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Abstract: Traditional rooftop greenhouses offer a promising solution for urban vegetable
supply but have the disadvantages of overheating during the daytime and supercooling
during the nighttime. To address these issues, a novel solar greenhouse system using
nanofluid spectral splitting and phase change materials (NSS-PCMs) was developed. In
this study, a 75-day thermal environment test experiment was conducted on the novel
solar greenhouse, and the growth status and nutrient composition of three typical plants
were evaluated. By optimizing the greenhouse structure parameters through the model,
over 80% of 300-800 nm wavelengths for vegetable photosynthesis were transmitted to the
greenhouse, while the remaining spectrum was used for heat storage to maintain warmth
during nighttime. The novel solar greenhouse reduced daytime temperatures by 5.2 °C
and increased nighttime temperatures by 6.9 °C, reaching a maximum thermal efficiency
of 53.4% compared to traditional greenhouses. The 75-day temperature detection showed
that optimal temperature ranges were maintained for approximately 60 days, both during
daytime and nighttime, with an 80% assurance rate. The growth rates of three vegetables in
the novel solar greenhouse improved by 55%, 35%, and 40%, and the nutrient composition
doubled compared to the control group.

Keywords: rooftop agriculture; spectral splitting; nanofluid; phase change material;
solar energy

1. Introduction

Global population growth and rapid urbanization are putting pressure on food security,
a problem made even more acute by the rising demand for food [1-3]. In the urban
environment, the reduction in vegetable cultivation has become a serious problem. Rooftop
agriculture often has better light, and the use of rooftops can meet different personalized
planting needs [4]. Rooftop agriculture is not only in line with the development goals
of green cities but also plays a role in beautifying and developing more environmentally
friendly and low-carbon urban settings [5-7].

Urban agriculture is increasingly gaining attention, as evidenced by the growth of local
food production projects [8-10]. The current urban agricultural system showcases a rich
diversity, encompassing various methods, models, scales, directions, and objectives, and
can flexibly adapt to urban and peri-urban environments [11,12]. Within urban settings, the
types of urban agriculture can be classified in various ways based on different production
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purposes, market positioning, or technological approaches [13]. Transforming unused
balconies into productive spaces is recognized as an effective sustainable development
strategy, a view supported by researchers and urban planners. Rooftop agriculture is a
facility specifically designed for planting and protecting plants; it provides warmth, ample
sunlight, and suitable humidity, which can effectively extend the growing season and
enhance growth efficiency.

Traditional solar agriculture is a combination of solar power generation, modern
agricultural planting, and efficient facility agriculture [14,15]. The advantage of traditional
solar agriculture is that it can convert sunlight into electricity to save energy. The biggest
drawback of traditional solar agriculture is that light and temperature are affected by
factors such as the economy, region, and climate [16], which might cause plant growth to
be hindered or the yield to decline. Additionally, in the cold season, the heat loss may be
more significant during nighttime. If there are not enough heat preservation measures,
the temperature may decline rapidly during nighttime, affecting the growth of plants [17].
In order to maintain a suitable temperature, traditional solar agriculture requires a lot of
heating. This can lead to high energy costs. Therefore, there is an urgent need to design a
structure that can be used to provide controllable temperature, light, and other climatic
factors so that plants can grow under non-ideal natural conditions. Enhancing the design
of conventional solar greenhouses can lessen the environmental effects on agriculture [18],
thereby improving land use efficiency and reducing the use of water and pesticides [19,20].

In greenhouse cultivation systems, temperature control is a key factor influencing crop
growth and yield. Crops in different climate zones have different temperature requirements.
For example, in temperate climates, lettuce grows best at 15-20 °C [21]; in tropical climates,
chili peppers grow best at 25-30 °C [22]; tomatoes are most suitable for growth in temperate
climates with an ideal temperature of 20-25 °C [23]; and in subarctic climates, carrots grow
best at 15-18 °C [24]. Therefore, the temperature is typically controlled between 15 °C and
30 °C, which meets the growth requirements of most common vegetables and fruits. Precise
temperature regulation helps improve crop growth efficiency, yield, and quality, especially
in greenhouse systems, where temperature can be adjusted based on the characteristics of
different climate zones to suit the needs of various crops.

The spectrum required for normal plant growth is 300-800 nm [16], and the temper-
ature is 15-30 °C. Therefore, in order to promote the normal growth of plants, a novel
system that can provide appropriate light and spectrum while maintaining appropriate
temperature conditions is needed. Reasonable regulation of these factors can help plants
make full use of light energy for photosynthesis and maintain normal growth and de-
velopment. Nanofluids (NFs), recognized as an innovative heat transfer medium with
excellent thermal performance, hold significant promise for application in heat transfer
systems [25-27]. Nanofluids not only improve the heat transfer efficiency and thermal
conductivity [28,29] but also show better light absorption performance [30,31]. Research
has demonstrated that CNT/Ag nanofluids have high transmittance at 300-700 nm.

The nanofluid spectral splitting technology involves the introduction of nanoparticles
into fluids to selectively absorb and scatter sunlight at specific wavelengths, optimizing
heat distribution and improving energy efficiency [32,33]. This technology enhances the
solar radiation absorption in the desired wavelength range, reducing excess heat buildup
while maintaining a stable temperature within the greenhouse. The use of nanofluids
allows for better control of the thermal environment, leading to more efficient energy use
and promoting better plant growth [34].

Phase change materials (PCMs) are capable of latent heat thermal energy storage
(LHTES) and represent an innovative solution for thermal energy storage (TES) to address
global energy demands [35,36]. Several studies have explored various PCM systems to
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fulfill the heat requirements of greenhouses. For instance, Benli and Durmusg [37] tested an
experimental setup featuring ten solar air collectors integrated with a latent heat storage
system. Their results indicated that the temperature inside the greenhouse was 6-9 °C
higher than the outdoor temperature due to the size of the integrated PCM collectors.
Similarly, Bobadilla et al. [38] incorporated a solar air heater with PCM storage into a small
church-shaped greenhouse during winter, resulting in an internal temperature that was
5 °C warmer than the ambient temperature. The collector successfully stored approximately
56% of the waste heat generated during the day, meeting 30% of the nighttime heating
demand. However, to date, researchers have not combined the NSS system with PCM
and greenhouses.

To address these issues, a novel solar greenhouse system based on nanofluid spectral
splitting and phase change materials (NSS-PCMs) was developed for rooftop agriculture.
This system leverages nanofluid spectral splitting and PCM to enhance comprehensive
solar energy utilization, improve full-spectrum solar efficiency, boost vegetable production
efficiency, and save energy. In this study, a 75-day thermal environment test experiment
was conducted, and the growth status and nutrient composition of three typical plants
were evaluated. The system was first designed and subjected to thermal and spectral
experiments. Then, a thermal model was developed and validated, followed by system
parameter optimization based on the model. In addition, the thermal performance of the
NSS-PCM system was evaluated in comparison to a traditional system. Finally, purslane,
asparagus, and lettuce were selected for planting and testing for 75 days. Upon maturity,
their growth conditions and nutrient content were measured and evaluated.

The innovative aspect of this study lies in the integration of nanofluid spectral splitting
with phase change materials (PCMs) in the development of a novel solar greenhouse system.
This system combines the precise thermal regulation provided by nanofluids with the
thermal storage capability of PCMs, which absorb excess heat during the day and release
it at night, thus stabilizing temperature fluctuations within the greenhouse. This dual
approach significantly improves the thermal performance of the greenhouse while also
enhancing energy efficiency and plant growth conditions, representing a novel solution
compared to traditional temperature control methods.

2. Description of Solar Greenhouse with NSS-PCMs

The schematic of the novel solar greenhouse with the NSS-PCM system is depicted
in Figure 1. The NSS-PCM system is mainly composed of acrylic glass, nanofluids, PCMs,
a serpentine copper tube, a water pump, a heat storage tank, and an aluminum groove,
respectively. The nanofluid spectral splitting (NSS) receiver transmits the effective spec-
trum of plant photosynthesis (300-800 nm) for the growth of plants while absorbing the
remaining spectrum of sunlight (800-1500 nm) to generate heat [16]. The nanofluids flow in
a channel composed of two glass plates. The PCMs are placed in the aluminum groove on
the back of the NSS-PCM system for storing heat to warm the greenhouse during nighttime.
Nanofluids not only transmit the plant photosynthesis active spectrum required by plants
for plant growth but also absorb the rest of the spectrum of sunlight. Organic paraffin
acts as the PCM. The serpentine copper tube is placed in the middle of the PCMs. The
nanofluids absorb heat and flow into the copper tube to heat the PCMs for heat storage.
PCMs release the heat to warm the greenhouse to maintain an appropriate temperature for
the plants and promote plant growth during nighttime. The heat storage water tank plays
a role in heat preservation during the day.

During the daytime, the pump is activated, circulating nanofluids from the water
tank. These nanofluids effectively absorb solar radiation in the 800-1500 nm spectrum
range, causing their temperature to rise quickly. Heated nanofluids then flow into a copper
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tube, transferring heat to the phase change materials (PCMs). The PCMs receive this
heat, gradually raising their temperature until reaching the phase change point, thereby
storing substantial thermal energy. At the same time, any unabsorbed radiation passes
directly into the greenhouse, providing essential light for plant photosynthesis and directly
warming the greenhouse space. The spectral splitting properties of the nanofluids filter
out unnecessary radiation, preventing the greenhouse from overheating and maintaining a
stable temperature environment that supports efficient photosynthesis (Figure 2a).
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Figure 1. The concept and structure diagram of a solar greenhouse with NSS-PCMs.

At night, the system automatically shuts off the pump, returning nanofluids to the wa-
ter tank and pausing circulation. Meanwhile, the PCMs begin releasing the thermal energy
stored during the day, gradually dispersing heat into the greenhouse. This slow heat release
by the PCMs effectively slows the temperature drop within the greenhouse, ensuring that
the nighttime temperature remains within 15-18 °C. This temperature range is crucial for
healthy plant growth, preventing growth inhibition or potential frost damage due to sudden
nighttime temperature drops. By releasing and regulating heat in this way, the greenhouse
environment remains stable throughout the night, ensuring that plants can maintain their
metabolic functions and basic growth needs even without sunlight (Figure 2b).

When comparing a solar greenhouse equipped with a phase change material (PCM)
to one without PCM, significant temperature differences are observed during both day-
time and nighttime. During the daytime, the interior temperature of the greenhouse with
PCM is lower than that of the outside environment, effectively controlling the temperature
and reducing heat stress on the plants. In contrast, the greenhouse without PCM expe-
riences higher internal temperatures, which leads to potential heat stress affecting plant
growth (Figure 2c).

At night, the PCM system maintains higher internal temperatures by releasing the heat
stored during the day, preventing damage to plants due to low temperatures. However, in
the greenhouse without PCM, nighttime temperatures drop rapidly, inhibiting plant growth
and possibly causing frost damage. This comparison demonstrates that the greenhouse
equipped with PCM has a clear advantage in temperature regulation and in protecting
plant growth (Figure 2d).
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Figure 2. The thermal model of the NSS-PCM system during daytime (a) and nighttime (b), the
temperature difference during the daytime (c), and the increase in temperature difference during
nighttime (d).

3. Experiment and Model
3.1. Experimental Testing on Thermal Environment

The experiment (Figure 3) was carried out over 75 days, from 28 February to 16 May
2024, in Nanjing (32.06° N, 118.78° E). During the initial 15 days, this experiment mainly
tested the thermal performance and sunlight wavelength distribution in the greenhouse
roof. In this experiment, a small greenhouse (1.2 x 0.5 x 1.5 m) was built. The roof
greenhouse was a south-oriented roof at a 45° angle and 0.72 m? area (1.2 x 0.6 m) based
on the article by Yuan [16]. The greenhouse roof was covered by the NSS receiver. The NSS
was composed of acrylic glass plates (PMMA) with a thickness of 10 mm and nanofluids
flowing inside at the rate of 7 L/min. The aluminum trough (0.5 x 0.02 x 1 m) was
arranged on the back of the greenhouse and was filled with PCMs. The vertical copper
tubes were placed in the PCMs. The other four sides of the greenhouse were composed of
aluminum plates with a 15 cm thick thermal insulation layer. The CNT nanofluids with
a concentration of 1 x 107% kg/m? were used. The organic paraffin wax was used as the
PCM. The type of paraffin was Z]-PCM-A-18. The phase transition temperature was 18 °C,
and the latent enthalpy was 200 J/g. The total length of the serpentine copper tube used
was about 10 m, and the diameter was 0.01 mm.

In the 75 days, this experiment mainly monitored the growth of vegetables in the
greenhouse and the content of nutrients after maturity. After about 75 days of growth,
three vegetables were harvested by cutting branches on the surface of the soil and carefully
separating the roots from the sandy substrate [39]. The branches and roots were washed
with distilled water, dried with tissue paper, and weighed. The shoots and roots were
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Ambient
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then separated, and the height and leaf count of each plant were recorded. Afterward, the
samples were dried at 75 °C for 48 h to assess dry weight and micronutrient concentration.
Moisture content (MC) was determined through direct drying in a drying oven and ex-
pressed as a percentage. The sample was measured three times, and the average value was
taken [40]. The plants were divided into roots, stems, and leaves, and their fresh weights
were recorded individually. The dry matter content for the roots, stems, and leaves was
calculated as follows:

Dry matter content (%) = dry matter weight/fresh matter weight x 100% (1)

The spectral illuminometer was used to measure the light band and intensity entering
the greenhouse. Agilent was used to measure the temperature of each area of the green-
house. The irradiator was used to measure the solar radiation intensity. The model and
accuracy of the experimental instruments are shown in Table 1.

b

(@ Spectral splitting filter

@  Solar pyranometer

® Computer

@  Extraction pump

(® Hot water storage tank

®  Spectral measurer

(@ Data acquisition instrument
PCM and container

@ Temperature and radiation
measurement points
A Light intensity and transmission
wavelength measurement points

Figure 3. The model (a), the digital representation (b) and the side (c) and front (d) of the solar
greenhouse with NSS-PCMs.
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Table 1. Experimental instruments.

Apparatus Model Measuring Parameter Accuracy

Data acquisition instrument Agilent34972 A Temperature, solar radiation intensity /

Thermocouple K type Temperature +05°C

Extraction pump T43-220 / +0.5%

Spectral illuminometer HPCS-3200 Wavelength transmittance /

Solar irradiator TQB-2 Global solar radiation +11.04

Hot-wire anemometer KANOMAX Airflow velocity +5% or £0.015m/s

3.2. Thermal Model System

In this study, the simulation process was conducted using MATLAB-R2023b software.
We developed a mathematical model based on heat transfer and energy balance in MAT-
LAB to simulate temperature distribution and thermal efficiency within the greenhouse
(Figure 4). The model incorporates heat sources, heat losses, the heat storage and release
mechanism of phase change materials, as well as external environmental conditions (such
as solar radiation and air temperature). By discretizing the model and performing time-
stepping simulations, we analyzed temperature variations under different conditions and
validated the model with experimental data to ensure its accuracy.

Tsky
T ® Solar
amb irradiation
® Radiation
Sra(Tgky - T:urf)
Convection
TCu ® T g1 heonwy (Tamb - Tsurf)
aT
PCM —
Hl,a ax
® Convection
(] hy(T,—T;
TPC Mi Ta l( a 1)
aT
™
\ Heat-insulating

Figure 4. Model for the thermal model system.

In the numerical model, Tg1, Tg2, Ta, Tf, T}, Tcu, Ti, and Tpepm (°C) are the temperatures
of the glass cover, the bottom surface of the glass plate, greenhouse air, nanofluids, the
PCM container aluminum, serpentine copper tubes, and the inside temperature of each
wall and PCMs, respectively.

The energy balance equation for the greenhouse glass panel is given by

0Ty
Pgl‘sglcglif = Ggl + he_abm (Tamb - Tgl) + hr_sky (Tsky - gl) + hc_glf (Tf - Tgl) )

+hy_q1 (Tf = Tor)

where pg1 (kg'm_3 ) is the density of glass cover; dg1 (m) is the thickness of the upper glass
panel; cg; (J-K~1-m™2) is the capacity of the glass panel; Gg; (W-m~2) is the solar radiation
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intensity on the upper surface of the glass plate; 1 gpm (W-m~2-K™1) is the convective
heat transfer coefficient between glass and ambient air; h; gy (W-m~2.K~1) is the sky
temperature radiation coefficient; and hc_g1r and h; g1¢ (W-m~2.K~1) are the convective
heat transfer coefficient and the radiant heat transfer coefficient between the upper glass
panel and nanofluids, respectively.

The energy balance equation for the solar radiation intensity of the model is given by

4000
Ger = /3  ag(A)G(A)dAsin(h)cos(B) 3)
sin(h) = singsind + cospcosdcosh, 4)

where ¢ is the dimension of the location; ¢ is the solar declination; h, is the solar hour
angle; and B is the tilt angle.

By g = 0 (Tsky + Tgl) (Tfky + Tg21) )

2 2
. o(To +T5) (T + T2) o

r-g1f 1/eg +1/¢s
The energy balance equation for sky temperature [41] is given by

Ty = 0.0552T,1° 7)
he gpm = 6.5+ 3.3u, (8)

The Nusselt number in the greenhouse is given as [42]
Nug = 0.664Rey/2Pry/? 9)

Nuf)\
hc_glf = i (10)
8

The energy balance equation for bottom surface of the glass plate in the greenhouse is
given as

oT
Pg25g2Cg27 = Gg2 + he_gof (Tf - ng) +he_ag2(Ta — Tg2) + hy g2 (Ty — Tg2)

+hy pe (Tf - ng) v

where hy_gorand he_gof (W-m~2.K~1) are the radiation heat transfer coefficient and convec-
tive heat transfer coefficient between the lower glass panel and nanofluids, respectively.

800
Ge = Tg(A)Tr(A)ag(A)G(A)dAsin(h)cos(B) (12)
300
2 2
By o = (T + 1) (T 7}) (13)
r-82f 1/eg+1/¢y
The energy balance equation for the air inside the roof greenhouse sky temperature is
given by
T,
PadaCa ot = hcﬁﬂgZ (ng - Ta) + hr?ugZ(TgZ - Ta) + hr_al(Tl —Ta) (14)

+hc7ul(Tl - Ta) + th,i(Ti - Ta)
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where h¢_gg2 and hy g (W-m’z-K’l) are the convective heat transfer coefficient and radia-
tion heat transfer coefficient between the lower glass panel and greenhouse air, respectively;
hy 4 and h g (W-m~2.K~1) are the radiation heat transfer coefficient and convective
heat transfer coefficient between greenhouse air and PCM container, respectively; and h ;
(W-m~2.K~1) is the heat transfer coefficient between each wall surface and room air.

he; = 2.03AT%1 (15)

o(Ta + T;) (T? + T?)
1/¢, +1/€l

The energy balance equation for the nanofluids in the NSS receiver in the roof green-

hr?al = (16)

house is given by [43]

aT
f
pf(SfoW = Gf + hcﬂglf(Tgl - Tf) + hchf (ng - Tf) + hrglf (Tg1 - Tf) (17)
T
f
o gar (Te2 = Tr) = pyvdpes 5
~4000 .
Gy = ./800 T4 (A)as (A)G(A)dAsin(h)cos(B) (18)

The energy balance equation for the inner wall of the PCM container aluminum in the
greenhouse is given as

oT; k
Pz(szclaftl =G+ h g2 (Tea — Ty) + gﬁ(Tpcm —T)) +he a(To = Tp) + by (To = T;)  (19)

where k; W-m 2K~ 1) is the thermal conductivity of aluminum plate, and h, i
(W-m~2.K™1) is the radiation heat transfer coefficient of the lower glass and the
PCM container.

800
G = /3 o AT (NG sin(h)cos(B)dA (20)

(T +T) (TS +T?)
1/eg +1/¢

The energy balance equation for the snake-shaped copper tube in the greenhouse is

hr?ng = (21)

given as
dTc kc aTnf
pCuéCuCCuTM = hc_fCu (Tf - TCu) + ﬁ (Tpcm - TCM) - préfoW (22)
where k¢, (W-m—2.K~1) is the thermal conductivity of copper tube, and h. sc, and b, cyf

(W-m~2.K~1) are the convective heat transfer coefficient and radiative heat transfer coeffi-
cient between nanofluids and copper tube, respectively.

Nuc A
hcffCu = lCuu (23)
Nuc, = 0.664Re?Pr/3 (24)

The energy balance equation for nanofluids in the snake-shaped copper tube is given
as [44]
oT,f
profcs 5% = he_fcu (TCu - Tf) +hy_cuf(Tew — Typ) (25)
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o (Teu+Ty) (T2, + T2)
1/£f+1/SCu

hr_Cuf = (26)

The energy balance equation for the PCMs in the roof greenhouse is given by [45,46]

T, d T,
PPCMCPCM gth =5 (kPCM ('I;Jf M> + Qiatent +he_cu(Tew — Tpem) +he ((Tr — Tpem) — (27)

where Qjatent (J) is the latent heat of the PCMs, and h, ¢, and h, ; (W-m~2.K~1) are the
convective exchange coefficients between the copper tube and PCMs and between the
aluminum plate and PCMs, respectively.

0D 9Dy ) (28)

Qlatent = PPCMH<81L + or

Tpcp is the internal temperature of the phase change material. The calculation formula
is as follows [45]:

Hp/CpCM-i-Tm Hp < H;
Tpcm = (Hp - L) /cpem + T Hp > H; (29)
T H; < Hp < H;
H,— H=H (30)

where Ty, (K) is the transformation temperature of the PCMs.

After establishing the heat transfer model, the energy conservation equations for
each part were discretized. The measured indoor and outdoor meteorological parameters,
including solar radiation intensity, outdoor air temperature, outdoor air velocity, and indoor
air temperature, were used as boundary conditions. These parameters were compiled into
a MATLAB code file and imported for calculation. The initial temperature values were
based on pre-experiment measurements, and the temperature of each part was calculated
sequentially. All physical parameters used are shown in Table 2.

Table 2. The physical parameters.

Material Acrylic Glass NF PCM Copper Tube  Aluminum Air Heat Insulation Layer
o 0.1 0.05 0.2 0.2
£ 0.02 0.06
cp, J/kg K 1900 4180 2500 390 903 1005 330
Thickness, m 0.01 0.01 0.02 0.05 0.001 0.015
o, kg/m?3 1200 1000 880 8960 2702 1.16 30
A, W/m?2.K 0.22 0.7 0.4 398 237 0.026 0.035
Transmittance 0.93 0.9 1

Figure 5 shows the flow diagram of the calculation process. In this process, the
equations for each node were numerically discretized using the implicit method, with a time
step of 1 s. The input data includes initial conditions, boundary conditions, and physical
parameters, which are used to initialize the calculations. As each time step progresses, the
implicit method solves the equations for each node and updates the corresponding variable
values (temperature, pressure, or velocity). After each time step, the output results display
the calculated state of each node, including the values of physical quantities, which are
then used to analyze the system’s dynamic behavior and verify optimization results.
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Figure 5. The calculation process for the thermal model system.

3.3. Performance Evaluation

The measured photothermal conversion efficiency (1) of the solar greenhouse with
the NSS-PCM system can be calculated based on Equation (31) [47].

o CP,NFPNPVﬂow(Toutlet — Tinter) +Q

(31)
EsynAnss

Htn

where Angs (m?) is the area of the NSS-PCMs; Egyy is the sunlight incident on the NSS
surface; Vgow (L-h™1) is the flow rate; Tiptet and Toyutier (°C) are the inlet and outlet tem-
peratures of the nanofluids, respectively; ¢, nr (J-kg 1 -K™1) is the specific heat capacity of
the nanofluids; pnF (kg-m_3) is the density of the nanofluids; View (L-h1) is the flow rate;
and Q is the heat obtained by heat conduction.

The energy balance equation for thermal efficiency () is given by

B Qf—i-Q-l-GﬂA

32
Esun ANSS ( )

where Qs is the heat obtained by thermal convection, and G, is the heat obtained by
radiative heat transfer.
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The calculation formula of PCM is shown below [48]:

Q=0Qs+0Q (33)
T, T

Q= [ eymdT+ [ cpmar (34)
QL = CmeC (35)

where Qs is the apparent heat of phase transition (J); QL is the latent heat of phase change
(J); cp is the specific heat capacity of the PCMs (J/kg-K); and T, is the phase change
temperature (°C).

The greenhouse room can be treated as a whole system, and the room exchanges heat
with the surroundings mainly through heat conduction during nighttime. The calculation
formula for heat loss of the room is shown below [49]:

(T = Tapm)A

Q=1 (36)
where A is the thermal conductivity (W/m-k); L is the thickness of the object (m); T is the

temperature of the object; and T ,pm, is the ambient temperature around the object.

4. Results and Discussion

4.1. System Structure Optimization
4.1.1. One-Day Thermal Environment and Model Verification

Before formal vegetable planting, a one-day thermal environment experiment was
conducted, and the results were analyzed, modeled, and optimized. Solar irradiation
varied from 0 to 625.85 W/m?, averaging 467.75 W/m? during the day. The outdoor
temperature around the greenhouse ranged from 15 to 20 °C in the daytime and 7 to
9 °C at night, with wind speeds of 1-3 m/s (Figure 6a). As solar radiation increased, the
indoor temperature rose, peaking around 2:00 p.m., then gradually dropped as radiation
decreased. The temperature fluctuated between 10 and 20 °C from 8:00 p.m. to 8:00 a.m.
due to the release of heat from phase change materials, which helped maintain indoor
temperature stability (Figure 6b). During the daytime, the greenhouse temperature was
higher than outside because the highly transparent acrylic glass allowed solar radiation to
enter directly. The enclosed space trapped heat, and the ground and walls absorbed solar
energy, transferring it to the indoor air. The temperature inside the greenhouse was 5-6 °C
higher than the outside ambient temperature during nighttime, as PCMs absorbed heat
from nanofluids during daytime and gradually released it during nighttime, keeping the
indoor environment warmer.

The phase transition began around 10:00 a.m. and lasted about 4 h. Heat release from
the phase change started at 7:00 p.m. and continued for approximately 6 h (Figure 6c).
The difference between the absorption and release time was due to the radiation heat
absorbed by the aluminum plate, which transferred the heat to the PCMs during daytime.
However, the PCMs did not achieve the expected continuous heat release. This was partly
because the nanofluid flow was insufficient, limiting the heat absorbed by the PCMs, and
partly because the PCM layer was too thin to fully utilize the nanofluid’s heat. Therefore,
we further optimized the hybrid system, which will be discussed in Section 4.2. The
thermal efficiency of the experimental system was more than 20% (Figure 6d), which had a
good effect compared with the article by Yuan [16]. As the temperature gradient between
the greenhouse and the outdoor environment increased, the solar greenhouse with the
NSS-PCM system experienced greater heat loss. The efficiency (yth) decreased between
10:00 a.m. and 04:00 p.m. because the roof greenhouse functions as a closed system. As
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irradiation intensity rose, more heat was absorbed, resulting in an increased temperature
gradient between the interior and exterior environments. However, from 3:30 p.m. to
5:30 p.m., the efficiency began to increase as the irradiation intensity decreased and the
PCMs released stored heat, maintaining a stable temperature gradient between the roof
greenhouse and the outside ambient temperature (Figure 6d).
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Figure 6. The weather parameters (a), comparison of greenhouse indoor air and outside ambient
temperature (b), the temperature of PCMs (c), the photothermal conversion efficiency and thermal

efficiency (d), the heat gain of nanofluids and PCMs during daytime (e), and the light intensity
distribution inside the greenhouse (f).

As the heat absorption of the PCM increased, the heat absorption of the nanofluid
decreased, as the heat absorbed by the PCM from the nanofluid and solar radiation was con-
tinuously fluctuating. The peak wavelength was 480.6 nm, and the light in the 300-800 nm
range, crucial for plant growth, had high transmittance. Typically, plants need light energy
density between 100 and 1000 mW /m? /nm for photosynthesis (Figure 6f). The average
light intensity of all the day fell in this range. From 09:00 a.m. to 01:30 p.m., the trans-
mittance of 300-800 nm light increased with rising solar radiation, but from 1:30 p.m. to
5:00 p.m., it decreased as a result of reduced solar radiation and the shifting angle of the
sun. Notably, the NSS receiver maintained over 80% transmittance in the 300-800 nm range,
optimal for plant growth (Figure 7).
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Figure 7. The average transmittance of light (a) and transmittance at 9:00 (b), 12:00 (c), and 17:00 (d).
4.1.2. Parameter Optimization

The experimental values closely matched the simulated values presented in Figure 8,
demonstrating a strong correlation between the two sets of data. However, slight discrep-
ancies were noted. These differences can be attributed to the experimental data being
collected with Agilent equipment, which recorded significant temperature fluctuations
during the experiments. Previous studies have indicated that during nighttime, the indoor
temperature often drops below 15 °C, leading to a halt in the heat release from the phase
change materials (PCMs). Additionally, the temperature of the nanofluids remained rela-

tively high, suggesting that a portion of the absorbed heat was not fully utilized for plant
growth or other heating needs.
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the PCM container (c), and the R? of other parts (d).
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To address these challenges and enhance the efficiency of the system, further refine-
ments were made by simulating variations in the thickness of the phase change layer and
adjusting the phase transition temperature of the PCMs. These modifications aimed to
optimize heat retention and improve overall energy management within the greenhouse
environment, thereby ensuring that both the nanofluids and PCMs can operate more
effectively in providing the necessary thermal conditions for optimal plant growth.

To further enhance the performance of the system, we optimized the phase change
thickness to 2 cm, 3 cm, and 4 cm. The results indicated that from 9:00 a.m. to 3:00 p.m.,
indoor air temperatures decreased as the phase change thickness increased (Figure 9a).
This was because thicker phase change materials could effectively improve heat absorption,
thereby lowering the temperature and thermal radiation of the nanofluids. Conversely,
from 3:00 p.m. to 9:00 a.m. the next day, indoor temperatures increased with higher phase
change thickness due to increased heat storage and prolonged heat release (Figure 9a).
When the phase change thickness reached 4 cm, the indoor temperature remained at
15-18 °C for most of the night, providing a stable environment for plant growth. As the
phase change thickness increased, the peak temperature gradually decreased and occurred
later (Figure 9b). This was due to the need for thicker phase change materials to absorb
more heat, leading to longer phase transition times. During the exothermic phase, thicker
phase change materials could store more heat, resulting in higher indoor temperatures.
Additionally, the photothermal conversion efficiency increased with greater phase change
thickness, as thicker materials could more effectively absorb and store solar radiation.
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Figure 9. Comparison of indoor air temperature (a), PCM temperature (b), thermal efficiency (c), and
heat gain (d) of three different PCM layer thicknesses after optimization.
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The thermal efficiency of the system exhibited a pattern of initially rising, then decreas-
ing, and finally increasing again (Figure 9¢). In the early stages, the solar radiation intensity
was low, resulting in slow heat accumulation and a gradual rise in thermal efficiency. At
noon, as solar radiation intensity increased, heat storage peaked, causing a correspond-
ing increase in thermal efficiency. However, as solar radiation gradually diminished and
nighttime approached, thermal efficiency began to decline, primarily due to increased
heat loss and lower ambient temperatures. Notably, during the night, especially with a
phase change thickness of 4 cm, the system was still able to maintain a relatively stable
indoor temperature. This indicates that the optimized phase change thickness not only
improved the thermal efficiency of the system but also effectively extended heat release
time, providing more suitable conditions for plant growth. These findings offer important
theoretical support and practical guidance for the future design of rooftop greenhouses
and the application of phase change materials.

Furthermore, we optimized the phase transition temperature. In the simulation,
the initial indoor air temperature decreased with the increase in the phase transition
temperature (Figure 10a). This was because the higher phase transition temperature
improved the absorption of heat, resulting in a decrease in the temperature and thermal
radiation of the nanofluid. However, from 03:00 p.m. to 09:00 a.m. the next day, as the
phase transition temperature rose, the indoor temperature began to pick up, mainly due to
increased heat storage and longer heat release times. When the phase transition temperature
was set to 22 °C, the indoor temperature was maintained at 15-18 °C on most nights.
With the increase of phase transition temperature, the peak value of indoor temperature
gradually decreased, and the occurrence time was delayed accordingly (Figure 10b). This
caused the time required for the phase transition to become longer because more heat
needed to be absorbed. In the exothermic stage, the higher phase transition temperature
allowed more heat to be stored, resulting in an increase in indoor temperature.

The thermal efficiency of the system showed a dynamic change pattern (Figure 10c),
initially rising, then falling, and finally rising again. This fluctuation reflected the influence
of changes in solar radiation intensity and heat loss during the day. In the morning, low-
intensity solar radiation caused heat loss, resulting in a decrease in thermal efficiency, while
at noon, the enhanced solar radiation promoted the absorption of heat and increased the
thermal efficiency. However, as the afternoon progressed, solar radiation weakened and
heat losses increased, again affecting thermal efficiency. Overall, these findings highlight
the importance of phase transition temperature in regulating indoor climate stability and
optimizing the thermal performance of solar greenhouse systems. By optimizing the phase
transition temperature, we can more effectively manage the thermal environment in the
greenhouse and improve conditions for crop growth.

The solar greenhouse equipped with the NSS-PCM system demonstrated exceptional
advantages in temperature regulation, especially in environments with intense sunlight and
significant temperature differences between day and night. The results showed that during
the peak temperature period from 11:00 a.m. to 05:00 p.m., this system effectively lowered
the internal temperature of the greenhouse. This cooling effect is attributed to the high
absorption spectrum (HAS) characteristics of the nanofluids, which absorb solar radiation
energy and store it as thermal energy, thereby preventing excessive heat accumulation
within the greenhouse. The average internal temperature of greenhouses equipped with
the NSS-PCM system was 3-4 °C lower than that of those without the system (Figure 10d).
This significant cooling effect not only protects plants from high temperatures but also
helps reduce transpiration rates, optimizing water resource management. During intense
sunlight, the cooling effect of this system will be particularly pronounced. Strong solar
radiation can cause the internal temperature of conventional greenhouses to rise sharply,
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posing a risk of heat stress to crops. High-temperature environments can lead to a decrease
in photosynthetic efficiency, cell damage, and even metabolic imbalances in plants. By
employing an active temperature management approach that absorbs heat and lowers
temperatures, the NSS-PCM system mitigates the excessive heat accumulation inside the
greenhouse. Consequently, plants can grow under more suitable temperature conditions,

reducing growth fluctuations during high-temperature periods and ensuring stable growth
rates and yields.
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Figure 10. Comparison of indoor air (a) and PCM temperature (b) after optimization and thermal

efficiency (c) of the system of three different phase transition temperatures and comparison of indoor
air in two solar greenhouse systems (d).

During nighttime, the NSS-PCM system demonstrated excellent temperature control
by releasing the heat absorbed during the day, thus providing a warming effect. The
results showed that between 06:00 p.m. and 09:00 a.m. the following morning, the internal
temperature of greenhouses equipped with this system was 5-6 °C higher than that of
those without it (Figure 10d). This nighttime warming mechanism effectively protects crops
from low temperatures, preventing growth inhibition due to cold conditions. Particularly
in winter or in regions with significant temperature drops at night, a sudden decrease in
temperature can lead to freezing or stunted growth in plants and, in severe cases, can result
in plant death. The NSS-PCM system provides crucial heat supply during these times by
releasing the stored thermal energy in the phase change materials, helping to maintain a
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relatively constant temperature within the greenhouse, ensuring that crops can continue
their physiological activities even during cold nights and early mornings.

Moreover, this nighttime warming effect positively impacts the photosynthesis and
metabolic processes of plants. Temperature is a key factor influencing plant metabolism,
and low temperatures can lead to reduced metabolic rates, affecting nutrient absorption
and assimilation processes. By maintaining suitable temperatures during the night, the
NSS-PCM system ensures that plant metabolism remains stable, allowing crops to maintain
a certain growth rate even at night, thereby enhancing overall growth efficiency.

4.2. 75-Day Thermal Environmental Tests in Greenhouse

Based on the optimized model, a comprehensive 75-day thermal environment test of
the novel greenhouse was conducted, recording temperature variations both inside and
outside from 29 February to 15 May (Figure 11). The results indicated that during the
daytime, the indoor temperature of the greenhouse consistently remained approximately
10 °C higher than the outdoor temperature. This significant temperature difference is
attributable to the roof greenhouse’s effective heat-collecting properties and its enclosed
design, which capture and store solar energy efficiently. At night, the indoor temperature
stabilized around 15 °C (Figure 11b), thanks in large part to the strategic use of phase
change materials (PCMs). These materials play a crucial role in regulating the greenhouse
environment. During the day, the PCMs absorb excess heat, preventing overheating that
can stress the plants. When nighttime arrives and temperatures drop, the PCMs release
the stored heat, mitigating excessive cooling and ensuring a stable temperature. This
process maintains an optimal environment conducive to plant growth, supporting critical
physiological and metabolic processes essential for healthy development.
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Furthermore, the integration of nanofluids into the lighting system significantly en-
hances photosynthetic efficiency. Nanofluids possess unique spectroscopic properties that
not only prevent temperature spikes within the greenhouse but also provide an optimal
light spectrum (300-800 nm) essential for photosynthesis. This capability ensures even light
distribution across the plants, guaranteeing sufficient light exposure. As a result, plants
are better able to carry out photosynthesis effectively, leading to increased accumulation of
organic matter and overall growth. This dual approach of using phase change materials
for temperature regulation and nanofluids for optimized light conditions illustrates the
innovative design of the greenhouse, aimed at maximizing plant health and productivity
in a controlled environment.

To further clarify the experimental results, we carefully selected 4 to 5 days of data
from each month for detailed analysis (Figure 12a—d). This specific data allowed for a
comprehensive assessment of the performance and stability of the greenhouse system,
thereby more accurately verifying the reliability and scientific validity of the experiment.
During the daytime, the temperature in the novel roof greenhouse typically exceeded the
outdoor temperature by 10-15 °C. This increase can be attributed to the greenhouse’s closed
design and effective heat collection capabilities. At night, the indoor temperature remained
5-10 °C warmer than the outside, primarily due to the presence of phase change materials
(PCMs) within the greenhouse. The PCM absorbs heat during the day and releases it at
night, which helps maintain a higher indoor temperature.
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Figure 12. The indoor and outdoor temperature changes of the novel rooftop greenhouse during
daytime and nighttime from 16 March to 20 March (a), 9 April to 13 April (b), 29 April to 3 May (c),
and 12 May to 16 May (d).
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4.3. Growth Analysis of Three Experimental Vegetables

Based on the measured light and thermal environments, we further conducted plant
growth experiments. We purchased three common vegetables as experimental subjects:
purslane (P), asparagus (A), and lettuce (L). During the experiment, we recorded the growth
of plants in the experimental and control groups from 29 February to 15 May and compared
their growth rates and leaf colors (Figure 13a). This experiment aimed to assess the impact
of optimized growth conditions in the greenhouse on the growth of different vegetables.

The growth rates of purslane, asparagus, and lettuce in the experimental group were
approximately 40%, 30%, and 55% higher than those in the control group, respectively
(Figure 13b). Such differences indicate that the optimized growth environment significantly
promotes plant growth. In the first phase (from 16 March to 16 April), vegetables were
planted for both the experimental and control groups, and their growth was monitored in
real time. Through observation, we found that the vegetables in the experimental group not
only grew significantly faster but also had a greater number of leaves. This rapid growth
phenomenon is likely closely related to the optimized light conditions and temperature
control, particularly providing ample sunlight and suitable temperatures during the day,
allowing the plants to efficiently carry out photosynthesis.
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Figure 13. Comparison of growth status (a) and height of purslane (b), asparagus (c), and lettuce (d)
between experimental and control groups.

In the second phase (from 16 April to 16 May), to ensure the normal growth of
the vegetables, they were separated and replanted. Specifically, the vegetables from the
experimental and control groups were transplanted into different planting areas to better
observe and record their growth conditions. The monitoring results indicated that the
leaves of the experimental group outperformed those of the control group in terms of color
and brightness. The leaves in the experimental group exhibited a fuller green hue, with
higher gloss and vitality. Such color changes reflect the health and nutritional levels of the
plants; the more vibrant the leaf color, the higher the efficiency of photosynthesis and the
richer the accumulation of nutrients. Observations revealed that the color variation in the
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leaves of the experimental group was more uniform, resulting in a consistent overall tone,
which indicates that the plants had better environmental adaptability during the growth.

Vegetables, as natural energy converters, transform solar energy into chemical energy
through photosynthesis, providing essential nutrients for the human body. In the experi-
mental group, purslane and lettuce demonstrated significant advantages in energy accumu-
lation due to the optimized photosynthesis environment of the greenhouse (Figure 14a,b).
The greenhouse effectively captured sunlight in the 300-800 nm range, which is the most
effective wavelength range for plants to conduct photosynthesis. At the same time, the
internal temperature of the greenhouse was precisely controlled within an ideal daytime
range of 15-30 °C, providing favorable thermal conditions for photosynthesis.

During the night, the temperature was maintained at 15-18 °C, which not only pre-
vented the plants from suffering damage due to cold conditions but also effectively mini-
mized energy loss. In contrast, the control group’s management in this regard was insuffi-
cient, leading to slower growth and lower photosynthesis efficiency. The stable environ-
mental conditions resulted in faster growth and more luxuriant foliage in the experimental
group, allowing for greater energy accumulation and an overall improvement in growth
quality. In terms of nutritional content, the purslane and amaranth in the experimental
group showed similar carbohydrate levels, but their protein content was significantly
higher due to the optimized growth conditions. This increase in protein was a result of
the enhanced photosynthesis occurring under adequate light and suitable temperatures.
Additionally, the efficient light spectrum and temperature control during the day maxi-
mized photosynthesis and facilitated the plants” absorption and utilization of nutrients.
The nighttime temperature regulation further prevented energy loss (Figure 14c).
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This balanced environmental condition promoted the accumulation of proteins and
carbohydrates, resulting in higher nutritional value for the vegetables in the experimental
group, all while maintaining zero fat content, which further enhanced their health benefits.
Furthermore, the higher soluble solid content in the experimental group indicated better
nutritional quality.

The fresh weights of roots, stems, and leaves in the experimental group were signifi-
cantly higher than those in the control group, thanks to an optimized growth environment
(Figure 15b). This environment provided well-regulated water management and ideal
lighting conditions, which enhanced photosynthesis and transpiration. The controlled
temperatures, maintained at 15-30 °C during the day and 15-18 °C at night, promoted
effective water absorption and nutrient uptake, contributing to the increased fresh weight.
Additionally, the dry weights of roots, stems, and leaves were also higher in the experi-
mental group (Figure 15¢). This improvement can be attributed to the application of phase
change material technology, which maintained stable temperatures by absorbing heat
during the day and releasing it at night. This stability prevented stress on the plants due to
temperature fluctuations. The nanofluid lighting system further enhanced photosynthesis
by providing an optimal light spectrum (300-800 nm), ensuring better light absorption and
increasing the accumulation of organic matter. As a result, the dry weight ratios of roots,
stems, and leaves were significantly superior in the experimental group (Figure 15d). The
consistent lighting and optimal temperature control contributed to enhanced photosynthe-
sis and nutrient utilization, leading to higher dry weights in the vegetables grown in the
experimental group.
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Figure 15. Experimental diagram of each part of the vegetable (a) and comparison of fresh weight (b),
dry weight (c), and solid content (d) of each part of vegetables in the experimental and control groups.
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Furthermore, compared to Zhao's study [50], our system provides a longer and more
stable temperature range, with higher temperature control precision, creating a more com-
fortable environment for plant growth and promoting healthier development. Compared to
Yuan’s study [16], our system shows a clear advantage in thermal efficiency, effectively op-
timizing energy usage, reducing energy consumption, and improving the overall economic
and sustainability performance of the system. Compared to Han's study [51], our cultivated
vegetables exhibited superior growth speed and greener leaves, indicating that our system
provides more favorable conditions in terms of light, temperature, and humidity, which
in turn promotes healthier plant development. Through these comparisons, our research
demonstrates significant advantages in temperature control, energy efficiency, and plant
growth promotion, strongly highlighting the innovation and uniqueness of our work.

5. Conclusions

This paper describes a solar greenhouse system based on nanofluid spectral split-
ting (NSS) covering applied to the greenhouse roof and phase change materials (PCMs)
positioned on the back of the wall to achieve crop production and energy collection for
nighttime insulation (solar greenhouse with NSS-PCMs). The main conclusions of this
study can be summarized as follows:

(1) The solar roof greenhouse with NSS-PCMs effectively regulated temperature, re-
ducing indoor air temperatures by 3.8 °C during the day and increasing them by
5.6 °C during nighttime. Over 80% of the 300-800 nm light spectrum, optimal for
vegetable photosynthesis, was transmitted into the greenhouse, while the remaining
wavelengths were absorbed for heat storage, providing warmth during the night.

(2) By optimizing the phase transition temperature (18 °C, 20 °C, and 22 °C) and phase
change thickness (2 cm, 3 cm, and 4 cm), the heat absorption and storage capacity
were improved, heat release time was extended, and temperature fluctuations were
reduced. This enhanced the system’s thermal efficiency and photothermal conversion
efficiency, stabilized the indoor climate, and provided a more suitable and stable
environment for plant growth.

(3) Based on the verified model, the thermal efficiency increased with the phase transition
thickness and phase transition temperature of PCMs, with the optimal thickness and
temperature of 4 cm and 22 °C. Compared to conventional greenhouses, the optimized
solar greenhouse lowered daytime temperatures by 5-6 °C and raised nighttime
temperatures by 6.9 °C, ensuring ideal conditions for plant growth throughout the day.

(4) The 75-day temperature detection showed that optimal temperature ranges were
maintained for approximately 60 days, both during daytime and nighttime, with an
80% assurance rate.

(5) The growth rates of purslane, asparagus, and lettuce in the experimental group
increased by 55%, 35%, and 40%, respectively. The leaves were notably greener,
glossier, and more vibrant compared to the control group. In terms of trace elements,
the purslane from the experimental group contained 2.5, 1.35, 1.7, and 1.49 times
more sodium, potassium, magnesium, and calcium, respectively. For lettuce, the trace
elements were 3.8, 1.28, 2.01, and 2.06 times higher. Additionally, for the lettuce from
the experimental group, protein, carbohydrates, and soluble solids were 2.25, 1.56,
and 1.48 times higher than the control group.

This research is of great significance for the supply of fresh food in urban areas, pro-
viding a promising solution for urban vegetable production through the integration of
traditional greenhouses with rooftop agriculture. However, the system faces limitations
such as high initial costs, limited long-term performance data, and dependence on con-
sistent sunlight. Future recommendations include exploring cost-effective materials and
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manufacturing processes to reduce initial costs, conducting long-term durability stud-
ies, and investigating alternative energy storage options to improve performance during
low-sunlight periods.
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Nomenclature
o spectral absorptivity
) thickness, m
€ spectral emissivity
A heat conductivity coefficient
18 dynamic viscosity, Pa-s
p density, kg/m?3
o Boltzmann'’s constant,
5.67 x 1078, W-m~2.K*
T spectral transmittance
c specific heat capacity, ] /kg-K
D, water pipe diameter, m
E radiation heat transfer, W
Hp enthalpy of PCMs, ]~kg_1
H; critical enthalpy, ]~kg_1
L thickness, m
Nu Nusselt number
p, Prandtl criterion umber
Qiatent  latent heat of the PCMs, |
Q heat conduction
Qs apparent heat of phase transition, J
QL latent heat of phase change, |
R, Reynolds number
sin(h)  solar hour angle
T temperatures, °C
Uy wind velocity, m/s
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