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A B S T R A C T   

Greenhouses are occupying worldwide vast cultivated land for plantation. The polymer film covered on most 
greenhouses is exactly a ready-made triboelectrification layer for Triboelectric Nanogenerator (TENG). However, 
so far, such a huge area of polymer film is still underutilized. Generally, the larger area of the triboelectric film, 
the better performance of TENG output. Therefore, a new concept of Greenhouse Energy is proposed, which 
refers to various effective energy directly or indirectly generated by means of greenhouse film. As a typical 
example of Greenhouse Energy, a model greenhouse based on TENG with transparent electrodes and triboelectric 
layers is demonstrated. The technologies of charge pumping and switch circuit are adopted to improve the output 
performance. As a demonstration, the commercial temperature and humidity sensors could be powered for about 
20 s after capacitors charged for 500 s. The output power density reaches 3.06 mW/m2. As a reasonable 
deduction, if a real greenhouse with tens of square meter is constructed in the same way, it will become a 
promising distributed power source for powering devices such as sensors, controllers, lights, irrigation system in 
intelligent agriculture. This work aims to pave the way for the application of TENG in the field of agriculture and 
to provide a new possibility for intelligent greenhouses. Starting from agricultural field, Greenhouse Energy will 
collaborate with Blue Energy further complementing the new distributed energy system.   

1. Introduction 

With the emergence of agriculture, human beings finally got rid of 
the long-term migration for gathering and hunting, and then was able to 
develop today’s civilization in the form of settlement in a relatively 
stable environment. The development stage of agriculture is often re
flected in people’s utilization of environmental resources. As early as 
Roman times, there was a record of using sheets of selenite as a shelter to 
grow cucumbers for the emperor [1]. In 1800, the first practical modern 
glass greenhouse was proposed [2]. The light and heat of the sun began 
to be used more effectively, breaking through the seasonal limitations of 
agricultural production. In the 1950s, polyethylene (PE) ushered in 
rapid development and PE film began to be widely used [3,4]. The 
subsequent sharp drop in material cost made it possible to spread 

greenhouses from aristocratic manors finally to ordinary farms. Until 
today, in conventional agricultural production, greenhouses, as mature 
agricultural facilities, have been used worldwide. Among them, most of 
the greenhouses, high polymer materials such as plastics are still the 
mainstream film materials. While fully demonstrating its application 
value and far-reaching impact, it is also thought-provoking whether 
such a huge and ready-made greenhouse film area in the whole world 
can bring us MORE besides simply insulation and moisturizing before it 
becomes “white pollution”. 

Nowadays, intelligent agriculture has become an emerging research 
hotspot in many countries. This includes the transformation from a 
traditional greenhouse with simple structure, single function and few 
supporting facilities to a new generation of greenhouse with standard
ization, intensification and intelligentization. The prime topic must be 
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faced in achieving the above-mentioned transformation is the energy. 
Undeniably, the emergence of photovoltaic devices has provided an 
attractive choice for the environmentally friendly and renewable elec
tricity demand of greenhouses. A lot of research work has been carried 
out in this field [5–9]. But objectively, photovoltaic devices are greatly 
restricted by the weather, in other words, it is difficult to work ideally on 
rainy days. And most of photovoltaic materials themselves are opaque, 
making it difficult to directly bond with the greenhouse film. Even if 
some transparent photovoltaic materials have been proposed [10–14], 
there will be inevitable problems such as reduced energy harvest ca
pacity, increased price and increased manufacturing difficulty. 

On the other hand, although wind energy can be considered as 
another kind of developed renewable energy, there is still few mature 
way of utilization, including wind turbines, at this stage. However, it is 
difficult to integrate huge wind turbines directly with the greenhouse. If 
a large-scale wind farm is used as indirect power supply, it cannot be 
regarded as the greenhouse itself relying on wind energy to achieve self- 
powered. At the same time, there are always problems such as high 
price, serious land occupation [15], difficult manufacturing, difficult 
dispatching [16] and poor power-grid-friendliness [17,18]. Some 
small-scale wind turbines might be able to be installed around the 
greenhouse. They are undeniably a kind of alternative choice, but none 
of them have a commercial mass production yet. In other words, there is 
still no convenient and mature technology to directly harvest wind en
ergy in agricultural greenhouses. Therefore, a new attempt from another 
perspective is considered. 

Worldwide, today’s greenhouse agriculture still has significant labor- 
intensive properties, and research on intelligent agriculture is just in its 
infancy. Limited by the above-mentioned deficiencies of the solar and 
wind energy technologies, the research on the combination of renewable 
energy and greenhouse-agriculture has not yet obtained a satisfactory 
solution. Only by finding a new technology that can better make use of 
the environment energy and give full play to the advantages of the 
greenhouse films, can it provide new possibilities for the realization of 
intensification and intelligentization in greenhouse-agriculture. 

In 2012, Zhong Lin Wang’s team proposed the world’s first TENG 
[19], bringing a brand-new choice to the world’s energy and sensor 
technology. There have been numerous applications of TENG in medical 
[20,21], biological [22,23], sensing [24–27], wave energy [28,29], 
plasma [30,31] and other fields [32–37], while there are still few ex
plorations in the field of agriculture. Excellent insulating materials, 
including various plastics, are exactly the triboelectric materials 
commonly used by TENG. These materials tend to have low cost, low 
difficulty in obtaining, high transparency, good flexibility and stable 
physicochemical properties [38–41], which directly make them have 
sufficient innate advantages in combination with greenhouses. 
Furthermore, a major factor limiting the output performance of TENG 
lies in its "2D power generation" feature. That is, different from the "3D 
power generation" of conventional electromagnetic generator (EMG), 
TENG has to rely on sufficient contact area to achieve adequate charge 
transfer. That is, the larger area of the triboeletric film, the better per
formance of TENG output. Previously, most TENGs were small devices 
(mostly several to tens of square centimeters), so their power generation 
was severely limited. As mentioned above, greenhouses can provide 
extremely large and ready-made film area, which just becomes the 
biggest advantage for the combination of TENG and greenhouses. In 
addition, in greenhouses’ environment, low-frequency energy such as 
wind energy is abundant. TENG precisely has a higher efficiency for 
harvesting such low-frequency (<5 Hz) mechanical energy, compared 
with EMG [42–44]. 

Based on the above conditions, a new type greenhouse based on 
TENG was designed. The contact-separation mode TENG, which is 
composed of greenhouse films, can harvest environmental mechanical 
energy (mainly wind energy) and convert it into electrical energy to 
supply the greenhouse system. 

1.1. Greenhouse Energy 

With abovementioned new-designed greenhouse as a prompt, a 
corresponding concept, Greenhouse Energy, is proposed here, as shown 
in Fig. 1. Greenhouse Energy refers to all the energy directly or indirectly 
generated by the covering films of the greenhouse. For example, it in
cludes not only the conventional thermal energy collected by the plastic 
film, but also the electric energy generated by the new TENG- 
greenhouse. The obtained energy will be fed back to the operation and 
production of greenhouses again. And eventually a self-powered closed- 
loop system including greenhouses as the key part will be formed to 
serve the establishment and practice of intelligent agriculture. Green
house Energy will collaborate with Blue Energy (the concept for ocean 
wave energy) [45], further complementing the new distributed energy 
system starting from agricultural field. 

2. Results and discussion 

2.1. Design and electric characteristics of CST-greenhouse 

In order to facilitate the experiment to verify the function, a small- 
scale test model (Contact & Separation TENG Greenhouse, CST- 
Greenhouse) was designed and fabricated, as shown in Fig. 2a1. Two 
common and low-cost plastics, polyethylene terephthalate (PET) and 
Polyethylene (PE), were chosen as triboelectric materials, which have 
sufficient electrical differences in the triboelectric series [46]. Indium 
tin oxide (ITO), which has both conductivity and transparency, was 
selected as the electrode coated over the PET film. CST-Greenhouse 
adopts the contact-separation mode TENG, in which the mutual move
ment between the movable frame and the fixed frame are utilized to 
generate charge transfer. The states of contact and separation are shown 
in Fig. 2b. Charge pump technology is a widely recognized technology to 
enhance the output capacity of TENG, so it has also been integrated into 
the design of this CST-Greenhouse. The principle and promotion of the 
charge pump will be described in detail later in Section 2.2. While in this 
section, the overall structure and performance of the greenhouse will be 
discussed first. The main greenhouse (the left part in Fig. 2a1, namely 
Main TENG) has a certain difference from the smaller one as charge 
pump (the right part in Fig. 2a1, namely Pump TENG). That is, Pump 
TENG is an ordinary TENG with only two electrode layers, but the Main 
TENG needs to have three electrode layers to form an approximate 
variable capacitor and a constant capacitor in series, so as to achieve the 
abovementioned enhancement effect. The material distribution of each 
film layer is already shown in Fig. 1. It should be noted that actually 
there is no need for such a gap between Main TENG and Pump TENG. 
These two TENGs could be in the same frame with appropriate insu
lation, as shown in Fig. S1. When it comes to a real-scale CST-Green
house rather than this small one, the multilayer films could be divided 
into an appropriate number of segments in length direction. Also, the 
area ratio and the distribution of Main and Pump TENG could be 
adjusted and optimized according to the actual situation. These 
segmented movable frames can be set to synchronize, or can be inde
pendent, as shown in Fig. S2. The charge transfer process during the 
movement cycle is shown in Fig. 2c. In more detail, the 1/4 arch keels on 
both sides of the fixed frame are combined at an angle of 0◦ to form an 
approximate standard semicircle. Instead, the 1/4 arch keels on both 
sides of the movable frame are combined at an angle of 12◦ (the angle of 
12◦ can be adjusted according to the actual demand), so as to provide a 
maximum movement stroke of about 25 mm between the two frames. 
The detailed theoretical analysis of the relationship between angle and 
stroke is shown in Supplementary Note 1. At the extreme position, the 
two 1/4 arch keels on one side will be in full contact. It should be noted 
that the reason for adopting such a symmetrical oscillating structure is 
that it can always maintain the synchronous contact and separation of 
the huge films, thereby optimizing the output performance. If simulta
neous contact or separation of the films cannot be achieved, the changes 
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in the electric field will cancel each other to a certain extent, then the 
transfer-charge amount will be reduced, resulting in a decreased output. 
The movement of the model is shown in Supplementary Video S1. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2021.106328. 

Under different intensities of external force, the movable frame will 
show different motion states, which need to be evaluated separately. In 
the experiment, a linear motor was used to push the movable frame, 
simulating greenhouse’s motion state under external disturbances. With 
the help of this linear motor, more standardized and reproducible data 
could be obtained. First, the rectified open circuit voltage (Voc) and short 
circuit current (Isc) values are measured. The experimental circuit is 
shown as Fig. 2a2. According to experiments, under a fixed frequency of 
2 Hz, with the increase of movement amplitude (the maximum stroke: 
25 mm), both the open circuit voltage and short circuit current increase 
significantly, as shown in Fig. 2d and e. This is consistent with the ex
pected results based on mechanism analysis. That is, the greater the 
amplitude, the greater the change in greenhouse’s capacitance, then the 
greater the amount of charge transferred. The corresponding relation
ship between amplitude and capacitance is shown in Fig. S3a. The 
relationship between amplitude and external force is shown in Fig. S3b. 
When moving at the maximum amplitude, Voc exceeds 160 V and the 
peak value of Isc exceeds 1 μA. On the other hand, under a fixed 
amplitude of 25 mm, with the increase of the vibrate frequency (the 
maximum test frequency: 5 Hz), Isc increase significantly, while Voc in
crease slightly, as shown in Fig. 2f and g. Theoretically, the vibration 
frequency changes directly affect the amount of charge transfer per unit 
time, and therefore the current change is significant. On the contrary, 
assuming that in an ideal condition, when the moving amplitude re
mains the same, the total amount of charge transfer is the same, so that 
the generated electric field is also the same. However, since the charge 
loss cannot be ignored in the actual experiment, the high-frequency 
contact is more conducive to keeping the charge on the film at a 
higher level. Therefore, the voltage rises slightly with increasing fre
quency. When the frequency is 5 Hz, Isc exceeds 3.5 μA and Voc quickly 
exceeds the highest range of the electrometer (250 V). Therefore, the 
steady-state open circuit voltage cannot be accurately measured, and 
only a rising curve for 5 Hz is shown in Fig. 2 g. 

It can be seen that under different external disturbances, CST- 
Greenhouse can effectively harvest mechanical energy and convert it 
into electrical energy. The photograph of the CST-Greenhouse 

experimental model is shown in Fig. S4. Based on the above results, since 
the amplitude of 25 mm is a complete stroke, and the frequency of 2 Hz 
is relatively moderate and closer to the natural disturbance frequency, 
they are selected as the standard motion conditions to complete the 
subsequent experiments. Moreover, in order to further verify and 
demonstrate the feasibility and effectiveness of the CST-Greenhouse, 
some supplementary experiments under an artificial wind environ
ment are shown in Supplementary Note 2. 

2.2. Charge pump performance 

As mentioned above, the design of a charge pump is introduced in 
CST-Greenhouse. The charge pumping mechanism is based on a floating 
conductive layer and injected bound charges from a charge pump, which 
can decouple the charge density and the intensity of friction [47]. It has 
been proven by many researches that charge pump has a quite good 
output enhancement effect [47–50]. The circuit and principle can be 
visually demonstrated by Fig. 3b. Generally, Pump TENG is an ordinary 
contact separated TENG with two electrode layers, while Main TENG has 
an additional electrode. The top electrode and the middle electrode of 
Main TENG form a "variable capacitor", and the middle electrode and 
the bottom electrode form a "constant capacitor". Pump TENG provides 
charge for the variable capacitor. The top electrode and the bottom 
electrode are connected to the output terminal. Theoretically, after 
Pump TENG charges the variable capacitor to saturation, the charge 
density on the top electrode and the middle electrode will remain con
stant. The change of the distance between the two plates of the variable 
capacitor will cause the flow of charge between the top plate and the 
bottom plate. A short section greenhouse with a smaller film area is used 
as a charge pump to provide charge to the main greenhouse, thereby 
achieving the desired effect. 

In order to show the experimental model more intuitively, Pump 
TENG and Main TENG were built separately, as shown in Fig. 3a. 
However, in practical applications, there is no need for spatial separa
tion, that is, Main TENG and Pump TENG are a unified whole. We only 
need to set an appropriate area as a charge pump and add reasonable 
circuits. In order to match the most common working environment of 
the greenhouse, the films have not been pre-polarized. Pre-polarization 
is a process of artificially adding charge to the material surface, which 
can greatly increase the surface charge density by corona discharge 
[51–53], so as to achieve the purpose of temporarily improving the 

Fig. 1. Greenhouse Energy schematic. Energy 
generated by multilayer polymer films powers 
the operation of greenhouse system. Example 
materials of the multilayer films are given as 
PET, PE and ITO. Sensors, including tempera
ture, humidity, photoelectric and CO2 sensors, 
will monitor the real-time condition of the 
greenhouse. All information will be transmitted 
to the control terminal to arrange the operation 
of different equipment, e.g. the opening degree 
of the vent, the intensity of the supplementary 
lighting, the switch of the irrigation system. The 
greenhouse itself will become a self-powered 
closed-loop feedback system. Greenhouse En
ergy will contribute to the establishment of a 
further complete distributed energy system.   
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output-enhancing capability of charge pump. Although this will lead to 
the weakening of the pump effect, if it can still achieve the expected 
function, it will even show its practicality. 

To demonstrate the effect of the charge pump, the output with and 
without charge pump was measured separately. First, the frequency 
characteristics of Voc and Isc are measured. The experimental results 
show that as the frequency increases, the enhancing effect of the charge 
pump becomes increasing obvious, as shown in Fig. 3c and d. When the 

frequency is 2 Hz, it has about 3 times enhancing effect on both Voc and 
Isc. Consistent with the aforementioned, a frequency of 2 Hz is selected 
as the standard value, under which the performance of the greenhouse 
with different loads is determined. 

Under different load resistances, the peak values and effective values 
of the output are respectively demonstrated, as shown in Fig. 3e~j. The 
experimental results show that the peak values and effective values of 
voltage and current are significantly improved under each load. In a 

Fig. 2. (a1) Structure diagram of CST-Greenhouse. (a2) Schematic diagram of CST-Greenhouse. (b) The movement states of equilibrium, contact and separation of 
CST-Greenhouse. (c) The charge transfer status of TENG multilayer films. (d) (e) The short-circuit current and open-circuit voltage of the CST-Greenhouse with 
different movement amplitudes. (f) (g) The short-circuit current and open-circuit voltage of the CST-Greenhouse with different frequencies. 
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larger range, the voltage and current have an approximate 3 times in
crease. When the external resistance is around 108 Ω, the output power 
reaches the maximum. In this state, the enhancing effect is more than 10 
times. Here, it should be noted that in this small-scale experimental 
model, the area ratio of the Main TENG (Smain) to the Pump TENG 
(Spump) is 2:1. That is, the area of the Pump TENG is not small enough to 
be ignored, so for the sake of rigor, the change in the overall film area 
should be taken into consideration. After adding an area coefficient, the 

power improvement effect per unit area is more than 
(

Gain Per Area =

Gain × Smain
Smain+Spump

= 10 × 2
2+1 = 6.7

)

times. Of course, in a real-scale CST- 

Greenhouse, the proportion of the area occupied by the charge pump is 

very small, in other words, Spump is a small quantity. Therefore, Gain Per 
Area ≈ Gain. It can be seen that the addition of the charge pump has 
significantly improved the output capacity of CST-Greenhouse, which 
provides strong support for the practicality of the real-scale greenhouse. 

2.3. Load performance 

After verifying the effectiveness of the charge pump, the output 
characteristics of CST-Greenhouse under different external conditions 
need to be further measured and presented. The circuit diagram for 
measurement is shown as Fig. 4a. The waveform characteristics of 
voltage and current under loads are shown in Fig. 4b. The corresponding 
peak values of the output are shown in Fig. 4c~e. The effective values 

Fig. 3. (a) Model diagram of Main TENG and Pump TENG. (b) Schematic diagram of charge pump mechanism. Comparison of short-circuit current (c) and open- 
circuit voltage (d) with and without charge pump under different frequencies. The Colored curves are output without Pump TENG, while the gray curves are with 
Pump TENG. (e-j) The output comparison with and without charge pump under different load resistance. Peak output: (e) the peak load current, (f) the peak load 
voltage and (g) the peak load power. Effective output: (h) the effective load current, (i) the effective load voltage and (j) the effective load power. 
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are shown in Fig. S5. With the increase of frequency, the current and the 
power are obviously increased, while the voltage increases relatively 
slightly. Each parameter shows its corresponding uniform changing law. 
All these are consistent with the experimental results and mechanism 
analysis in Section 2.1. Similarly, it should be noted that when the fre
quency is 5 Hz and the load resistance is large, the voltage quickly ap
proaches the maximum range of the electrometer, causing a certain 
deviation in the last two sets of values in Fig. 4d. If a high-voltage probe 
is added, although the measurement of the final stable value can be 
completed, the deviation will be even greater due to the charge loss 
brought in by probe itself (because the inner resistance of probe ≈ 1 
GΩ). In addition, as the frequency increases, the peak of the power 
gradually shifts to the direction of small resistance, that is, the external 
load resistance corresponding to the maximum power gradually de
creases. The theoretical basis is that the average impedance of TENG can 
be approximated as 1/f Cavg, where f is the signal frequency of the 
voltage and Cavg is its average inherent capacitance [54]. Therefore, it 
can be seen that the increase of the vibration frequency f will lead to the 
decrease of the optimal resistance load. 

In order to further demonstrate the operation process of CST- 
Greenhouse, COMSOL simulation is introduced to show its electrical 
status. The experiment with a frequency of 2 Hz was selected as the 
representative case for simulation. The load resistance with the highest 
power output (100 MΩ) is selected for the calculation of charge density. 

According to the experimental data, the charge transferred Q in 10 s is 
about 2.927 × 10− 6 C. The average charge density σ on each tribo
electric film is about 2.043 × 10− 6 C/m2. With above experimental data, 
the electric potential distribution in contact and separation states are 
shown in Fig. 4f and g. The electric field distribution in separation state 
is shown in Fig. 4h. It should be noted that the simulation results of 
maximum electric potential and electric field strength are reasonably 
much larger than the real condition, because the experimental condi
tions are far from perfect ideal. The specific setup in the COMSOL model 
is shown in Supplementary Note 3. 

On the other hand, when the external load is capacitors, TENG can 
also effectively charge them. The picture of the experimental device is 
shown in Figs. 5a and S6. The capacitors can be thought of as a "battery" 
for charge storage. Therefore, what is expected is to charge the “battery” 
more efficiently and discharge it more stably. Therefore, the combina
tion form of capacitors in this “battery” is essential. To this end, a switch 
circuit is added to the output, as shown in Fig. 5b. By triggering the 
switch, the conversion of the capacitors from charging in serial to 
discharge in parallel can be realized. Thereby, a larger current can be 
provided to meet the working requirements of commercial electronics. 
Furthermore, setting different numbers of capacitors (47 μF) in the 
switch circuit will directly affect the charging time, discharging stability 
and working conditions of electrical appliances. The capability of CST- 
Greenhouse to charge and discharge the capacitors is shown in Fig. 5c. 

Fig. 4. (a) Experimental circuit diagram for measuring the performance under load. (b) The waveform of load current and load voltage. (c-e) The peak output of CST- 
Greenhouse with different load resistance and frequencies: (c) the peak load current, (d) the peak load voltage and (e) the peak load power. (f) The simulation electric 
potential distribution in contact state. (g) The simulation electric potential distribution in separation state. (h) The simulation electric field distribution in sepa
ration state. 
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The time to charge 1–7 capacitors from 0 V to 3 V is represented as t1 to 
t7 respectively. It can be seen that as the number of capacitors increases, 
the charging time presents 3 different stages, as shown in Fig. 5d. (1) 
Among them, when there is only one capacitor, it is only an ordinary 
capacitor working process. (2) When the number of capacitors is 2, 3 and 
4, the charging speed is not much different. 3) When the number of 
capacitors is 5 or greater, the charge time starts to increase significantly. 
It should be noted that abovementioned “stage 2” in Fig. 5d is not an 
experimental error caused by, for example, failure of some capacitors. 
Because obvious difference can be seen at the discharge range (at the 
end of the curve in Fig. 5c), which proves that every capacitor is 
working. That is, they conform to the law that the more capacitors, the 

higher the voltage level after discharge. The reason for this increasing 
voltage level is that the larger the total number of capacitors, the less 
charge each capacitor needs to transfer to supply the electrical appli
ances’ working, resulting in a smaller voltage drop after discharging. 
Therefore, it is necessary to further discuss the changing stages of 
charging time. 

Combining the above phenomenon, the reasons for these three stages 
can be speculated. When charging, the capacitors are in serials and no 
inductance is added. It is definitely that more capacitors means a smaller 
equivalent capacitance C. Based on the impedance formula Z = R +

j (ωL – 1/ωC) with ωL ≈ 0, a larger 1/ωC will result in greater load 
impedance. Therefore, it is reasonable to speculate from the experi

Fig. 5. (a) Photograph of CST-Greenhouse powering commercial devices. (b) Schematic diagram of the switching circuit. Switch between charging in serials and 
discharging in parallel. (c) The charging and discharging curves with different number of capacitors. (d) The charging time from 0 V to 3 V with different number of 
capacitors. (e) CST-Greenhouse powered temperature sensor. (f) CST-Greenhouse powered humidity sensor. (g) CST-Greenhouse powered LED. 
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mental results that when the number of capacitors is small (less than or 
equal to 4), the increase of the load impedance will lead the load and the 
greenhouse TENG to have a relative higher impedance matching degree, 
resulting in an improvement in the power generation capacity of CST- 
Greenhouse. For this reason, the slowdown in charging speed caused 
by the increase in capacitor number is not obvious. However, when the 
number further increases, the load impedance also further increases, 
leading to a decrease in the matching degree between the greenhouse 
and the external impedance. Therefore, the power generation capacity 
does not increase but decreases. In addition, coupled with increasing 
number of capacitors to be charged, the charging time is significantly 
increased. It should be noted that when the number of capacitors is 1, 
although the discharge is still completed, insufficient power will often 
cause the commercial devices to fail to work normally. In summary, the 
switch circuit composed of 4 capacitors can provide sufficient energy for 
the electrical appliances, while the charging time will not be too long. 
Therefore, 4 capacitors were selected to complete the subsequent 
application experiments. 

2.4. Applications 

The previous sections have fully demonstrated the feasibility of CST- 
Greenhouse from experimental data. In order to visually demonstrate 
the practical significance of CST-Greenhouse, some demonstrations are 
provided. Although the scale of the experimental model is really small, 
which means small triboelectric area and limited movement amplitude, 
if some application demonstrations can still be completed, the feasibility 
of the Greenhouse Energy scheme can be supplemented from the 
application point of view. The picture of the experimental device is 
shown in Fig. 5a and S4. The experimental circuits are shown in Fig. S7. 
When the greenhouse outputs directly without capacitors, about 30 LED 
lights can be lit, as shown in Fig. 5g. 

When a switch circuit with 4 capacitors is used, CST-Greenhouse can 
successfully drive the normal working of commercial electrical appli
ances. For example, after charging for about 500 s, a digital temperature 
sensor or a humidity sensor can be powered for about 20 s, as shown in 
Fig. 5e and f. The internal resistance of the digital temperature sensor 
used is 242 Ω, and the internal resistance of the digital humidity sensor 
is 298 Ω. Refer to Fig. 4e, it can be known that such a small load is not in 
the satisfactory load range of output performance, so capacitors with 
switch circuit have to be added to complete the transformation of 
electrical energy. The rated voltage of the sensors is 1.5 V, the maximum 
working current is 4 μA, and the maximum working power is 6 μW. Since 
the stable current provided by the capacitors is not as large as com
mercial button battery, the capacitors need to be charged to 3 V to 
supply enough charge for sensor’s working. The above experiment is 
sufficient to verify the feasibility of CST-Greenhouse supplying sensors 
for intermittent operation. It is not difficult to imagine that if a higher- 
performance CST-Greenhouse is chosen to charge the battery in the 
future, although the charging time may be correspondingly longer, it can 
power more abundant appliances to work more stably. At this point, the 
first step to build Greenhouse Energy scheme has been taken from the 
above work. 

The demonstration videos of the greenhouse powering commercial 
devices are provided in Supplementary Video S2 and S3. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2021.106328. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2021.106328. 

3. Conclusion 

Aiming at the combination of intelligent agriculture and distributed 
energy, taking agricultural greenhouses as the research object, this work 
has proposed a new type greenhouse based on TENG (CST-Greenhouse). 
CST-Greenhouse can harvest environmental mechanical energy 

including wind energy. CST-Greenhouse has an iconic arched structure 
that can vibrate symmetrically, constituting a contact-separation mode 
TENG. This fully exploits the additional function of the huge and 
transparent polymer films to convert environmental mechanical energy 
(such as wind energy) into electrical energy. CST-Greenhouse combines 
both charge pump and power management technology (switch circuit) 
to achieve an effective improvement in output. In the laboratory, only a 
small-scale test model was made with a simplified process to verify its 
feasibility, but the expected output performance and application per
formance have been exactly shown. Under 25 mm movement amplitude, 
5 Hz vibration frequency and 100 MΩ load resistance, the maximum 
current is 1.31 μA, the peak output power is 107.09 μW. Thereby the unit 
area power is 3.06 mW/m2. After charging the capacitors for about 
500 s under 2 Hz, commercial devices such as temperature sensors and 
humidity sensors can be powered for about 20 s. This is sufficient to 
verify the feasibility of CST-Greenhouse supplying sensors for inter
mittent operation. And this work also marks the first step to build 
Greenhouse Energy scheme. Here, some reasonable estimates are made 
based on the numerical result of the above verification experiment. 
According to statistics, as of January 2019, the World Greenhouse 
Vegetable area is estimated to be 496,800 ha. (1,228,000 ac.) [55]. 
Therefore, it is expected that this CST-Greenhouse can provide about 
15.2 MW of electricity worldwide under ideal conditions. Of course, in 
fact, due to the leakage effect at the edge, the output may not increase 
linearly with the increase of the film area[56]. Therefore, in practical 
applications, the greenhouse film should be arranged in reasonable 
segments and intervals, and the ratio of the main TENG to the pump 
TENG should be optimized, but these adjustment measures do not affect 
the overall structure of CST-Greenhouse. In addition, Greenhouse En
ergy combined with greenhouses is a distributed energy source, with 
lower transmission loss, which means it can be more directly supplied to 
agricultural production. 

This work still has some deficiencies. For example, the motion mode 
of CST-Greenhouse might lead to structural fatigue, thereby affecting 
the service life. In addition, the material cost is not economical enough, 
including expensive ITO electrode film. Limited by cost, the scale of 
experimental CST-Greenhouse is relatively small. The output perfor
mance is not satisfactory enough, making it unable to maintain the 
sensor for continuous operation. All of these deficiencies need further 
research in the future. And overcoming the above shortcomings is also 
the focus of future work. 

On the other hand, as above-mentioned, the experimental test-model 
only uses the most basic manufacturing technology. However, in future 
experiments or actual production, if better materials, more sophisticated 
technology, more meticulous material processing, more efficient circuit 
management and other more advanced TENG output optimization 
technology can be taken in, the output capacity of CST-Greenhouse will 
get a much greater improvement. In addition to wind energy, other 
forms of environmental energy, such as raindrop energy and tempera
ture difference energy, are also expected to be harvested for CST- 
Greenhouse in the future. At that time, it is expected to maintain the 
smart operation of the entire greenhouse only relying on harvesting 
environmental energy. This is what truly transforms the greenhouse into 
a self-powered intelligent agricultural facility. 

In general, the new designed CST-Greenhouse, as a verification 
example of the combining TENG and greenhouse, effectively utilizes the 
huge plastic films that have been neglected yet, and outputs consider
able electrical energy. This test case converts the original "White 
pollution" into a power called "Greenhouse Energy", providing a new 
possibility for the development and design of smart greenhouses. 
Furthermore, the concept of Greenhouse Energy will provide guidance 
and inspiration for more in-depth research between TENG and agricul
ture, and further serve the exploration and construction of intelligent 
agriculture for the future life. CST-Greenhouse is exactly the first good 
practice of this new concept. In the end, in the exploration of combining 
TENG with distributed energy, in pace with Blue Energy being a 
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representative pioneer, Greenhouse Energy, as a new concept in agri
culture, is also expected to become such a guiding and enlightening 
attempt. Greenhouse Energy will never be independent and non- 
exclusive. It is always a concept that can coexist and be inclusive with 
other energy concepts, including Blue Energy. In other words, Green
house Energy will collaborate with Blue Energy and complement the 
new distributed energy system starting from the agricultural field. 

4. Methods and materials 

4.1. Fabrication of CST-greenhouse  

1) Greenhouse film structure. The thickness of PET and PE are 50 µm 
and 30 µm respectively. The transparent and flexible electrode ma
terial ITO is deposited on the PET substrate, and its thickness is 
negligible. Sponge is used as a buffer material to ensure that the 
greenhouse films are fully contacted, of which the thickness is 2 mm. 
The length and width of the composite film composed of the above- 
mentioned multilayer film are all 200 mm * 157 mm. The copper 
tapes are connected to the ITO surface as the external interface of the 
electrode with a thickness of 88 µm. A small amount of Kapton tape is 
used to insulate the periphery of the electrode.  

2) Greenhouse structure. In this small-scale greenhouse model, the 
structure of Main TENG and Pump TENG are consistent to meet the 
actual needs of combining together. All frames are made by 3D 
printing. The printing material is ABS resin. Among them, the arched 
keel of the fixed frame has an outer diameter of 224 mm, an inner 
diameter of 216 mm and a rectangular section of 5 mm * 4 mm. The 
rectangular section of the mid-longitudinal-beam of the fixed frame 
is 10 mm * 5 mm. There are brackets for mounting bearings at both 
ends. The inner and outer diameters of the secondary longitudinal- 
beams are consistent with the keel, and the angle between the 
waists of the section is 2◦. 

In order to make the movable frame as light as possible, the arched 
keels of the movable frame have an outer diameter of 234 mm, an 
inner diameter of 230 mm and a rectangular section of 
5 mm * 2 mm. In order to ensure the structural strength, the section 
of the secondary longitudinal-beam is approximately T-shaped, as 
shown in Fig. S8. In order to make the keels on the two sides of the 
movable frame have a certain opening angle, the cross section of 
movable frame’s mid-longitudinal-beam is a trapezoid with an angle 
of 12◦ between the waists. There are cylindrical shafts at both ends of 
mid-longitudinal-beam for connecting bearings. The model is 
designed with standard parts in the longitudinal direction, so the 
number of segments can be flexibly selected according to laboratory 
conditions and needs, thereby changing the length of the green
house. In this experiment, the length of Main TENG is 200 mm, while 
the length of Pump TENG is 100 mm. Under gravity conditions, the 
movable frame will stabilize to an equilibrium position. When wind 
or other environmental disturbances exist, the movable frame will 
have periodical vibration, thereby generating alternating voltage 
and current.  

3) Circuit components. Integrating on breadboard. The diode models 
used in the rectification and switching circuits are 1N4007. In the 
switching circuit, the capacitance of capacitors is 47 μF. The break
down voltage is 50 V. The inductance used to stabilize the output is 
4.7 MH.  

4) Attachment structure. The bearing is MR106ZZ of NSK, of which the 
outer diameter * inner diameter * thickness is 10 mm * 6 mm 
* 3 mm. 

4.2. Electrical output measurement 

A linear motor is used to simulate the external disturbance. The 
model is LINMOT (version P01–37×120-C/C1100, The LinMot. Inc., 
USA), as shown in Fig. S6. The thermal anemometer is AR866A (SMART 

SENSOR). In order to ensure the consistent movement of the greenhouse 
frame, a baffle with a size of 350 mm * 35 mm is installed on the linear 
motor push head. In order to measure the electrical output of TENG, a 
programmable electrometer (Keithley 6514) was used. 

Supplementary information 

The Supplementary Information is available free of charge at 
(Website). 

Changes in capacitance and required external force during move
ment; Photograph of CST-Greenhouse experimental model; The effective 
output of CST-Greenhouse with different load resistance and fre
quencies; Photograph of experimental devices; Photograph and illus
tration of power supply circuit; View of the secondary longitudinal- 
beam; Maximum amplitude with different movable frame angle; COM
SOL electrical simulation for CST-Greenhouse (PDF). 
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