potted plants is ≥6m.

Branch streets and alleys 1. The road width is ≥5m, and H/D ≥ 2.
2. The width of the fire escape lane is ≥4m.

Vertical greening 1. Wall climbing plants, wall planting bags, and hanging
plants suspended from eaves.
2. Avoid ground trees and plants.

Surrounding areas of
buildings

The area within a 1-m= radius around the heritage
buildings is a no-planting zone.

Shallow- rooted
greening

1. Shallow-rooted herbaceous plants planted in flower
box.
2. The planting area shall not be adjacent to the
external wall.

Fig. 21 | The greenery distribution plan of the study area. Green circle indicates plants; Green line indicates vertical greenery; Red line indicates the first priority; Orange
line indicates the second priority; Blue line indicates the third priority.
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vegetation is often constrained by high-density urban morphology that
limits solar exposure for many green spaces64. This paper addresses the
widespread issue of degraded thermal comfort by examining the impact of
different outdoor greening configurations. Focusing on two types of
potential greening sites, arcaded streets and vacant land, we propose five
greening design schemes to systematically evaluate how greening form and
volume influence PET. Building upon previous studies that highlight the
role of vegetation in microclimate regulation15,60, this research aims to
enhance the efficiency and accuracy of greening design in heritage-sensitive
urban environments, offering a approach tobalancing thermal comfortwith
preservation needs.

Our findings echo existing knowledge that vegetation plays a crucial
role in microclimate regulation, and further refine this principle through
quantitative analysis. The demonstrated cooling effects of greening align
with broader consensus in the field, yet our study advances this knowledge
by differentiating the microclimate impacts of area-based versus linear
greening configurations, as well as tree versus shrub plantings (Table 4).
This distinction resonates with research showing that different planting
patterns and species combinations yield varying cooling benefits65, and that
trees generally provide superior cooling effects compared to grass surfaces19.
The observed “Cool Island Spillover Effect” (CISE) from the 75% tree
canopy coverage scheme (Scheme 3) underscores the district-scale potential
of concentrated greening in open spaces. This phenomenon, while recog-
nized in broader urban green space studies57,58, is specifically quantified here
for the constrained context of a historic district, echoing findings that large,
contiguous green spaces produce more pronounced cooling effects64.
Conversely, the targeted improvements from linear shrub schemes
(Schemes 4 & 5) highlight the necessity of context-specific solutions, reso-
nating with research emphasizing the need for tailored approaches in
complex urban fabrics53 and studies demonstrating that optimizing tree
arrangement according to solar exposure significantly enhances cooling
efficiency29. A core contribution of this work lies in introducing cost-
effectiveness metrics (ET and EA), offering a new perspective for planners.
Unlike studies focusing primarily on alternative strategies like high-
reflectance materials9 or shading facilities10, our research quantifies the
“form-efficiency” relationship of greening itself. The data revealing higher
immediate cooling efficiency for 1m shrubs but greater area improvement
ratio for 2m shrubs (Table 5) provides a basis for decision-making, helping
to balance “ventilation-priority” versus “local-cooling-priority” needs in
different street contexts. However, the study also reveals complexities. The
slight PET increase in certain areas of Schemes 2 and 3, attributed to
impeded ventilation, serves as a critical reminder that greening designmust
holistically consider air movement alongside SR, a challenge also noted in
studies of high-density urban greenery66. This insight reinforces the value of
a diversified greening toolkit, as proposed in our strategy matrix (Table 6),
which suggests adaptable solutions like movable planters and vertical
greening for varied micro-spaces, consistent with research advocating for
multidimensional greening approaches in space-constrained historical
districts21 and studies demonstrating the thermal benefits of vertical
greening systems in high-density environments27.

It is important to note the specific context inwhich this study’sfindings
are situated. The quantitative outcomes and the proposed greening strategy
matrix (Table 6) are primarily applicable to high-density historic districts in
southern coastal cities of China, characterized by a hot-humid subtropical
climate and a built fabric dominated by arcade buildings. The strategy of
prioritizing cooling, selecting plants such as umbrella-shaped trees, and
addressing specific constraints including a 2m height limit for shrubs to
preserve heritage sightlines and a 4m fire lane reservation, are direct
responses to this unique context.Consequently, these specific strategiesmay
not be directly transferable to historic districts in other climatic zones, such
as temperate regions where solar access in winter is a key concern, or to
districts with different architectural heritage typologies and conservation
regulations.

Under the constraints of international heritage conservation, the dis-
tinctivemorphology of high-density historic districts is both a cultural asset

and a source of thermal discomfort. This study navigates the critical chal-
lenge of improving livability without altering the protected urban fabric. It
advances strategic greening as a viable path forward, and through a com-
parative analysis of design option supported by field data and simulation,
proposes a data-drivenmethodology for deploying greening strategies with
precision and efficacy. The main conclusions are as follows:

First, the spatial distribution of thermal comfort is highly hetero-
geneous, dictated by the interplay of street morphology and SR. The period
between 14:00 and 15:00 was identified as themost critical, with PET values
exceeding 43 °C across the study area, categorizing the thermal sensation as
“veryhot.”Areaswith insufficient shading, such as sections ofAnpingRoad,
and spaces with constrained ventilation, like the southern part of Guoping
Road, were identified as priority zones for intervention.

Second, the efficacy of greening is highly dependent on its configura-
tion. For open spaces, patchy greening with trees is paramount. The 75%
canopy coverage scheme achieved the most significant cooling, reducing
PET by 0.45–11.10 °C for 85% of the area and generating a valuable “Cool
Island Spillover Effect” that improved adjacent streets. However, dimin-
ishing returns in cooling efficiency at higher coverage rates suggest an
optimal range of 50–75%, which balances maximum benefit with resource
investment. For constrained street canyons, where trees are impractical,
linear greening with 1–2m high shrubs provides targeted relief, reducing
PET by 0.17–3.73 °C without obstructing heritage sightlines or fire lanes.

Third, the core innovation of this research lies in itsmethodology. The
introduction of cost-effectiveness metrics (ET and EA) quantifies the
“greening investment-thermal comfort benefit” relationship, providing
urban planners with a tangible decision-support tool. The proposed
greening strategy matrix further translates these findings into actionable
design guidelines tailored to specific spatial types within historic districts.

In conclusion, while the specific greening configurations and design
strategies proposed in this study are tailored to the context of Shantou’s
port-opening area, the methodological framework established here holds
broader relevance. The integrated approach of field measurement, targeted
greening scheme design, and ENVI-met simulation provides a replicable
model for thermal comfort optimization in other high-density historic
districts, particularly within similar subtropical climates. Furthermore, the
introduction of cost-effectiveness metrics (ET and EA) offers a versatile tool
for evaluating the efficiency of different greening interventions. Never-
theless, this study acknowledges certain limitations, primarily its focus on a
single typical summer day and a consistent set of plant parameters. Future
research should incorporate longitudinal studies across seasons, explore a
wider variety of plant species with differentiated physiological traits, and
integrate social surveys to assess perceived comfort. Finally, the synergistic
effects of combining strategic greening with other passive cooling strategies
warrant further investigation.

Data availability
The data that support the findings of this study are not openly available and
are available from the corresponding author upon reasonable request.
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