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Abstract: In this study, a comparative economic analysis was conducted for typical greenhouses,
plant factories with natural and artificial light, and those with only artificial light, based on the
insulation, artificial light, and photovoltaic (PV) installation costs. In addition, the results of research
on primary energy consumption and greenhouse gas (GHG) emissions from the use of fossil fuels
were presented. By comparing the case-wise annual energy consumption, when all energy sources
were converted into primary energy consumption based on the applied coefficients for collection,
transport, and processing, to unify calculations for different fossil fuel energy sources, the case of
the installed PV systems exhibited large reductions, of 424% and 340%, in terms of primary energy
consumption and GHG emissions, respectively. Furthermore, electric heating resulted in higher
primary energy consumption and GHG emissions than oil. When the economic analysis included the
plant factory installation cost used to maintain the temperature required for plant growth in winter,
the PV installation exhibited the highest cost; additionally, all plant factories showed an investment
payback period of seven to nine years, which is comparable to typical greenhouses. Based on these
results, we aim to reduce the use of fossil fuels for sustainable energy by combining architectural
technology for improved energy performance in the agricultural environment.

Keywords: plant factory; natural light; artificial light; economic analysis; building
energy-saving technology

1. Introduction
1.1. Research Background and Purpose

In the current year, which is also the first year of the implementation of the Paris
Agreement, major countries have declared “carbon neutrality by 2050” [1], accelerating
global solidarity on carbon neutrality. The South Korean government has also announced
the “Korean New Deal” and established relevant mid- and long-term strategies. In partic-
ular, the government has made the installation and supply of renewable energy sources
mandatory for a certain percentage of the energy used in the building sector, to reduce
greenhouse gas (GHG) emissions, based on the green building activation plan.

However, the construction cost for renewable energy installation increases exponen-
tially in cities with a high building density, and securing efficiency is also difficult. In rural
areas, forests and farmland are being continuously damaged, with low land prices owing to
renewable energy installations, and reckless development that is environmentally destruc-
tive. Greenhouses use fossil fuels, owing to the provision of tax-free oil and electricity by
the government (out of the total greenhouse area of 52,393 ha, heating is used in 31%, with
89% based on oil heaters, for which 20,000,000 kL of tax-free oil is supplied annually) [2].
As a possible solution, the installation of photovoltaic (PV) systems is recommended for
achieving efficient land use. However, instead of installing PV systems on farmland or
forests, which may cause environmental damage, eco-friendly power generation based on
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agricultural PV systems that enable farming under natural light is preferable. In addition,
it will be possible to increase the income of farmers and disseminate PV systems by in-
stalling PV systems, with the ability to use sunlight in farmlands for other purposes, and
simultaneously performing agricultural activities.

The calculation of the carbon footprint of PV systems is given in the International Or-
ganization for Standardization (ISO 14040, 2006a [3], ISO 14044, 2006b [3]) and N. Gazbour
and G. Razongles studied the calculation of environmental footprint in PV systems [4].

Previous studies on plant factories have focused on the application of IT technologies
and plant productivity based on light sources, such as lighting systems, or based on cooling
and heating [5], renewable energy [6], and ventilation environments [7–9].

In recent years, Graamans, Tenpierik, Dobbelsteen, and Stanghellini studied how
to reduce the national cooling demand by applying suitable design methods in plant
factories [10], as well as the use of renewable energy in plant factories to save energy.
Jiang, Su, Shieh, Kuo, Lin TS, and Lin TT et al. [11] optimized solar power energy with
the proposal of a two-step grid-linked solar power control system, with a boost-buck full-
bridge design. In addition, a study of the profitability of plant factories was conducted by
measuring the biomass conversion efficiency of plants in an economic design of artificial
light factories, based on their biomass energy conversion efficiency [12].

This study aimed to analyze the energy savings and reduction in fossil fuel consump-
tion against the additional installation cost incurred when the conditions required for plant
growth are satisfied by applying architectural energy-saving technology and renewable
energy systems (PV) to plant factories in rural areas.

1.2. Research Method

In this study, research was conducted on plant factories by applying four different
environmental conditions required for growing the most popular winter-cultivated plant.
The plant factory types were as follows: (i) a single glazed greenhouse, (ii) a glass green-
house with installed PV modules that do not interfere with the solar radiation reaching
the plants, (iii) a plant factory with increased greenhouse effect using glass and certain
insulation materials that still conform to the solar radiation conditions, and (iv) a plant
factory that increases the greenhouse effect using only insulation and that supplements
the insufficient solar radiation with artificial light. In this paper, general single-glazed
glass greenhouses of type (i) and facilities where the environment of plants, such as light
and temperature, are artificially created according to the definition [13] by Dickson. D
(ref) (ii–iv) are named as a plant factory. An economic feasibility analysis according to the
conditions of glass greenhouses and plant factories and a comparative analysis from an
environmental viewpoint were conducted.

2. Materials and Methods
2.1. Simulation Conditions

(1) Growth conditions for cultivated plants.
Strawberries (forcing culture), which have a high land productivity and require heat-

ing during the cultivation period, were selected as the cultivation crop, to analyze their
economic efficiency based on the heating cost. Table 1 summarizes the required growth
conditions for strawberries, including the cultivation period, appropriate daylight illumi-
nance, light saturation point (the intensity of light at which the plant’s photosynthesis rate
stops increasing), and suitable lighting and heating conditions (using the data provided
by the optimal environment setting guidelines of smart farms in the Rural Development
Administration) [14].
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Table 1. Strawberry cultivation conditions.

Category Value Remark

Cultivated crop Strawberries Forcing culture

Cultivation period September 15th to
December 31st Heating period

Suitable daylight luminance (Lux) 15,000 to 40,000 Lighting control condition
Light saturation point (Lux) 40,000 Light comfort evaluation condition

Daylight hours (h) 06:00 to 18:00 Lighting schedule condition
Daytime set temperature (◦C) 17 to 20 Temperature condition

Nighttime set temperature (◦C) 10 Temperature condition

Owing to the difference between the daytime and nighttime growth temperatures
for strawberries, the temperature conditions were set to 17 ◦C for daytime and 10 ◦C
for nighttime.

These conditions satisfied the minimum conditions for strawberries to grow, and we
assumed that the strawberry production was the same as the economic analysis of the
building energy-saving element, which is the purpose of this study.

(2) Greenhouse overview.
For the control model, the typical glass greenhouse used for forcing culture in the

winter in Korea was simulated. The specifications and geometry are defined according
to the disaster-resistant facility standards for horticultural special facilities provided by
the Rural Development Administration in Table 2 [15]. The specifications and geometry
for energy simulation are shown in Figure 1. With regards to the region, the weather data
DOE epw file of Gwangju, Jeollanam-do, located in southwest Korea, where strawberry
cultivation is active, was used. All conditions were assumed to comply with the same
environmental and spatial conditions (same site, same climatic conditions, etc.). According
to the temperature conditions of the weather data, the heating device was assumed to run
if the temperature was 17 ◦C or lower at daytime and 10 ◦C or lower at nighttime. It was
assumed that renewable power was generated throughout the year, because renewable
energy systems were installed in a building separate from that of the cultivated crops.

Table 2. Greenhouse overview.

Category Value Remark

Floor area 518 m2 70 m × 7.4 m
Height 2.6 m -

Region (weather data) Gwangju, Jeollanam-do DOE epw file
Renewable power generation period January 1st to December 31st -
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Figure 1. Case geometry for simulation (a) Case 1, (b) Cases 2–4.

2.2. Case Study

Four case studies were conducted, i.e., three with installed insulation, artificial light,
and PV systems, as shown in Figure 2 and Table 3, and one typical glass greenhouse
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installation. In Case 1, control conditions and oil boilers were used in a glass greenhouse.
In Case 2, PV panels were installed in a glass greenhouse, and a certain percentage of the
produced electricity was used as the energy source for the electric boilers. In Case 3, a few
insulated walls were installed, without any PV system or lighting. Electricity was used
as the heat source. In Case 4, adiabatic walls were installed on all sides by replacing the
glass; additionally, natural light was replaced with LED (light emitting diode) lighting,
and PV panels were installed as the energy source for lighting and heating. For this study,
EnergyPlus was used for modelling and calculation.

Agriculture 2022, 12, x FOR PEER REVIEW 4 of 11 
 

 

Figure 1. Case geometry for simulation (a) Case 1, (b) Cases 2–4. 

2.2. Case Study 
Four case studies were conducted, i.e., three with installed insulation, artificial light, 

and PV systems, as shown in Figure 2 and Table 3, and one typical glass greenhouse in-
stallation. In Case 1, control conditions and oil boilers were used in a glass greenhouse. In 
Case 2, PV panels were installed in a glass greenhouse, and a certain percentage of the 
produced electricity was used as the energy source for the electric boilers. In Case 3, a few 
insulated walls were installed ,without any PV system or lighting. Electricity was used as 
the heat source. In Case 4, adiabatic walls were installed on all sides by replacing the glass; 
additionally, natural light was replaced with LED (light emitting diode) lighting, and PV 
panels were installed as the energy source for lighting and heating. For this study, Ener-
gyPlus was used for modelling and calculation. 

 
Figure 2. Model schematic diagram of different cases. 

Table 3. Case study conditions. 

Category 
Adiabatic Conditions 

(U: W/m2K, SHGC: 0~1) Heating 
PV Installa-

tion Lighting Type and Quantity 

Case 1 100% glass (U: 2.673, SHGC: 0.705) 
Oil boiler (rated effi-

ciency: 80%) - 
No lighting 

(Use of natural light) 

Case 2 100% glass (U: 2.673, SHGC: 0.705) Electric boiler (rated 
efficiency: 80%) 

On the roof No lighting 
(Use of natural light) 

Case 3 20% wall (U: 0.47) + 80% glass (U: 2.673, 
SHGC: 0.703) 

Electric boiler (rated 
efficiency: 80%) 

- No lighting 
(Use of natural light) 

Case 4 100% wall (U: 0.47) 
Electric boiler (rated 

efficiency: 80%) On the roof 
43.17 units of 15 W LED 

lamps (647.5 W) 

2.2.1. Classification According to Adiabatic Conditions 
In this study, the cases were defined according to adiabatic conditions. In Cases 1 and 

2, a typical single glazed glass greenhouse was assumed. Accordingly, a U-value of 2.673 
W/m2K and a solar heat gain coefficient (SHGC) value of 0.703 were applied. In Case 3, a 
U-value of 0.47 W/m2K and SHGC value of 0.703 were applied to the wall and glass, ac-
cording to the 2009 “architectural standards and performance of eco-friendly houses” [16], 

Figure 2. Model schematic diagram of different cases.

Table 3. Case study conditions.

Category Adiabatic Conditions
(U: W/m2K, SHGC: 0~1) Heating PV

Installation Lighting Type and Quantity

Case 1 100% glass (U: 2.673, SHGC: 0.705) Oil boiler (rated
efficiency: 80%) - No lighting (Use of natural light)

Case 2 100% glass (U: 2.673, SHGC: 0.705) Electric boiler (rated
efficiency: 80%) On the roof No lighting (Use of natural light)

Case 3 20% wall (U: 0.47) + 80% glass
(U: 2.673, SHGC: 0.703)

Electric boiler (rated
efficiency: 80%) - No lighting (Use of natural light)

Case 4 100% wall (U: 0.47) Electric boiler (rated
efficiency: 80%) On the roof 43.17 units of 15 W LED lamps

(647.5 W)

2.2.1. Classification According to Adiabatic Conditions

In this study, the cases were defined according to adiabatic conditions. In Cases 1
and 2, a typical single glazed glass greenhouse was assumed. Accordingly, a U-value
of 2.673 W/m2K and a solar heat gain coefficient (SHGC) value of 0.703 were applied.
In Case 3, a U-value of 0.47 W/m2K and SHGC value of 0.703 were applied to the wall
and glass, according to the 2009 “architectural standards and performance of eco-friendly
houses” [16], which are the minimum building standards for energy performance in the
housing sector. In Case 4, the walls were installed on all sides, and the same U-value as in
Case 3 was applied.
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2.2.2. Heating Equipment

Oil boilers, which are typical heating methods that use tax-free oil, were applied in
Case 1, and electric boilers were applied in Cases 2–4, to compare energy source switching
with the use of PV systems.

2.2.3. Classification According to Lighting

Plant factories can be categorized into those with natural, natural and artificial, and
artificial light. Plants are cultivated using natural sunlight in plant factories. Artificially lit
plant factories are closed establishments, where light sources such as fluorescent lamps,
LEDs, HEFL (hybrid electrode fluorescent lamp), and high-pressure sodium lamps are
used without sunlight. Plant factories with natural and artificial light are hybrid systems
in which sunlight is the main light source, while artificial light is used as a supplement
on cloudy days or in the evening. In this study, cultivation under natural light without
artificial lighting was assumed for Cases 1–3. In Case 4, a plant factory with artificial light
was assumed by installing 43 15 W-LED lamps to satisfy the lighting conditions with an
appropriate illuminance of 40,000 lux during the daytime, as natural light was blocked
by insulation.

2.2.4. PV Installation Condition

In Case 2, although a PV system was installed in a typical glass greenhouse, it was
assumed that the solar radiation condition was satisfied by adjusting the space between
the PV panels (half of the roof). In Case 4, it was assumed that PV modules were installed
on the roof of a closed plant factory.

3. Results
3.1. Case-Wise Plant Factory Construction Costs

Table 4 summarizes the glass/adiabatic envelope area, lighting quantity, and PV panel
installation area. The glass envelope area decreases with the adiabatic envelope area.
Owing to the assumption that plant cultivation was performed under natural light (except
in Case 3), the number of lights was set to satisfy the light saturation point. Under these
conditions, the construction costs for each case were calculated, by referring to data in a
price information magazine [17], as shown in Figure 3. The costs included USD 24/m2 per
glass area for glass installation, USD 14/m2 for insulation installation, USD 1120 for two
oil boilers, USD 2243 for two electric boilers, USD 4.2/unit for 15 W LED lighting, and USD
250/m2 for PV panel installation. The material and installation costs were included in all
construction costs.

Table 4. Area per envelope, heating capacity, and lighting quantity.

Category Glass Envelope
Area (m2)

Adiabatic
Envelope
Area (m2)

Heating
Capacity (W)

Number of
15 W LED

PV Panel
Installation
Area (m2)

Case 1 920 0 66,854 0 0
Case 2 920 0 66,854 0 259
Case 3 736 184 66,854 0 0
Case 4 0 920 66,854 43 518
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In comparison to the installation costs of other structures, PV systems appear to have
a larger impact on each case. The construction cost was the highest in Case 4, followed
by Cases 2, 1, and 3, in reverse order for energy consumption. The construction cost in
Case 4 was approximately 6.2 times higher than that in Case 1, which is the simplest glass
greenhouse. This appears to be because the cost of PV installation is the highest among the
construction items.

3.2. Case-Wise Energy Consumption and GHG Emissions

The annual primary energy consumption and GHG emissions based on usage of
electricity (A1) and petroleum (B) and electricity production through PV power generation
(A2) were obtained for each case, as shown in Figure 4. In Korea, the primary energy
conversion factors are 2.75 for electricity and 1.1 for fuel [18]. The applied GHG emission
factors were 0.259 for heating oil and 0.4691 for electricity, according to the 2019 National
GHG Inventory Report [19].

In the case of renewable energy production, the amount of energy obtained by sub-
tracting the electricity production (A2) from the electricity consumption in the plant factory
(A1) was expressed as the net electricity consumption. In addition, the total consumption
was obtained by converting the electricity and petroleum energy sources into the primary
energy requirement.
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As shown in the results of the total (A + B) in Figure 4, the basic glass greenhouse
exhibited the largest annual petroleum and electricity consumption, owing to the operation
of oil boilers. In Case 3, where partial insulation was applied without PV electricity
production, the second highest energy consumption occurred. In Cases 2 and 4 (with PV
panels), the energy production was found to be higher than consumption. Particularly, in
Case 4, the primary energy consumption was the lowest, despite the additional energy
consumption for lighting. In comparison to Case 1, a 438% reduction in primary energy
consumption and a 191% reduction in GHG emissions were observed in Case 2, where
electric boilers and PV panels were installed. Case 3, where partial insulation was applied,
showed a 117% increase in the primary energy requirement and a 61% increase in GHG
emissions. Case 4, where insulation was applied on all sides and PV and artificial light were
used, exhibited a 424% reduction in the primary energy requirement and a 340% reduction
in GHG emissions. In Case 3, the GHG emissions and primary energy requirement were
higher than those in Case 1, despite the application of insulation. This is because the
conversion factor of electricity was more than twice as high among the conversion factors
for each energy source; thus, the primary energy consumption and GHG emissions were
significantly affected when the units were unified. Therefore, it is evident that Case 2
represents the highest fossil fuel savings based on primary energy consumption, and Case
4 represents the minimum GHG emissions.

3.3. Economic Analysis

Table 5 presents the annual calculated energy cost for each case, by applying the unit
cost of each energy source in Korea. The electricity consumption was calculated based on
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the electricity cost for agriculture [20], and the oil heating value was calculated based on
the heating value conversion and carbon emission factors for each energy source provided
by the Korea Energy Agency [21]. The electricity cost was calculated using the SMP (system
marginal price) electricity unit cost (as of March 2022) [22].

Table 5. Case-wise annual costs for each energy source.

Electricity Cost Oil Cost

Cost Classification (A*)
VAT (A * %)

Industrial
Foundation

Fund (A * %)

Unit Price (USD/L)
Basic Rate
(USD/kW)

Energy Charge
(USD/kW)

Green Rates
(USD/kW)

1.15 0.039 0.007 10% 3.7% 0.9

Electricity Cost Oil Cost

Category Contract Demand (kW) Electricity Cost
(USD)

Oil Heating
Value (MJ/L)

Unit Price
(USD/L)

Oil Price
(USD)

case 1 3 40.1 34.2 0.91 3664.7
case 2 3 −3.6 34.2 0.91 3581.2
case 3 5 36.9 - - -
case 4 5 55.0 - - -

A* = each energy price. A * = Basic rate, Energy charge Green rates.

Based on the previously analyzed case-by-case installation and energy costs, the
discounted payback period was used to perform the analysis. The discounted payback
period calculates a period to recover the initial investment cost based on the present value
of cash flow in a period, which overcomes most shortcoming of the existing payback period,
which did not consider the time value. In this study, the recovery period of the initial
investment cost was calculated by reflecting the time value by means of applying the social
discount rate to the cash flow of the profits obtained through the energy production sales
produced via PVs.

The PV installation cost of installed cost can be covered by the government subsidy
called “New and Renewable Energy Finance Support Project” [23]. For example, up to
90% of installation costs can be subsidized for an individual business, which is reflected
in this study. This project supports 90% of the total installation cost, and the principal
is repaid with an installment for 10 years after paying only 1.75% of interest for the first
five years. For the energy cost, changes in electricity tariffs and kerosene prices in the
last 10 years from 2012 to 2021 (7.4.1 Consumer Price Index (2015 = 100) (National) were
used. Electricity, gas, and other fuels in the Economic statistics system of Bank of Korea,
provided by the Economic statistics system of the Bank of Korea [24], and for the discount
rate, the social discount rate provided by the Ordinance of the Ministry of Strategy and
Finance of the Republic of Korea “General guidelines for conducting preliminary feasibility
studies” [25] were employed. To calculate the fixing and replacement cost of input facilities,
it was assumed that new and renewable facilities and boilers were replaced, with the
increased facility cost being according to the inflation rate with a period of 25 and 10 years,
respectively. For the insurance premium, the cost of crop accident insurance for fruit crops
was used. The insurance premium is subsidized by 50% by the central government and
40% by the local government on average [26]. Thus, 10% of the premium was used. Table 6
presents the indexes and values used in the analysis.
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Table 6. Inflation rate index.

Item Index

Electricity tariff increase rate (average increase
rate for the last 10 years from 2012 to 2021) −0.70%

SMP unit price increase rate (average increase
rate for the last 10 years from 2012 to 2021) 0.30%

Kerosene price increase rate (average increase
rate for the last 10 years from 2012 to 2021) −2.50%

Inflation rate (average increase rate for the last
10 years from 2011 to 2020) 1.48%

Discount rate 4.50%

In Table 7, the recovery period was calculated through the cash flow of the additional
installation cost for each case based on the installation cost of Case 1. Case 2 refers to the
installation of PV on 50% of the rooftop area, with the same conditions as Case 1, and
its initial investment cost increased by USD 6475 compared to that of Case 1. However,
because the energy production exceeded the energy consumption, the cash flow became
positive (+) in the second year through the sales profit in the analysis. In the analysis,
the positive cash flow was maintained due to the income from energy, even in the sixth
year when the principal repayment started through the “New and Renewable Energy
Finance Support Project”, and a profit could be obtained, exceeding the principal of the PV
installation cost subsidized by the government in the ninth year.

Table 7. Case-wise construction cost recovery period with energy savings.

Additional Initial
Installation Cost

(USD)

The Recovery Period of the
Initial Installation Cost

(yr)

Return Period,
Including the

Government Subsidy
Principal (yr)

Case 1 = Baseline 0 - -
Case 2 6475 2 years 9 years
Case 3 −505 - -
Case 4 5417 1 year 7 year

Case 3 refers to 80% of glass and 20% of insulated walls in the greenhouse and the
use of an electric boiler. Its initial installation cost was reduced by USD 505, because
the material cost of the insulation was relatively inexpensive compared to that of a glass
greenhouse. The energy cost of Case 3 was calculated at a level of 57% of Case 1 on average,
because the kerosene price and average reduction rate used in the oil boiler were larger
than that of electricity.

Case 4 refers to the use of an electric boiler and LED lighting with 100% insulated
walls and 100% PV in the rooftop area. Its initial installation cost increased by USD 5417
compared to that of Case 1 in the analysis, but the cash flow became positive (+) from the
first year through the energy sales profit produced through the PV. The profit also exceeded
the principal of the PV installation cost subsidized by the government in the seventh year
in the analysis.

4. Conclusions

In this study, an economic analysis was conducted on fossil fuel energy savings com-
pared to the additional installation cost by applying architectural energy-saving technology
and renewable energy systems (PV systems) to plant factories in rural areas.

Four plant factory case studies were conducted based on the installation of insulation,
artificial light, and PV systems, along with a typical glass greenhouse for comparison
purposes. In each case, the growth conditions of the cultivated crop (strawberries), such as
the cultivation period, proper daylight illuminance and light saturation point, and suitable
lighting and heating conditions, were ensured.
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First, the unit cost was based on one plant factory, and the construction unit cost
was set based on glass, insulation, LED lighting, PV panel installation costs, and boiler
type. Second, for case-wise annual energy consumption, all energy sources were converted
into primary energy consumption. In Cases 2 (−158,002 kWhep) and 4 (−151,283 kWh),
where PV panels were installed, the energy consumption reduction effect was significant,
owing to the energy production. Specifically, the lowest primary energy consumption and
largest greenhouse gas (GHG) emission reduction effect (25,806 CO2eq) were observed in
Case 4, despite the additional energy consumption for lighting. Third, after the economic
analysis, using Case 1 as the basis, the recovery period was calculated using the cash flow
of the added installation cost for each case. Since a government subsidy is provided for
new and renewable energy sources, Cases 2 and 4 needed two years and one year for
recovery of the initial installation cost, and Cases 2 and 4 required nine and seven years,
considering a recovery period including the principal of the government subsidy. Case
4 exhibited the best results from an environmental perspective, considering the primary
energy consumption, GHG emissions, and recovery period.

This study was limited to winter strawberries; however, it is necessary to use varying
types of cultivated crop or conduct research on prolific plant factories. It is also important
to conduct research on methods that reduce the primary energy consumption or GHG
emissions using electric heat pumps instead of general electric heaters. In the case of electric
heat pumps, the coefficient of performance varies depending on the outdoor temperature
distribution. Therefore, further research regarding this factor is required.

In addition, because the issue of fruit production quality according to the architectural
energy-saving measures is also important, it would be desirable to conduct a study on the
correlation between energy-savings and fruit quality.
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