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ABSTRACT 

Due to climate change, crop production is expected to decline, leading to a gradual 

increase in indoor cultivation. This study focuses on the thermal and optical properties 

of various transparent envelope materials to analyze the energy performance of 

greenhouses. In temperate climates like South Korea, optimizing greenhouse 

envelopes is crucial for enhancing energy efficiency and supporting crop growth. The 

materials examined include PE film, double glazing, and Low-E glass. Low-E glass 

was found to enhance insulation, reducing heating loads while increasing cooling 

demand due to heat retention. However, the flip-frame Low-E system, which allows 

for seasonal adjustments, reduced heating loads by 28% without increasing cooling 

demand, while maintaining visible light transmittance above 80%. Furthermore, 

installing greenhouses on rooftops provides the additional benefit of reducing building 

energy consumption by 14% to 19% in single-story buildings. This research 

emphasizes the importance of selecting appropriate transparent envelope materials for 

energy-efficient greenhouse design and offers practical solutions to enhance the 

energy performance of both greenhouses and the buildings they are part of. 
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INTRODUCTION 

Climate change has significantly impacted global agriculture, reducing crop yields 

due to extreme weather conditions, droughts, floods, and pest outbreaks. This has 

particularly threatened food security in densely populated regions. To address these 

challenges, the greenhouse market has expanded rapidly, with large-scale indoor 

farms, urban greenhouses, and plant factories emerging as solutions. 

Urban greenhouses offer sustainable solutions by aligning with concepts such as the 

"15-minute city," reducing energy use for food transportation, and promoting local 

food circulation. Utilizing vacant urban rooftops for greenhouses has become widely 

recognized as a strategy to enhance urban sustainability and metabolism. These 

greenhouses not only improve access to fresh food and reduce transportation costs but 
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also serve as community engagement spaces and educational facilities (Pons et al. 

2015, Jing et al. 2020) 

However, despite these benefits, the energy demands for heating, cooling, and 

lighting in urban greenhouses constitutes a significant portion of operating costs, 

leading to increased greenhouse gas emissions due to energy consumption. Therefore, 

addressing energy efficiency is critical for making urban greenhouses more 

sustainable. 

This study focuses on passive techniques, particularly optimizing transparent 

envelopes, to improve the energy performance of greenhouses. Additionally, the study 

evaluates the impact of rooftop greenhouse installations on the energy consumption of 

existing buildings. 

 

RESEARCH TREND IN ROOFTOP GREENHOUSE  

Research on Rooftop Greenhouses (RTGs) is expanding as a sustainable urban 

agriculture solution to address challenges related to food security, urbanization, and 

environmental sustainability. Recent studies have focused on integrating RTGs into 

urban infrastructure, improving energy efficiency, and assessing their environmental 

and economic impacts. 

Oriol Pons et al. (2015) explored how RTGs can enhance the metabolic processes of 

buildings by integrating energy, water, and CO2 flows. As part of the Fertility project, 

their study analyzed the benefits of integrated Rooftop Greenhouses in Mediterranean 

urban areas. The results demonstrated that these systems could reduce environmental 

impacts while providing economic and social benefits through Life Cycle Assessment 

and the Integrated Value Model for Sustainable Assessment. 

In another study, Esther Sanyé-Mengual et al. (2015) examined the energy exchanges 

between RTGs and buildings, revealing that these RTGs can reduce heating and 

cooling demands by improving insulation and utilizing passive solar gains. This study 

highlights the potential of RTGs to decrease energy consumption and reduce 

environmental footprints. 

The trend in Rooftop Greenhouse research is shifting towards a multidisciplinary 

approach, combining environmental science, urban planning, economics, and social 

sciences to develop sustainable urban agriculture solutions. The reviewed studies 

emphasize the need for integrated strategies to maximize the benefits of RTGs. 

 

METHOD AND MODEL 

The transparent envelope plays a crucial role in regulating heat while providing the 

necessary light for crop growth. These factors directly impact both the energy 

consumption and the productivity of the greenhouse. Therefore, this study aims to 

analyze the heating and cooling loads based on the type of transparent envelope used 

and propose an optimal greenhouse envelope structure to reduce these loads.  

In this study, a virtual greenhouse was modeled on the rooftop of a school building in 

Busan, Korea, to assess both the greenhouse’s energy loads and the effect of RTGs on 

the test building (see Figure 1).  
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Figure 1. Simulation Modeling and Model Information 

 

GREENHOUSE ENVELOPE SYSTEMS AND ENERGY LOAD 

In South Korea, more than 98% of greenhouse envelopes use polyethylene (PE) film 

with a thickness of less than 1 mm (Kim 2020). However, recent developments in 

advanced greenhouses, particularly smart greenhouses, have increasingly adopted 

polymer panels such as polymethyl methacrylate (PMMA), polycarbonate (PC), and 

transparent glass. Additionally, there has been a growing interest in using Low-E 

glass in greenhouses, especially in the Netherlands (Anon. A). 

Unlike opaque envelope materials, transparent envelope materials must also consider 

solar radiation, making the U-value and solar heat gain necessary. In some cases, 

highly insulated (low U-value) transparent materials may not effectively dissipate the 

absorbed solar heat near the glass surface through conduction or radiation, leading to 

heat accumulation. Consequently, highly insulated glass can inadvertently increase 

cooling loads within the greenhouse. Figure 2 presents the results of the thermal 

performance analysis of glazing systems conducted using the WINDOW 8.0 

simulation program. In Winter, the interior surface temperature increased with 

improved thermal insulation. Specifically, applying Low-E glass raised the indoor 

surface temperature by at least 4°C. However, in summer, the higher insulation 

performance led to an unintended rise in the interior surface temperature of the glass. 

Even though solar heat gain was reduced by 11% with the Low-E glass application (as 

shown in Cases 2 and 3 in Figure 2), the enhanced insulation resulted in a 2.4°C 

increase in the interior surface temperature. 

 

 
Figure 2. Glass Surface Temperature Based on Glass Composition 
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This analysis offers insights into indoor environmental conditions based on the 

thermal performance of glazing systems and provides essential data to inform the 

design of greenhouse envelopes. 

In greenhouses with five glass sides, excluding the floor, the heating and cooling 

loads are highly sensitive to the thermal and optical properties of the transparent 

envelope. Since the requirements for the envelope differ between summer and winter, 

selecting the appropriate material is even more critical. 

By utilizing the far-infrared radiation properties of Low-E glass, greenhouse loads can 

be effectively controlled. In winter, the coating on the interior reflects far-infrared 

radiation into the interior, preventing heat loss and maintaining insulation. Conversely, 

when the coating faces outward in summer, the heat accumulated in far-infrared 

radiation near the glass surface can be efficiently emitted to the outside, thereby 

reducing the increase in cooling loads. 

Figure 3 illustrates the design of a pivot frame that allows the orientation of the 

Low-E coating to be adjusted seasonally, along with the thermal performance results 

based on the position of the Low-E coating using the WINDOW 8.0 program. 

Depending on the orientation of the Low-E coating, the U-value varied by 37%, and 

the SHGC by 3%, while the visible light transmittance remained unchanged. 

 

 

Figure 3. Insulation performance depends on the orientation of the Low-E coating 

 

Table 1 below presents the six cases compared in this study. The most traditionally 

used material in Korea, PE film, and double PMMA, commonly applied in recently 

constructed smart greenhouses, were used as control groups (Park et al. 2021). 

 

Table 1. Simulation Case 

 Composition 
Thickness  

[mm] 
U-value 

[W/㎡ K] 
SHGC 

[-] 
Tvis 
[-] 

Case 1 PE Film 0.1 5.886 0.902 0.884 
Case 2 PMMA Double 10.0 3.163 0.803 0.847 
Case 3 Single Glazing 4.0 5.879 0.848 0.868 
Case 4 Double Glazing 20.0 2.730 0.745 0.760 

Case 5 
Double Glazing/ 

Low-E 
20.0 1.880 0.694 0.717 

Case 6 
Single Glazing/ 

Low-E  
With Flip Frame 

4.0 
Summer: 5.758 
Winter: 3.640 

Summer: 0.797 
Winter: 0.774 

0.819 
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The load calculations were conducted using the building energy simulation program 

DesignBuilder, and the results are shown in Figure 5. Compared to the conventional 

PE material, the most effective material in energy savings is double glazing with 

Low-E coating, achieving an energy reduction of approximately 22% in the 

greenhouse. Specifically, this case reduces heating loads by up to 35%, but cooling 

loads increase by 25%, offsetting the overall savings effect. The flip-frame structure 

of single-pane Low-E glass proposed in this study showed the second-highest 

energy-saving effect. Notably, it demonstrated excellent performance with a 28% 

reduction in heating loads without increasing cooling loads. Additionally, its visible 

light transmittance, which influences plant growth, was about 14% higher than double 

Low-E glazing.  

The study also examined the impact of greenhouses on building energy consumption 

when integrated with a building. When the greenhouse is installed on a rooftop, the 

building's energy consumption can be reduced by at least 14% to as much as 19% due 

to the rooftop's insulating effect, based on a single-story building. 

 

Figure 4. Load calculations and visible light transmittance of the greenhouse 

 

DISCUSSION 
This study analyzed the impact of various transparent envelope materials on the 

energy performance of greenhouses, focusing on their thermal and optical properties. 

Optimizing the envelope design was critical in temperate climates with four distinct 

seasons, such as South Korea, where the envelope must perform differently in 

summer and winter. The findings indicated that Low-E glass significantly improved 

insulation, reducing heating loads. However, despite reducing solar heat gain, cooling 

loads increased by 25%, highlighting the challenge of balancing energy performance 

in different seasons. 

The flip-frame system, which allows for adjusting the orientation of the Low-E 

coating based on seasonal conditions, demonstrated a more effective solution. By 

optimizing the envelope performance for each season, this system successfully 

reduced both heating and cooling energy demands while maintaining visible light 

transmittance above 80%, a key factor for plant growth in greenhouses. 

A limitation of this study is that the simulation conditions may not fully replicate 

natural greenhouse environments, particularly in extreme climates. Additionally, 

long-term durability issues with materials like PMMA, such as increased haze over 

time, may affect performance and should be considered in future research. 
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CONCLUSION AND IMPLICATIONS 

This study emphasized the critical role of selecting appropriate transparent envelope 

materials for designing energy-efficient greenhoues. While Low-E glass effectively 

reduces heating loads, it may lead to increased cooling loads, requiring careful 

optimization to balance energy performance across seasons. In contrast, the flip-frame 

Low-E system offers a more balanced solution by improving energy savings while 

maintaining visible light transmittance, which is essential for plant growth. 

The findings of this study are valuable for greenhouse designers and building 

operators in regions with distinct seasonal climates. Additionally, integrating 

greenhouses with buildings, such as rooftop installations, provides additional 

energy-saving benefits due to their insulating effect. 
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