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Abstract- Greenhouse structures are widely used to enable sheltered plant growth. However, traditional transparent greenhouse
structures are generally only used in moderate climates because the cost of the energy required for heating in cold climates is
prohibitively high. This paper describes a new approach to the design trade-off between light transmission and thermal
insulation in greenhouse structures. Here, a low power variable insulation system combining sunlight-concentrating structures
and low cost thermal insulation is shown to be a potentially practical solution. Experimental devices have achieved thermal
insulation values exceeding 3.33 m2K/W (compared to 0.42 m2K/W for triple layer polycarbonate greenhouses) while also
maintaining light transmittance values greater than 70%.
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I.

INTRODUCTION

Cold climate greenhouse growers are forced to increase the insulation of their greenhouses and/or to invest significant
amounts of energy to maintain adequate temperature levels for plant growth during the winter season [1, 2]. In most climates,
heating typically represents a considerable fraction of the overall operational expenses for commercial greenhouses [3], so it is
desirable to increase the thermal insulation of the structure while maintaining adequate light transmission. The ideal
greenhouse in sunny but cold climates has two fundamental characteristics: (1) it is highly thermally insulated when the
available solar radiation is insufficient for plant growing, and (2) its sunlight transmission is optimal when sufficient sunlight is
available [4].
Recently, there has been increased interest in finding a practical solution to improve the low thermal energy performance of
current greenhouse structures. Some approaches include movable insulation blocks that expose transparent surfaces [5], panels
with multiple layers of transparent materials [6], thermal curtains [7], systems that inject foam [8, 9] or soap bubbles [10] into
a gap between two sealed glass surfaces, and completely automated indoor greenhouses [11]. There are a number of reasons
why these approaches have not been widely implemented, including the excessive amount of labor required to operate them,
high capital investment, high maintenance requirements and limited lifetime. This paper discusses a new approach using a
variable insulation system that combines optical concentrators and low cost thermal insulation. The system switches between
its light transmissive and thermally insulated states by means of a simple two-state mechanism [12], as described in the
following section.
II. THE LIGHT VALVE SYSTEM
The proposed variable insulation system, referred to as the “light valve” system, is depicted in Fig. 1. It is shown in its light
transmissive state in Fig. 1a. In this state, highly reflective rotating light valve elements are positioned to permit efficient
transmission of sunlight. As shown in Fig. 1b, to achieve the highly thermally insulated state, the light valve elements are
rotated such that the thermally resistive elements form a largely continuous layer of insulation.
As shown in Fig. 1, the geometry of each valve element is formed by four curved surfaces arranged such that the assembly
forms a series of optical structures known as compound parabolic concentrators [13]. Sunlight that enters the optical passages
reflects from the specially designed curved surfaces, and most of the light is transmitted through the assembly. This key optical
characteristic is largely independent of the size of the valve elements. For the purpose of this study, elements with an overall
height (G) of approximately 0.4 m and equivalent insulating thickness layer (L) of approximately 0.13 m were found to be
appropriate [14].
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(a)

(b)

Fig. 1 Section views of the light transmissive (a) and highly thermally insulated (b) states of the light valve system

As shown in Fig. 2, an important technical achievement in the light valve design was the successful implementation of a
low pressure seal, which prevents the majority of air exfiltration through the light valve structure, reducing thermal loss by air
mass heat transfer [14]. Fibreglass batting, depicted in Fig. 2b, was used to construct the low pressure seal of the valve
elements (approximately 0.66 m2K/W or R-3.7 for each inch of material thickness [15]).
In Fig. 2, the rotation mechanism of the light valve system is shown in a light valve device. An electrically controlled
mechanical actuator transmits torque to one or more valve elements, which subsequently transfer this torque to the rest of the
valve elements by means of a bar mechanism attached to the lower region of the valve elements, as shown in Fig. 2a and Fig.
2b.

Rotation mechanism
(a)

(b)

Fig. 2 Sectional view of the (a) light transmissive and (b) thermally insulated states of the light valve experimental device showing the implementation of the
low pressure seal and rotation mechanism

III. MODELLING THE THERMAL RESISTANCE CHARACTERISTICS
In order to determine the thermal resistance characteristics of the assembly, a conceptual model of the heat transfer
interactions in the experimental apparatus was developed [14]. This model considers three thermal masses: (1) the light valve
structure, (2) the air contained in the light valve device and (3) the water used as a known thermal mass. The thermal model
can be thought of as an analogy to an electrical circuit. Basically, the heat flux corresponds to the current in a circuit, the
temperature difference corresponds to the potential difference, the thermal resistance corresponds to the electrical resistance,
the heat capacity of a material corresponds to the electrical capacitance, Ohm’s law corresponds to Fourier’s law of heat
transfer, and the circuit reduction techniques used for electric circuits apply [16]. In this model, the heat flux between two
points is defined as the temperature difference between those points divided by the thermal resistance.
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Fig. 3 shows the simplified thermal circuit used for the model, where Tx represents average absolute temperatures
(measured in units of K), Rx thermal resistances (in K/W), Qex heat losses by exfiltration (in W), Qswr short wavelength
radiation heat transfers (in W), Qlwr long wavelength radiation heat transfers (in W), Kx heat capacities of the thermal mass
systems (in J/K) and Isol is the horizontal irradiance measured on top of the experimental device (in W/m2). Equations 6-8
represent the energy balances of the three thermal mass systems studied: containers with hot water, air contained in the
experimental device and the structure of the experimental device, denoted by subscripts “w”, “air” and “st” respectively.
Energy flux is defined to be positive for the energy leaving the mass system and negative for the energy entering the system.
As shown in Fig. 3, two heat fluxes define the energy balance of the hot water thermal mass in Eq. 1: the equivalent long
wavelength radiation heat transfer from the hot water thermal mass to the experimental device structure (Qlwr,w,st), and the heat
transfer from the hot water thermal mass to the air contained in the experimental device (Qw,air). Three heat fluxes define the
energy balance of the air contained in the experimental device as shown in Eq. 2: the heat transfer from the hot water thermal
mass to the air contained in the experimental device (Qw,air), the heat transfer from the air contained in the experimental device
to the experimental device structure (Qair,st) and the air exfiltration heat losses (Qex). Likewise, the thermal balance of the
experimental device structure mass system in Eq. 3 is defined by the equivalent heat transfer from the structure to the
surroundings (Qout,eq), the equivalent long wavelength radiation heat transfer from the hot water thermal mass to the
experimental device structure ( Qlwr,w,st) and the heat transfer from the air contained in the experimental device to the
experimental device structure ( Qair,st).

Fig. 3 Thermal resistance model for the light valve experimental apparatus

d𝑇w
= 𝑄lwr,w,st + 𝑄w,air
d𝑡
d𝑇air
𝐾air
= 𝑄air,st − 𝑄w,air − 𝑄ex
d𝑡
d𝑇st
𝐾st
= 𝑄out,eq − 𝑄lwr,w,st − 𝑄air,st
d𝑡
𝐾w

(1)
(2)
(3)

Assuming that the only effect of the resulting internal energy variations defined by the energy balance equations 1-3 are
temperature differences in the three thermal mass systems, the time-dependent temperatures of the mass systems can be
approximated by solving those energy balances for n discrete time periods (t). For the specific case of the model presented in
this section, the duration of each time period is five minutes (t = 300 s). The heat capacity of each thermal mass system (Kx)
is defined as the product of its specific heat capacity (cx), volume (Vx) and density (x). The temperatures of the three thermal
mass systems at time t can be calculated using Equations 4-6. Eq. 4 applies to the containers filled with hot water (𝑇w 𝑛 ), Eq. 5
applies to the air contained in the experimental device (𝑇𝑎𝑖𝑟 𝑛 ) and Eq. 6 applies to the experimental device structure at the
middle plane between its outside and inside surfaces (𝑇𝑠𝑡 𝑛 ).
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𝑄lwr,w,st 𝑛−1 + 𝑄w,air 𝑛−1

(∆𝑡)
𝑐w 𝑉w 𝜌w
𝑄air,st 𝑛−1 − 𝑄w,air 𝑛−1 − 𝑄ex
(∆𝑡)
𝑇air 𝑛 = 𝑇air 𝑛−1 +
𝑐air 𝑉air 𝜌air
𝑄out,eq
− 𝑄lwr,w,st 𝑛−1 − 𝑄air,st 𝑛−1
𝑛−1
(∆𝑡)
𝑇st 𝑛 = 𝑇st 𝑛−1 +
𝑐st 𝑉st 𝜌st
𝑇w 𝑛 = 𝑇w 𝑛−1 +

(4)
(5)
(6)

The conductive and convective heat transfer mechanisms were modelled using the unidimensional Fourier’s law [16]. In
the case of long wavelength radiation heat transfer, the equivalent long wavelength radiation thermal resistance as defined in
Eq. 7 was used for the case of a body with a surface temperature T1 completely surrounded by a body with a temperature T2
[16]. Rr is the effective radiation thermal resistance, A is the surface area of the radiation emission body, 𝜀 is the emissivity of
the body with surface temperature T1 and  is the Stefan–Boltzmann constant (= 5.67 x 10-8 W/m2K4). For the purposes of
the model described in this section, the emissivity of all long wavelength radiation emitting surfaces was assumed to be
constant as a function of wavelength [17, 18]. The air exfiltration heat losses (Qex) were calculated by using Eq. 8, where Pair
and Tair are the pressure and temperature differences of the air inside and outside the experimental device, assuming that the
Stack effect is the main air exfiltration mechanism [19-21]. Xst is the air conductance of the experimental apparatus, which was
measured to be 2.5 x 10-4 m3/sPa for the experiment described in Section 5.1.

𝑅r =

1
𝐴[𝜀𝜎(𝑇1 + 𝑇2 )(𝑇1 2 + 𝑇2 2 )]

𝑄ex = 𝑋st ∆𝑃air 𝑐air 𝜌air ∆𝑇air

(7)

(8)

The calculation of the heat transferred from the structure to the surroundings (Qst,out) assumes that there is a hypothetical
equivalent air temperature (Te,out in Eq. 9), which, in the absence of any radiation heat exchange, results in the same heat flux
[22]. In Eq. 9, Tout is the air temperature outside the experimental device, st is the absorbance of the experimental device
structure (measured to be 60% for the gray paint used), psol is the effective portion of the experimental device exposed to
sunlight radiation and Isol is the horizontal irradiance measured on the top of the experimental device. hout is the heat transfer
coefficient of the external surface of the experimental device (convection and long wavelength radiation) [22], st represents
the emissivity of the external surface of the experimental device, and Est,so is the effective long wavelength radiation heat
transfer between the external surface of the experimental device and the protective cover. Est,so is a complex parameter to
calculate, considering that the external surface of the experimental device receives radiation not just from the protective cover
but from surrounding objects and the ground as well. The ASHRAE manual [22] provides guidance on the selection of this
parameter for diverse scenarios.

𝑇e,out = 𝑇out +

𝛼st 𝑝sol 𝐼sol 𝜀st ∆𝐸st,so
−
ℎout
ℎout

(9)

IV. MODELING THE LIGHT TRANSMITTANCE CHARACTERISTICS
To determine the light transmittance characteristics of the assembly, a model to predict the light transmission of the
experimental apparatus was developed based on the light valve ray tracing optical transmittance predictions previously
reported [23]. The light transmittance of the light valve system was studied using Monte Carlo ray tracing simulation. This
simulation uses ray sources, which generate random rays. As the rays interact with the optical devices, the ray path is
determined by the probability of absorption, reflection, transmission, diffraction, refraction and scattering at each interaction.
The light transmittance calculation model is described in further detail in a previous publication [23]. This model takes into
account the optical losses caused by the greenhouse structural elements as well as the diffuse and direct sunlight transmission
in the system based on the expected direct and diffuse radiation contributions of the incident sunlight [24]. The model uses a
solar geometry calculation [25] to define two projections of the solar elevation angle on perpendicular planes of the
experimental apparatus. The angle  is the solar elevation projection onto the plane where the light valve profiles are contained,
those profiles are shown in Fig. 1, and the angle  is the projection of the solar elevation onto the perpendicular plane [23], as
depicted in Fig. 4.
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Incident
sunlight plane





Fig. 4 Front and side views of experimental apparatus showing solar elevation angles  and 

The projected angles were used to infer a global optical transmittance value (Tglobal) as a function of the direct (Tdirect(,))
and diffuse (Tdiffuse ()) transmittance for each experimental data point, as shown in Eq. 10, where x is the percentage diffuse
radiation contribution calculated by the Solis model [24]. The optical transmittance value predicted by the model (Tglobal) is
then multiplied by the ambient irradiance measured on the top of the experimental device to calculate the intensity of the light
that is transmitted into the experimental apparatus.

Τglobal = (1 − 𝑥)Τdirect (𝜃, 𝛾) + 𝑥Τdiffuse (𝜃)

(10)

The light transmittance of the diffuse component of the incident solar radiation (Tdiffuse ()) is solely determined by the
angular rotation of the light valve elements, which is a function of the solar elevation projection angle  as previously reported
[23]. For this experiment, the direct radiation transmittance (Tdirect(,)) is a function of the direct radiation transmittance of the
light valve system, which is, in turn, a function of the solar elevation projection angle  (reported in previous communications
[23]), and the direct radiation light blockages by the light valve and greenhouse structural elements as a function of the solar
elevation projection angle . Both Tdirect and Tdiffuse are complex functions that cannot be expressed in closed form. However,
they have the following broad characteristics: Tdiffuse has a maximum value of =90° and decreases monotonically as 
decreases, and Tdirect has a maximum value of =90° and =90°, and drops to zero as  approaches 0° and decreases
monotonically as  decreases.
V. EXPERIMENTAL MEASUREMENTS
Two independent experiments were carried out to verify the thermal resistance and optical transmittance values for the light
valve system. In this section, the experimental tools and methods used for those experiments are described.
A. Measuring the Thermal Resistance
The experimental apparatus used to verify the thermal resistance consisted of a rectangular chamber 1.7 m long, 1.1 m wide
and 1.1 m high, as depicted in Fig. 5. The side walls and base of the chamber were made from 0.15 m thick polystyrene foam
insulation. The experimental light valve system was positioned on the top of the chamber and maintained in the closed or
thermally insulating state. The air temperature inside the chamber was increased to a known initial temperature by placing
containers filled with hot water inside the chamber. The subsequent decay of the indoor air temperature was measured over
time in order to determine the thermal resistance of the light valve system.
The experiment was carried out in two different locations at the University of British Columbia Okanagan (49.93°N,
119.39°W) and Vancouver (49.26°N, 123.25°W) campuses. The experimental apparatus was housed inside a transparent
structure to protect it against environmental hazards, such as rain and wind. This protective enclosure was a commercially
available small greenhouse structure comprised of transparent polycarbonate sheets supported by thin aluminium frame
elements. The foam parts of the valve element profiles, light valve module and thermally insulated chamber were cut from
expanded polystyrene foam using a computer-controlled hot wire. The material used to coat the valve elements was a 90%
specular reflective aluminized polyethylene film [26, 27]. The same 90% reflective coating material was used to line the inner
surfaces of the East and West walls of the highly insulated light valve foam box [28], and the South and North walls were
coated in diffuse reflective white paint. Four 0.02 m3 containers of hot water were positioned inside the chamber in order to
achieve an initial interior air temperature of 40ºC.
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Fig. 5 Computer aided model of the light valve experimental device

The actuator used to rotate the valve elements from its light transmissive to its highly insulating state was a 12V compact
DC gear-motor (5.5 Nm at 0.6 RPM). The DC gear motor was coupled to the central valve element, and the torque was
transmitted by a bar mechanism attached to the lower region of the valve elements as shown in Figs. 2a and 2b. The
temperature in the experimental device was measured using precision integrated-circuit temperature sensors (LM61) [29] with
a measurement range of -30°C to 100°C. The LM61 temperature sensor response is linearly proportional to the temperature,
where a maximum uncertainty of ±2°C for the full temperature operation range is recommended by the manufacturer [29]. The
temperature sensors were completely shaded for the duration of the experiments in order to prevent solar thermal radiation
interference [30]. The solar radiation gain on the experimental apparatus was inferred by measuring the horizontal solar
irradiance using a calibrated light to voltage converter (TSL254R) whose response is proportional to the irradiance level [31].
The spectral response of this sensor was optimized for the PAR spectrum [23]. For the purpose of this experiment, the full
solar spectrum contributions were inferred by assuming that the PAR spectrum represents 45% of the solar spectrum [32]. The
measurements were taken with a data acquisition card model NI USB6008 12Bit controlled by LabView at 10 second intervals,
and the average of the measured values was stored in a data file every five minutes.
B. Thermal Experiment Results
Thermal decay experiments were carried out during the period from September 2012 to March 2014. The air temperature in
the experimental device (Tair) predicted by the thermal model fit well with the experimental observations for the average
thermal resistance value of the experimental apparatus structure equal to 4.29 m2K/W ± 0.15 m2KW (R-24.4 ± R-0.8). The
thermal resistance expected for the light valve experimental apparatus was between 4.25 m2K/W and 4.89 m2K/W (R-24.1 to
R-27.8), considering the light valve module and the thermally insulated chamber. For this calculation, an average ideal thermal
resistance value between 0.73 m2K/W and 0.84 m2K/W per inch was assumed for the expanded polystyrene foam [33]. The
total thermal resistance value for the 15 cm thick polystyrene foam sheeting was 4.7 m2K/W.
Using the thermal resistance inferred for the experimental apparatus structure (4.29 m2K/W ± 0.15 m2KW), a conservative
thermal resistance value was deduced for the light valve module alone between 3.33 m2K/W and 4.21 m2K/W (R-18.9 and R23.9) for the case of an ideal thermally insulated chamber with a thermal resistance value between 0.76 m2K/W and 0.81
m2K/W per inch [33]. In Fig. 6, the red dots represent the air temperature measured in the light valve experimental device, the
blue dots are the air temperatures measured outside of the experimental device (Tout), and the black dashed line is the optimized
fit obtained using the thermal model. The average relative difference between the air temperature measured in the experimental
device and the one predicated by the thermal model (Tair) was 4%.
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Fig. 6 Thermal decay experiment (February 21 to 27, 2014)

The average values used in the model for the thermal conductance of the air films on the inner and outer surfaces of the
experimental device and the water containers were 7 W/m2K, 16 W/m2K and 7 W/m2K, respectively; those values are
consistent with those reported by the literature for similar experiments [34-36]. The emissivity value () used for the water
containers and the light valve experimental apparatus structure is 0.9, which is consistent with the emissivity values used for
thermal models previously reported [37, 38].
C. Measuring the Light Transmittance
The light transmittance through the light valve system has been verified in previous experiments [23]. In the experimental
work reported in this paper, the light transmittance of the light valve system was further verified by using a larger scale
experimental apparatus installed in an already constructed and fully functional greenhouse. The objectives of this experiment
were: (1) to verify the ray tracing light transmittance values previously predicted for the light valve system when operated as a
solar tracker [23], and (2) to demonstrate the practicality of scaling up the system and integrating it within a fully functional
greenhouse operation. The experimental apparatus was installed at the roof level in a fully functional greenhouse, and a
thermally insulated chamber was constructed around the system to isolate that section from the rest of the greenhouse. The
light valve modules were equipped with solar tracking capabilities using a customized closed-loop solar tracking control
algorithm.
The horizontal solar irradiance was measured both on top of the light valve experimental apparatus and approximately 0.45
m below the light valve modules where the light obstruction by the greenhouse structure and crops was minimized. The ratio of
the energy flux above and below the light valve system was reported as the light transmittance value. This light transmittance
value was compared to the ray tracing predictions of a customized ray tracing model. The irradiance at the level of the growing
trays (1.3 m above ground) was measured at 0.5 meter intervals on the three growing trays contained within the experimental
apparatus. The trays were separated by 1.5 m.
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(b)

(a)

Fig. 7 (a) Photograph of the thermally insulated chamber of the light transmission light valve experimental device at the light transmission experimental
location. (b) Photograph of the six light valve modules viewed from below in their light transmissive state

This experiment was conducted in a greenhouse facility at Kwantlen Polytechnic University’s Institute for Sustainable
Horticulture in Langley, British Columbia (49.11°N, 122.64°W). Six light valve modules, each with a total area of 4 m2 (3.6
m2 of effective light valve area and 0.4 m2 of frame area), were constructed using aluminized polyethylene film [27] laminated
onto expanded polystyrene foam valve element structures [39]. The six light valve modules were customized to be installed at
the roof of the experimental greenhouse structure without disrupting any existing structural elements or services. To achieve
this, the original design dimensions of the light valve system were scaled down by 25%. The light valve experimental
apparatus included the construction of a 0.1 m thick insulation chamber, shown in Fig. 7a. Once the enclosure was completed,
modules were suspended from the roof using lightweight steel cables, as can be seen in Fig. 7b. The top two thirds of the
thermally insulated chamber inner walls were covered with 90% specular reflective mirrors [27], and the remaining wall area
was painted with 90% diffuse reflective white paint.
The irradiance measurements were performed using a light-to-voltage linear converter (TSL254R) [31]. Diffuse acrylic was
used to reduce the angular response sensitivity of the sensor [40], and glass and hot mirrors [41] were used to reduce the
ultraviolet and infrared contributions of the incident sunlight limiting the sensor response to the PAR spectrum [40]. A
commercial light meter [42] was used for a portion of the experiment. Again, data was taken using the NI-DAQ card
(USB6008 12Bit) and LabView at 10 second intervals, and the average of the measured values was stored in a data file every
five minutes. The angular position of the light valve elements for solar tracking was independently controlled and monitored
by an inexpensive microcontroller [43]. The closed-loop solar tracking control adjusted the angular position of the valve
elements once per hour to the appropriate position depending on the solar geometry and a ray tracing optimization by means of
a potentiometer feedback connected to a linear actuator [44] [23].
D. Light Transmittance Experiment Results
Figure 8 compares the experimental transmitted PAR irradiance in the light valve system with the ray tracing model
predictions. The red dots represent the irradiance measured in the experimental device; the vertical uncertainty reported is the
statistical error of the averaging over five minutes of the 0.1 Hz irradiance readings of the light sensor. The solid black line in
Fig. 8 represents the predicted irradiance in the experimental device according to the ray tracing model. The determination
coefficient of the measured and predicted data was calculated to be 0.84.
The light transmittance value of the experimental device depends on the solar elevation, and it varies with the position of
the sun during the day [23]. The three highest hourly average light transmittance values (average of the ratio of the transmitted
over the ambient irradiance over the course of an hour) measured with the experimental apparatus were 0.483±0.129 (from 10
am to 11 am), 0.541±0.106 (from 11 am to 12 pm) and 0.311±0.137 (from 12 pm to 1 pm) under predominantly clear sky
conditions from February 19 to 21, 2014 and from February 25, 26 and 28, 2014. Those measurements compared well with the
predicted transmittance values from the ray tracing model for the same data points, which were 0.516±0.036 (from 10 am 11
am), 0.537±0.018 (from 11 am to 12 pm) and 0.459±0.027 (from 12 pm to 1 pm). Selected data points from 10:50 am to 11:05
am and 11:30 am to 11:45 am were not taken into account in the calculations because of atypically high irradiance
measurements caused by an inadvertent localized concentration of sunlight. A rapid and uncharacteristic decrease of the
irradiance values in the experimental device was observed from 12:00 pm to 12:20 pm during predominantly clear days (and
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until 12:50 pm on February 25, 2014). This decrease was caused by partial shading by the structural elements in the
greenhouse on the transmitted irradiance sensor, so these data points were not included in the analysis.

Fig. 8 Comparison of the irradiance measurements in the light valve experimental device and the predictions of the ray tracing model [23] measured 0.45 m
below the light valve modules from February 19 to 21, 2014. The graph shows measured values at red dots, compared to the calculated model values, which
are plotted as a solid black line.

The horizontal irradiance of the light valve experimental device at the level of the plant growth tray (1.3 m above the
ground) was also measured on August 20 and August 21, 2013 (totally clear sky days) at 11:30 am. The average measured
irradiance value for the experimental device was 107 PAR W/m2 ± 11 PAR W/m2, which is in agreement with the irradiance
value predicted by the ray tracing model for the same days and time (114 PAR W/m2). This irradiance value at the growing
tray level is higher than the critical point where the light intensity is a limiting factor for photosynthesis under ambient CO2
concentrations (about 100 PAR W/m2) [45].
The transmittance values achieved in the experimental device were lower than what would be achieved in an ideal
installation where the light valve system is properly tilted and east-west aligned and the structural blockages are minimized. It
is expected that in more suitable installation conditions, the light transmittance could exceed 70% for direct radiation under
most solar elevations based on previously reported ray tracing studies of the light valve system working as a solar tracker [23].
While the experimental set-up used in this experiment was not ideal, the results obtained by it are meaningful because they
verified that the ray tracing model more than adequately predicts the optical behaviour of the light valve system and that the
light valve design can be implemented in a real world greenhouse situation.
VI. DISCUSSION OF THE RESULTS
The most important achievement of the light valve design is that the optical and thermal responses are largely decoupled,
providing a practical solution to maintain proper light transmission through the greenhouse structure while reducing the energy
used for heating. This characteristic can be described in terms of the Pareto optimal frontier, a multi-objective optimization in
which a particular set of optimal solutions is used to define design limits for two or more correlated and contrasting parameters
[46]. Figure 9 compares the Pareto frontier of the thermal and optical performance of the light valve design discussed in this
paper to that of present-day polycarbonate windows typically used in greenhouses. In the case of the polycarbonate windows,
increasing the number of material layers causes an increase in the overall thermal resistance. Quadruple layer polycarbonate
covers have light transmittance values above 65% (at normal light incidence angle) and thermal resistance values above 0.50
m2K/W (R-2.9) [47], and, for the purposes of the project discussed in this paper, are considered to be the practical limit for
polycarbonate windows.
As shown in Fig. 9, the light valve design does not just move the Pareto optimal frontier, but largely decouples the light
transmittance from the thermal insulation of the structure [23]. Consequently, high thermal insulation values can be obtained
using the light valve design while maintaining an average direct radiation optics performance above 70% for most solar
elevations (above 80% transmittance at normal light incidence angle) [23].
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Fig. 9 Thermal resistance and optical transmittance at the normal light incidence angle of polycarbonate windows and the light valve design are compared
using Pareto optimal frontiers [23]. The dotted portion of the lines represents the region that is not practical for greenhouse farming applications [23].

This paper reports the research results for an early prototype of this light value technology. Given that this device has not
yet been developed into a commercial product, it is premature to specify the exact overall cost. However, a preliminary cost
analysis has been carried out, and it has been estimated that a product based on this technology could be sold for ~$6-8/sq. ft.
At this price, the benefits of the technology could be realized in acceptable payback times of ≤5 years for the capital
investment within key target markets, making it a viable option for the greenhouse industry.
VII.

CONCLUSION

This paper describes a new approach to substantially reduce the energy required for heating in cold climate greenhouses
while conserving appropriate sunlight transmission through the structure. The light valve system can act both as a sunlight
transparent window and as a highly thermally insulated ceiling capable of keeping the structure warm during periods of cold
weather. The system uses readily available and inexpensive materials, and the switching between the light transmissive and the
thermally insulated states can be done with a low-cost rotation device.
It was experimentally verified that the light valve system has acceptable photosynthetically active radiation transmittance
values (ideal optical transmittance values are above 70%, and this initial experimental system achieved 84% transmittance) and
a thermal resistance value above 3.33 m2K/W, compared to 0.17 m2K/W in common glass panels [48, 49]. The experimental
devices presented in this document demonstrate the feasibility of the construction of the light valve design using inexpensive
and readily available materials, as well as its practicality for installation in a fully functional greenhouse. This technology
could be widely used in regions that typically experience cold but sunny winter conditions. On cloudy days, the light valve
system will somewhat reduce the overall light transmission compared to a standard transparent greenhouse structure, but under
most circumstances, the thermal advantages provided by the light valve system will surpass the drawbacks associated with this
reduction in overall light transmission. As a result, the light valve system has the potential to expand available farmland to
regions whose climates make present-time greenhouse technologies impractical, and to largely decouple greenhouse energy
operation costs (heating and lighting) and climatic conditions (ambient temperature), thereby expanding the productive season.
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