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The roof plays a pivotal role as it directly engages with solar radiation absorption
and external heat exchange, significantly influencing the building’s overall energy
dynamics. To assess the performance of green roofs and cool roofs, a roof
performance test facility was established in Nanjing. Time-difference
comparison experiments were conducted to measure and analyze the energy-
saving effects of cool roofs, green roofs, and conventional roofs during both
summer and winter conditions. The study aimed to investigate how their thermal
performance impacts building energy consumption. The study’s findings reveal
that under summer conditions, the incorporation of a cool roof system leads to a
substantial enhancement in energy efficiency, achieving an impressive 13.2%
energy savings compared to conventional roofing solutions. In contrast, the
implementation of a green roof system results in a more modest energy-
saving rate of 4.1%. Transitioning to winter conditions, the adoption of a cool
roof system shows a marginal increase of 2.8% in energy consumption compared
to conventional roofs. Interestingly, the green roof system stands out as an
energy-efficient option during winter, demonstrating a significant 4.9%
reduction in energy consumption. This approach ensured reliable and valid
results to provide a comprehensive view of how different roof types respond
to varying climatic conditions.
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1 Introduction

Urbanization is closely intertwined with building energy consumption, a factor that
has exhibited a persistent upward trajectory. This escalating trend underscores the
growing significance of building energy consumption within the broader landscape of
societal energy utilization, currently approximating 30% (Xu andWang, 2020; Olu-Ajayi
et al., 2022; Huang et al., 2023). The building roof, often metaphorically termed the “fifth
facade,” has transcended its conventional structural role, evolving into a multifaceted
platform with pronounced energy-efficient attributes. This transformation is attributed
to its capacity to harmonize indoor thermal environments and concomitantly ameliorate
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the aggregate building energy consumption. Scholarly sources
affirm that within urban contexts, building roofs encompass an
expansive expanse, constituting approximately 25% of the total
urban area (Zhao and Zhang, 2023). Furthermore, roofs emerge
as the primary recipient of intense and unfiltered solar radiation,
rendering them an optimal canvas for the assimilation of diverse
energy-conserving technologies. The astute exploitation of the
latent capacities inherent in building roofs, coupled with the
strategic deployment of an array of energy-saving methodologies,
holds the promise of mitigating urban energy consumption to a
certain degree. In doing so, it plays a pivotal role in advancing
China’s imperative objectives of realizing “peak carbon
emissions” and attaining a state of “carbon neutrality” within
specified timelines.

Existing energy-efficient roofing technologies encompass
ventilated roofs (Gagliano et al., 2012; Kain et al., 2020; Hou
et al., 2021; Ingebretsen et al., 2022), solar roofs (Wang and Zhai,
2010; Chaianong and Pharino, 2015; Ayadi and Al-Dahidi, 2019;
Bódis et al., 2019; Evangelisti et al., 2019; Gassar and Cha, 2021),
reflective roofs (Jo et al., 2010; Hernández-Pérez et al., 2014;
Hernández-Pérez et al., 2018), and green roofs (Shafique et al.,
2018; Cascone, 2019; Manso et al., 2021). Amid these strategies,
green roofs stand as the predominant passive roofing energy-saving
technique, second only to insulation methodologies, and have
garnered extensive adoption. Beyond their thermal insulation
attributes, green roofs exert a salient influence on localized
ecological amelioration. They epitomize an exemplary paradigm
of rooftop design for civilian structures, harmonizing ecological
considerations, energy conservation imperatives, and economic
advantages into a cohesive framework. This amalgamation finds
particular resonance in residential edifices situated within regions
characterized by pronounced climatic oscillations, featuring
scorching summers and frigid winters.

The genesis of cool roofs can be traced back to their precursor,
namely, reflective roofs. Conventional reflective roofing entails the
application of luminous-hued, high-reflectance coatings onto
surfaces, thereby curtailing the absorption of solar radiation. This
approach imparts several merits, including the attenuation of
surface temperatures, mitigation of diurnal thermal oscillations,
and safeguarding against roof fissures.

The concept of cool roofs was initially introduced by Parker and
Barkaszi (1997). Differing from conventional reflective roofs, cool
roofs emphasize not only reducing the absorption of solar radiation
(by increasing solar reflectance), but also maximizing the emissivity
of roof materials for longwave atmospheric radiation. In other
words, the goal is to minimize absorption and maximize
emission, thereby lowering the surface temperature of the roof
and reducing the direct heat transfer from the roof into the
indoor spaces of the building. Parker’s testing on nine
representative buildings in the state of Florida, USA,
demonstrated that the use of cool roof materials led to energy
savings of 19% for residential buildings and 25% for commercial
buildings (Florida Solar Energy Center and Parker, 1997).

Pisello and Cotana (2014) conducted a thermal reflection retrofit
on a traditional building in Italy. By comparing the conditions
before and after the retrofit, they found that the average indoor
temperature decreased by 4.7°C during the summer and by 1.2°C
during the winter. This outcome indicates a significant reduction in

building cooling load during the summer and a slight increase in
building heating load during the winter.

Rawat and Singh (2022) summarized the thermal performance
of cool roofs with different types of surface coatings in various
climatic regions. Their analysis revealed that the average energy
savings achieved by cool roofs in different climatic zones (temperate,
tropical, and mixed zones) ranged from 15% to 35.7%. Furthermore,
by employing cool roof technology, the average roof surface
temperature could be lowered by 1.4°C–4.7°C.

Levinson, affiliated with the Lawrence Berkeley National
Laboratory in the United States, conducted a comprehensive
inquiry encompassing both theoretical and empirical dimensions
concerning cool roofs. This comprehensive investigation
encompassed a meticulous examination of diverse materials and
colors employed for cool roof construction. It involved a detailed
analysis of their attributes pertaining to solar spectrum absorption
and radiation properties, culminating in the establishment of an
extensive repository cataloging the material properties of cool roofs.
Employing an expansive repertoire of engineering field tests, this
research offered empirical validation. Notably, it ascertained that the
adoption of cool roofs could engender appreciable energy savings,
ranging from 7% to 21.5%, in the context of air conditioning cooling
energy consumption during California’s summer months. The study
also ventured into the realm of mitigating the urban heat island
phenomenon, revealing the substantial impact of cool roofs in this
regard. Moreover, it explored their viability across multifarious
domains, including automobiles, roads, walls, and bridges,
underscoring the far-reaching applicability of this technology
(Levinson et al., 2005a; Levinson et al., 2005b).

In recent years, the exploration of radiative cooling mechanisms,
leveraging the vast expanse of the sky as a heat dissipation reservoir,
has garnered escalating scholarly interest. Researchers across the
global landscape, as well as within domestic contexts, have devoted
substantial efforts to intricate theoretical investigations and
empirical explorations pertaining to the fundamental
underpinnings, operational methodologies, and material
engineering associated with radiative cooling (Zhang et al., 2018;
Zhao et al., 2019; Wu et al., 2022; Tian et al., 2023). At present,
investigations into radiative cooling are predominantly centered
around two principal domains: coating reflectivity and infrared
emission.

The implementation of radiative cooling strategies, wherein the
expansive sky serves as a heat dissipation reservoir, commonly
involves the utilization of silver coatings or substrates enriched
with micro or nano-particles, functioning as reflective layers. By
selecting tailored materials endowed with selective emission
attributes, electromagnetic waves are emitted via thermal
radiation within the spectral range of the atmospheric window
(8–13 μm). This facilitates the efficacious cooling of surfaces to
notably low temperatures when interacting with the frigid
conditions of outer space. It is important to acknowledge,
however, that the realm of radiative cooling materials presents
certain hurdles that warrant attention. Notably, challenges
encompassing elevated costs and the vulnerability of materials to
degradation within exposed environments, precipitating a decline in
performance, necessitate concerted efforts to be surmounted.

The review of existing literature underscores that prevailing
international research on cool roofs primarily centers around
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geographical locales marked by intense solar radiation and
substantial cooling demands. It is evident that the climatic
nuances abroad deviate from the domestic environment,
particularly in regions characterized by contrasting climatic
patterns of scorching summers and frigid winters. Consequently,
the theoretical constructs and methodologies conceived abroad may
not offer seamless transference to domestic scenarios. In recent
times, the scope of cool roof research within China has
predominantly revolved around two pivotal dimensions. Firstly,
there is a pronounced emphasis on the investigation of heat-
reflective coating materials. Secondly, extensive theoretical and
empirical inquiries have been undertaken to unravel the energy-
conserving attributes of heat-reflective roofs within air conditioning
systems. It becomes evident that the focal point of domestic research
revolves primarily around the heat-reflective properties intrinsic to
cool roofs. However, it is discernible that the exploration of their
equally significant high emissivity attributes, instrumental for
radiative cooling, remains relatively incipient in the domestic
context.

The current study is focused on validating the energy-saving
benefits of cool roofs when compared to alternative roofing systems
in a climate characterized by hot summers and cold winters. To
accomplish this objective, the investigation involved the following
key tasks.

1) Adjustment of Laboratory Conditions: The initial laboratory
conditions were adapted and refined to establish an
experimental framework suitable for studying energy-efficient
roofing technologies.

2) Comparative Analysis using Time-Differential Contrasts: A
methodological framework was developed to comprehensively
examine and empirically evaluate the energy-saving capabilities
of both green roofs and cool roofs. This involved a meticulous
comparison of the energy-saving effects and differences inherent
in green roofs and cool roofs across various operational
conditions, including cooling needs in summer and heating
requirements in winter.

3) Comprehensive Overview of Seasonal Cool Roof Performance:
The unique operational characteristics exhibited by cool roofs in
both winter and summer seasons were systematically
summarized. This synthesis provides valuable guidance and
serves as a reference point for the practical implementation of
cool roofs in various engineering applications.

Through these efforts, this study aims to deepen our
understanding of the energy-saving potential offered by cool
roofs in climates marked by hot summers and cold winters.
Additionally, it seeks to provide practical insights relevant to the
real-world adoption of cool roofs, bridging the gap between
theoretical advancements and practical applications.

2 Experimental design and
methodology

At present, on the global stage, three predominant experimental
methodologies are recognized for investigating building energy
consumption. The first approach entails the selection of two

congruent rooms characterized by uniform thermal attributes,
orientation, energy utilization patterns, and HVAC systems.
Monitoring encompasses energy consumption patterns as well as
temperature and humidity fluctuations within both chambers.
Subsequent to data collection, disparities between the two spaces
are scrutinized. However, a notable challenge associated with this
method lies in its endeavor to mitigate the impact of heat transfer
through the walls, which could potentially emanate from adjoining
spaces and consequently impede the accuracy of results.

The second testing methodology involves the utilization of a
chamber model strategy, wherein two entirely identical chamber
models are meticulously fabricated. A critical prerequisite is the
establishment of an adequately voluminous model to ensure the
maintenance of natural airflow patterns within. Following the
calibration of thermal performance to guarantee parity,
encompassing uniform thermal attributes, orientation, energy
consumption profiles, and HVAC systems, the monitoring of
energy consumption and temperature/humidity transpires in
both chambers. This method effectively circumvents the
interference attributed to heat transfer from adjacent spaces.
However, it necessitates the careful consideration of chamber
size, which must be sufficiently substantial to curtail significant
discrepancies vis-à-vis actual building energy utilization
patterns.

The third testing approach entails an examination of a singular
room before and after modifications, thereby facilitating a
comparative analysis of alterations in energy consumption and
temperature/humidity profiles. This technique guarantees the
preservation of identical thermal attributes within the room and
attains heightened accuracy through the elimination of external
interferences. However, a limitation of this method is its inability to
ensure consistent outdoor weather parameters between the pre-
modification and post-modification phases. Consequently, the
overall building energy consumption values may carry
diminished significance as reference points. Nevertheless, this
approach remains pertinent for the evaluation of energy-saving
enhancements and interventions, wherein the proportion of
energy conservation can be presumed to remain relatively
consistent under similar weather conditions.

Taking into consideration factors like experimental site
suitability and the effectiveness of the experiments, this study
employs a combination of the second and third methods. In
other words, a time-differential comparative experimental design
is used. For cool roofs, green roofs, and conventional roofs, two
identical chamber models of the same scale are constructed. The
energy-saving effects of cool roofs and green roofs are determined by
comparing them against the conventional roof. The specific
procedures are as follows.

2.1 Summer conditions

1) Select 2 days with weather conditions as close as possible. On the
first day, measure the energy consumption of the conventional
roof and the green roof to determine the energy-saving rate of the
green roof.

2) Apply cool roof coating to the conventional roof chamber for the
second day’s test.
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3) On the second day, measure the energy consumption of the cool
roof and the green roof with the cool coating applied. Calculate
the energy-saving rate of the cool roof relative to the green roof,
using the previously obtained energy-saving rate of the green
roof relative to the conventional roof.

2.2 Winter conditions

1) Select 2 days with similar weather conditions. Test the energy
consumption of the cool roof and the green roof with the cool
coating applied to determine the energy usage difference between
the two.

2) Apply conventional coating to the cool roof chamber for the
second day’s test.

3) Measure the energy consumption of the conventional roof and
the green roof with the conventional coating applied. Calculate
the energy usage difference between the conventional roof and
the green roof using the previously obtained data for the cool roof
and green roof comparison.

2.3 Data analysis: collect and analyze the
data to complete the experiment

This experimental approach appears to be well-designed for
comparing the energy-saving characteristics of cool roofs and green
roofs under summer cooling and winter heating conditions. It
accounts for weather variations and uses a time-differential
comparison to yield valuable insights into the performance of
these roofing systems.

3 Experimental setup

3.1 Experimental site arrangement

The experimental configuration is situated atop the Cooling
Science Laboratory at Southeast University’s Sipailou Campus. This

building boasts an approximate height of 8 m. Notably, tall edifices
of varying orientations are situated at a significant remove from the
testing locale, thus effectively curtailing their capacity to influence
experimental readings. The rooftop enjoys abundant natural
illumination and is devoid of extraneous heat sources, as vividly
illustrated in Figure 1.

In order to facilitate the smooth progress of the experiment, the
following idealized assumptions were made.

1) Only external heat gains of the building were considered, while
internal heat sources such as lighting, outlets, and human
activities were disregarded.

2) To align with the working hours of typical office buildings,
measurements and calculations were limited to the period
from 9:00 a.m. to 5:00 p.m.

3) Heat transfer through the floor, both upward and downward, was
not taken into account.

4) Given the impracticality of identical weather conditions on two
consecutive days, the experiment selected 2 days with weather
parameters as close as possible to typical meteorological
conditions to ensure the experiment’s accuracy.

In order to mitigate heat dissipation from the enclosure
structure and augment the precision of the experiments, both
chambers are fabricated employing high-performance 50 mm
sandwiched polystyrene panels. The exterior dimensions of each
chamber are delineated as follows: Length × Width × Height =
2,200 mm × 1,980 mm × 1,900 mm. These chambers are further
fortified by a 600 mm high angle steel base support positioned
underneath, ensuring structural stability and elevation.

In the context of this experiment, a proprietary green roof
comprising Manila grass sod is implemented. The choice of
Manila grass is underpinned by its recognized attributes
encompassing resilience against drought, capacity to withstand
high temperatures, tolerance to shaded environments, resistance
to foot traffic, rapid growth, and straightforward maintenance
regimen. The specific configuration of the green roof for this
experiment entails a soil layer thickness of approximately 2 cm,
with the grass attaining an approximate height of 8 cm.

FIGURE 1
Experimental chamber and rooftop layout (A) front view; (B) top view.
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In the case of the cool roof, an application of ZS-222 type cool
roof coating is administered via a spraying technique. The salient
attributes characterizing this coating are comprehensively
summarized in Table 1. As for the conventional roof, a standard
gray-colored coating is brushed onto the surface, boasting a
quantified reflectance value of approximately 0.45.

3.2 Layout of cooling and heating source
system

Both thermal testing chambers, along with their enveloping
protective enclosures, are skillfully assembled utilizing high-
performance 50 mm sandwiched polystyrene panels. It is
projected that the cooling load for each chamber approximates
300 W, while the corresponding heating load is estimated at
approximately 450 W.

Given the complexities entailed in acquiring a 200 W small
refrigeration unit and with a strategic intent to streamline expenses
while leveraging available resources, the cooling unit enlisted for this
configuration capitalizes on an extant laboratory asset. Specifically, a
compact vortex-type air-cooled heat pump unit with a maximum
cooling capacity of 8.2 kW is employed. Furthermore, a 0.8 L
capacity energy storage water tank is seamlessly integrated into
the setup. Its principal function pertains to ensuring a sustained
water supply temperature, thus effectively curtailing unwarranted
fluctuations in indoor temperatures.

In order to establish a regimen of consistent and reliable
operation for the air-cooled heat pump unit, a judicious selection
has been made of an FSFP-34-LA fan coil unit, bolstered by an
electric heater component. This electric heater assumes a pivotal role
in counterbalancing any surplus cooling capacity generated during
operation, thereby ensuring the maintenance of the indoor
temperature at the designated set point. This strategy is
predicated on guaranteeing both the stability and dependability
of the system’s functioning while concurrently optimizing costs
through the judicious utilization of extant laboratory assets. An
additional advantage intrinsic to this approach is the dynamic
control it affords. By modulating the heating power of the
electric heater, the capacity for adjustment in heating and cooling
capabilities is realized. This stands in contrast to traditional

refrigeration system modifications and confers a distinct
advantage in terms of operational flexibility and precision.

The testing chambers are outfitted with a reheat-type fan coil
system, incorporating a temperature controller that functions in
consonance with the designated temperature set point and the
temperature differential perceived by the embedded temperature
sensor. The orchestration of the electric heater’s operation is
governed by this controller, as illustrated in Figure 2. Following
the attainment of system stabilization, the ensuing temperature
oscillations within the testing chambers are adeptly contained
within a narrow range of ±0.3°C.

3.3 Arrangement of testing system

The crux of the experiment revolves around the comprehensive
testing and real-time monitoring of a gamut of parameters.

1) Roof inner surface temperature (at two distinct measurement
points)

2) Internal chamber temperature (at two distinct measurement
points)

3) Inlet and outlet water temperatures (captured at four distinct
measurement points)

4) Flow rates (evaluated at two distinct measurement points)
5) Vertical surface solar radiation (monitored at a singular

measurement point)
6) Fan power consumption (measured at two separate points)
7) Electric heater power consumption (assessed at two discrete

points)

This meticulous assessment endeavors to provide a holistic
perspective on the experiment’s dynamics and outcomes.

Outdoor Environmental Parameter Testing System: The
efficacy evaluation of the chamber’s energy-saving
performance hinges upon the interplay with outdoor
environmental factors, encompassing solar radiation, outdoor
dry bulb temperature, relative humidity, wind speed, and wind
direction. To this end, the outdoor environmental testing system
is designed to systematically gather and archive hourly data
concerning the following parameters.

1) Total solar radiation on the horizontal plane
2) Total solar radiation on the vertical surface of the chamber
3) Outdoor dry bulb temperature
4) Relative humidity
5) Wind speed
6) Wind direction

Nanjing is located in a region characterized by hot summers and
cold winters, belonging to the subtropical monsoon climate zone,
with a Köppen climate classification of “Cfa.” Specifically, Nanjing’s
climate features four distinct seasons, with hot and humid summers,
cold and dry winters, and pleasant temperatures during the
transitional periods of spring and autumn. It is also influenced
by monsoons, resulting in rainy summers and relatively dry winters.

The schematic representation of this system is vividly illustrated
in Figure 3, accentuating its pivotal role in affording a

TABLE 1 Key characteristics of ZS-222 thermal reflective coating.

Property Specification

Reflectance >0.9

Emissivity >0.85

Surface Dry Time <0.5 h

Full Dry Time <24 h

Water Resistance No blistering, peeling after 500 h

Acid Resistance No blistering, peeling after 500 h

Alkali Resistance No blistering, peeling after 500 h

Adhesion Grade 1

Weather Resistance No degradation after 1,000 h of accelerated aging
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comprehensive understanding of the experiment’s contextual
dynamics.

In order to facilitate a comparative evaluation of the energy-
saving efficacy across distinct roofing types, the real-time internal
surface temperatures of both categories necessitate meticulous
monitoring. To achieve this objective, T-type copper-constantan
thermocouples have been chosen as the sensing apparatus. These
thermocouples are strategically deployed to capture real-time
temperature measurements at four designated points. The
orchestration of data acquisition is facilitated through the
utilization of the Agilent-34972A data acquisition instrument,
which records the data at intervals of 10 s. This data collection

regimen ensures a comprehensive insight into the temporal
temperature variations and their interplay with the different
roofing configurations.

To ascertain the cooling load exerted on the two testing
chambers throughout the experiment, a comprehensive
methodology is adopted. The procedure encompasses real-time
monitoring of the power consumption pertaining to the cooling
systems within each chamber, culminating in the amalgamation of
the acquired data. Through the meticulous assessment of inlet and
outlet water temperatures in conjunction with the flow rates of the
fan coil units, the cooling load imparted to each chamber is
ascertainable over a defined temporal span. An analogous
approach is employed to delineate the heating load sustained by
each chamber over the same duration. This entails the measurement
of power consumption attributed to the fan motors and electric
heaters. The differential between these two distinct loads
encapsulates the requisite energy for air conditioning within each
respective chamber. This analysis offers a nuanced insight into the
dynamic interplay of energy dynamics within the experimental
setup.

The Yokogawa WT230 real-time monitoring system serves as
the instrumental conduit for capturing the power consumption
metrics affiliated with the motors of the fan coil units and the
electric heaters domiciled within Testing Chamber A and Testing
Chamber B. This deployment substantially streamlines the process
of energy consumption calculations, ensuring accuracy and
efficiency in the assessment of power utilization dynamics.

4 Experimental results and analysis of
energy saving effects

4.1 Summer condition

In accordance with prevailing weather patterns, the dates of July
24th and July 25th have been earmarked as the designated testing
days for evaluating summer operating conditions. The duration of

FIGURE 2
Experimental cooling and Heat Source System Setup (A) Exterior View; (B) Interior View.

FIGURE 3
Meteorological parameter recording station.
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testing will span from 09:00 a.m. to 06:00 p.m. on these selected days.
The intricacies of temperature variations and solar radiation
intensities pertinent to these dates are graphically represented in
Figure 4, rendering a comprehensive visual depiction of the
atmospheric dynamics during the experimentation period.

The visual representation in Figure 4 distinctly elucidates that,
encompassing both July 24th and July 25th, a discernible constancy
characterizes the temperature trends spanning from 09:00 a.m. to 06:
00 PM. It becomes evident, however, that the solar irradiance
intensity encounters pronounced fluctuations, a phenomenon
attributed to variables such as cloud coverage and prevailing
meteorological conditions. Notably, the intensity reaches its
zenith around the noon hour, attaining an approximate value of
1,000 W/m2. This observation underscores the dynamic and
intricate interplay of solar radiation dynamics within the
designated time frame.

Test Results for July 24th:
Adhering to the prescribed experimental regimen tailored for

summer conditions, the primary focus pivoted towards scrutinizing
the energy consumption attributes distinctive to the conventional
roof and the green roof configurations. Over the duration
encompassing 09:00 a.m. to 06:00 p.m., the testing chambers
underwent comprehensive evaluations. The ingress of cooling
load into the indoor environment was gauged by computing the

temperature differential in conjunction with the flow rate of the
chilled water. This value, juxtaposed against the electric heater’s
power consumption, yields an accurate reflection of the authentic
cooling load borne within the chamber. The outcomes of these
calculations are vividly portrayed in Figure 5A, furnishing a visual
representation of the derived results.

From Figure 5A, it is evident that starting from 09:00 a.m., the
energy consumption of the green roof remains consistently lower
than that of the conventional roof. As solar radiation intensity
increases and temperatures rise, the maximum cooling load of
the conventional roof can exceed 260 W, whereas the cooling
load for the same period on the green roof is only 230 W,
resulting in a difference of 11.5% in peak loads. Calculations
show that during the time span from 09:00 a.m. to 06:00 p.m.,
the total energy savings for the green roof, compared to the
conventional roof, amount to 11.7%.

Test Results for July 25th:
Persisting in adherence to the outlined experimental design

tailored for summer conditions, the subsequent phase
encompassed the comprehensive examination of energy
consumption traits associated with both the heat-reflective cool
roof and the green roof configurations. The assessment activities
mirrored those of the prior day, occurring within the temporal ambit
spanning from 09:00 a.m. to 06:00 PM. Akin to the preceding day,
the cooling load infiltrating the indoor realm was deduced through
the computation of temperature disparities alongside the flow rate of

FIGURE 4
(A) weather parameters for July 24th, summer season (B)
Weather parameters for July 25th, summer season.

FIGURE 5
(A) Roof cooling load for July 24th, summer season. (B) Roof
cooling load for July 25th, summer season.
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chilled water. Subsequently, the disparity between this calculated
load and the electric heater’s power consumption unveils the
genuine cooling load intrinsic to the chamber. The outcomes of
these meticulous calculations find visual articulation in Figure 5B,
vividly encapsulating the resultant findings.

As elucidated by Figures 5A, B clear pattern emerges wherein the
energy consumption attributed to the heat-reflective cool roof
consistently trails that of the green roof configuration,
commencing from 09:00 a.m. onward. Parallel to previous
observations, an incremental surge in solar irradiance intensity
coupled with escalating temperatures accentuates this trend.
Notably, the zenith of cooling load experienced by the green roof
culminates around 210 W, whereas the analogous cooling load of the
cool roof merely registers at 200 W. This delineates a discernible
4.8% divergence in peak loads. Broadening the purview to
encapsulate the entirety of the time frame spanning from 09:
00 a.m. to 06:00 p.m., calculated results concretely affirm that the
total energy savings rendered by the cool roof, relative to the green
roof configuration, stands at a noteworthy 4.1%. This observation
attests to the efficacy of the heat-reflective cool roof in effecting
discernible energy conservation amidst the specific summer
conditions under examination.

Cool roofs primarily achieve energy savings through high
reflectivity and emissivity, whereas green roofs achieve energy
savings through the transpiration of plants and the heat storage
capacity of the soil. At the end of a summer day, as solar radiation
gradually diminishes, the energy savings from the high reflectivity of
cool roofs gradually diminish as well. In contrast, green roofs
maintain a stable energy-saving benefit due to the transpiration
of plants and the heat storage capacity of the soil. Therefore, at the
end of a summer day, the energy savings deviation between green
roofs and cool roofs tends to converge.

With due consideration to the discerned energy conservation
proportions between the green roof and the conventional roof
configurations, a salient conclusion can be drawn. Specifically,
the cool roof configuration achieves a commendable total energy
savings ratio of 13.2% during the operational hours characteristic of
the summer season. This finding underscores the significant strides
made in energy efficiency through the adoption of the cool roof
solution within the ambit of this study.

4.2 Winter condition

In alignment with prevailing weather dynamics, the dates of
January 3rd and January 4th in the year 2017 were judiciously
earmarked for conducting testing during winter conditions. The
evaluative phase was conducted within the temporal span spanning
from 09:00 a.m. to 18:00 PM. This 2-day interval was thoughtfully
selected to facilitate a comprehensive assessment of performance
within the context of winter climatic conditions. The intricate
interplay of temperature trends and solar radiation intensity
levels for these specific dates are distinctly illustrated in Figure 6,
offering a graphical representation that encapsulates the
atmospheric nuances during the experimentation period.

The graphical representation in Figure 6 effectively encapsulates
the temperature dynamics during the winter season for January 3rd
and January 4th. Spanning from 09:00 a.m. to 06:00 p.m., a

noticeable congruence characterizes the temperature trajectories
on these days. On January 3rd, the temperature range spanned
from a minimum of −2.7°C to a maximum of −0.1°C. Conversely,
January 4th witnessed slightly milder conditions, with temperatures
oscillating between a low of −0.9°C and a high of 2.1°C. Evidently, the
latter day was marked by comparatively elevated temperatures vis-à-
vis January 3rd. Furthermore, the solar irradiance intensity
conspicuously oscillates, a phenomenon attributed to variables
such as cloud coverage. Notably, the intensity crescendos around
midday, attaining an approximate zenith of 260 W/m2. This
observation distinctly underscores the intricate dynamics
governing solar radiation patterns during the specified winter
conditions.

January 3rd Test Results:
Adhering to the outlined experimental protocol tailored for the

winter season, the focal point of scrutiny shifted towards the energy
consumption attributes of both the cool roof and the green roof
configurations. Over the temporal span encompassing 09:00 a.m. to
06:00 p.m., a noteworthy facet becomes apparent: owing to the
absence of cooling load, the initiation of the chiller unit for cold
water was superfluous. Instead, the sole parameter necessitating
measurement pertained to the power consumption of the electric
heater, which effectively mirrors the genuine indoor heating load.
This discerning approach steers the experimental assessment toward
an intricate examination of the heating dynamics within the testing
chambers. The cumulative outcome of these calculations is

FIGURE 6
(A)Weather parameters for January 3rd during the winter season.
(B) Weather parameters for January 4th during the winter season.
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graphically depicted in Figure 7A, serving to illustrate the findings
rendered through meticulous analysis of the available data.

Initiating from 09:00 a.m., a discernible pattern emerges wherein
the heating load gradually recedes in tandem with the escalating
solar radiation intensity and ascending temperatures. Around 5:
00 p.m., a pivotal shift becomes perceptible: the radiation intensity
diminishes, initiating a decline in temperature and an attendant
increase in the heating load. Notably, during this period, the
minimal heating load attributable to the green roof configuration
approximates 300 W. Conversely, the corresponding heating load
for the cool roof configuration registers at approximately 330 W.
Cumulative computations undertaken across the temporal span of
09:00 a.m. to 6:00 p.m. coalesce to yield a definitive outcome.
Specifically, the total energy savings facilitated by the green roof,
relative to the cool roof configuration, amount to a substantial 7.8%.
This revelation accentuates the noteworthy potential of the green
roof solution in orchestrating energy conservation during the
specified winter conditions under examination.

January 4th Test Conditions:
Remaining in accordance with the stipulated experimental

protocol tailored for the winter season, the ensuing phase
revolves around assessing the energy performance characteristics
of both the conventional roof and the green roof configurations.
Spanning from 09:00 a.m. to 6:00 p.m., the test chambers are
engaged within this time frame. It is pertinent to note that in the
absence of any discernible cooling load, the chiller unit for cold

water remains dormant throughout the evaluation. Consequently,
the exclusive parameter that demands scrutiny pertains to the power
consumption of the electric heater–a parameter that faithfully
mirrors the authentic indoor heating load. The culmination of
these meticulous measurements is artfully illustrated in
Figure 7B, furnishing a visual representation that effectively
encapsulates the outcomes of the comprehensive analysis of data.

The insights drawn from Figure 7B resonate with compelling
clarity. Commencing at 09:00 a.m., a discernible trend becomes
evident: the heating load progressively diminishes in tandem with
the mounting solar radiation intensity and concurrent temperature
elevation. The turning point manifests around 5:00 p.m., as the solar
radiation intensity wanes, instigating a temperature decrease and
consequently triggering an uptick in the heating load. During this
interval, the minimal heating loads attributable to both the green
roof and the regular roof configurations are strikingly similar,
approximating 275 W.

During winter, the transpiration activity of plants on green
roofs decreases, and this reduced transpiration can have adverse
effects on heating inside buildings. Therefore, the primary factors
influencing the energy-saving performance of green roofs during
winter are the reflectivity of the vegetation layer and the heat
storage capacity of the soil. At the end of a winter day, as solar
radiation gradually diminishes, the reflectivity benefits of the
vegetation layer gradually diminish as well. Simultaneously, the
soil layer reaches a saturation point in terms of heat storage, and
as temperatures gradually rise (as shown in Figure 6), the energy-
saving effects of green roofs and regular roofs gradually become
more consistent.

The cumulative reckoning spans from 09:00 a.m. to 18:00 p.m.,
culminating in a definitive inference. Specifically, the green roof
showcases a commendable energy reduction rate of 4.9% when
juxtaposed with the conventional roof. Notably, upon extrapolating
the energy savings attributable to the green roof and the
conventional roof, a nuanced insight emerges. The cool roof
configuration, operating during the winter operational hours,
begets a marginally detrimental outcome: an approximate 2.8%
increment in energy consumption compared to the conventional
roof. A pivotal factor underlying this outcome pertains to the cool
roof’s pronounced capacity to reflect solar radiation, which inhibits
the absorption of heat from the natural solar source during winter.
Concurrently, the cool roof’s elevated emissivity incessantly releases
heat outward, amplifying the building’s demand for heating loads.
This symbiotic interplay contributes to the observed increase in
energy consumption, establishing the cool roof’s suboptimal
performance during winter heating conditions.

The study’s implications transcend mere energy savings,
underscoring the imperative of encompassing broader
environmental and economic considerations while navigating the
realm of roofing choices. While the energy-saving feats of green
roofs during summer are undoubtedly remarkable, their value
proposition transcends the confines of energy efficiency. Green
roofs manifest a multidimensional impact, encompassing air
quality amelioration, stormwater management, and urban
aesthetics. On a divergent trajectory, the season-dependent
performance variations exhibited by cool roofs serve as an
unequivocal testament to the intricacy of their thermal attributes.
This complexity underscores the necessity for meticulous evaluation

FIGURE 7
(A) Roof heating load on January 3rd. (B)Winter roof heating load
on January 4th.
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and optimization, particularly within locales characterized by harsh
winter conditions.

In the realm of pragmatic applications, the study’s outcomes
bear the potential to guide architects and building proprietors in
adopting judicious roofing strategies, aligned with localized climatic
attributes. For regions replete with sweltering summers, the strategic
implementation of green roofs could yield remarkable cooling
dividends. Conversely, the suitability of cool roofs assumes
prominence within domains characterized by unrelenting winter
conditions. A noteworthy proposition worth exploring pertains to
hybrid solutions that artfully amalgamate the strengths inherent to
both green and cool roofs. Such an approach could find profound
relevance within climates punctuated by dramatic temperature
oscillations.

However, the study does acknowledge certain limitations that
merit acknowledgment. Primarily, the scope of the research is
tethered to a specific building and a particular set of weather
conditions. Extrapolation to dissimilar building typologies and
climates necessitates prudence. Furthermore, the study
predominantly orbits around short-term energy implications,
warranting the inclusion of long-term assessments encompassing
roof durability, maintenance outlays, and holistic building
performance within subsequent investigations.

In summation, this empirical exploration deftly probes into the
energy efficacy of disparate roof typologies across an array of
meteorological milieus. The outcomes distinctly underscore the
intricate dance between roof characteristics and climatic
dynamics, underscoring the indispensability of bespoke roofing
solutions that harmonize with regional climatic vagaries.
Embedded within the contours of this study is a seminal
contribution to the compendium of knowledge tethered to
building energy efficiency. The insights gleaned reverberate with
implications, embellishing sustainable building design and enriching
the landscape of urban planning.

5 Discussion and conclusion

The building envelope plays a critical role in determining energy
consumption in buildings, and the roof, due to its direct interaction
with solar radiation and heat exchange with the environment, holds
a prominent position. This study focused on cool roofs, green roofs,
and their heat transfer mechanisms, conducted using a roof
performance testing infrastructure in Nanjing. The primary
objective was to assess the energy-saving characteristics of these
roof types in both summer and winter conditions, leading to the
following key findings.

1) In summer, the cool roof exhibited the lowest energy
consumption, followed by the green roof, while the
conventional roof had the highest energy consumption. As
solar radiation increased, the energy-saving effect of the cool
roof became more pronounced. Between 9:00 a.m. and 6:00 p.m.
in summer, the cool roof saved 11.7%more energy than the green
roof and 4.1% more energy than the conventional roof. After
calculations, the cool roof saved 13.2% more energy than the
conventional roof.

2) In winter, the green roof had the lowest energy consumption,
followed by the conventional roof, with the cool roof having the
highest energy consumption. Between 9:00 a.m. and 6:00 p.m. in
winter, the green roof saved 7.8% more energy than the cool roof
and 4.9% more energy than the conventional roof. After
adjustments, the cool roof increased energy consumption by
2.8% compared to the conventional roof.

3) The study revealed that while cool roofs provided clear
energy savings during summer cooling, they could lead to
increased heating loads during winter heating, especially in
regions where cooling loads significantly outweigh heating
loads in summer. This suggests the potential for substantial
energy savings with cool roofs. Future research should
explore their impact on overall building energy
consumption throughout the year, considering both their
positive effects in summer and negative effects in winter, to
better assess the practical application of cool roofs and green
roof technologies.

Furthermore, the methodological rigor of this study was
evident, as it combined indoor experimentation with real-time
monitoring of outdoor meteorological conditions. This approach
ensured reliable and valid results by measuring parameters
including surface temperatures, energy consumption, solar
radiation, and ambient temperatures, providing a
comprehensive view of how different roof types respond to
varying climatic conditions.
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