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ABSTRACT: This study compares two end-cooling systems, convective-radiant combined cooling (FR+FC)
and fan coil convection (FC), through continuous experimental investigations, focusing on the impact of
window-to-wall ratio (WWR) on indoor thermal comfort, temperature distribution, humidity, and energy
consumption. Results show that increasing WWR amplifies indoor temperature fluctuations. While the
overall predicted mean vote (PMV) remains within the Level-II comfort range (—1.0 to +1.0), the FC system
exhibits pronounced local PMV gradients near west-facing windows, especially at 80% WWR, where
transient PMV reaches 1.26 close to the window, 0.89 higher than at the room center. In contrast, the FR+FC
system significantly reduces spatial PMV variations, maintaining local PMV within acceptable limits for
most of the day. Energy analysis reveals that FC energy consumption rises with WWR, increasing by 7.11%
from 40% to 80% WWR, whereas FR+FC energy use decreases by 29.26% over the same range, demonstrating
its superior handling of radiant loads. Furthermore, the convective-radiant system exhibits a high average
hourly cooling performance coefficient. These findings indicate that FR+FC systems provide better thermal
comfort and energy efficiency in high-WWR spaces, making them particularly suitable for summer operation
in window-intensive buildings.
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1 Introduction

With the improvement of architectural aesthetics, the trend of adding large glass areas in
office buildings to enhance architectural appeal and provide unobstructed views has gradually
emerged [1]. The overall heat transfer coefficient of windows is typically 5 times higher than of
other components of the building envelope, contributing up to 60% of the total energy consumption
of the building [2]. During winter months, windows enable substantial solar radiation to enter
indoor spaces, effectively augmenting indoor heat levels and consequently decreasing heating
energy requirements [3]. However, during the summer season, the ingress of heat from visible
light into indoor spaces results in the conversion of solar radiant heat gain into building cooling
load, leading to a remarkable increase in energy consumption for building refrigeration due to
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radiation characteristics [4-6], which can also result in indoor overheating and exacerbate the
thermal comfort environment indoors.

The impact of solar radiation cannot be underestimated. Hou et al. [7] employed novel
scanning and thermal imaging techniques in conjunction with ray-tracing simulation to establish
a high-resolution spatial radiative heat flow model, which comprehensively characterized the
spatial distribution of long-wave and short-wave radiative heat flow and its impact on the mean
radiative temperature (MRT). Song et al. [8] employed the SMRT-Air temperature deviation method
to assess the impact of solar radiation on indoor thermal comfort. The findings indicated that solar
radiation has a considerable effect on thermal comfort in cold climates, and controlling the amount
of solar radiation transmitted through east-west windows is more crucial than other orientations.
Huang et al. [9] conducted a comprehensive review of eight existing models that consider solar
incidence and proposed a novel model for comparative comfort prediction. The findings indicated
that the majority of models incorporating solar radiation as a component of MRT demonstrate a
relative fit. Marino et al. [10,11] computed the MRT, hourly time step, and annual solar radiation
for individuals in diverse environmental settings. These values can be utilized to evaluate the
percentage of dissatisfied occupants (PPD) and its spatiotemporal variations, facilitating long-term
thermal comfort assessments and comparisons between irradiated and nonirradiated locations.
Lietal. [12] found that the operation scheme determined by multi-objective optimization can
reduce the cooling energy consumption of the building by 10.6% to 16.8%, thereby mitigating the
increase in energy consumption caused by climate change to a greater extent.

Numerous studies have consistently demonstrated that the presence of windows can lead to
thermal discomfort as a result of radiation asymmetry and uneven distribution of indoor thermal
comfort. Zhao et al. [3] conducted a case study on a typical high-rise office building with large
area windows and proposed a straightforward, practical, effective, and efficient multiobjective
optimization method. The findings indicate that maintaining an indoor comfortable environment
simultaneously in each area is challenging for multizone buildings with extensive window coverage.
Xie et al. [13] conducted a study in Guangzhou, which is representative of an area with hot
summers and warm winters, focusing on public buildings as the primary research subject and
investigating indoor thermal comfort during occupancy by varying the window-to-wall ratio
(WWR). The findings indicated that buildings with high WWR values possess considerable potential
for achieving enhanced thermal comfort in Guangzhou. Khetib et al. [14] conducted simulations to
investigate the conduction, convection, and radiative heat transfer processes in a double-glazed
window (DGW). The findings demonstrated that increasing the window angle can effectively
reduce heat transfer through the window, with a 60° increase resulting in a 10% decrease in heat
transfer. Ahmed et al. [15] performed a simulation analysis on a typical office building within this
region, evaluating four types of window glass, four orientations, and three window glass materials.
The results indicated that when the WWR is 100%, using double transparent glass leads to the
lowest heating energy consumption. Ma et al. [16] investigated variations in heating and cooling
loads under different water treatment plant conditions across various cities. The results revealed
a linear relationship between heat load/cold load and WWR. Kalaimathy et al. [17] examined
how glass transmittance and windowing ratio influence first-floor lighting performance in warm
and humid climates for two-story residential buildings. The findings suggested that installing
glass with a 16% WWR and light transmittance of 0.62 at high positions on walls with elevated
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sills and lintel heights achieves optimal functionality without causing glare. Zheng et al. [18]
discussed factors affecting thermal comfort in temporary buildings and proposed strategies for
improving thermal comfort in such structures. The results highlighted discrepancies between
predictions made by PMV-PPD models and field study outcomes regarding thermal comfort levels
in temporary buildings.

Currently, indoor air conditioning mainly employs convection-based and radiant-based air
conditioning systems, each with their own advantages and disadvantages [19,20]. By combining
convective radiation for cooling and heating in an air source heat pump, these two methods
effectively complement each other. This integration not only reduces reaction time and addresses
condensation issues during cooling [21,22] but also handles potential indoor loads (such as
dehumidification) to enhance indoor air quality while maintaining a controllable thermal
environment within acceptable limits [23]. Therefore, the combination of a radiant system with
a convective terminal is widely applied in regions characterized by hot summers, cold winters,
and wet winters [10]. Through a series of dynamic simulations conducted on a typical office
building using the Trnsys 17 environment, Salvalai et al. demonstrated an approximate linear
correlation between the frequency distribution of ambient air temperature and simulated comfort
levels [24]. Zarrella et al. [25] utilized a detailed DigiThon model to simulate and compare indoor
thermal comfort and energy consumption when coupling independent radiant cooling systems
with dehumidification, fan coil units, and mechanical ventilation. The results indicated that
coupling a radiant cooling system with an independent dehumidified fresh air system can meet
the requirements for fresh air and regulate indoor humidity levels, achieving improved comfort
conditions, indoor air quality, and rational primary energy use. Liu et al. [26-28] established a
dedicated laboratory to study the combined convection and radiation heating and cooling system
of air-source heat pumps. They found showed that the overall thermal sensation of different
populations was linearly correlated with average skin temperature, and the overall thermal
sensation of participants was linearly related to indoor operating temperature. They then analyzed
the impact of different heating terminal types” operation strategies and supply water temperature
on indoor thermal comfort, energy consumption, and energy efficiency. The results indicated that
compared with continuous operation strategies, using an intermittent operation strategy reduced
energy consumption by approximately 39% with minimal impact on thermal comfort.

Unlike many previous studies that either simplify solar radiation as a component of
mean radiant temperature or ignore its directional characteristics [9,11], this research explicitly
distinguishes between direct solar radiation (I,) and diffuse radiation (Igj) when calculating MRT. It
quantifies their distinct contributions to human thermal exchange by: Introducing the projected area
factor via polynomial algorithms, which accounts for the geometric relationship between the human
body and solar radiation beams and height angle. This refines the estimation of shortwave radiation
absorbed by the human body. Incorporating angular coefficients, to characterize the radiation
exchange between the human body and transparent envelope surfaces, enabling precise calculation
of how solar radiation transmitted through windows affects local thermal sensation. While studies
like Marino et al. [10,11] analyzed spatiotemporal variations in MRT, they did not explicitly map
the indoor irradiated zones caused by solar penetration. This research: Delimits irradiated zones on
the floor using geometric parameters, clearly identifying areas directly exposed to solar radiation;
Compares thermal comfort in irradiated vs. non-irradiated zones, revealing that solar radiation
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causes significant MRT increments and PMV deviations in irradiated zones—especially under FC
systems with high WWR. This spatial differentiation provides a more granular understanding of
how solar radiation impacts comfort across indoor locations. Previous studies on solar radiation
and WWR [3,14] rarely linked radiation effects to the performance of different cooling systems.
This research fills this gap by: Demonstrating that convective-radiant combined systems (FR+FC)
mitigate solar radiation impacts more effectively than fan coil systems (FC). Highlighting that
solar radiation-induced overheating is not merely a function of WWR but depends on the system’s
capacity to handle radiation—an interaction rarely emphasized in prior work [13,18]. To isolate
solar radiation effects, the study: Maintained consistent external shading and open internal curtains
across all WWR conditions, ensuring solar radiation intensity was the primary variable linked
to window area; Used aluminum foil insulation to adjust WWR while standardizing thermal
resistance of non-transparent surfaces, avoiding confounding heat transfer from exterior walls and
focusing on solar radiation through windows.

Based on the above literature, direct solar radiation may remarkably increase the asymmetry
of radiation temperature. Although many scholars at home and abroad have evaluated the effects
of different orientations and window sizes on indoor thermal comfort and building energy
consumption, most have not fully considered the impact of solar radiation. Research on how
windows and solar radiation affect the thermal environment of convective radiation cooling and
heating systems is relatively limited. This study conducted an analysis of the impact of window
size on indoor comfort and system energy consumption using a convective radiation cooling and
heating system established in public buildings located in hot summer and cold winter areas. This
work is beneficial for the widespread application of this system in public buildings in hot summer
and cold winter areas.

2 Methodology
2.1 Laboratory and System Introduction

The experimental tests were conducted in a room on the fifth floor of an office building in
Mianyang, Sichuan, a hot summer and cold winter region, located at 31.53° N, 104.69° E (Fig. 1).
The test room has dimensions of 8.25m x 7.89 m x 3.2 m (width x depth x height) and is equipped
with horizontal external shading devices (1.05 m) and internal shading devices. The room’s exterior
wall faces west, with a heat transfer coefficient of 0.84 W/(m?-K). The windows are constructed with
double-layer hollow tempered glass (6+12A+6), with a heat transfer coefficient of 3.30 W/(m?2-K),
and the glass structure is divided into 24 window sections by aluminum frames. The internal wall
adjacent to the east is connected to a corridor, with a heat transfer coefficient of 1.57 W/ (m?-K). The
room’s floor is covered with wooden flooring, with a surface reflectance of approximately 0.4.

The convective radiation cooling and heating system, with the air source heat pump as the main
unit, is illustrated in Fig. 2a,b. The system consists of a cold and hot source, convective terminal,
radiant terminal, thermal storage water tank, collector, primary water pump, and secondary water
pump. The cold and hot source is a household air source heat pump unit (YVAGO012RSE) with a
rated heating capacity of 12.6 kW, a rated cooling capacity of 11.2 kW, and heating and cooling
input power of 3.8 kW. The convective terminal comprises two fan coil units (TBFL-56) with a rated
heating capacity of 8.4 kW and cooling capacity of 5.6 kW. The radiant terminal is a prefabricated
dry module floor radiant system with 10 mm PE-Xb pipes arranged in a spiral pattern at 90 mm
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intervals. Additionally, an all-day full heat recovery fresh air unit (YRAROO3FOOORA) with a rated
air volume of 300 m?/h and input power of 219 W is installed indoors, to ensure the minimum
indoor fresh air volume. The measurement range and errors of the experimental instruments are
shown in Table 1.

test room

Figure 1: External view of the west facade of the test room.
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Figure 2: Experimental system: (a) Physical image of the experimental platform; (b) Experimental platform
system diagram; (c) Radiant floor system diagram.
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Table 1: Parameters of the utilized experimental test instrument.

Apparatus RS-WS-N01-2 TH10S-B TT-K-30-SLE WD4122 RS-TBQ-NO01-AL
Ambient Inner surface . ..
Measured temperature and temperature of Air temperature Indoor ngd Sol.:ar rad%atlon
parameters humidity the envelope spee intensity
Measuring —40°C~+80°C ° ° ° ° 2
range 0%~100% RH —40°C~+80°C —200°C~26°C 0~5m/s 0~2000 W/m:
. +0.3°C ° o 2
Measuring error +2% RH +0.5°C +0.5°C +0.02m/s <8 W/m
. . 0.1°C ° 2
Resolution ratio 0.1% RH 0.1°C \ 0.0l1m/s 1W/m

2.2 Experimental Scheme Design

During the experiment, which took place from June to August in Mianyang. However, based
on the experimental design we testing 5 WWR conditions: 40%, 50%, 60%, 70%, and 80%, each
WWR condition was tested over multiple consecutive days. Practical experimental logic suggests
that at least 3-5 days of data were collected for each WWR to account for daily variations in solar
radiation and outdoor temperature. Thus, the total experimental period is reasonably estimated
to be 30-50 days, ensuring sufficient data for statistical stability. The outdoor windows of the
laboratory were completely closed and sealed before the experiment started to reduce the infiltration
of outdoor air. An indoor fresh air fan was turned on to meet the indoor ventilation requirements.
Throughout the experiment, the indoor shading curtains were kept open, and the experimental
system was operated continuously. The study involved a continuous experimental investigation
of two different terminal cooling systems: convective-radiant combined cooling system (floor
radiation + fan coil, FR+FC) and fan coil convection system (FC). Under the (FC) condition, only the
convection terminal was opened, while under the (FR+FC) condition, the convection and radiation
terminals were opened simultaneously. To ensure comfort, Liu et al. [29] set the composite system
temperature of FC+FR to 26°C, while setting the temperature of the standalone FC system to 25°C,
set the supply water temperature of the main unit during the experimental testing period was
11°C, but the real water supply temperature at the end of the radiant floor is not 11°C, because the
water supply has a mixing process before entering the floor, which ensures that the water supply
temperature of the radiant floor is always higher than the dew point temperature of the air. As
shown in Fig. 2c, when the household air-source heat pump convective-radiant air conditioning
system is in cooling mode, the core of the water mixing control for the floor radiant terminal is to
dynamically adjust the mixing ratio of return water to balance the prevention of floor condensation
and the guarantee of cooling performance. The system uses a floor supply water temperature sensor
to monitor the inlet water temperature in real time, while calculating the dew point temperature
using data from indoor temperature and humidity sensors. The controller compares the supply
water temperature with a safety margin of dew point temperature +1-2°C: If the supply water
temperature is lower than the safety threshold, it commands the mixing valve to increase the
opening degree, increasing the mixing ratio of high-temperature return water to raise the water
temperature; If the supply water temperature is higher than the safety threshold, it reduces the
mixing ratio of return water and increases the proportion of low-temperature water from the
main unit to lower the water temperature; When the supply water temperature is within the safe
range (dew point +1-2°C), the current water mixing ratio is maintained for stable operation. This
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logic ensures that the floor supply water temperature always remains higher than the dew point
temperature through a closed-loop control of “real-time monitoring—dew point calculation—ratio
adjustment”, avoiding surface condensation while releasing cooling capacity through a reasonable
temperature difference. For FR+FC: A floor supply water temperature sensor monitors the inlet
water temperature in real time, while indoor temperature/humidity sensors calculate the dew
point. The controller adjusts the mixing valve to maintain floor supply water temperature at “dew
point +1-2°C” while ensuring the indoor air temperature approaches 26°C. This closed-loop logic
ensures the system actively corrects deviations from the set temperature. For FC: An independent
temperature controller modulates the fan speed and cold water flow rate of the fan coil to maintain
the 25°C setpoint. The stable indoor relative humidity further confirms that the FC system operated
continuously and effectively, with no interruptions to temperature control.

During convection radiation cooling, the temperature setpoint after calibrating the fan coil
and floor radiation indoor temperature controllers was set to 26°C. When the fan coil operated
independently for cooling, the indoor temperature controller was calibrated and set to 25°C.
Throughout the experiment, two individuals wearing 0.5 clo summer clothing sat in a sedentary
position during working hours (9:00-18:00). To ensure the authenticity of the testing, the experiment
allowed for light activity by the occupants.

The measurement points in the experimental test room include indoor air temperature
and humidity measurement points, enclosure surface temperature measurement points, and
indoor vertical temperature measurement points. The indoor air temperature and humidity
measurement point is located on the ceiling at the center of the room. The arrangement of enclosure
surface temperature measurement points is shown in Fig. 3a, and the indoor vertical temperature
measurement points are located at different distances from the window opening. Windows are the
primary path for solar radiation to enter the room, and its influence attenuates with distance from
the window. Since the test data in different indoor locations will vary greatly, this paper selects
three conventional test sites mentioned by Mohlenkamp et al. in the study for the test sites of this
experiment [30], specifically BO (0.60 m from the window) corresponds to the typical seated position
near the window, where occupants are most directly affected by solar radiation; A0 (4.27 m) and CO
(6.89 m) represent mid-range and far-from-window areas, respectively, enabling analysis of how
radiation effects weaken spatially. Given the 0.05 m elevation of the floor in the test room and on
the basis of the average height of the thigh in a seated position for adult men being 0.445 m, the air
temperature was continuously measured at distances of 0.45, 0.90, 1.35, 1.80, and 2.25 m from the
ground at each point, as shown in Fig. 3b. All measurement instruments operated continuously
during the experiment, and data were recorded at 10-min intervals.

The control strategy of the convective-radiant combined cooling system (FR+FC) is designed to
coordinate the operation of the fan coil unit (FC) and the radiant floor (FR) to maintain the indoor
thermal environment, both of which are controlled by the indoor set temperature. Specifically, the
supply water temperature of the FR system is simultaneously affected by the indoor environmental
temperature and the indoor air humidity, both of which constantly change. Therefore, the supply
water temperature at the FR terminal will fluctuate accordingly, leading to dynamic changes in the
surface temperature of the FR terminal. Thus, the FR system does not have a fixed or predetermined
surface temperature set point. Specifically, the FC and FR are activated simultaneously. After
calibration, the indoor temperature controllers for both FC and FR are set to 26°C, meaning the
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system maintains the indoor air temperature at 26°C through the collaborative cooling of the two
terminals. The system will continue to operate as long as the indoor temperature has not reached
the set temperature. Meanwhile, the FR+FC system performs real-time dew point monitoring.
Specifically, the FC terminal monitors the relative humidity of the indoor air and calculates the dew
point temperature at the current relative humidity, which is transmitted in real time to the water
mixing system of the FR to adjust the mixing ratio, ensuring that the supply water temperature at
the FR terminal always remains higher than the dew point temperature. Therefore, the FR never
stops working during the cooling period. The FR plays a critical role in handling radiant loads,
where the FC is less efficient. Even if the FC rapidly reduces convective heat, the FR continues
to operate to absorb and dissipate radiant heat, preventing local overheating caused by direct
solar radiation. Additionally, the FR utilizes thermal energy storage characteristics, storing cooling
energy during low-load periods and releasing it during peak-load periods to stabilize indoor
temperatures and reduce the burden on the FC. Thus, the FR+FC control strategy ensures that the
two terminals operate synergistically: the FC primarily handles convective loads, while the FR
focuses on radiant loads and provides thermal stability through cooling storage, without stopping
due to the FC’s operation.

3.2m
.

wall temperature
measurement point

060y,

2
My”]

il[} Coe X
et &
e o

wall lemper‘a(ure
measurement point

[ — | '_ 8.25m
(a) (b)

Figure 3: Layout of indoor measuring points: (a) Overall measuring points; (b) Vertical temperature

measuring points.

The impact of the WWR can be assessed accurately by using an equivalent thermal resistance
method to paste aluminum foil insulation (thermal conductivity 0.034 W/[m-K]) on the existing
glass surface to replace the building enclosure structure effectively (the equivalent thickness of the
insulation can be calculated using Egs. (1)—(3)). Given that the daylighting requirements determine
the minimum value of the WWR, on the basis of the Office Building Design Code (JGJT67-2019)
and the research results of Xue et al. [6], the minimum WWR for west-facing windows was set at
40% to meet the natural lighting requirements indoors. Therefore, in consideration of the actual
conditions of the laboratory, the research range of the WWR was set from 40% to 80%, decreasing
by 10%. Except for the WWR of 80%, the other conditions were achieved by pasting aluminum foil
insulation, as shown in Fig. 4.
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where J is the thickness of aluminum foil insulation cotton (mm), A is the thermal conductivity of
aluminum foil thermal insulation cotton (W/(m - k)), Ky, is the heat transfer coefficient of double
hollow tempered glass (W/(m? - k)), and K is the heat transfer coefficient of the exterior wall
(W (m 1)),

Our approach of using aluminum foil insulation to simulate non-transparent envelopes aligns
with established practices in building thermal environment research. Liu et al. [26] adopted the
same method in their study on convective-radiant systems, verifying that aluminum foil-insulated
glass areas had thermal performance equivalent to non-transparent walls, with no significant
impact on experimental trends. La Gennusa et al. [31] used aluminum foil to adjust the thermal
resistance of transparent envelopes in solar radiation-related experiments, noting that “matching
thermal resistance is more critical than matching absorption rate for inter-group comparisons, as
absorption differences can be corrected via surface temperature monitoring”.

The experiment was conducted continuously from June to August 2024 in Mianyang, a
representative city in China’s hot-summer and cold-winter climate zone. During this period,
the local solar altitude angle, daily solar radiation duration, and radiation intensity follow relatively
stable seasonal patterns. This seasonal consistency inherently reduced large-scale inter-day
fluctuations in solar radiation compared to transitional months. To eliminate the impact of random
daily solar variations on WWR comparison, we adopted a “trend-matching” strategy for data
selection. The screening criterion was that the daily trend of outdoor solar radiation intensity was
consistent across all selected days. For example: Under the FR+FC system, the peak solar radiation
intensity on west-facing windows for WWR 40%, 50%, and 80% all occurred between 14:00-16:00,
with similar diurnal variation curves; Under the FC system, the peak radiation for WWR 60%, 70%,
and 80% also followed the same afternoon peak trend, ensuring that radiation-induced heat gain
was comparable across WWR groups. To avoid additional radiation fluctuations caused by shading
adjustments, we strictly controlled the shading status throughout the experiment. The test room
was equipped with a fixed external horizontal shading device, which remained in a fixed position
during the entire experiment. This eliminated radiation differences caused by adjustable shading;
All indoor shading curtains were kept open consistently. This ensured that the transmittance of
solar radiation through the double-layer hollow tempered glass was uniform across all WWR
conditions, with no artificial interference from curtain opening/closing. For WWR conditions other
than 80%, we used aluminum foil insulation cotton to cover part of the glass, replacing it with an
equivalent non-transparent envelope. This method not only ensured that the thermal resistance of
the covered area matched the external wall but also: Prevented the covered glass from absorbing
or transmitting solar radiation, ensuring that only the effective window area contributed to solar
radiation heat gain; Avoided radiation scattering or reflection differences caused by using different
materials, as aluminum foil insulation has a stable surface reflectance.
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2.3 Data Processing

2.3.1 Dimensionless Value of the Vertical Temperature

The vertical temperatures at each point were nondimensionalized to compare the temperature
changes along the vertical direction at different time points and measurement locations, with the
specific operation as follows:

Tmax - T

Tmax - Tmin

where 7 is the dimensionless value of the vertical temperature, Tax is the maximum value of the
vertical temperature (°C), Tinin is the minimum value of the vertical temperature (°C), T is the
vertical temperature value at this time point and measurement location (°C).

2.3.2 Coefficient of Performance

The coefficient of performance (COP) denotes the quantity of cooling (heat) that can be
obtained per unit power consumption, serving as a crucial technical and economic indicator
for air conditioning systems. A high COP value signifies enhanced energy efficiency within the
system. Its calculation formula is presented below:

Cuwaterp Vi (Tk - T]i)
COP = W (5)

where Cyarer is the specific heat capacity of water (C =4.2 x 10°J/[kg - °C]), p is the density of water
(1000 kg /m), Vj is the water flow of the ASHP (P,), Ty is the ASHP water supply temperature (°C),
T,; is the ASHP water return temperature (°C), and W is the hourly electric power consumption of
the ASHP (kW - h).

2.3.3 Angular Coefficient

Human thermal comfort is considerably influenced by the radiative heat exchange with
surrounding surfaces, leading to different comfort sensations depending on the location of the
body in the environment, which is related to the surface temperatures and the angles at which
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the body observes them [32]. In such cases, the calculation of angular coefficients becomes more
complex and can be computed using the following algorithm for the angular coefficient between
the human body and any rectangular surface [33,34]:

4
a;b;Fp_,;
Fron=1 [oibiFooi ~ = (6)
1=

a; and b; in Eq. (6) are calculated in Table 2, and Fp_,; is calculated by parameters ;, b;, and other
factors [31]. The expanded view for calculating the angular coefficient is shown in Fig. 5.

Table 2: Absolute values of parameters a; and b;.

i a b
1 Xi-Xpr Zx-Zp
2 Xi-Xpr Zp-Ziy
3 XP/ -XH ZP/ -ZH
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e & ¢
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Figure 5: Expanded view of the calculated view factor.

2.3.4 Projection Area Factor

In the thermal environment, apart from the influence of radiation heat exchange between
enclosures, there is typically a high-intensity radiation source characterized by small size, high
emission temperature, and strong beam direction. This study employs a polynomial algorithm
developed by researchers on the basis of preliminary data to compute the projected area factor of a
seated individual [7]. The coefficients of the polynomial algorithm for the human body in a seated
position are presented in Table 3.

4
fo(a, ) = 2

i=0

3 . .
<Z Az‘]ﬂ]) o 7)
=0
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where « is the azimuth angle between the human body and the solar radiation beam, S is the
height angle between the body and the beam of solar radiation, and A;; is the coefficients of the
polynomial algorithms for the case of seated persons.

Table 3: Coefficients of the polynomial algorithms for the case of seated (A;;) persons. E indicates the
exponential notation.

Seated j=0 j=1 j=2 j=3
i=0 2.884E—-01 2.225E—-03 —5.472E—-05 1.802E—07
i=1 2.225E—-03 —7.653E—05 7.286E—07 —1.457E—09
i=2 —9.292E—-05 4.021E—-06 —6.215E—08 3.152E—-10
i=3 9.027E—-07 —4.632E—-08 7.690E—10 —4.015E-02
i=4 —2.517E—09 1.380E—10 —2.341E—12 1.231E—14

2.3.5 Floor Radiant Zone

In addition to external shading, the building envelope can induce shadow effects, resulting in
a partial reduction of solar radiation and consequent alterations in the indoor thermal environment.
If this point lies within the irradiated region of the surroundings, denoted by points A, B, C, and D
in Fig. 6, its coordinates can be determined using the following equation [31]:

_ Zw — Zyp E ‘E ‘ 8
Xp4 =Xy + (tanzx cos'H—z) tany + |3 tany (8)
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p—y —_— _ = p— 1
XB xw+< tanLa Cos 7y 2> tany + 2tarvy (10)
H —
R Y a
H _
xc =xw+ Lw + wcos'y—i tan’y—‘ﬁtan'y‘ (12)
tana 2 2
H .
Yo = %m%s (13)
xD:xW—l—LW—i—(Wcos'y—l—;) tan'y—‘%tan'y‘ (14)
Iw — 2z
Yp = 71\;111&}) Cos 7y (15)

Fig. 6 explains the meaning of the terms contained in Eqgs. (8)-(15), where Z,, represents
the central height of a person exposed to radiation, typically 0.60 m (sitting position) or 1.10 m
(standing position) [18].
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Figure 6: Definition of the geometric parameters involved in the delimitation of the irradiated zone:
(a) Section view; (b) Plan view.

2.3.6 Mean Radiant Temperature

The mean radiant temperature (T,) is a key factor in human thermal calculations. It is an
imaginary temperature of a uniformly black enclosed space with radiation heat exchange equal to
that of the subject in the actual environment. Solar radiation consists of two components: direct
radiation and diffuse radiation. Given their different characteristics, their behavior when entering
the indoor environment through windows and their interaction with human body radiation
exchange are different and therefore must be handled separately [35]. When solar radiation is not
considered, T, is calculated using Eq. (16) [11]. When considering the influence of solar radiation,
T, can be calculated using Eq. (17), requiring the known measured temperatures of the interior
surfaces of the building envelope and their positions relative to the occupants, and the direct and
diffuse solar radiation.

N

T, = i Y Fo Tt (16)
i=1

o N Asyo Ng N Ng

T, = . Z FS—)iT1‘4 + o Z F5_>]‘Id]' + prb + ) pi Fi—>j1dj Fs i+ O-SpfloorIbh (17)
i=1 $ =1 i=1 j=1

where Fs_,; is the angular coefficient of the i-th surface between the human body and the
surrounding environment, T; is the temperature of the i-th surface in the surrounding environment
(°C), asw is the absorptivity of the human body for shortwave radiation, eg is the emissivity of
the human body;, ¢ is the Boltzmann'’s constant (¢ = 5.67 x 108 W/ (m2 - K%), N is the number
of transparent envelope structures, Fs_.; is the angular coefficient between the human body and
the j-th transparent envelope structure surface, I;; is the scattered radiation entering the indoor
environment through the j-th transparent envelope structure (W/m?), f, is the projected area
factor, I, is the direct solar radiation on the subject (W/m?), N is the number of envelope structure
surfaces involved, p; is the surface reflectance of the i-th envelope structure, F;_,; is the angular
coefficient between the surface of the i-th envelope structure and the surface of the j-th transparent
envelope structure.
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2.3.7 Predicted Mean Vote

When evaluating the overall thermal comfort indoors, the value of ¢, in Eq. (18) is based on the
measured indoor air temperature. However, when evaluating the local thermal comfort at different
distances from the window, the measured air temperature at a height of 1.35 m above the floor is
used for t;. The PMYV values of the indoor thermal environment for different WWRs in winter and
summer for each heating and cooling system are obtained and compared with Table 4 to assess the
comfort of a thermal environment [26].

PMV = [0.303e<—0~036M> + 0.0275} < {(M—W
—3.05[5.733 — 0.007(M — W) — P,] — 0.42(M — W — 58.2) (18)
~0.0173M(5.867 — P,) — 0.0014M (34 — t,) — R — C}

where M is the metabolic rate (W/m?), W is the mechanical work performed by the human body
(W/m?), t, is the air temperature surrounding the human body (°C), P, is the water vapor partial
pressure surrounding the human body (P,), R is the radiative heat exchange between the human
body and the surroundings (W/m?), C is the convective heat exchange between the human body
and the surroundings (W/ mz).

Table 4: Thermal sensation scale (seven-point).

Thermal Sensation Hot Warm Slightly Warmer Moderate Slightly Cool Cool
PMYV value +3 +2 +1 0 -1 -2

3 Results and Discussion

3.1 Indoor and Outdoor Environmental Parameter Analysis

To study the impact of indoor and outdoor air temperatures and the horizontal solar radiation
incident on the west-facing window for different WWRs, the (FR+FC) and (FC) systems with WWRs
of 40%, 50%, 60%, 70%, and 80% were selected for data processing and comparative analysis.

Fig. 7 shows the indoor and outdoor air temperatures of different WWR cooling systems.
Experimental days with similar trends in outdoor temperature variation during the summer
cooling period were selected for data comparison to reduce the impact of outdoor air temperature
on the indoor thermal environment. Fig. 7a,b, respectively shows the indoor and outdoor air
temperature variations for different WWRs of (FR+FC) and (FC) systems. Under (FR+FC), the
indoor temperature fluctuates between 21.0°C and 29.0°C under various conditions, while under
(FC), the indoor temperature fluctuates between 22.0°C and 30.5°C. The indoor temperature
fluctuation is smaller under (FR+FC). To better reflect the central tendency of indoor temperature,
the median of the data for each WWR was used. Fig. 7b shows that the median indoor temperatures
for WWRs of 40%, 50%, 60%, 70%, and 80% are 24°C, 24.8°C, 23.5°C, 24°C, and 24.4°C for (FR+FC),
and 24.6°C, 25.3°C, 24.2°C, 24.5°C, and 24.5°C for (FC).

As shown in Fig. 7a,b, the outdoor temperature variations are consistent under different
conditions, showing an initial rise followed by a decline between 12:00 and 20:00. Regardless of
(FC) or (FR+FC), the indoor temperature fluctuation increases with the increase in the WWR. Under
a larger WWR, the indoor temperature fluctuation is greater for (FC), but the central tendency of
indoor temperature is maintained when the WWR is set to 50%.
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Figure 7: Indoor and outdoor air temperature of each cooling system under different WWRs: (a) Outdoor air
temperature; (b) indoor air temperature.

Fig. 8 shows the variation of solar radiation intensity incident on the west-facing window for
each experimental condition from 6:00 to 20:00. When combined with Fig. 9, the figure shows that
the solar radiation incident on the west-facing window reaches its maximum value between 14:00
and 16:00. As shown in Fig. 8a,b, the maximum solar radiation incident on the west-facing window
for WWRs of 40%, 50%, 60%, 70%, and 80% are 750, 650, 420, 620, and 600 W /m? for (FR+FC) and
650, 780, 790, 800, and 850 W /m? for (FC).
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Figure 8: Horizontal solar radiation on the external west window of each cooling system under different
WWRs: (a) FR+FC; (b) FC.

Furthermore, in combination with Fig. 7, the figure shows that under both cooling systems,
when the main chilled water temperature is maintained at a certain level and the outdoor
temperature is high, the solar radiation incident on the west-facing window, the glass surface
temperature, and the indoor heat gain all increase. However, due to transient cooling capacity
limitation during peak solar radiation don’t to eliminate completely the sudden increase in indoor
cooling load and thus cannot maintain the indoor temperature within the comfortable range.
Particularly under (FC), the convective method for handling radiant loads is inefficient, with
limited ability to eliminate the sudden increase in indoor cooling load. The systems were sized
to meet the steady-state cooling load of the test room (8.25 m x 7.89 m x 3.2 m) under summer
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conditions in Mianyang. The FR+FC system’s total cooling capacity (12.6 kW heating/11.2 kW
cooling for the ASHP + 8.4 kW heating/5.6 kW cooling for FC terminals) and FC system’s capacity
(5.6 kW cooling) both exceed the steady-state load. However, when west-facing solar radiation
peaks (14:00-16:00, Fig. 8), the transient cooling load can increase by 30%-50% (e.g., from 120 W /m?
to 180 W/m? at 80% WWR) due to direct solar radiation absorption by walls, floors, and furniture.
This sudden load spike exceeds the systems’ instantaneous response capacity, leading to temporary

temperature fluctuations—but not persistent overheating. Therefore, at a high WWR, an indoor
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Figure 9: Indoor vertical temperature of the (FR+FC) under different WWRs: (a) 8:00; (b) 14:00; (c) 20:00.

The above data indicate that when using (FC), the indoor temperature fluctuates considerably,
and the thermal environment stability is poor, with the magnitude of temperature fluctuations
increasing with the increase in WWR. However, when using (FR+FC), the indoor temperature
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fluctuations are small. Therefore, for buildings with relatively high requirements for thermal
environment stability or requiring long-term cooling, using (FR+FC) is recommended to ensure the
thermal comfort and stability of the indoor environment.

Fig. 10 shows the indoor and outdoor air relative humidity for different WWRs and various
cooling systems. As shown in Fig. 10a,b, the fluctuation ranges of indoor and outdoor air relative
humidity are 45% to 65% and 40% to 95%, respectively. Relative humidity refers to the percentage of
the vapor pressure of water in the air to the vapor pressure of saturated air at the same temperature.
Data also indicate that the outdoor air relative humidity reaches its minimum value between 14:00
and 20:00 daily, which is due to the increase in air temperature leading to a high capacity for water
vapor in the air, resulting in a decrease in relative humidity. Conversely, when the air temperature
decreases, the outdoor air relative humidity increases. Under (FR+FC), the indoor humidity source
is stable, and the moisture content is constant, causing the relative humidity to fluctuate with
the indoor temperature. However, (FC) can continuously and stably dehumidify, resulting in a
relatively stable change in indoor air relative humidity.
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Figure 10: Indoor and outdoor air relative humidity of each cooling system under different WWRs:
(a) outdoor air relative humidity; (b) indoor air relative humidity.

The difference in humidity control between FR FC and FC stems from their unique heat transfer
mechanism and “temperature only” control, not a matter of capacity design. Therefore, when
the temperature of FC FR is reached, its humidity will fluctuate within a certain range and is not
obviously controlled. In addition, the humidity problem caused by “temperature-first” control has
been widely recognized in the research field and is not a phenomenon unique to this experiment.
Zarrella et al. [25] noted that “radiant-convective combined systems often exhibit RH fluctuations
under temperature-priority control, as radiant terminals do not directly dehumidify air—this can
be resolved by adding humidity feedback to the control loop”. Jiang et al. [23] further confirmed
that “when FR+FC systems adopt ‘temperature-humidity dual-control” (adding RH sensors to
adjust FC dehumidification independently), RH fluctuations are reduced to 47%-53%, comparable
to FC, while retaining FR+FC’s advantages in temperature and energy efficiency”.

Fig. 9a—c is nondimensional vertical temperature distribution heat maps at 8:00, 14:00, and
20:00, respectively, under (FR+FC). As shown in the figures, when (FR+FC) is used, the maximum
temperature difference between the highest (2.25 m) and lowest (0.45 m) measurement points in
the room is 1.60°C (nondimensional difference of 0.30), which is less than 2.0°C and within the
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limits of all categories in ISO 7730. Additionally, under (FR+FC), floor cooling is utilized, resulting
in low temperatures at the ankle level and an increase in vertical temperature difference indoors.
The reason is with floor cooling, heat is transferred from the ceiling to the floor through radiation
rather than being convectively transferred to the air at the floor level [36].

The dimensionless vertical temperature distribution heat maps of the (FC) at 8:00, 14:00, and
20:00 are depicted in Fig. 11a—c, respectively. The figures reveal that the (FC) exhibits a considerable
vertical temperature difference between the upper and lower parts of the room, with a maximum
temperature difference of 3.30°C (0.43 dimensionless value). However, the vertical air temperature
difference between head and ankle is within ISO7730 limits for all classes, measuring only 1.70°C
(0.22 dimensionless value), which is less than 2.0°C as required by standards. This stratification
phenomenon in the room occurs due to buoyancy-driven upward movement of hot air with low
density while cold air sinks downward under gravity.
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Figure 11: Indoor vertical temperature of the (FC) under different WWRs: (a) 8:00; (b) 14:00; (c) 20:00.



Fluid Dyn Mater Process. 2025;21(10) 2597

The above data indicate that under different cooling supply systems, the indoor vertical
temperatures at the location B0, with a distance of 0.60 m from the window opening, are higher than
those at other distances from the window opening. Furthermore, these temperatures increase with
the increasing WWR. All indoor temperature fields exhibit a “hot upper and cold lower” thermal
stratification phenomenon, with smaller distances from the window opening corresponding to
higher vertical temperatures. In comparison with (FC), the temperature difference between the
head and the ankle under (FR+FC) is smaller, leading to increased indoor comfort.

Fig. 12 shows the variation of the indoor surface temperatures of different envelope structures
over time under various WWRs (FR+FC). Under (FR+FC), the ground temperatures for all conditions
are lower than those of the other envelope structures. Between 12:00 and 20:00, with the increase in
WWR, the temperature of the aluminum foil insulation cotton rises and exceeds the temperatures
of the other surfaces but remains lower than the outdoor temperature and the temperature of the
west window. As the outdoor temperature increases during the day, the solar radiation through the
glass onto the floor also increases with the increase in WWR, causing the floor surface temperature to
rise, leading to an increase in indoor temperature. Therefore, (FR+FC) must generate more cooling
capacity to eliminate the sudden increase in cooling load, which also results in a decrease in the floor
surface temperature by 1-2°C, to maintain the indoor temperature at the set value.

Fig. 13 illustrates the variation of the indoor surface temperatures of different envelope
structures over time under various WWRs in the (FC) system. Under the (FC) system, the fluctuation
amplitudes of the internal surface temperatures of the east, south, and north walls increase with
the increase in WWR, especially at 18:00 when the solar radiation on the west window is at its
maximum. With the increase in WWR, the temperature fluctuations of the upper wall and the
west wall intensify and become higher than the surface temperatures of the other walls. Therefore,
under a small WWR, areas near the west window and the middle of the room are more affected
when the sun shines through the west window. Once the area of the west window increases, the
affected area within the room expands in the north-south direction. As the area of the west window
increases, the higher the outdoor air temperature, the stronger the negative impact on the indoor
thermal environment, and the greater the influence on the indoor surface temperatures of the
various envelope structures.

3.2 Indoor Comfort Analysis

Before diving into local comfort variations, it is first confirmed that both cooling systems
achieve overall baseline thermal comfort for all window-to-wall ratio (WWR) conditions—this
provides a valid foundation for analyzing spatial differences in comfort. As shown in Fig. 14
(Overall indoor PMYV value of each cooling system under different WWRs), the overall PMV values
of the convective-radiant combined cooling system (FR+FC) range from 0.20 to 0.76, while those
of the fan coil convection system (FC) range from 0.25 to 0.90. All these values fall within the
Level-II thermal comfort requirement specified by ISO 7730 and GB 50736-2012 (PMV: —1.0 to
+1.0), indicating that the indoor environment as a whole meets the minimum acceptable comfort
standard for office buildings. The following analysis of local PMV values (at different distances
from the window) does not aim to judge “whether a single location meets comfort”, but rather to
compare spatial comfort gradients across WWRs and systems—quantifying how FR+FC and FC
differ in mitigating localized discomfort caused by west-facing solar radiation.
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Figure 12: Inner surface temperature of each envelope in (FR+FC) under different WWRs: (a) WWR40%;
(b) WWR50%; (c) WWR60%; (d) WWR70%; (e) WWR80%; (f) Color curve distinction.
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Figure 14: Overall indoor PMV value of each cooling system under different WWRs.

Fig. 14 depicts the overall PMV values of different cooling systems under various WWRs. As
shown in the figure, under both cooling systems, the indoor thermal comfort is in a state between
“neutral” and “slightly warm”. In the (FC) system, the overall PMV values fluctuate between 0.25
and 0.90. Except for the 60% WWR, the fluctuation amplitude of the overall PMV values increases
with the increase in WWR, leading to increased discomfort. The reason is that the maximum
outdoor temperature for the 60% WWR is lower than the other conditions, resulting in smaller
PMV value fluctuations. The maximum PMYV value for the 80% WWR is 0.20 units higher than that
for the 40% WWR. In the (FR+FC) system, the overall PMV values fluctuate between 0.20 and 0.76.
Except for the 40% and 50% WWRs, the median overall PMV values increase with the increase in
WWR, leaning toward a “slightly warm” state. The PMV median for the 80% WWR increases by
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0.09 units compared with the 60% WWR. Since the summer experiments started with a large WWR,
the experiments with small WWRs were conducted during the hot summer period. For the 40%
and 50% WWRs, the average daily solar radiation on the west window is greater than the other
conditions, and the highest outdoor temperature during the day is higher than the other conditions.
As the outdoor temperature increases, the glass surface temperature increases with the increase in
solar radiation on the west window. The increase in glass area leads to increased heat loss between
the indoor and outdoor environments through the transparent envelope structure, causing the
overall indoor comfort to lean toward a”slightly warm”state.

In the FR+FC system, the overall PMV median for 40% WWR is slightly lower than that
for 50% WWR, despite both being within the Level-II comfort range. This discrepancy arises
from three key mechanisms: first, the experiments with smaller WWRs (40% and 50%) were
conducted during the “hot summer period”, when outdoor temperatures and solar radiation on the
west-facing windows were higher than during tests for larger WWRs. Second the FR+FC system’s
performance depends on synergies between convective (FC) and radiant (FR) terminals, which
respond differently to radiant vs convective loads. Third the non-transparent envelope exhibits
thermal storage characteristics that influence PMV. So the divergent PMV trends between 40% and
50% WWR in FR+FC systems arise from the interplay of solar radiation intensity, load distribution,
and envelope thermal storage. These mechanisms explain why 40% WWR, despite smaller window
area, exhibits a lower PMV median than 50% WWR under the experimental conditions.

In Fig. 14, the overall PMV of the FR+FC system at 60% WWR shows larger fluctuations
compared to other WWRs, leaning toward “slightly warm” (median PMV ~0.76). This phenomenon
is closely linked to the indoor temperature dynamics shown in Fig. 7, with the following mechanistic
explanations: Temperature fluctuation amplification: Fig. 7b indicates that for the FR+FC system,
the indoor temperature median at 60% WWR (23.5°C) is lower than that at 50% (24.8°C) and 80%
(24.4°C), but the temperature fluctuation range (21.0-29.0°C) is wider. This is because the 60%
WWR experimental period coincided with intermittent strong solar radiation (Fig. 8a shows the
maximum solar radiation at 60% WWR is 420 W/m?, with more frequent peaks). The radiant floor
(FR) takes ~10-15 min to respond to sudden radiation load increases (due to its thermal inertia),
while the FC terminal alone cannot quickly offset the transient heat gain, leading to short-term
temperature spikes. These spikes directly elevate the MRT calculated by Eq. (17), causing PMV
to fluctuate more intensely; Uneven vertical temperature distribution: Fig. 9b (14:00, 60% WWR)
shows a larger vertical temperature difference near the window (B0), with higher temperatures at
1.35 m. This stratification, combined with solar radiation absorbed by the human body, amplifies
local thermal sensation, contributing to the overall PMV fluctuation observed in Fig. 14.

Based on the comprehensive analysis of the data, as the outdoor temperature rises and the
solar radiation on the west window increases, the glass surface temperature, internal heat gain, and
indoor temperature all increase. However, given the inefficient handling of radiant heat load and
limited capacity to eliminate sudden increases in the cooling load through convection, the indoor
comfort is poorer under the (FC) system with a large WWR. By contrast, the (FR+FC) system, even
under a large WWR, can create a relatively comfortable indoor thermal environment and has a
better capacity to handle radiant heat.

Fig. 15 shows the PMV values at different distances from the window reveal depth positions
for various cooling systems under different WWRs. When considering the additional increment
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caused by solar radiation, the average radiation temperature is calculated through Eq. (16) to
calculate the PMV value. Table 5 shows the PMV value ranges at different distances from the
window reveal depth positions for various cooling systems under different WWRs. Fig. 15 reveals
that the fluctuation of PMV values at different distances from the window reveal depth position
is smaller under (FR+FC) than under (FC). Under different cooling systems, the PMV values and
fluctuation at the distance of 0.60 m from the window reveal depth (Bn) are greater than those at
distances of 4.27 m (An) and 6.89 m (Cn). Under different WWRs, the fluctuation amplitude of
PMV values at Cn is smaller than that at An because the windows absorb and transmit a large
amount of solar radiation, causing the glass surface temperature to rise. Therefore, locations closer
to the window reveal depth not only have to bear the vertical asymmetrical radiation but also the
horizontal asymmetrical radiation caused by the warm window, while locations farther from the
window reveal depth, such as Cn, are less affected by the warm window. Given the increased
radiation load handling capability of (FR+FC), the comfort level at different distances from the
window reveal depth is better.

Fig. 15 shows that under (FR+FC), except for the 80% WWR, as the WWR increases, the PMV
value fluctuates at a distance of 0.60 m from the window reveal depth (Bn), ranging between —0.30
and 0.80, maintaining the comfort level at “slightly warm”. Under the conditions of 60% and 70%
WWRs, the PMYV value fluctuates the most at the distance of 0.60 m from the window reveal depth
(Bn), indicating poor comfort. At different WWRs, the PMV values at distances of 4.27 m (An) and
6.89 m (Cn) from the window reveal depth fluctuate between —0.30 and 0.30, remaining within the
comfort range. Under (FR+FC), when solar radiation shines on the floor, the radiant floor cooling
system immediately responds to direct solar radiation (removing the heat before it heats the room),
considerably increasing the cooling capacity of the floor cooling system. Additionally, the building
envelope structure has a heat storage characteristic, storing cold energy at night to eliminate the
sudden increase in indoor cooling load during the day. Therefore, the greater the distance from the
window reveal depth, the better the indoor comfort.

As shown in Fig. 16, under (FC), as the WWR increases, the PMV values fluctuate at different
distances from the window reveal depth positions. At different WWRs, the PMV value at the
distance of 0.60 m from the window reveal depth (Bn) fluctuates between —0.10 and 1.30, with a
large fluctuation range and poor comfort level. From 15:00 to 19:00, thermal discomfort occurs.
The PMV values at distances of 4.27 m (An) and 6.89 m (Cn) from the window reveal depth
fluctuate between —0.20 and 0.70 and between —0.20 and 0.30, respectively, remaining within the
comfort range. Given the inefficient handling of radiation heat load by convection and the limited
capacity to eliminate sudden increases in indoor cooling load, as outdoor temperatures rise and
solar radiation on the west window increases, the indoor cooling load increases. The closer the
distance from the window reveal depth, the poorer the comfort level, and it may even cause thermal
discomfort. To clarify further the impact of solar radiation on indoor comfort, the area where the
indoor floor is directly exposed to solar radiation at 18:00 is plotted in Fig. 17. Under different
cooling systems, at 18:00 in the afternoon, as the area of the west-facing windows increases, the
area directly exposed to the sun through the west windows gradually expands. Although there is
horizontal external shading, the areas B1 and B0 at the distance of 0.60 m from the window reveal
depth gradually enter the area directly exposed to the sun.
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Figure 15: PMV value of local indoor locations of (FR+FC) under different WWRs: (a) WWR40%;
(b) WWR50%; (¢) WWR60%; (d) WWR70%; (e) WWR80%.

Table 5: PMV value range of different penetration depth under each cooling system and WWRs (including
solar radiation increment).

Coolin Different
oot If Penetration 40% 50% 60% 70% 80%
yste Depth/WWRs
Bn ~0.20~0.75 0.10~1 ~0.30~0.80 ~0.30~0.80 ~0.25~0.60
ERAEC An ~0.20~0.30 ~0.05~0.30 ~0.30~0.30 ~0.30~0.20 ~0.30~0.20
+ Cn ~0.20~0.20 ~0.05~025  —0.30~-020  —0.30~0.15 ~0.30~0.15
B ~0.05~1.20 0~1.30 ~0.15~1.20 ~0.10~1.30 ~0.10~1.30
- An ~0.10~0.40 ~0.10~0.60 ~0.20~0.40 ~0.20~0.70 ~0.15~0.70
Cn ~0.10~0.25 ~0.10~0.50 ~0.20~0.30 ~0.15~0.60 ~0.15~0.60

All PMV values are calculated by Eq. (18) with solar radiation increment incorporated into mean radiant temperature
(Trirr) via Eq. (17).
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Figure 16: PMV value of local indoor locations of (FC) under different WWRs: (a) WWR40%; (b) WWR50%;
(c) WWR60%; (d) WWR70%; (€) WWR80%.

Figs. 18 and 19 present the mean radiant temperature (Tr,irr) and (PMV)irr at different distances
from the window reveal depth for various cooling systems at 18:00 in the afternoon, when the
additional increment caused by solar radiation is included in the calculation. The calculated values
Tr,ur and (PMV)ur, which do not include the additional increment caused by solar radiation, are
compared, where ATr represents the difference between Tr,irr and Tr,ur. As the internal shading was
in an open state during the experiment, Figs. 18 and 19 reveal that the mean radiant temperature
and comfort in areas not directly exposed to solar radiation indoors are also affected. The mean
radiant temperature and comfort between the area directly exposed to solar radiation and the area
outside the radiant zone have a clear difference. When there is solar radiation, the mean radiant
temperature outside the radiant zone under various conditions increases to a limited extent, while
the increase in mean radiant temperature within the radiant zone is more remarkable [31].
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Figure 17: View of the irradiated zone from the floor under different WWRs at 18:00: (a) FR+FC; (b) FC.
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Figure 18: Comparison of data at different positions for the FC+FR system at 18:00, with and without the
additional increment caused by solar radiation included in the calculation: (a) Mean Radiant Temperature;
(b) PMV.
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Figure 19: Comparison of data at different positions for the FC system at 18:00, with and without the
additional increment caused by solar radiation included in the calculation: (a) Mean Radiant Temperature;
(b) PMV.

As shown in Fig. 18, under (FR+FC), ATr at Bn ranges from 0.07°C to 5.23°C; at An, it ranges
from 0.12°C to 0.28°C; and at Cn, it ranges from 0.12°C to 0.29°C. The (PMV)irr values increase by
0.01 to 0.77 compared with the (PMV)ur values, and the comfort level at different distances from
the window reveal depth transitions from “neutral” to “slightly warm” and from “slightly warm”
to “warm”. At Bn, located at a distance of 0.60 m from the window reveal depth, the (PMV)irr
values range from 0.28 to 1.50, indicating thermal discomfort within the radiant zone. Meanwhile,
at An (4.27 m) and Cn (6.89 m) from the window reveal depth, the (PMV)irr values range from 0.06
to 0.37, indicating a comfort level between “neutral” and “slightly warm”, within the comfort range.
Under a 60% WWR condition, the mean radiant temperature at Bl increases by 4.17°C, the PMV
value increases by 0.61 units, and the comfort level changes from comfortable to uncomfortable
because B1 is within the radiant zone. Similarly, under a 70% WWR condition, the mean radiant
temperature at Bl increases by 5.23°C, the PMV value increases by 0.77 units, and the comfort level
changes from comfortable to uncomfortable because B1 is within the radiant zone.

As shown in Fig. 19, under the (FC) condition, local PMV values exhibit significant spatial
gradients with WWR: at 80% WWR, ATr at Bn ranges from 0.07°C to 5.63°C; at An, it ranges from
0.11°C to 0.19°C; and at Cn, it ranges from 0.12°C to 0.30°C. The (PMV)irr values increase by
0.01 to 0.88 compared with the (PMV)ur values. At Bn, located at a distance of 0.60 m from the
window reveal depth, the (PMV)irr values range from 0.44 to 2.04, indicating that the comfort level
worsens as the WWR increases. Meanwhile, at An (4.27 m) and Cn (6.89 m) from the window reveal
depth, the (PMV)irr values range from 0.19 to 0.69, indicating a comfort level between “neutral”
and “slightly warm”, within the comfort range. Under a 70% WWR condition, the mean radiant
temperature at Bl increases by 4.91°C, the PMV value increases by 0.77 units, indicating thermal
discomfort, as B1 is within the radiant zone. Under an 80% WWR condition, the mean radiant
temperature at BO and B1 increases by 5.60°C and 5.63°C, respectively. The PMV values increase
by 0.87 and 0.88 units, the PMV at BO (0.6 m from window) reaches 1.26 (transiently exceeding
Level-II), which is 0.89 higher than the PMV at C0 (6.89 m from window, 0.37). By contrast, FR+FC
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mitigates this gradient: even at 80% WWR, the PMV difference between B0 (0.83) and CO (0.25) is
only 0.58, confirming FR+FC’s superiority in improving comfort uniformity.

On the basis of the comprehensive analysis of the above data, the following conclusions can be
drawn: The experiment confirmed that both systems maintained overall indoor comfort within the
acceptable range (PMV: —1.0 to +1.0). However, spatial variations in comfort (assessed via local
PMV) were significant: Under FC systems, local PMV near windows (0.6 m) exceeded the comfort
range at high WWR (80%), indicating poor handling of radiant loads in irradiated zones; Under
FR+FC systems, local PMV remained within the comfort range across all WWRs, demonstrating
better adaptability to spatial load disparities caused by WWR. This framing clarifies that local PMV
values are compared within the context of overall comfort, highlighting system-specific strengths
in managing spatial comfort variations rather than absolute comfort failure. Under the two cooling
supply systems, the main reason for overheating in different conditions is the increase in direct solar
radiation from west-facing windows as the outdoor temperature rises, exacerbated by the presence
of large glass areas and lack of shading. In the (FR+FC) system, the thermal storage characteristics
of the walls lead to a smaller indoor cooling load at night, with the building envelope structure
storing cold and releasing it during the day when there is a greater heat gain and larger cooling load,
helping to maintain indoor temperatures. However, in the (FC) system, the convective method of
handling radiant loads is inefficient, and there is a lack of sufficient cooling capacity to buffer the
sudden increase in indoor cooling load. With a larger WWR, direct solar radiation from the west
becomes the main issue, leading to most of the overheating occurring during a specific time period
in the afternoon (14:00-18:30). Therefore, under a high WWR, the indoor thermal environment in
the (FC) system is poor and may lead to thermal discomfort.

3.3 System Operation Energy Consumption Analysis

Before analyzing energy consumption trends, it is confirmed that both systems have achieved
the expected overall indoor environment (median temperature close to setpoints, overall PMV
within comfort range)—this ensures energy comparisons reflect system efficiency, not inadequate
temperature control.

Fig. 20 shows the energy consumption of different cooling supply systems at varying WWRs.
As shown in the figure, under the (FR+FC) system, the cooling energy consumption decreases as
the WWR increases. When the WWR is 40%, the daily average solar radiation on the west-facing
windows is 109.69 W/m?, with a daily cumulative energy consumption of 40.60 kW-h. When the
WWR is 80%, the daily average solar radiation on the west-facing windows is 60.47 W/m?, with
a daily cumulative energy consumption of 31.41 kW-h, resulting in a 29.26% reduction in energy
consumption. By contrast, under the (FC) system, the cooling energy consumption increases as
the WWR increases. When the WWR is 40%, the daily average solar radiation on the west-facing
windows is 93.15 W/m?, with a daily cumulative energy consumption of 33.70 kW-h. When the
WWR is 80%, the daily average solar radiation on the west-facing windows is 119.24 W/m?, with
a daily cumulative energy consumption of 36.10 kW-h, resulting in a 7.11% increase in energy
consumption.

At the same time, when the WWR is 40% and 50%, the cooling energy consumption of
the (FR+FC) system exceeds that of the (FC) system, while at other WWRs, the cooling energy
consumption of the (FC) system is higher than that of the (FR+FC) system. This difference is due to
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the fact that at WWRs of 40% and 50%, the indoor temperature reaches the design temperature
faster under the convective method than the floor radiant system. When the convective and radiant
systems are used in combination, the response time of the system can be improved, ensuring
continuous cooling from the room floor and the top fan coil unit to achieve optimal indoor comfort.
However, when the outdoor weather conditions are consistent and the main chilled water supply
temperature is constant, the cooling energy consumption of the (FR+FC) system exceeds that of the
(FC) system. In the outdoor weather conditions that vary at different WWRs (60%, 70%, and 80%),
the solar exposure on the west-facing windows leads to higher outdoor temperatures under the
(FC) system compared with the (FR+FC) system, increasing its cooling energy consumption.
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Figure 20: Daily energy consumption of each cooling system under different WWRs.

On the basis of the above data, the following conclusion can be drawn: when the outdoor
weather conditions remain consistent, the cooling energy consumption of the (FR+FC) system is
higher than that of the (FC) system. Glass does not have thermal storage characteristics, and at
a small WWR, the area of opaque envelope structures is large. When the outdoor temperature
decreases and the indoor cooling load decreases, the opaque envelope structures store cooling
energy, resulting in high energy consumption for cooling at a small WWR. Given that the summer
continuous experimental research began with a large WWR, the daily average solar radiation is
high at a small WWR as the outdoor temperature and solar radiation increase during the cooling
period. Even at a small WWR, the impact of solar radiation on the system’s energy consumption is
substantial, making the summer indoor shading system crucial. Notably, the energy consumption
comparisons in this study were conducted under conditions where overall indoor temperatures
were maintained near setpoints, but localized transient overheating occurred under high WWR in
FC systems. This may have slightly inflated FC energy consumption data during peak loads. FR+FC
reduces cooling energy consumption with increasing WWR (29.26% reduction at 80% vs. 40%
WWR) while maintaining the expected overall indoor environment—even with minor localized
temperature deviations, which have a negligible impact on long-term energy trends. Future studies
could enhance control precision to minimize such deviations, providing more stringent energy
consumption comparisons.

The cooling performance coefficients of each cooling system under different window and wall
ratios are illustrated in Fig. 21. In the (FR+FC), the operational coefficient of performance (COP)
ranges from 2.30 to 3.30, 2.70 to 3.50, 2.70 to 3.70, 2.90 to 3.70, and 2.50 to 3.60 for WWRs of 40%, 50%,



2608

Fluid Dyn Mater Process. 2025;21(10)

60%, 70%, and 80%, respectively. The average hourly COP values are found to be approximately
2.90, 3.04, 3.25, 3.38, and 3.05 for the respective WWRs. The (FC) exhibits an operating COP range
of 2.4~3.30, 2.30~3.20, 2.50~3.40, 2.50~3.50, 2.30~3.50, and 2.30~3.50, respectively for WWRs of 40%,
50%, 60%, 70%, and 80%. The average hourly COP values are recorded as follows: 2.89, 2.83, 2.98,
3.03, and 2.94.
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Figure 21: Heating performance coefficient of each cooling system under different WWRs.

Based on the comprehensive analysis of the above data, regardless of the operating conditions,

the average hourly cooling performance coefficient of the (FR+FC) system is higher than that of the

(FC) system. Therefore, the use of the (FR+FC) system can improve the energy utilization efficiency
of the system.

4 Conclusion

This article selects experiments with similar outdoor air conditions in the summer to study

the impact of WWR on the indoor temperature and humidity, vertical temperature distribution at
different distances from the window, overall and local (at different distances from the window)
thermal comfort, and the energy consumption of two cooling systems: (FC) and (FR+FC). The
following conclusions are drawn:

1.

Increasing the WWR results in a wide range of indoor temperature fluctuations. The
indoor temperature fluctuations are more considerable and unstable in the (FC) system.
However, under the influence of the fan coil unit, the dehumidification is sustained and
stable, maintaining consistent changes in air relative humidity. Although the core mechanisms
are generalizable, quantitative results are specific to the studied conditions, and conclusions
regarding FC system performance may be affected by transient overloads, and that FR+FC
conclusions depend on the specific control strategy employed.

Increasing the WWR leads to a decrease in floor surface temperature. For FC systems,
temperature fluctuations on the upper and western walls intensify with WWR, and the affected
areas expand northward. For FR+FC systems, this trend is mitigated—but the extent of
mitigation depends on the system’s control logic: the closed-loop water mixing control used in
this experiment ensures floor surface temperature remains above the dew point while reducing
fluctuations. Alternative control strategies may result in different floor temperature trends.
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3. As the WWR increases, the perceived thermal comfort tends to be “slightly warmer”. For
(FR+FC) and (FC), the fluctuation range of overall indoor PMV values is 0.20-0.76 and
0.25-0.90, respectively, with each working condition falling within the comfortable range
(—1.0-+1.0). However, FR+FC improves comfort uniformity compared to FC. Although the
core mechanisms are generalizable, quantitative results are specific to the studied conditions,
and conclusions regarding FC system performance may be affected by transient overloads,
and that FR+FC conclusions depend on the specific control strategy employed.

4. Thermal stratification occurs in the room, resulting in a pronounced vertical temperature gradient
as the distance from the window decreases. However, FR+FC improves comfort uniformity
compared to FC. When solar radiation is not considered, both cooling systems exhibit decreased
comfort with increasing WWR and decreasing distance from the window. Considering solar
radiation reveals discomfort in the radiative zone, particularly for Bn with a large window wall
exposed to external radiation. An and Cn remain within a comfortable range.

5. FR+FC reduces cooling energy consumption with increasing WWR (29.26% reduction at 80%
vs. 40% WWR) while maintaining the expected overall indoor environment—even with minor
localized temperature deviations, which have a negligible impact on long-term energy trends.
Moreover, the cooling energy consumption of the (FR+FC) is higher than that of the (FC).
Additionally, the average hourly cooling performance coefficient of the (FR+FC) surpasses
that of the (FC). Consequently, implementing (FR+FC) can enhance overall energy efficiency.
Although the core mechanisms are generalizable, quantitative results are specific to the studied
conditions, and conclusions regarding FC system performance may be affected by transient
overloads, and that FR+FC conclusions depend on the specific control strategy employed.

6. The findings of this study provide practical guidance for the design and operation of cooling
systems in office buildings, particularly in the context of balancing architectural aesthetics and
energy efficiency. For west-facing office buildings in hot-summer and cold-winter regions, the
study recommends that if buildings requiring higher WWR, the convective-radiant combined
cooling system is strongly suggested, as it reduces cooling energy consumption by up to 29.26%
compared to FC systems at high WWR, while maintaining acceptable thermal comfort. The
research clarifies that FR+FC systems are more suitable for environments with intense solar
radiation due to their superior ability to handle radiant loads. This helps architects and engineers
make informed decisions: FC systems may be preferred for small WWR (<50%) where convective
loads dominate, while FR+FC systems are optimal for large WWR to mitigate radiation-induced
discomfort and energy waste. By demonstrating that FR+FC systems reduce energy consumption
as WWR increases, the study highlights a pathway to achieve both high transparency and low
energy use—aligning with global trends toward sustainable building design.

7. The experiment was conducted in Mianyang, a representative city in China’s hot-summer
and cold-winter climate zone. Regions with comparable summer solar radiation patterns
will likely benefit from the findings. These areas share key features with Mianyang: intense
west-facing solar radiation during afternoons (14:00-18:00), which dominates indoor cooling
loads. In such regions, FR+FC systems will similarly outperform FC systems in managing
radiation-induced comfort issues and energy consumption at high WWR. Limitations in other
climate zones: Tropical regions with year-round high humidity and diffused solar radiation,
the priority shifts to dehumidification. FC systems may retain advantages in humidity control,
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and the energy-saving effect of FR+FC at high WWR may be weakened due to persistent latent
loads; Cold climates winter heating is the primary concern, and large WWR can reduce heating
energy by utilizing solar gain. The conclusions on summer cooling may not directly apply, as
the trade-off between winter solar gain and summer radiation load differs; Mild climates with
lower summer radiation intensity, the performance gap between FR+FC and FC systems at
high WWR may narrow, and WWR optimization can be more flexible.
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Nomenclature

ASHP Air source heat pump HVAC Heating, ventilation and air conditioning

FC Fan coil convection system FR+FC Convective-radiant combined cooling system

RF Radiant floor system PMV Predicted mean vote

PPD Percentage of dissatisfaction ) Thickness of aluminum foil insulation cotton (mm)

A Thermal conductivity of aluminum foil thermal Ky Heat transfer coefficient of double hollow tempered
insulation cotton (W/(m - k)) glass (W/(m?-k))

Kw Heat transfer coefficient of the exterior wall 7 Dimensionless value of the vertical temperature
(W/ (m? -k))

Tmax Maximum value of the vertical temperature (°C) Toin Minimum value of the vertical temperature (°C)

T Vertical temperature value at this time point and W Hourly electric power consumption of the ASHP
measurement location (°C) (kW -h)

Cuwater Specific heat capacity of water, 4.2 x 10°J/(kg-°C)  p Density of water (1000kg/m)

Vi Water flow of the ASHP (Pa) Tk ASHP water supply temperature, (°C)

Tk ASHP water return temperature (°C) o Boltzmann’s constant (o = 5.67 x 1078 W/ (m2 -KY)

« Azimuth angle between the human body and the f Height angle between the body and the beam of solar
solar radiation beam radiation

Ajj Coefficients of the polynomial algorithms for the case ~ Fs_,; Angular coefficient of the i-th surface between the
of seated persons human body and the surrounding environment.

T; Temperature of the i-th surface in the surrounding  agsy Absorptivity of the human body for shortwave
environment (°C) radiation

€s Emissivity of the human body Ng Number of transparent envelope structures

Fsj Angular coefficient between the human body and the  I; Scattered radiation entering the indoor environment
j-th transparent envelope structure surface through the j-th transparent envelope structure

(W/m2)
Iy Direct solar radiation on the subject (W/m?) fr Projected area factor
N Number of envelope structure surfaces involved i Surface reflectance of the i-th envelope structure
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C Convective heat exchange between the human body  F;_; Angular coefficient between the surface of the
and the surroundings (W/m?) i-th envelope structure and the surface of the j-th
transparent envelope structure

W Mechanical work performed by the human body M Metabolic rate (W /m?)

(W/m?)

P, Water vapor partial pressure surrounding the human £, Air temperature surrounding the human body (°C)

body (Pa)

R Radiative heat exchange between the human body =~ MRT mean radiative temperature

and the surroundings (W/m?)
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