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Abstract 

 
The rooftop greenhouse (RTG), which utilizes various forms of idle space such as 

the unused rooftop of public facilities and collective residential facilities, and has the 

ability to produce stable crops throughout the year through environmental control, is 

drawing keen attention from developed countries. In the case of the RTG, energy 

efficiency can be maximized by exchanging excess energy (water, carbon dioxide, 

heat) and minimizing the energy for transportation and storage, reducing the 

productive distance between agricultural products and consumers. This not only 

generates economic benefits but contributes to environmental benefits such as the 

reduction of greenhouse gas emissions. In the social aspect, the transport distance 

from where the crops are cultivated to the consumers’ location would be relatively 

reduced, resulting to delivery of fresh crops. Besides, sustainable development can 

also be expected through new job opportunities and social bonding within the urban 

community. However, the energy performance of the construction plan should be 

evaluated to reduce unnecessary budget consumption in advance for the 

development, introduction, and improvement of new systems such as the RTGs. 

Through accurate energy load analysis, problems related to energy performance can 

be reviewed in advance and the efficiency of the system can be improved. 

Therefore, the final goal of this thesis was to analyze the effect and applicability 

of the RTG by evaluating the dynamic energy load change in the building and 

greenhouse when a greenhouse is installed on the roof corresponding to the idle 

space of the building. Also, the environmental impact in the operation of the 

greenhouses was assessed using Life Cycle Assessment (LCA) based on the annual 
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energy load. 

In Chapter 2, previous studies on energy simulation for greenhouses, buildings, 

and RTGs using building energy simulation were reviewed. In Chapter 3, through 

field experiments, the greenhouse Building Energy Simulation (BES) model 

containing the energy exchange characteristics (sensible heat and latent heat) of 

crops (tomatoes) was designed and validated. The designed greenhouse BES model 

was validated by comparing the field measurement data (air temperature and relative 

humidity) measured inside the greenhouse and the computed results using the BES 

model. The average absolute error for air temperature was 2.77 °C and the average 

absolute error for relative humidity was 11.1%. Since the greenhouse BES model did 

not take into account the ventilation characteristics according to the wind direction 

and wind speed around the greenhouse, it was considered that a relatively large error 

occurred in the greenhouse BES model.  

In Chapter 4, the natural ventilation characteristics in an NVG were evaluated 

using computational fluid dynamics (CFD). The greenhouse BES model was re-

designed (supplemented) so that the changes in natural ventilation rates of the 

greenhouse over time were reflected in the greenhouse BES model and in calculating 

the energy load by ventilation. In the previous greenhouse BES model that did not 

take into account the changes in the surrounding wind environment over time, the 

average of the absolute error for air temperature was 2.77 ºC, and the current 

improved greenhouse BES model reduced the error by 1.2 ºC, resulting in an 

improvement of 42.6% accuracy. The average of the absolute error for the relative 

humidity was 7.7%, which was found to be able to reduce the error by 3.4% and 

improved accuracy of 43.5%, compared with the previous one. In addition to the 

error, the correlation coefficient (R) of air temperature and relative humidity 
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computed through the greenhouse BES model considering real-time natural 

ventilation characteristics were 0.96 and 0.89, respectively. It was found that the 

explanatory power of the model for the trend could be improved compared to the 

previous greenhouse BES model. 

In Chapter 5, the monthly energy load computed through the designed building 

BES model and the monthly energy load used in the actual building as of 2015 were 

validated through the American Society of Heating, Refrigerating, and Air–

conditioning Engineers (ASHRAE) error criterion in the Measurement and 

Verification (M&V) guideline (± 10% of the mean bias error (MBE) and 30% of the 

coefficient of variation (Cv(RMSE)); the MBE of the designed model was + 1.9%, and 

the Cv(RMSE) was 4.4%.  

A wide-span type greenhouse was installed at the top of the validated building 

BES model (RTG–BES model). A comparative analysis was performed according to 

each scenario using the RTG-BES model. The annual energy load for a single 

greenhouse growing tomatoes was found to be 490,128 MJ, while 464,673 MJ was 

the annual energy load for growing tomatoes in an RTG, resulting in an average of 

5.2% energy savings. In the second-floor space where heat loss through the roof 

surface was expected to decrease according to the application of the RTG, the 

heating and cooling energy load was reduced by 276 MJ and 7,590 MJ, respectively, 

and energy savings of 53.0% and 39.9% were confirmed in each space. Moreover, 

the GWP (Global Warming Potential) 20a analysis result through LCA analysis, 

showed a reduced environmental burden of 8.1 kg CO2–Eq when the RTG was used.  

In a single greenhouse without a tomato crop, the energy load was 479,011 MJ per 

year. However, considering the cultivation of tomato crops, a total of 490,128 MJ of 

energy load per year was shown, and the predicted increase in energy load was 2.3%. 
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The results of the energy load analysis for crop presence in the rooftop greenhouse 

were similar. Moreover, the total energy load in a rooftop greenhouse before the 

management of alternating air temperature (a method of applying air temperature 

differently according to time intervals) was 464,673 MJ, and it was predicted to 

consume 514,940 MJ after the alternating air temperature management (ATM) was 

applied. In winter, the energy load was reduced during the ATM, and if the ATM was 

applied in other seasons except for winter, a higher external air temperature required 

an average of 19,775 MJ of cooling energy load to maintain the designed air 

temperature inside the greenhouse. In general, this method was applied to reduce 

excessive heating in winter, and the ATM in the RTG was expected to be valid from 

November to March. During this period, it showed an average of 12.5% energy 

savings (a total of 48,607 MJ per year). 

The estimated cooling and heating energy load according to the location of the 

city where the RTG was applied was 530,786 MJ per year in Seoul. In terms of 

regions, the higher energy load was found in Daejeon with 493,958 MJ, Daegu with 

433,833 MJ, and Pusan with 348,626 MJ. In the analysis of the GWP 20a, 306.3 kg 

CO2–Eq was predicted when the RTG was applied in Seoul. For Daejeon, Daegu, 

and Pusan, the results were 286.6 kg CO2–Eq, 254.3 kg CO2–Eq, and 208.8 kg CO2–

Eq, respectively. In the case of smart farms (RTG) using buildings, it was believed 

that energy in buildings and greenhouse can be used efficiently and the rate of 

climate change can be mitigated by reducing the amount of carbon dioxide emissions. 
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(airflow from a user-defined source, like an HVAC system, kJ) 

u∗ABL Wall friction velocity (m s-1) 

Ymea̅̅̅̅̅̅ Average of measured data 
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QL Heat loss due to infiltration 

QS Solar radiation heat inflow in greenhouse  

QST Heat absorption of soil, covering, and crops, etc 

QV Ventilation rate 

ra Aerodynamic resistance of the leaf (s m-1) 

Rn Solar radiation 
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Ta Air temperature (˚C) 

Te Greenhouse external air temperature (˚C) 
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Toutside,i Outside temperature 
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Yi|mea ith measured data 

Yi|sim ith simulated data 

Ysim Average of simulated data 

Yo Aerodynamic roughness length (0.03) 

𝜏𝑒𝑓𝑓 Effective stress tensor (kg m-1 s-2) 

∆BDW Change in medium weight (kg s-1) 

A Area (m2) 

DRA Drainage water (ml s-1) 

E Total energy (kg m2 s-2 kg-1) 

ET Evapotranspiration (ml s-1) 

H  External wind speed at a height of 10 m 

i,j,k  Cartesian coordinates 

IRR Irrigation water (ml s-1) 

K Permeability of the permeable medium (m2) 

k Turbulent kinetic energy (m2 s-2) 

l Characteristic leaf dimension (m) 
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MBE Mean bias error 
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n Number of measurement  
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T Temperature (K) 
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Chapter 1. Introduction 
 

1.1. Study Background 
 

The world’s population is expected to increase from about 7.8 billion to about 9.7 

billion by 2050 (United Nations [UN], 2019). As the quality of life of individuals 

improves along with the increasing population, the consumption of food, water, and 

energy is rapidly increasing, and concerns about the supply and demand of basic 

resources are growing (Molden, 2013; Zhang et al., 2018). In particular, the problem 

of climate change due to energy consumption is expected to exacerbate (Dirks et al., 

2015; Akhmat et al., 2014; Bekun et al., 2019). For this reason, major developed 

countries have set national reduction strategies for greenhouse gas (GHG) emission 

to respond to climate change, and various policies and infrastructure are being 

operated.  

Global GHG emissions from energy consumption were estimated at 33.1 billion 

tons in 2018, and 39% of the global GHG emissions are from buildings (International 

Energy Agency [IEA], 2019). In developed countries, including the United States, 

GHG emissions from buildings account for approximately 40% of total GHG, and 

GHG emissions in buildings account for 20% of total GHG (estimated 850 million 

tons) in South Korea. The reduction potential for GHG from the building sector is 

known to be high (Kwak et al., 2019; Olhoff & Christensen, 2018; Röck et al., 2020).  

Korea aimed to reduce GHG emissions by 37% by 2030 (Office for Government 

Policy Coordination [OPC], 2016). Among the various industries that are generating 

GHG, the reduction ratio in the building sector for GHG was aimed at 32.5% of the 

total reduction target (Ministry of Environment [ME], 2018). Therefore, the Korean 
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government has established and operated various schemes such as the 2030 GHG 

reduction roadmap for building energy saving, building design standard for energy 

saving, invigoration of the green remodeling for the building, certifications for high-

efficiency energy building materials, and energy efficiency rating certification to 

achieve the goal of GHG reduction. The improvement of the energy efficiency of 

buildings can reduce the cost for import and production of energy at the national 

level and could be considered as an effective countermeasure against environmental 

problems. 

There has been rising interest towards architectural measures to reduce GHG, such 

as the active house, passive house, zero-energy building (ZEnB), zero-emission 

building (ZEmB), vertical farm (Besthorn, 2013; Thomaier et al., 2015, 

Despommier,2010), rooftop greenhouse (RTG), green roof (Castleton et al., 2010; 

Sailor et al., 2012; Jaffal et al., 2012; Zirkelbach et al., 2017; etc.), green wall (Manso 

& Castro–Gomes, 2015; Djedjig et al., 2016; Jim, 2015; etc.), and cool roof (Romeo 

& Zinzi, 2013; Pisello & Cotana, 2014, Pisello et al., 2015, Piselli et al., 2019; etc.). 

Also, utilization of renewable energy sources (Beccali et al., 2007; Hamada et al., 

2011; Liu et al., 2013; Chel & Kaushik, 2018; Song et al., 2019; Liu et al., 2019; etc.) 

and the optimization of operating algorithms for building energy are being made 

(Zavala, 2013; Shaikh et al., 2014; Colmenar–Santos et al., 2013). 

Moreover, the Korean government has recently proposed a Korean-style Green 

New Deal to respond to the economic stagnation and the global climate change crisis 

after COVID–19 (Lee et al., 2020; Kim, 2020). The proposed Green New Deal 

policy is to simultaneously pursue the transition to a low-carbon, eco-friendly 

economy and revitalization of the economy from these changes, and to seek 

environmental and energy-efficient countermeasures in the construction sector 
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(Ministry of Land, Infrastructure, and Transport [MOLIT], 2020). As one of the 

countermeasures, urban agriculture can be applied (Kim et al., 2020; Whittinghill et 

al., 2012; Ackerman et al., 2014; Thomaier et al., 2015; Pons et al., 2015; Nadal et 

al., 2017; 2018; Montero et al., 2017; Ercilla-Montserrat et al., 2017; Khan et al., 

2018; Shamshiri et al., 2018; Piezer et al., 2019; Manríquez-Altamirano et al., 2020; 

Muñoz-Liesa et al., 2020; Rufí-Salís et al., 2020), and the current problems faced by 

cities such as population concentration, urban expansion, and lack of green space 

can also be solved. 

Urban agriculture is a new concept of agriculture in which rural and urban areas 

are spatially integrated due to climate change, the opening of the agricultural market, 

increased costs for transport, and a reduction in the number of agricultural workers. 

Urban agriculture can obtain valuable values from cities such as climate control, air 

purification, education, welfare, and community awareness. Typical urban 

agriculture can be divided into vertical agriculture using a building and point-type 

agriculture using small land such as vegetable gardens. Vertical agriculture includes 

vertical farm (VF), rooftop greenhouse (RTG), indoor farm (IF), plant factory(PF), 

and building farm (BF) (Figure 1-1). The interest and market size of vertical 

agriculture are continuously growing around the globe, and the global market size is 

expected to reach 20 trillion and 700 billion KRW in Korea (RDA, 2020).  
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Figure 1-1 Example of grafting agriculture in urban space (a) CDL’s tree 

house in Singapore, (b) carrot green roof in Canada, and (c) plant factory in 

Japan. 

 

The rooftop greenhouse (RTG) (Figure 1-2), which utilizes various forms of idle 

space such as the unused rooftop of public facilities and collective residential 

facilities and can produce stable crops throughout the year through environmental 

control, is drawing keen attention from developed countries (Astee & Kishnani, 

2010; Orsini et al., 2014; Pons et al., 2015; Saha & Eckelman, 2017; Shamshiri et 

al., 2018; etc.). When greenhouses and buildings are individually constructed, energy 

https://www.sciencedirect.com/science/article/pii/S0048969718337446#bb0005
https://www.sciencedirect.com/science/article/pii/S0048969718337446#bb0005
https://www.sciencedirect.com/science/article/pii/S0048969718337446#bb0140
https://www.sciencedirect.com/science/article/pii/S0048969718337446#bb0170
https://www.sciencedirect.com/science/article/pii/S0048969718337446#bb0185
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supply systems for heating and cooling should be installed separately. As a result, 

installation and operation costs are doubled, and unnecessary energy gains and losses 

due to radiation, convection, and conduction are greater.  

However, in the case of RTGs, energy efficiency can be maximized by exchanging 

excess energy (water, carbon dioxide, heat) and by minimizing the energy for 

transportation and storage, reducing the productive distance between agricultural 

products and consumers (Astee & Kishnani, 2010; Cerón-Palma et al., 2012). It can 

be considered that this not only generates economic benefits but also has 

environmental benefits that reduce GHG (Zaar, 2011). Besides, when crops in the 

greenhouse are cultivated in summer, the rooftop surface temperature and the air 

temperature in the greenhouse can be reduced through shade formation and crop 

transpiration (latent heat) (Eumorfopoulou & Aravantinos, 1998). In the case of 

winter, because the air temperature inside the building is always maintained at a 

higher air temperature than the external air temperature and the ground-surface 

temperature, it is expected to reduce the cooling and heating energy load in buildings 

and greenhouses. Moreover, installing greenhouses on the roof of existing buildings 

can reduce the land cost. Similarly, the water used can also be reduced if the 

hydroponic method is applied (Pons et al., 2015; Cerón-Palma et al., 2012). 

In the social aspect, the transport distance from the crops cultivated to consumers’ 

location is relatively reduced, so fresh crops can be provided. In addition, urban 

sustainable development can also be expected through new job opportunities and 

social bonding in the community (Cerón-Palma et al., 2012; Wallgren & Höjer, 2009; 

Petit-Boix & Leipold, 2018).  

It is possible to reduce unnecessary budget consumption by evaluating the energy 

performance of the design in advance for the development, introduction, and 

https://www.sciencedirect.com/science/article/pii/S0048969718337446#bb0020
https://www.sciencedirect.com/science/article/pii/S0048969718337446#bb0035
https://www.sciencedirect.com/science/article/pii/S0048969718337446#bb0020
https://www.sciencedirect.com/science/article/pii/S0048969718337446#bb0020
https://www.sciencedirect.com/science/article/pii/S0048969718337446#bb0235
https://www.sciencedirect.com/science/article/pii/S0048969718337446#bb0160
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improvement of a new system such as an RTG. In addition, through accurate energy 

load analysis, problems related to energy performance can be reviewed in advance 

and the efficiency of the system can be improved. However, to analyze the direct 

thermal energy effect according to the application of the actual RTG through field 

experiments, the cost of constructing a greenhouse on the rooftop must be invested 

enormously. Also, since a greenhouse is built on the roof of a building that is being 

used, the number of occupants in the building, behavior patterns, and energy load 

must be continuously monitored. However, considering the cost and difficulty in 

controlling experimental variables, it is difficult to find out the effect of a system 

such as an RTG through field experiments. 

Therefore, efforts are being made to predict the energy load of buildings using 

numerical analysis, and building energy simulation (BES) that can quantitatively 

analyze the cooling and heating energy loads required by buildings (Kolokotsa et al., 

2010; Terziotti et al., 2012; Vadiee & Martin, 2013; Chargui et al., 2014; Zhang et 

al., 2015; Sorgato et al., 2016; Kwon, 2019; Ahamed et al., 2020; etc.). Furthermore, 

the utilization of BES is recently increasing as it has been designed based on the total 

amount of energy load when designing buildings according to the building energy 

load saving standards (Kwon, 2019; MOLIT, 2020, etc.).  
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Figure 1-2 Construction examples of RTG (a) Lufa farms in Canada, (b) 

Philips factory in Netherland, (c) Ecco-Jaeger in Switzerland, (d) Morrisania 

in USA, (e) ICTA-UAB in Spain, and (f) KIMM-rooftop smart farm in Korea. 
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1.2. Purpose of Research 
 

For the GHG reduction policy in the building sector to be successful, utilization 

of the BES model capable of quantitative and reliable evaluation of various energy-

saving methods at the stage of design and operation of buildings is essential. The 

final goal of this thesis was to analyze the effects and applicability of the RTG by 

evaluating the dynamic energy load changes in buildings when the greenhouse was 

installed on the rooftop, the idle space of the building. 

Chapter 1 introduced the overall background of the research and in Chapter 2, 

previous researches that analyzed the energy analysis of the greenhouse, building, 

and RTG using BES were reviewed. 

The greenhouse BES model that considered crop energy exchange (sensible heat 

and latent heat of crop) was designed and validated in Chapter 3. Field experiments 

were conducted to design a model of sensible and latent heat for crops inside the 

greenhouse. The field-measured data were used in the design of the crop energy 

exchange model, and the designed crop energy exchange model was applied to the 

greenhouse BES model. Lastly, the validation of the greenhouse BES model 

considering the crop energy exchange model was done by comparing the field-

measured data (air temperature and relative humidity) and BES-calculated results by 

the greenhouse BES model. 

Natural ventilation characteristics of the experimental building (greenhouse), 

which act as an important input variable in calculating the thermal energy load by 

ventilation in the greenhouse BES model was evaluated in Chapter 4. In this process, 

natural ventilation generated in plastic greenhouses adopting natural ventilation 

methods was evaluated using computational fluid dynamics (CFD). Natural 
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ventilation and discharge coefficients (Cd) of the experimental greenhouse were 

calculated by wind direction, wind speed, and crop height in the experimental 

greenhouse. The previous greenhouse BES model in Chapter 3 was supplemented 

(re-designed) by applying the characteristics of ventilation in the experimental 

greenhouse evaluated using the CFD technique and the crop energy exchange model 

to the greenhouse BES model; an attempt to improve the accuracy of the greenhouse 

BES model was made. 

Finally, in Chapter 5, the energy load of simulation models in a single building 

was designed, analyzed, and validated. When the RTG was designed, energy load 

analysis was performed to analyze the individual energy loads of the single building 

and the RTG. At this time, CFD was used in the same way as in Chapter 4 to analyze 

the natural ventilation characteristics of the greenhouse to be applied to the roof of 

the experimental building. Lastly, environmental loads in the operation of RTG were 

evaluated using the Life Cycle Assessment (LCA) using the analyzed annual energy 

load. Figure 1-3 shows the overall research flow of this thesis. 
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Figure 1-3 Research flow of this thesis for energy load analysis of RTG.
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Chapter 2. Literature review 
 

2.1. Energy analysis for greenhouse 
 

2.1.1. Trend of energy load analysis 
 

During the last 10 years, the total area of the horticultural facility (greenhouse) 

has increased by 4.6%, while the area for heat culture has increased by 30.8%. The 

heated greenhouses are vulnerable to fluctuations in international oil prices, with 

84.8% relying on oil (Kwon et al., 2016). Specifically, heating costs for greenhouse 

production account for approximately 40% of total thermal energy consumption in 

agriculture. Therefore, energy-saving technologies such as heat pumps, thermal 

screens, covering materials, and alternating air temperature management (air 

temperature of crop growth varies during the daytime) were attracting attention 

(Kwon et al., 2016). To develop and improve such energy-saving technologies, there 

is a need to analyze the energy load of each energy-saving technology. 

Presently, the model for analyzing energy loads can be divided into either static or 

dynamic energy models depending on whether changes in environmental conditions 

over time. The static energy model is used to estimate building energy consumption 

by assuming that internal and external environments are steady-state, while a 

dynamic energy model is used to calculate building energy consumption by 

considering a temporal change. Thus, since the dynamic energy model considers 

variable factors over time, such as the thermal capacity of the analytical space, 

external environmental conditions, and internal heating, detailed energy flows over 

time can be simulated compared to the static energy model.  

The known advantage of the static energy model is its simplicity; however, the 

precision is very limited (± 25% error) since solar energy is not taken into account 
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(Sethi et al., 2013). The dynamic energy model, on the other hand, is typically 

preferred over the static energy model because of improved precision in predicting 

the energy demand as well as the interior climate of the greenhouse (Kimball, 1973; 

Kindelan, 1980, Avissar & Mahrer, 1982, Bot, 1983; Cooper & Fuller, 1983; Du et 

al., 2012; Fabrizio, 2012; Joudi & Farhan, 2015; Mohammadi et al., 2018; Ahamed 

et al., 2020).  

Many research studies using dynamic energy model have evaluated and optimized 

the efficiency in the energy aspect with variables such as greenhouse structure, 

orientation, ventilation method, covering material, thermal screen, natural light, and 

artificial light (De Zwart, 1996; Zhang et al., 1996; Boulard & Wang, 2000; Zhao et 

al., 2001; Gupta & Chandra, 2002; Impron et al., 2007; Taki et al., 2016; Misra & 

Ghosh, 2017; Rasheed et al., 2017; Reyes–Rosas et al., 2017; Ahamed et al., 2018; 

Singh et al., 2018; Mobtaker et al., 2019; Semple et al., 2017; Shakir & Farhan, 2019; 

and so on). Lee et al. (2012) compared and analyzed the internal air temperature, 

heating, and cooling energy load characteristics according to the designed air 

temperature inside the greenhouse when various types of greenhouses (wide-span, 

Venlo, 1-2W, and wide-type greenhouse) were applied to 6 areas. The relative error 

between the field-measure energy consumption and the BES-computed result was 

5.5% showing good accuracy, and it showed the possibility of applying and utilizing 

the BES technique in greenhouse research.  

Ha et al. (2015) designed a greenhouse BES model to which a geothermal power 

generation system was applied as a renewable energy source, and validated the BES 

model by comparing the field-measured data with the result calculated through the 

designed greenhouse BES model. Using the validated BES model, the maximum and 

annual heating loads of greenhouses were compared and evaluated in 6 

https://www.sciencedirect.com/science/article/pii/S0038092X13002648#b0585
https://www.sciencedirect.com/science/article/pii/S0038092X13002648#b0055
https://www.sciencedirect.com/science/article/pii/S0038092X13002648#b0135
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representative regions. Lee et al. (2017) conducted a study to calculate the 

appropriate panel installation area and angle of the PV system considering the 

dynamic heating and cooling load of the four-span Venlo greenhouse using the BES 

technique. Hassanien et al. (2016) analyzed the effectiveness of solar energy 

technology in greenhouse climate control systems. In this study, solar energy 

technologies such as solar air heaters, solar collectors, and solar water pumps were 

found to be effective for greenhouse applications and have the capability to reduce 

environmental impact. Similarly, the energy load analysis using heat pumps, wind 

power, and waste energy was conducted on greenhouses to reduce the amount of 

fossil fuels used (Shukla et al., 2006; Fabrizio, 2012; Sethi et al., 2013; Cossu et al., 

2014; Ha et al., 2015; Cuce et al., 2016; Lee et al., 2017; Semple et al., 2017; Thomas 

et al., 2017; Hamdi et al., 2018; Marucci et al., 2018; Rasheed et al., 2018; Alinejad 

et al. 2020; and so on). In most studies, thermal energy analysis was conducted 

assuming that there were no crops inside the greenhouse (Fabrizio, 2012; Attar et al., 

2013; Ha et al., 2015; Joudi & Farhan, 2015; Zhang et al., 2015; Taki et al., 2016; 

Henshaw, 2017; Mohammadi et al., 2018). 

 

2.1.2. Energy modeling considering crops in a greenhouse 
 

To design a precise dynamic energy model, it is crucial to have accurate solar 

radiation, and heat transfer coefficients as these parameters have a significant impact 

on the greenhouse energy and thermal energy balance (Ahamed et al., 2016; López–

Cruz et al., 2018). Chou et al. (2004), Sethi (2009), Kıyan et al. (2013), Vadiee & 

Martin (2013), and Joudi & Farhan (2015) developed and validated these models of 

greenhouse microclimate describing the energy and mass exchanges between the 

https://www.sciencedirect.com/science/article/pii/S0038092X19308205#b0565
https://www.sciencedirect.com/science/article/pii/S0038092X19308205#b1080
https://www.sciencedirect.com/science/article/pii/S0038092X19308205#b0770
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internal layers and external layers, and applied these models to investigate the 

thermal performance in the greenhouses. However, one of the major difficulties with 

greenhouse thermal modeling was the presence of the crops. It has been mentioned 

in the literature that crops have a significant role in the greenhouse microclimate. 

Depending on the type and the planting density of the crop, about 20% to a 

maximum of 75% of the solar energy reaching the crop was utilized for the crop 

energy exchange (Boulard & Baille, 1987; Eumorfopoulou & Dimitris, 1998). 

Specifically, Eumorfopoulou & Dimitris (1998) found that 60% of the solar energy 

was used for the energy exchange of crops. The solar radiation that reached the crop 

was converted into sensible heat, latent heat, photosynthesis, and thermal energy 

stored in the leaf to achieve energy balance. Miyamoto (1997) mentioned that an 

overall photosynthetic efficiency was 3 to 6% of total solar radiation; its energy 

occupies a very small proportion along with thermal energy stored in the crop (Gate, 

1965, Stanghellini, 1987; Luo et al., 2005; Demrati et al, 2007). Therefore, it is 

important to consider sensible heat and latent heat. The energy exchange of crops 

can be estimated through theoretical and empirical equations.  

Lee et al. (2017) developed an energy simulation model for a greenhouse that 

considers the energy exchange (sensible heat, latent heat) of Irwin mango crops in 

the greenhouse and the operating conditions of the greenhouse including the 

ventilation, shading net, thermal screen using the BES technique. It was noted that 

when the energy exchange of crops was not considered in the model, there can be a 

difference in the heating and cooling energy loads of about 7–15% in the greenhouse. 

Vadiee and Martin (2013) used TRNSYS to model the potential excess heat used 

from the greenhouse with the integration of long- and/or short-term thermal energy 

storage (TES) technology. Even though the energy equations for the crop led to an 
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estimation of the sensible and latent heat absorbed by the crop surfaces (Marcelis et 

al., 2007), the crop effect inside the greenhouse was just assumed to be that the crops 

in the greenhouse add humidity at a constant rate of 0.42 kg (H2O) kg−1 into the area 

without considering the time.  

However, depending on the type of crop and the stage of growth, the exchange of 

thermal energy between the crops and the air around the crops showed different 

characteristics (Chen et al., 2016; Madjoubi et al., 2016; Graamans et al., 2017; 

Talbot & Monfet, 2020; Li et al., 2020). A constant value was considered in the many 

numerical models regardless of the influence of the surrounding environmental 

variables (Fabrizio, 2012; Lee et al., 2012; Attar et al., 2013; Vadiee & martin, 2013; 

Zhang et al., 2015; Henshaw, 2017; Thomas et al., 2017; Semple et al., 2017; 2018; 

and so on). Considering crop energy exchange to energy load, the use of assumptions 

in the model could cause significant errors since the actual heat and moisture sources 

and sinks in the greenhouses are dynamic depending on crop conditions and solar 

radiation. Thus, more accurate results can be obtained by reflecting physiological 

characteristics according to complex crop growth models. 

 

2.1.3. Energy balance inside the greenhouse  
 

Estimations on how much energy is absorbed by the plant depend more on the 

greenhouse characteristics (covering material), and on the ability of the 

environmental control equipment to automatically control the internal environment. 

When solar radiation gets to the surface of a leaf, the absorbed energy is partly 

dissipated by evaporation (ET) of water (latent heat) and release of sensible heat, 

stored in the products of photosynthesis and as thermal energy in the leaf body (Eq. 

2-1) (Stanghellini, 1987).  
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𝑅𝑛=𝑄𝐶𝑆+𝑄𝐶𝐿+(𝑄𝐶𝑃+𝑄𝐶𝐶)  (Eq. 2-1) 

 

where Rn  is the net flux density of radiation resulting from absorption and 

emission by the leaf (W m-2), QCS is the flux density of sensible heat transferred to 

the air (W m-2), QCL is the flux density of latent heat due to evaporation of water (W 

m-2), QCP is the rate at which energy is stored in the products of photosynthesis (W 

m-2), QCC is the rate at which thermal energy is stored inside the leaf (W m-2). 

 
Miyamoto (1997) mentioned that overall photosynthetic efficiency is 3 to 6% of 

total solar radiation (Gate, 1965; Stanghellini, 1987; Luo et al., 2005; Demrati et al, 

2007;); its energy occupies a very small proportion along with thermal energy stored 

in the crop. Therefore, it is essential to consider sensible heat and latent heat. 

Sensible heat is a heat conduction phenomenon between the air around the crop and 

the crop, and heat exchange is performed continuously until there is no difference 

between the air temperature around the crop and the temperature of the crop. The 

sensible heat of the crop can be calculated from the leaf area index (LAI), air density, 

the specific heat of air, the difference between the air temperature around the crop 

and the temperature of the crop, aerodynamic resistance as shown in Eq. 2-2. Latent 

heat refers to the energy required to change the state of a substance even though there 

is no further change in temperature. In the case of crops, it can be calculated by 

considering the latent heat of vaporization of water from the evapotranspiration of 

the crop (Eq. 2-3).  

 

𝑄𝐶𝑆=
𝐿𝐴𝐼∙𝜌𝑎∙𝑐𝑝(𝑇𝐿−𝑇𝑎)

𝑟𝑎
  (Eq. 2-2) 
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𝑄𝐶𝐿=𝜆𝑤∙𝐸𝑇  (Eq. 2-3) 
 

where LAI is the Leaf area index, ρa is the air density (kg m-3), Ta is the air 

temperature (˚C), cp  is the specific heat of the air (J kg-1 ˚C-1), TL  is the leaf 

temperature (˚C), ra is the aerodynamic resistance (s m-1), λ𝑤 is the latent heat of 

vaporization of water (J g-1), and ET is the evapotranspiration (g h-1). 

 

Evapotranspiration (ET) is responsible for a significant heat loss in greenhouses. 

Evapotranspiration from crop leaves is an evaporative cooling process that reduces 

the canopy surface temperature. Therefore, greenhouse crops get heat from the solar 

radiation and indoor air to recover the reduced temperature of the leaf surface. As 

referred by Stanghellini (1987), the modeling of transpiration is an aid to climate 

management, something that explains why several evapotranspiration models have 

been developed and presented for the accurate irrigation of greenhouse crops and the 

simulation or management of the greenhouse climate under different greenhouse 

types and climate conditions. Lee (2017) analyzed that as the cooling load usually 

occurs during the daytime, the energy absorbed by crops reduces the cooling loads. 

For the same reason, the energy absorbed by crops at night increases the heating 

loads; therefore, the corresponding annual and the maximum heating load are 

decreased by 11.0 and 7.6% on average when assuming that the crops are not in 

cultivation. Calculating the latent heat flux of the crop that causes the energy-saving 

effect inside the greenhouse, the latent heat is 162.9 W m-2. The latent heat of the 

crop varies depending on the type of the greenhouse, species of the crop, the planting 

density, ventilation, designed air temperature, and external weather conditions 
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(sunny and cloud) (Baille et al., 1994). For this reason, the latent heat of tomato crops 

ranges from 14.4 to 320 W m-2 (Table 2-1). 
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Table 2-1 Review of the latent heat flux according to greenhouse and crop type 

Greenhouse type Crop Ground area 

Calculated or 

measured latent 

heat 

References 

8-span plastic 

greenhouse 
Irwin mango 768 m2 < 162.9 W m-2 Lee, 2017 

Glass-covered 

greenhouse 
Rose 315 m2 

125 W m-2 

(Sunny day) 
Baille et al., 1994 

40 W m-2  

(cloudy) 

Multi-span 

greenhouse 
Rose 345 m2 

Approx. 

< 150 W m-2 
Kittas et al., 2005 

N/A 
Cryptomeria 

japonica 
N/A 

1 – 183 W m-2 

According to 

external 

resistance 

Stanghellini, 

1987 

2-span plastic 

greenhouse 
Tomato 416 m2 

Approx. 

< 320 W m-2 

Boulard & Wang, 

2000 

4-span gable 

roof greenhouse 
Tomato 1,125 m2 

Approx. 

14.4 W m-2 

25.7 W m-2 

Ahamed et al., 

2018 

Venlo 

greenhouse 
Tomato 358.4 m2 55.7 W m-2 

Golzar et al., 

2018 

2-span plastic 

greenhouse 
Tomato 208 m2 

180 W m-2 

(air change per 

hour is 1) 

Baile & Boulard, 

1993 

2-span plastic 

greenhouse 
Tomato 150 m2 

Approx. 

< 140 W m-2 

Papadakis et al., 

1994 
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2.2. A study of energy efficiency through building roof 

improvement 
 

While the average annual air temperature is rising due to the greenhouse effect in 

urban areas, the heat island effect further raises the air temperature in the city, and 

the energy use of buildings is also increasing linearly (Mirzaei, 2015). Therefore, 

measures to reduce the air temperature rise in cities and improve energy efficiency 

are being sought. In particular, since the proportion of energy consumed in buildings 

is high, it is necessary to manage the energy and air temperature of buildings. Also, 

since most of the area is made up of concrete and cement surfaces in downtown 

buildings, improving this is an important means of mitigating the urban heat island 

phenomenon. In most studies conducted on buildings, energy loads were assessed 

on a single building. Optimization studies related to the application of renewable 

energy, optimal control algorithm design, and differentiated HVAC system were also 

conducted to efficiently reduce energy load (Hwang et al., 2009; Gong et al., 2012; 

Ramesh et al., 2012; Soussi et al., 2013; 2017; Cetin, 2019).  

In the case of buildings, the heat loss from the walls and roofs accounts for more 

than half of the total energy loss, and the loss from the roof alone was around 25%, 

which cannot be negligible. For this reason, to reduce the energy loss from the roof 

surface, energy performance and economic feasibility according to the application 

of cool roof, green roof, and double-skin façade system (Ballestini et al., 2005; 

Høseggen et al., 2008; Chan et al., 2009) were evaluated using BES in a previous 

study. Park (2000) noted that a green roof has a lower thermal conductivity than 

conventional roofs, so external air temperature cannot be transferred to the internal 

space of the building. In addition, it was mentioned that green roof was effective in 

saving energy of the building due to the delay effect in the heat energy transfer to the 
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building (Niachou et al., 2001; Theodosiou, 2003; Liu & Bass, 2005). Kim (2008) 

analyzed a temperature change effect in concrete surface and green roof system 

during the daytime of summer and winter. The combination of solar radiation 

blocking effects, including reflections of the vegetation at the top of the soil layer, 

latent heat effects by the evaporation action of the vegetation area, and the physical 

insulation performance of the soil layer showed a positive effect on the building 

energy load. Similarly, Moyer (2005) explained the mitigation effect of the urban 

heat island phenomenon in the study about the composition of the green roof. It was 

emphasized that a green roof lowers the ambient air temperature due to the increase 

in vegetation and reveals the potential to alleviate urban heat islands. According to 

the Green Roof Guidebook of the Ministry of Environment [ME] (1999), green roof 

house has a maximum savings of 13.2% in daily heating and cooling energy load 

compared to concrete houses (concrete houses: 1.59 kWh day-1, green roof house: 

1.38 kWh day-1).  

However, Kim (2008) mentioned that there was a difficulty in validating the 

experimental building because it was impossible to validate the actual-scale building 

and equipment in consideration of the arrangement for a single building in the 

simulation process. Indeed, it was difficult to accurately acquire information on 

energy consumption for a specific space and control experiment because of the 

experimental building for energy analysis research that was typically in use. 

Therefore, most of the studies that performed energy simulations on commercial 

buildings did not take into account the validation procedure.  

In foreign countries, standard building models have been used to consistently and 

quantitatively present the building's heating and cooling energy performance. The 

annual energy load was calculated using the standard model according to the energy 
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calculation standard (ISO 13790). The standard model can be used as a basis for 

determining the energy savings from design variables. However, in the case of Korea, 

the standard building model is currently in the development stage, and there is 

currently no standard building model available. Considering the land area and 

topographical conditions, validation of the building model can be considered 

essential because there are constraints that make it difficult to borrow standard 

buildings designated in the US and Europe. Moreover, the ventilation characteristics 

generated in the building appeared differently depending on the wind environment 

(wind direction, wind speed) formed around the building. 
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2.3. Energy analysis for rooftop greenhouse (RTG) 
 

One of the major problems of rooftop buildings is the decreased surface durability 

due to aging and the resistance to freezing and melting. Moreover, since the rooftop 

of a building is an unproductive space and is not used, if a greenhouse is installed on 

the roof of a building (rooftop greenhouse), the rooftop of the building can be 

efficiently utilized in economic, energy, and social aspects.  

The RTGs share resources with the building and have the potential to increase 

both crop productivity and thermal energy efficiency using these synergies. This 

connection allows for optimization of the energy behavior of the building, reduction 

of CO2 emitted by the building, increased crop yield, and minimization of water use. 

As a new form of urban agriculture that is capable of reducing excessive heat gain 

and heat loss by utilizing idle space in urban spaces, the application of this 

technology is increasing, especially in developed countries (Benis et al., 2015; Pons 

et al., 2015; Sanyé–Mengual et al., 2015; Sanjuan–Delmás et al., 2018; Rufí–Salís 

et al., 2020; Nadal et al., 2017; Corcelli et al., 2019; Muñoz–Liesa et al., 2020; and 

so on).  

Sanyé-Mengual et al. (2013) analyzed the effect for the cultivation and transport 

of cultivated crops in the rooftop greenhouse (RTG). This study showed that RTG 

has 42% less environmental impact than conventional greenhouse systems and 21% 

cheaper to produce crop yields. Iddio et al. (2020) mentioned that the RTG has better 

environmental performance, showing between 50 and 75% lower impacts when 

compared with a conventional greenhouse, mainly due to the reduced packaging and 

transport requirements. The RTG made cultivation easier during the winter because 

the system takes advantage of warm air from the building, affording milder 
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temperatures (on average, between 5 °C and 8 °C higher than that outdoors). Similar 

to Sanyé-Mengual et al. (2013) and Iddio et al. (2020), most studies related to RTG 

analyzed the potential environmental and economic impact affecting the soil, 

atmosphere, and resources, using the cradle-to-grave approach, and taking into 

account the extraction, transportation, manufacturing, use, and disposal of raw 

materials (Sanjuan-Delmás et al., 2018; Rufí-Salís et al., 2020; Cerón-Palma et al., 

2012; Specht et al., 2014; Sanyé-Mengual et al. 2013). However, until now, field 

experiments on RTGs of commercial buildings and studies of effect analysis using 

energy simulations are insufficient.  

Dynamic energy simulations play an important role to better understand the 

complex mechanism in the thermal process of RTG operation and therefore 

contribute to an energy-efficient RTG operation. Advanced RTG controls require 

energy models to accurately predict the thermal process in RTGs for decision-

making. Benis et al. (2015) conducted an energy simulation analysis of the RTG 

installed in residential buildings located in Lisbon. A BES was used to analyze the 

energy requirements at the top floor of a large residential facility with an RTG; 

however, validation and crop models were not considered in their research. The total 

energy load reduction for the RTG was 13% because the energy load occurred by 

smaller heat losses of the RTG during the colder months. Pineda et al. (2020) found 

that 19% less energy was required for heating an RTG compared with a single 

greenhouse. In addition, Kim et al. (2019) compared the heating and cooling energy 

loads of a single greenhouse and building using TRNSYS and the energy-saving 

effect of the RTG was assessed through the analysis of the heating and cooling 

energy load of the RTG integrated with the large-sized hypermarket. Although it was 

confirmed that the reduction amount and reduction rate of annual heating and cooling 
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energy loads were significantly different depending on the cultivation crops of the 

greenhouse, there was a limitation in that the basic validation of the greenhouse and 

BES model was not performed. Similarly, Jo (2020) modeled RTGs that could 

identify effective energy-saving conditions through energy load comparison with a 

greenhouse and a single building, respectively. Also, the effect of energy cost by 

region and the environmental impact of the use of gas heat pump system were 

compared and analyzed. However, in this study, the changes in physiological 

characteristics resulting from crop growth were not considered and a constant value 

for the greenhouse ventilation was applied. Thus, the energy load effect about the 

RTG indicated restrictions of the reliability and accuracy of the analysis results. 

Therefore, based on the accurate and validated model, a quantitative evaluation of 

the expected heating and cooling energy load is required for the application and 

distribution of RTGs in Korea. 
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2.4. Law for rooftop greenhouse (RTG) 
 

A project to revitalize urban agriculture for large cities in advanced countries has 

existed and is constantly being improved. Since there are various regulations in the 

urban planning and construction-related laws, it is important to identify and come up 

with ways to overcome a legal problem to spread developed technologies. Therefore, 

a review of urban planning and construction-related laws and regulations for rooftop 

utilization and urban agriculture-related support is required.  

In case of urban agriculture, the "Act on the Promotion and Support of Urban 

Agriculture" was enacted and implemented in 2012 to create a nature-friendly urban 

environment and understand agriculture. Urban agriculture is defined as the activities 

of cultivating crops by utilizing various living spaces such as land and buildings in 

urban areas (inside and outside buildings, rooftops, etc.). However, few arable lands 

are suitable for urban agriculture activities and consideration is needed for urban 

agriculture using buildings. 

As of 2016, a total of 91 local governments, including 10 metropolitan and 

provincial governments and 81 local governments, are operating urban agriculture-

related ordinances. However, laws or guidelines for agricultural facilities (roof 

greenhouses, plant factories, etc.) in cities do not yet exist because the Act on 

Agricultural Production Infrastructure is primarily aimed at rural areas. The Building 

Act provides social standards for the stability, performance, environment, and 

aesthetics of buildings as a comprehensive law that combines various environmental, 

physical, and technical conditions for the construction of buildings. 

In particular, the applicability of the rooftop greenhouse depends on whether it is 

a temporary building or not. If it is not recognized as a temporary building, it 
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corresponds to an extension when a greenhouse is constructed on the rooftop. In such 

cases, the building regulations concerning the use, area, height, insulation, 

convenience facilities for persons with disabilities, fire escape routes, landscape 

deliberation, etc. shall be reviewed in the architectural planning stage. On the other 

hand, if it is recognized as a temporary building, which means a type of building that 

can be demolished at any time, it is expected that there will be less restrictions on 

the application of the rooftop greenhouse than the extension because it is subject to 

reporting rather than approval. 
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Chapter 3. Design and validation of BES model for 

greenhouse considering crop energy model 
 

3.1. Introduction 
 

Solar radiation flowing into the greenhouse from outside the greenhouse can be 

divided into direct and diffused solar radiation. Direct solar radiation and diffuse 

solar radiation are influenced by the shape of the greenhouse, the frame rate, the type 

of covering material, the shape of the roof and walls, the geopolitical location of the 

greenhouse, the installation direction of the greenhouse (orientation), the season and 

climate, and the crops grown inside the greenhouse. Thermal energy flowing into the 

greenhouse includes the inflow of thermal energy through solar radiation, the inflow 

of thermal energy through walls, the surface of windows, the outflow of thermal 

energy by air infiltration and ventilation, and the inflow or outflow of thermal energy 

by internal heat sources (device heat, crops).  

Solar energy transmitted into the greenhouse during the daytime is absorbed into 

the greenhouse structures, floors (soil and concrete), and crops. While, some of the 

reflected solar energy is blocked by glass or plastic or the covering of the greenhouse, 

resulting in a greenhouse effect, which causes air temperature to increase inside the 

greenhouse during the daytime (Figure 3-1). At night, heat accumulated on the floor 

and crops during the daytime is released from the soil surface into the greenhouse. 

In terms of energy load, because large greenhouses have a larger covering area, 

resulting in greater heat energy gain and loss, and the difference in solar energy 

reaching the crops may cause a difference in net energy input (Mobtaker et al., 2016; 

Sethi, 2009; Gupta & Chandra, 2002; Hassanien et al., 2016). 
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Figure 3-1 Thermal energy exchange of a greenhouse with solar radiation. 

 

If the energy flowing in and out of the greenhouse is expressed mathematically, it 

can be expressed as Eq. 3-1. Heat inflow into the greenhouse is achieved through the 

inflow of solar radiation (QS) and heating system (QH) (can be omitted if there is no 

heating system). Conversely, heat loss inside the greenhouse is mainly achieved 

through ventilation (QV), air infiltration (QL), and heat transfer through the 

greenhouse covering materials (QC). Some of the heat energy is stored in the 

greenhouse interior heat storage body (QST) such as the greenhouse cover material 

and soil.  

 

𝑄𝑆+(𝑄𝐻)−𝑄𝑉−𝑄𝐿−𝑄𝐶±𝑄𝑆𝑇=0  (Eq. 3-1) 

 

where QS is heat gain by solar energy flowing into the greenhouse, QH is heat gain 

by the heating system inside the greenhouse, QV is heat gain or loss by ventilation, 

QL is heat loss by infiltration, and QST is heat storage or release from the soil, 

covering material, crop, etc. 
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Among the operating costs of greenhouses growing crops, the cost of energy input 

to control the environment inside greenhouses accounts for the largest portion, 

except for labor costs (Table 3-1). The basic energy consumption could account for 

more than 90% of the total energy consumption in the greenhouse (Hemming et al., 

2017). Therefore, it is important to calculate the cooling and heating energy load at 

the design stage of the building for efficient energy use. Cooling and heating energy 

load refer to the amount of energy input required for cooling, heating, 

dehumidification, humidification, and ventilation to maintain appropriate air 

temperature and humidity environment. The BES model that considers the exterior 

surface of the building, lighting, mechanical equipment system, and the operation 

schedule of the HVAC system to calculate heating and cooling energy load is widely 

used.  

 

Table 3-1 Ratio of heating cost among management expenses of the 

horticultural facility (RDA, 2017). 

Crop type 
Ratio 

(%) 
Crop type 

Ratio 

(%) 

Crop 

type 

Ratio 

(%) 

Melon 2.3 Pumpkin 20.9 Radish 2.4 

Strawberry 

(forcing culture) 
3.5 

Tomato 

(forcing culture) 
28.3 Cabbage 4.0 

Strawberry 

(semi-forcing culture) 
10.5 

Tomato 

(semi-forcing culture) 
22.5 Spinach 2.0 

Cucumber 

(forcing culture) 
9.4 Cherry tomato 31.4 Lettuce 6.1 

Cucumber 

(semi-forcing culture) 
33.1 Eggplant 42.9 Leek 5.1 

Cucumber 

(retarding culture) 
28.1 Sweet pepper 32.7 Pepper 33.9 

 

Greenhouse cooling and heating energy load is related to heat gain and loss 

through covering material, soil heat transfer, sensible and latent heat of crops, and 
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solar heat during the daytime. These characteristics are highly variable depending on 

the external weather environment. Especially, the greenhouse covering materials are 

very thin unlike other buildings, so it is sensitive to the external weather environment. 

Therefore, dynamic energy simulation that can consider real-time external weather 

changes plays an important role in understanding complex mechanisms in heat 

transfer inside a greenhouse.  

Depending on the type and planting density of the crop, up to 75% of the solar 

energy reaching the crop was utilized for an energy exchange of the crop, so it was 

necessary to consider this (Garzoli & Blackwell, 1973; Boulard & Baille, 1987; 

Kittas et al., 2003; 2005). The solar radiation that reaches the crop is converted into 

sensible heat, latent heat, photosynthesis, and self-thermal energy storage to achieve 

energy balance (Eq. 3-2). Miyamoto (1997) mentioned an overall photosynthetic 

efficiency of 3 to 6% of total solar radiation (Gate, 1965; Stanghellini, 1987; Luo et 

al., 2005; Demrati et al, 2007), its energy occupies a very small proportion along 

with self-thermal energy storage of the crop. Therefore, it is essential to consider 

sensible heat and latent heat.  

Sensible heat is a heat conduction phenomenon between the air around the crop 

and the crop, and heat exchange is performed continuously until there is no 

difference between the air temperature around the crop and the temperature of the 

crop. The sensible heat of the crop can be calculated from the leaf area index (LAI), 

air density, the specific heat of air, the difference between the air temperature around 

the crop and the temperature of the crop, aerodynamic resistance as shown in Eq. 3-

3. Latent heat refers to the energy required to change the state of a substance even 

though there is no further change in temperature. In the case of crops, it can be 

calculated by considering the latent heat of vaporization of water from the 
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evapotranspiration of the crop (Eq. 3-4).  

 

𝑅𝑛=𝑄𝐶𝑆+𝑄𝐶𝐿+(𝑄𝐶𝑃+𝑄𝐶𝐶)  (Eq. 3–2) 
 

𝑄𝐶𝑆=
𝐿𝐴𝐼∙𝜌𝑎∙𝑐𝑝(𝑇𝐿−𝑇𝑎)

𝑟𝑎
  (Eq. 3–3) 

 

𝑄𝐶𝐿=𝜆𝑤∙𝐸𝑇  (Eq. 3–4) 
 

where Rn is the solar radiation, QCS is the sensible heat, QCL is the latent heat, 

QCP is the heat for photosynthesis, QCC is the heat for stored thermal energy for a 

crop, LAI is the LAI, ρa is the air density (kg m-3), Ta is the air temperature (˚C), 

cp is the specific heat of the air (J kg-1 ˚C-1), TL is the leaf temperature (˚C), ra is 

the aerodynamic resistance (s m-1), λ𝑤 is the latent heat of vaporization of water (J 

g-1), and ET is the evapotranspiration (g h-1). 

 

There is a correlation between the microclimate surrounding the crop and the 

growth of the crop. To improve and maximize the production of crops grown in 

greenhouses, precise environmental control and energy load analysis are required. 

For this, a greenhouse BES model that takes the crop energy model into account is 

needed. Pohheim and Heißner (1999) designed a short-term energy-crop model 

considering the transpiration of sweet pepper and the exchange of carbon dioxide. 

Lee (2017) developed a greenhouse energy analysis model that considers the energy 

exchange (sensible and latent heat) of Irwin mango in the greenhouse and the 

operating conditions of the greenhouse (ventilation, shading net, and thermal screen) 

through the BES technique. For Irwin mangoes, periodic and maximum heating and 

cooling energy loads in the greenhouse were calculated, and it was pointed out that 
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a difference in greenhouse heating and cooling energy loads of about 7 – 15% occurs 

when the energy exchange of crops was not considered. However, with the energy 

exchange of crops, limitations such as failure to sufficiently consider the sensible 

heat and latent heat according to growth physiological characteristics of crops were 

noted. Specifically, as the Irwin mango is a perennial plant, it was assumed that the 

stomatal resistance was constant with growth.  

Therefore, the BES module for the thermal energy exchange model of tomato and 

the greenhouse BES model was designed and validated in this study. To this end, a 

field experiment was first conducted to explain the energy exchange between the 

tomato crop and the surrounding air. From this, a tomato energy exchange model for 

each growth stage was designed, and a greenhouse BES model was designed by 

applying the tomato energy exchange model. Finally, the greenhouse BES model, 

which took into account crop energy exchange models (the heat and latent heat 

characteristics of crops), was validated from field-measured data (air temperature 

and relative humidity) and BES-computed results.  
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3.2. Materials and methods 
 

In Chapter 3, the tomato crop energy exchange model was designed through field 

experiments, and considering this, the greenhouse BES model was designed and 

validated. Figure 3-2 briefly showed the research flow of Chapter 3. The crop energy 

exchange model was designed by monitoring environmental variables such as air 

temperature, relative humidity, solar radiation, leaf temperature, and crop 

evapotranspiration that was measured inside the greenhouse for a long time and 

analyzing multiple regressions therefrom. The greenhouse BES model was designed 

considering the characteristics of crop energy exchange due to changes in the 

environment inside the greenhouse. The designed greenhouse BES model was 

validated by comparing the field-measured data (air temperature, relative humidity) 

inside the greenhouse with the BES-computed results.  
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Figure 3-2 Research flow to design and validate the greenhouse BES model 

considering crop energy exchange (the sensible and latent heat of crop). 

 

3.2.1. Experimental greenhouse and crop 
 

The design and validation of the BES model for energy load analysis in the 

greenhouse and the crop energy exchange module were done using field experiments 

in a plastic greenhouse (latitude: 36° 54', longitude: 128° 80') installed in Andong 

University. Through field experiments, the weather environment inside and outside 
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the greenhouse and changes in physiological characteristics of crops were monitored. 

The experimental greenhouse was a three-span plastic greenhouse with a 

dimension of 23.1 m wide, 4.5 m height for the ridge, 2.5 m height for the eave, 26.0 

m long (left side length from entrance), and 26.0 m (right side) (Figure 3-3). The 

target experimental greenhouse was oriented along the northwest-southwest (NW-

SW) direction. The environmental control (ventilation) inside the greenhouse was 

made through an opening and closing device installed on both sides and the roof 

surface of the greenhouse, and the designed air temperature for the operation of the 

automatic opening and closing device was 20 °C. In addition, when the direct solar 

radiation of 800 W m-2 or higher was generated, an aluminum shading net was 

operated 2.5 m from the ground.  

Tomatoes (Solanum Lycopersicum) were grown in 12 rows in the width direction, 

and a total of 560 tomatoes were planted on rock wool cubes, and irrigation was 

performed through a dripper. The amount of irrigation was 100 ml per 80 J cm-2 

accumulated for each tomato.  
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Figure 3-3 Experimental greenhouse in Andong University  

(a) outside the greenhouse, (b) inside the greenhouse, and (c) three-

dimensional configuration. 

 

3.2.2. Building Energy Simulation (BES) 
 

Building Energy Simulation (BES) is a technique that numerically calculates and 

simulates the flow of heat energy into and out of a building. BES can save 

unnecessary budget consumption by evaluating the overall performance of various 

construction design plans with high accuracy and utility. It can also be applied to 

improve the system as it is capable to assess the continuous energy performance 

following the operation and maintenance of the building after construction (Figure 

3-4). Recently, according to the building energy-saving design standards, the use of 
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BES is increasing as the buildings are designed based on the total amount of energy 

consumption when designing buildings (previously followed by specification 

standards) (Figure 3-5). 

 

 

Figure 3-4 Utilization of BES for pre-evaluation of energy performance, and 

determination of improvement methods through continuous energy analysis. 
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Figure 3-5 Expansion of the standard for total energy amount according to 

the size of buildings by year (MOLIT, 2017; Ministry of Government 

Legislation [MOLEG], 2017). 

 

DOE-2 (Department of Energy-2), EnergyPlus, TRNSYS (Transient System 

Simulation Program, University of Wisconsin-Madison. Solar Energy Laboratory., 

USA) were some of the few developed dynamic energy simulation tools, where the 

accuracy and reliability of simulation were validated through many studies 

(BESTEST, 1995; ANSI/ASHRAE 140–2007, 2007). 

In this study, TRNSYS was used to analyze energy loads and energy flows in 

buildings and greenhouses. TRNSYS is a transient-state analysis program with a 

modular structure, consisting of the main program and many subroutines called 

components, which have advantages in the applicability and compatibility of 
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simulation models (Klein, S.A. et al, 2017). Each module called component inputs 

the physical information of the target building through its parameter, and each 

module is connected to exchange input and output values to compose the overall 

system.  

In particular, Type56 (Multi-zone), a module that makes up a building, is widely 

used to evaluate the energy performance of multi-zone buildings. It is possible to 

calculate the hourly heating and cooling energy load in a given space to maintain the 

indoor temperature, including the operating schedule of the building envelope, 

lighting, mechanical equipment system, and HVAC system. Based on the energy 

conservation equation and the transfer function method of ASHRAE, the energy 

exchange inside and outside the building by ventilation, air infiltration, and heat 

sources is dynamically analyzed based on the complex flow of heat energy (thermal 

conduction, convection, and radiation) in the partitioned space (Eq. 3-5 to Eq. 3-9) 

(TRNSYS User’s Manual, 2018).  

 

𝑄𝑖=𝑄𝑠𝑢𝑟𝑓,𝑖+𝑄𝑖𝑛𝑓,𝑖+𝑄𝑣𝑒𝑛𝑡,𝑖+𝑄𝑔,𝑐,𝑖+𝑄𝑐𝑝𝑙𝑔,𝑖+𝑄𝑠𝑜𝑙𝑎𝑖𝑟,𝑖+𝑄𝐼𝑆𝐻𝐶𝐶𝐼,𝑖     (Eq. 3-5) 

 
 

𝑄𝑖𝑛𝑓,𝑖= 𝑉∙ 𝜌 ∙ 𝑐𝑝 (𝑇𝑜𝑢𝑡𝑠𝑖𝑑𝑒,𝑖− 𝑇𝑎𝑖𝑟)                                        (Eq. 3-6) 

 
 

𝑄𝑠𝑢𝑟𝑓,𝑖= 𝑈𝑤,𝑖∙𝐴𝑤,𝑖∙(𝑇𝑤𝑎𝑙𝑙,𝑖− 𝑇𝑟)                                        (Eq. 3-7) 

 
 

𝑄𝑣𝑒𝑛𝑡,𝑖= 𝑉∙ 𝜌 ∙ 𝑐𝑝 (𝑇𝑣𝑒𝑛𝑡𝑖𝑙𝑎𝑡𝑖𝑜𝑛,𝑖− 𝑇𝑎𝑖𝑟)                                    (Eq. 3-8) 

 
 

𝑄𝑐𝑝𝑙𝑔,𝑖= 𝑉∙ 𝜌 ∙ 𝑐𝑝 (𝑇𝑧𝑜𝑛𝑒,𝑖− 𝑇𝑎𝑖𝑟)                                         (Eq. 3-9) 

  

where Q̇surf,i is the convective gain from surfaces (kJ), Q̇inf,i is the infiltration 

gains (airflow from outside only, kJ), Q̇vent,i is the ventilation gains (airflow from 
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a user-defined source, like an HVAC system, kJ), Q̇g,c,i is the internal convective 

gains by people, equipment, illumination, radiators, etc. (kJ), Q̇cplg,i is the gains 

due to (convective) airflow from airnode I or boundary condition (kJ), Q̇solair,i is 

the fraction of solar radiation entering an airnode through external windows which 

are immediately transferred as a convective gain to the internal air (kJ), Q̇ISHCCI,i is 

the absorbed solar radiation on all internal shading devices of the zone and directly 

transferred as a convective gain to the internal air (kJ), V is the building volume 

(m3), ρ is the density of air (kg m-3), cp is the specific heat of the air (kJ kg-1°C-1), 

Toutside,i  is the outside air temperature, Tair  is the air temperature, Uw,i  is the 

building loss coefficient (kJ h-1 m-2 °C-1), Aw,i  is the building surface area (m2), 

Twall,i is the wall temperature (°C), Tr is the temperature (°C), Tventilation,i is the 

ventilation temperature (°C), and Tzone,i is the zone temperature (°C). 

 

3.2.3 Experimental methodologies 
 

3.2.3.1. Experimental instruments and measurement method 

 

To design and validate the greenhouse BES model considering the tomato crop 

energy exchange model, a field experiment was conducted from May 25, 2018, to 

August 18, 2018, at a plastic greenhouse in Andong University. The solar radiation, 

air temperature, and relative humidity were measured inside and outside the 

experimental greenhouse, and crop physiological characteristics were monitored for 

evapotranspiration and LAI. Figure 3-6 showed the installation location of the 

monitoring device in the experimental greenhouse.  

The weather outside the greenhouse was measured by installing an external 
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weather station (WatchDog 2700 weather station, Spectrum Technologies, Inc., USA) 

in a place where interference from surrounding terrain and obstacles (buildings, trees, 

etc.) was avoided as much as possible (Figure 3-7(a)). The solar radiation inside the 

greenhouse was measured using a pyranometer (sp–510–ss and sp–610–ss, Apogee 

Instruments, Inc., USA) (Figure 3-7(b)), and divided into three parts according to the 

height of the tomatoes (Figure 3-6). Leaf temperature was measured by attaching a 

thermocouple (Thermal–couple, Ondo, Corp., Korea) to the back of the leaf of the 

tomato crop (Figure 3-7 (c)), and the air temperature and relative humidity inside the 

greenhouse were measured by a hobo sensor (UX100–003, Onset Computer). Corp., 

USA) (Figure 3-7 (d)) was measured at the same location as the installation location 

of the pyranometer.  

 

 

Figure 3-6 Environmental variables for monitoring the microclimate 

environment inside and outside the experimental greenhouse and sensor 

installation location for each environmental variable. 
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Figure 3-7 Experimental equipment for measuring microclimate 

environment and crop characteristics inside and outside the experimental 

greenhouse (a) a portable weather station for measuring external weather, (b) 

a device for measuring the solar radiation inside and outside the greenhouse, 

(c) a thermocouple for measuring leaf temperature for tomato, (d) a device for 

measuring the air temperature and relative humidity inside and outside the 

greenhouse, (e) a data logger for storing measurement data, (f) a device for 

measuring LAI. 

 

To analyze the physiological characteristics of tomatoes grown in the target 

greenhouse, evapotranspiration and LAI were measured. Since the 

evapotranspiration of tomatoes generated inside the greenhouse varies depending on 

the local environmental conditions inside the greenhouse, an evapotranspiration 

monitoring device (self–manufactured, Korea) as shown in Figure 3–8 was installed 

and measured at eight points along the width direction of the greenhouse (Figure 3-

9). The evapotranspiration was calculated based on the equation of the balance of 

water supplied to tomatoes (Eq. 3-10).  

The amount of irrigation supplied to the medium was measured through one 

dripping nozzle under the assumption that the dripping nozzle installed in each 
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medium placed on the slab during drip irrigation supplied at the same flow rate. The 

amount of drainage was measured by measuring the amount of water drained from 

the slab. In addition, to measure the amount of water stored in the planting or medium 

(bed) during irrigation, the change in weight of the bed was continuously measured 

using a load cell. At this time, because the nutrient solution was not continuously 

supplied from the dripper, the amount of irrigation at all locations was not the same 

due to sedimentation and clogging in the dripper. Therefore, the amount of irrigation 

was initially measured, and when there was a large error between the initial value 

and the current value, the nozzle part of the dripper was replaced, and all 

environmental variables connected to the data logging system (GL-820, Graphtec 

Inc., USA) were continuously measured at intervals of five seconds (Figure 3-7(e)).  

 

 

Figure 3-8 Schematic diagram for system measuring evapotranspiration of 

tomato crops inside the greenhouse. 
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Figure 3-9 A device for measuring evapotranspiration of tomato crops 

grown inside the greenhouse (a) diagonal view, and (b) front view. 

 

𝐸𝑇=𝐼𝑅𝑅−𝐷𝑅𝐴+∆𝐵𝐷𝑊  (Eq. 3-10) 

 

where ET is the evapotranspiration (ml s-1), IRR is the amount of irrigation (ml 

s-1), DRA is the amount of drainage (ml s-1), and ∆BDW is the weight increment 

of a substrate and tomato crop (kg s-1). 

 

A leaf area index (LAI) is a dimensionless number that can represent the 

distribution and density of leaves and is defined as the ratio of the total leaf area of 

a crop and the cultivation area where the crop is distributed. The LAI of the crops 

was analyzed through destruction investigation for about 20 days intervals using LI-

3100C (Figure 3-7 (f), and Figure 3-10) which is used to calculate total leaf area. 
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Figure 3-10 Analysis of change in LAI of tomato crop (a) selection of tomato 

crop for destruction investigation, and (b) analysis of leaf area using LI-

3100C. 

 

3.2.3.2. Design of crop energy model  

 

When solar energy reaches the leaf surface of a tomato, the heat energy can be 

classified into latent heat related to the evapotranspiration of the tomato, sensible 

heat due to the difference between the leaf temperature and the ambient air 

temperature, heat energy for photosynthesis, and energy stored in the leaf itself. 

Since the thermal energy for photosynthesis and the stored thermal energy of crops 

occupy a small proportion of the total thermal energy, the energy exchange by 

photosynthesis and stored thermal energy were not considered.  

The SPSS Statistics (IBM, USA) was used to analyze the correlation between 

the microclimate environmental variables measured in the experimental greenhouse 

and the physiological characteristics of tomatoes, and to design the tomato energy 

model through the analysis. The crop energy model includes the sensible and latent 

heat of crops in Eq. 3-3 and Eq. 3-4. Sensible heat is affected by LAI, air density, 
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specific heat of air, leaf temperature and ambient air temperature, and air resistance 

characteristics. Latent heat is affected by evapotranspiration generated from crops. 

Therefore, to consider the characteristics of sensible heat and latent heat that 

fluctuate according to the microclimate environment, a multiple regression model 

was designed to estimate leaf temperature and evapotranspiration that are not 

normally monitored in a greenhouse. The suitability of the model was evaluated by 

comparing the leaf temperature and evapotranspiration data measured in the field 

experiment with the predicted results from the multiple regression model. In 

calculating the sensible heat, the aerodynamic resistance of the crop was calculated 

by Eq. 3-11 suggested by Campbell (1977).  

 

𝑟𝑎=840(
𝑙

|𝑇𝑜−𝑇𝑎|
)
0.25

  (Eq. 3-11) 

  

 

where l is the leaf dimension (m), To is the ambient air temperature (ÁC), Ta 

is the air temperature (ÁC), and ra is the aerodynamic resistance (s m-1). 

 

3.2.3.3. Design and validation of BES model for greenhouse 
 

It is necessary to predict the energy required for cooling and heating to maintain 

an appropriate growing environment for tomatoes according to the temperature 

conditions inside the greenhouse. To calculate the cooling and heating energy load 

inside the greenhouse, the greenhouse BES model was designed using the modules 

in Table 3-2. Using the TRNSys3D plug-in of TRNSYS Ver. 18 following the 

structural characteristics of the experimental greenhouse in Andong University, a 

three-dimensional plastic greenhouse of Type 56 was designed using SketchUp 2018 
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(Trimble, USA). Unlike typical buildings, plastic greenhouses are usually made of 

very thin vinyl material, the covering characteristics of the greenhouse that can be 

interconnected with TRNSYS were designed using Window 7.3 software used in 

Lee et al. (2012) (Table 3-3). 

Weather conditions were designed using a Type 9 module that inputs hourly 

external weather data, and weather data (air temperature, relative humidity, surface 

temperature, solar radiation, atmospheric pressure) measured from May 25, 2018, to 

August 18, 2018, at the Automated Weather Station (AWS) were used. The total 

horizontal radiation transmitted from the Type 9 module was classified as direct and 

diffuse solar radiation using the standard latitude and longitude through the Type 16 

module. In Type 69, the sky temperature was calculated using horizontal direct solar 

radiation, diffuse solar radiation, dry bulb temperature, and dew point temperature; 

the energy load of the building was calculated according to the azimuth and elevation 

angles of the sun that change in real-time. In addition, Type 33 modules were used 

to calculate dew point temperature and dry bulb temperature using external air 

temperature and relative humidity and the calculated temperature applied with 

boundary conditions for Type 56.  

The tomato energy model (sensible heat and latent heat) designed through field 

experiments was designed using a calculator module, and different tomato energy 

models were applied by dividing into 7 stages from 1 to 7 depending on the growth 

stage of tomatoes. In the greenhouse BES model, the ventilation of the greenhouse 

was designed in the same way as the control logic operated in the actual cultivation 

environment. The control logic was designed to open the side-opening and roof-

opening of the greenhouse when the internal air temperature of the greenhouse was 

higher than the external air temperature and when the internal air temperature of the 
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greenhouse was over 20 °C. The ventilation rate that was applied to the BES model 

was calculated by taking into account the highest frequency wind speed around the 

greenhouse analyzed through the analysis of wind environment, the opening area, 

and volume of the greenhouse. Further, when solar radiation of 800 W m-2 or more 

was radiated to the greenhouse, the shading net inside the greenhouse was operated.  

 

𝑉𝑅=
𝑈×𝐴

𝑉
 (Eq. 3-12) 

 

where VR is the ventilation rate (h-1), U is the wind speed (m s-1), A is the cross-

sectional area of the opening, and V is the volume of the greenhouse. 

 

Table 3-2 Description of BES modules for energy load calculation of 

greenhouse (Lee et al., 2012). 

 Modules Use Specification 

 Type 9 Data reader 
Used to read a weather file in combination 

with other components 

 Type 16 
Radiation 

processor 

To interpolate solar radiation data, calculate 

several quantities related to the position of 

the sun, and estimates insulation on a 

number of surfaces of either fixed or variable 

orientation 

 Type 33 Psychrometrics 
To calculate moist air taking as input the dry 

bulb temperature and relative humidity 

 Type 69 
Sky temperature 

calculator 

To determine an effective sky temperature, 

which is used to calculate the long-wave 

radiation exchange between an arbitrary 

external surface and the atmosphere 

 
Type 65 Online plotter 

Used to display selected system variables 

while the simulation is in progress 

 
Type 56 Greenhouse 

To model the thermal behavior inside a 

greenhouse 
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Table 3-3 Properties of the covering material for the experimental greenhouse. 

Parameters Input values 

Solar transmittance 0.862 

Solar reflectance 

(exterior and interior facing side) 
0.105 

Visible transmittance 0.881 

Visible reflectance 

(exterior and interior facing side) 
0.108 

Thermal infrared transmittance 0 

Infrared emittance  

(exterior and interior facing side) 
0.658 

Conductivity (W m-1 K-1) 0.14 

U factor (W m-2 K-1) 5.412 

 

It is essential to validate the BES model to determine whether the designed 

greenhouse BES model was designed realistically and accurately. In most studies, 

validation of the BES model has been performed using the error and coefficient of 

determination (R2; R-square; Eq. 3-13) from the air temperature measured inside the 

greenhouse (Luo et al., 2005; Sethi, 2009; Ntinas et al., 2014; Chen et al., 2015; 

Mashonjowa et al., 2013; etc.).  

Therefore, in this study, Energy Rate Control (ERC) was applied to the designed 

greenhouse BES model, and the air temperature change in the analysis space was 

simulated from the thermal energy flowing into and out of the space. The air 

temperature and relative humidity calculated through the greenhouse BES model 

were compared and validated with field-examined air temperature and relative 

humidity data (measured from June 9, 2018, to August 15, 2018) by a statistical 

indicator (coefficient of determination; R2) and absolute error. Also, to determine the 

suitability of the tomato energy model (designed multiple regression models) as an 

individual module, the estimated evapotranspiration and leaf temperature with the 
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designed tomato energy exchange model were validated by comparing the measured 

evapotranspiration and leaf temperature.  

 

𝑅2=
∑ (𝑌𝑖|𝑚𝑒𝑎−𝑌𝑚𝑒𝑎̅̅̅̅̅̅̅̅)(𝑌𝑖|𝑠𝑖𝑚−𝑌𝑠𝑖𝑚̅̅̅̅ ̅̅̅)𝑛
𝑖

2

∑ (𝑌𝑖|𝑚𝑒𝑎−𝑌𝑚𝑒𝑎̅̅̅̅̅̅̅̅)
2𝑛

𝑖 ∑ (𝑌𝑖|𝑠𝑖𝑚−𝑌𝑠𝑖𝑚̅̅̅̅ ̅̅̅)
2𝑛

𝑖

  (Eq. 3-13) 

 

where n is the number of measurement, Yi|mea is the ith measured data,  Ymea̅̅̅̅̅̅ 

is the average value of measured data, Yi|sim is the ith simulated data, and Ysim̅̅̅̅̅̅ is 

the average of simulated data 
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3.3. Results and discussions 
 

3.3.1. Environmental monitoring inside and outside the greenhouse 
 

To design the tomato energy model and validate the greenhouse BES model taking 

the tomato energy model into account, environmental monitoring inside and outside 

the greenhouse was performed from May 25, 2018, to August 18, 2018. Table 3-4 

showed the field-measured data for the average air temperature, relative humidity, 

solar radiation, and evapotranspiration inside and outside the greenhouse during the 

entire experiment period.  

The average air temperature and standard deviation (S.D.) inside the greenhouse 

were 27.4 °C and 6.2 °C, respectively, and the relative humidity was 91.1% (S.D.: 

7.5%). During summer nights, the air temperature rose to a maximum of 34.0 °C 

inside the greenhouse, but the average air temperature was 23.8 °C (minimum: 

16.3 °C, S.D.: 3.9 °C). The relative humidity was 95.2% (S.D.: 3.4%). During the 

night, when the external air temperature was lower than the designed air temperature 

inside the greenhouse, the internal relative humidity reached a maximum of 100%. 

On the other hand, during the daytime, the average air temperature inside the 

greenhouse was 30.5 °C (S.D.: 6.1 °C), and as the air temperature increased up to 

45.3 °C inside the greenhouse, the lowest relative humidity inside the greenhouse 

was 29.3%. Whereas, the minimum air temperature was 16.9 °C, which happened 

just before sunrise. In the case of daytime, the average air temperature inside the 

greenhouse increased by 28.1% due to radiative heat transfer and convective heat 

transfer caused by solar radiation compared to the nighttime, and on the contrary, the 

relative humidity decreased by 8.0%.  

The air temperature around the crops inside the greenhouse and the tomato crops 
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continue to exchange thermal energy until equilibrium was reached. During the 

entire experiment, the leaf temperature average was 26.8 °C (S.D.: 5.7 °C). There 

was no significant difference in air temperature as 0.6 °C when comparing the air 

temperature in the greenhouse and the leaf temperature. Even during the night, the 

average leaf temperature was 23.9 °C (S.D.: 3.6 °C), which did not significantly 

differ from the ambient air temperature. On the other hand, the leaf temperature 

during the daytime was 5.5 °C higher than at night, 29.4 °C (S.D.: 5.9 °C), and 

increased to a maximum of 44.1 °C during the daytime.  

 

Table 3-4 Monitoring of micro-climate environment in the greenhouse (from 

May. 25, 2018, to Aug. 18, 2018). 

Classification Avg. Max. Min. S.D. 

Evapotranspiration (g plant-1 hour-1) 2.5 18.7 0.0 3.7 

Internal Temp. (℃) 27.4 45.3 16.3 6.2 

External Temp. (℃) 25.0 34.7 12.1 4.8 

Leaf Temp. (℃) 26.8 44.1 16.6 5.7 

Internal R.H (%) 91.1 100 29.3 7.5 

External R.H (%) 82.6 100 46.3 8.1 

Internal solar radiation (W m-2) – 629.4 0.0 – 

External solar radiation (W m-2) – 969.4 0 – 

 

The air temperature inside the greenhouse was generally formed relatively higher 

than the external air temperature because radiative heat was transmitted due to the 

influence of solar radiation and partially reflected solar radiation was blocked by 

glass or plastic, which are the covering materials of a greenhouse. The maximum 

solar radiation was 969.4 W m-2 outside the greenhouse, and the highest solar 

radiation appeared around 1–2 pm. However, after that time, the solar radiation 

tended to decrease, and after sunset, the solar radiation value outside the greenhouse 
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was close to 0 W m-2. The solar radiation inside the greenhouse was found to be in 

the range of 0–629.4 W m-2 during the experiment period, the decrease in solar 

radiation generated simply by passing through the greenhouse covering material was 

close to 35.1%. This was because dust accumulated on the covering material as the 

usage period of the greenhouse covering material elapsed or the covering material 

was contaminated from other substances and was damaged by opening and closing 

the side and roof-opening of the greenhouse (Abdel-Ghany and Kozai 2006; Lee et 

al., 2010). 

To reduce damage to crops caused by high air temperatures and strong solar 

radiation distributed inside the greenhouse, a shading net was installed and operated. 

Since field experiments were conducted in the greenhouse where crops were 

cultivated, there were limitations in measuring the change in solar radiation 

according to the operation of a shading net over a long time. Therefore, the solar 

radiation according to the operation of the shading net was shortly measured for 40 

minutes from 14:50 to 15:30 on July 30, 2018. Figure 3-11 showed the graph of solar 

radiation measured inside and outside the greenhouse. As external solar radiation 

increases or decreases, internal solar radiation showed a similar tendency. During the 

experiment, approximately 100 W m-2 of solar radiation was found for about 20 

minutes from 15:00, which was due to sudden changes in the weather (clouds). In 

the case of solar radiation inside and outside the greenhouse according to the 

operation of a shading net in the greenhouse, there was a difference of at least 1.1% 

and a difference of up to 64.5%. The reduction rate of solar radiation inside and 

outside the greenhouse was similar to the performance of the shading net provided 

by the manufacturer (shading rate: 62.5%).  
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Figure 3-11 Change in solar radiation transmitted through greenhouse 

covering material according to the use of shading net. 

 

Solar radiation and air temperature are factors that greatly affect the 

evapotranspiration of crops. The evapotranspiration for each individual tomato plant 

varies according to the environmental conditions inside and outside the greenhouse. 

The evapotranspiration for each individual tomato plant showed an average of 2.8 g 

plant-1 per hour, and up to 18.7 g plant-1 hour-1. When the leaf temperature was lower 

than the surrounding air temperature, the evapotranspiration from tomatoes showed 

close to 0 g plant-1 hour-1, and this phenomenon occurred just before sunrise or after 

sunset when the solar radiation was less prominent. On the contrary, when the leaf 

temperature was higher than the surrounding air temperature, evapotranspiration 

occurs and the evapotranspiration increases to control excessive temperature rise 

within the tomato leaf. The evapotranspiration was affected immediately after 

sunrise to just before sunset, and changes in the measured evapotranspiration 

occurred intermittently according to changes in weather conditions such as clouds. 

During the night (from 19:00 to 06:00), the average evapotranspiration was 0.4 g 

plant-1 hour-1, and the maximum was 3.5 g plant-1 hour-1. As daytime and nighttime 
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were divided into specific times, evapotranspiration appeared to have occurred 

around 7 P.M. by solar radiation and the weather conditions inside the greenhouse, 

with an 81% decrease in evapotranspiration compared to the daily maximum. On the 

other hand, during the daytime (from 06:00 to 19:00), the average evapotranspiration 

was 5.2 g plant-1 hour-1, and the maximum was 18.7 g plant-1 hour-1.  

 The tomato LAI calculated through destruction investigation was shown in 

Figure 3-12. It increased with the number of cultivation days, and the leaf area and 

plant height increased exponentially at the beginning of planting. This was similar 

to the results measured through field experiments by Oliveira et al. (2013) and Monte 

et al. (2013), showing the form of a sigmoid curve for the period after planting 

tomato. As the cultivation days elapsed, the change in the LAI of tomatoes was 1.1 

at the initial stage and 5.2 at the maximum growth. A value greater than the LAI of 

5.2 was rarely generated due to aged leaf care and tomato height adjustments, and 

the LAI was maintained at 5.2 (Figure 3-12). Changes in the LAI by cultivation days 

after planting (Figure 3-13) can be mathematically expressed such as Eq. 3-14 with 

the form of a cubic equation (R2 = 0.98).  

 



 

 ５７ 

 

Figure 3-12 Change in LAI according to cultivation days after planting. 

 

𝑌=−9𝐸−06(𝑑𝑎𝑦)3+0.0012(𝑑𝑎𝑦)2+0.018(𝑑𝑎𝑦)+0.841 (Eq. 3-14) 

  
 (𝐼𝑓,𝑑𝑎𝑦≥20,𝑅2=0.98) 

 

 

Figure 3-13 Tomato growth according to cultivation days after planting. 

 

3.3.2. Design of crop energy model 
 

In calculating sensible and latent heat, important variables such as LAI, 

evapotranspiration, and leaf temperature are needed. In general, multiple regression 

analysis was performed to estimate evapotranspiration and leaf temperature of 

tomato crops that were not continuously measured in a greenhouse. First, Pearson 
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correlation analysis was performed to analyze the correlation of environmental 

variables measured in the experimental greenhouse. Table 3-5 showed the results of 

analyzing the correlation coefficient between environmental variables (air 

temperature, leaf temperature, humidity, insulation) through Pearson correlation 

analysis. The measured evapotranspiration and solar radiation, air temperature, 

humidity, and leaf temperature were found to have correlations of 0.73, 0.61, – 0.605, 

and 0.45, respectively, and were found to be significant at a confidence level of 

0.01%. Solar radiation, air temperature, and leaf temperature had a positive 

correlation with evapotranspiration, while relative humidity showed a negative 

correlation. Although the correlation between the internal air temperature and 

relative humidity of the greenhouse and leaf temperature did not show a strong 

correlation, the evapotranspiration of tomatoes was found to have the greatest 

correlation with the solar radiation, and a weak positive correlation between the air 

temperature and leaf temperature was found. 
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Table 3-5 Pearson correlation analysis for environmental variables (evapotranspiration, air temperature, relative humidity, leaf 

temperature, solar radiation) in the greenhouse. 

Parameters Evapotranspiration Temp.air R.H Temp.leaf Solar radiation 

Evapotranspiration 

Pearson correlation 1 .611** –.605** 0.453** 0.729** 

Significance 

probability 
 .000 .000 .000 .000 

Air temperature 

(Temp.) 

Pearson correlation .611** 1 –.701** .967** .671** 

Significance 

probability 
.000  .000 .000 .000 

Relative humidity 

(R.H.) 

Pearson correlation –.605** –.701** 1 –.681** –.622** 

Significance 

probability 
.000 .000  .000 .000 

Leaf temperature 

(Temp.leaf) 

Pearson correlation .453** .967** –.681** 1 .613** 

Significance 

probability 
.000 .000 .000  .000 

Solar radiation 

Pearson correlation .729** .671** –.622** .613** 1 

Significance 

probability 
.000 .000 .000 .000  
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The microclimate environment (air temperature, relative humidity, solar radiation) 

that was distributed inside the greenhouse caused a change in leaf temperature of the 

tomato crop and caused a difference in the evapotranspiration of tomatoes due to 

real-time changes in the microclimate environment along with leaf temperature. 

Therefore, a multiple regression model was designed to predict leaf temperature and 

evapotranspiration from the microclimate environmental variables inside the 

greenhouse. The growth of tomatoes during the cultivation period showed a curve 

similar to the form of a sigmoid curve and had a significant effect on the energy 

model. In this study, the growth stages after planting tomatoes in a greenhouse were 

divided into 7 stages, and multiple regression models for leaf temperature and 

evapotranspiration were designed. The stages of the crop growth were divided into 

two-week intervals, the same as the destruction investigation for the tomato crop. 

The designed regression model was applied to consider the tomato energy exchange 

characteristics in the greenhouse BES model. The multiple regression equations for 

estimating leaf temperature and evapotranspiration were designed according to 

tomato growth stages as shown in Tables 3-6 and 3-7.  

The correlation (R) between the evapotranspiration of tomatoes estimated through 

multiple regression equations and the evapotranspiration measured through field 

experiments was 0.74, indicating that there was a weak positive correlation (R2: 0.54). 

The average error between the evapotranspiration estimated using the multiple 

regression model and the field-measured evapotranspiration was 0.95 g hour-1 on 

average (Figure 3-15). In addition, the correlation between the estimated leaf 

temperature and the measured leaf temperature using the multiple regression model 

was 0.98, which had a strong positive correlation (R2: 0.96), and the absolute error 
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between the estimated leaf temperature and the measured leaf temperature was 

0.7 °C (Figure 3-16). Finally, the designed leaf temperature estimation model was 

applied to calculate sensible heat (Eq. 3-15), and the evapotranspiration estimation 

model was applied to calculate the latent heat of tomatoes (Eq. 3-16).  

 

𝑄𝐶𝑆=
𝑓(𝑑𝑎𝑦)∙𝜌𝑎∙𝐶𝑝(𝑓(𝑇,𝐻,𝑅𝑠)−𝑇𝑎)

𝑟𝑎
  (Eq. 3-15) 

 

𝑄𝐶𝐿=𝜆∙𝑓(𝑇,𝐻,𝑇𝐿,𝑅𝑠)  (Eq. 3-16) 

 

 

where QCS is the sensible heat of the crop, QC𝐋 is the latent heat of the crop, 

f(day) is the LAI function according to the number of days after planting, ρa is the 

air density (kg m-3), Cp is the specific heat of the air (J kg-1 ˚C-1), f (T, H, R) is the 

function of estimating leaf temperature, Ta  is the air temperature inside the 

greenhouse, ra  is the aerodynamic resistance (s m-1), λ  is the latent heat of 

vaporization of water (J g-1), and f(T, H, TL, R) is the function of estimating 

evapotranspiration (g h-1). 
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Figure 3-14 Comparison of evapotranspiration between field-measured data 

and estimated data using a multiple regression model. 

 

 

Figure 3-15 Comparison of leaf temperature between field-measured data 

and estimated data using a multiple regression model. 
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Table 3-6 Multiple regression model for estimating evapotranspiration by 

growth stages. 

Stage 
The equation for estimating 

evapotranspiration of tomato 

Adjusted 

R2 
Pr>ɲtɲ Ref. 

1 
Ev1=−91.452+8.674T+0.332H−

5.743TL+0.207Rs  
0.909 <0.001 (Eq. 3-17) 

2 
Ev2=282.257+6.31T−2.58H−

7.786TL+0.276Rs  
0.876 <0.001 (Eq. 3-18) 

3 
Ev3=252.151−5.64T−2.602H+

5.741TL+0.443Rs  
0.886 <0.001 (Eq. 3-19) 

4 
Ev4=173.53+8.992T−1.546H−

9.838TL+0.109Rs  
0.719 <0.001 (Eq. 3-20) 

5 
Ev5=−32.525+0.474T+0.207H+

0.117TL+0.18Rs  
0.833 <0.001 (Eq. 3-21) 

6 
Ev6=34.738+1.416T−0.507H−

0.689TL+0.164Rs  
0.878 <0.001 (Eq. 3-22) 

7 
Ev7=229.251−4.787T−2.171H+

4.009TL+0.135Rs  
0.974 <0.001 (Eq. 3-23) 

where Ev is evapotranspiration according to the growth stage of the crop, T is 

air temperature, H is relative humidity, TL is leaf temperature, and Rs is solar 

radiation. 

 

Table 3-7 Multiple regression model for estimating leaf temperature by growth 

stages. 

Stage 
The equation for estimating leaf 

temperature of tomato 

Adjusted 

R2 
Pr>ɲtɲ Ref. 

1 
TL=4.342+0.724T+0.013H−

0.005Rs  
0.963 <0.001 (Eq. 3-24) 

2 
TL=1.211+0.782T+0.033H−

0.006Rs  
0.968 <0.001 (Eq. 3-25) 

3 
TL=7.338+0.849T−0.042H−

0.003Rs  
0.972 <0.001 (Eq. 3-26) 

4 TL=7.723+0.943T−0.065H  0.977 <0.001 (Eq. 3-27) 

5 
TL=0.905+0.894T+0.017H−

0.003Rs  
0.992 <0.001 (Eq. 3-28) 

6 
TL=2.686+0.947T−0.016H−

0.004Rs  
0.995 <0.001 (Eq. 3-29) 

7 
TL=12.387+0.835T−0.088H−

0.006Rs  
0.993 <0.001 (Eq. 3-30) 

where Ev is evapotranspiration according to the growth stage of the crop, T is 

air temperature, H is relative humidity, TL is leaf temperature, and Rs is solar 

radiation. 

 



 

 ６４ 

3.3.3. Design and validation of BES model for greenhouse 
 

A greenhouse BES model, which can simulate thermal energy flow (conduction, 

radiation, convection) of the greenhouse according to external weather conditions 

and natural ventilation operation of the greenhouse was designed using modules 

(components) to consider solar radiation, dew point temperature, and sky 

temperature provided by TRNSYS simulation studio and experimental greenhouse 

model designed in TRNbuild (Figure 3-16). Figure 3-16 showed the module 

configuration of the greenhouse BES model considering the tomato energy exchange 

characteristics, the changes in weather, solar radiation, wet air, and dew point 

temperature for the target area were considered. The crop energy exchange model 

was designed so that sensible and latent heat characteristic was considered in the 

greenhouse BES model from the multiple regression analysis between the 

microclimate environment inside the greenhouse, leaf temperature, and 

evapotranspiration (Eq. 3-14 and Eq. 3-15). A calculator module was applied to 

different relational expressions by dividing the growth stage of the tomato crop into 

1 to 7 stages. The air temperature and relative humidity inside the greenhouse 

according to the external weather conditions were calculated using the final designed 

module-based BES model. The model for implementing latent heat effects of 

tomatoes can be found to produce latent heat effects at a reasonable level compared 

to the results of the preceding studies in Table 2-1. 
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Figure 3-16 Module configuration of greenhouse BES model to consider 

tomato energy exchange (sensible and latent heat) by growth stage. 

 

To validate the greenhouse BES model, the air temperature and relative humidity 

data measured in the field experiment were compared with the calculated results 

from the greenhouse BES model. The field-measured data measured in the 

experimental greenhouse in Andong University from June 9, 2018, to August 15, 

2018, was used. The absolute error for the air temperature between the field-

measured data and the BES-computed result was 2.77 ℃ (Figure 3-17), and the 

correlation coefficient was 0.87 (Figure 3-18). In addition, the absolute error of 

relative humidity was 11.1% (Figure 3-19), and the correlation coefficient was 0.80 

(Figure 3-20). It was considered that the accuracy of the greenhouse BES model 

could be reduced by applying a constant value to ventilation rate despite the changes 

in the external and internal weather environment over time in the process of 

designing the BES model. In other words, in the case of the greenhouse BES model, 
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there was a limit in that it was not possible to quantitatively grasp the ventilation rate 

of invisible air in a naturally-ventilated greenhouse (NVG). Therefore, through the 

analysis of the wind environment around the experimental greenhouse, the 

ventilation rate (10.5 ACH) per hour predicted to occur in the greenhouse was 

applied. Because the energy load by ventilation calculated from the greenhouse BES 

model was not considered according to the wind direction and wind speed around 

the greenhouse, it was found that the greenhouse BES model had a larger error than 

expected.  
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Figure 3-17 Validation between BES-computed results and field-measured 

data: air temperature (°C).  

 

 
Figure 3-17 Comparison between BES-computed result (air temperature) 

and field-measured data. 
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Figure 3-18 Validation between BES-computed results and field-measured 

data: relative humidity (%). 

 

 

Figure 3-19 Comparison between BES-computed result (relative humidity) 

and field-measured data. 
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3.4. Conclusion 
 

The crop energy exchange model was designed by monitoring environmental 

variables (air temperature, relative humidity, solar radiation, leaf temperature, 

evapotranspiration) that can be measured inside the greenhouse for a long time and 

analyzing multiple regressions therefrom. The greenhouse BES model was designed 

considering the energy exchange characteristics of crops according to the changes in 

the microclimate environment inside the greenhouse. The designed greenhouse BES 

model was validated by comparing the field-measured data (air temperature and 

relative humidity) measured inside the greenhouse and BES-computed results.  

In this study, a greenhouse BES model was designed for energy load analysis by 

considering tomato crops inside the greenhouse using TRNSYS, a commercial 

software. First, to consider the characteristics of tomato energy exchange (sensible 

heat and latent heat) in the greenhouse BES model, a field experiment was conducted 

in a plastic greenhouse located in Andong University, and environmental variable 

data such as solar radiation, leaf temperature, air temperature, and humidity were 

continuously measured through field experiments.  

A multiple regression model was designed using the measured environmental 

variable data, and an energy exchange model was designed to consider the heat 

energy exchange characteristics of sensible and latent heat of tomatoes. The accuracy 

of the tomato energy exchange model for evapotranspiration showed an error of 0.95 

g plant-1 hour-1, the coefficient of determination was 0.54 (R = 0.73) when compared 

the field-measured data with the estimated result using the designed regression 

model. In addition, the error between the estimated leaf temperature and the field-

measured leaf temperature through the multiple regression model was 0.7 °C, and 
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the correlation (R) was 0.98 (R2 = 0.96), which had a strong positive correlation. The 

designed energy exchange model for tomato was applied to the greenhouse BES 

model for energy flow analysis into and out of the greenhouse by dividing it into one 

to seven stages according to the tomato growth.  

Finally, the designed greenhouse BES model was validated by comparing the 

field-measured data (air temperature and relative humidity) inside the greenhouse 

and BES-calculated results. The absolute error of air temperature showed an average 

of 2.77 ℃ and 11.1% of relative humidity, and R2 showed the accuracy of the model 

designed as 0.76 and 0.65, respectively. The accuracy of the greenhouse BES model 

was found to be reduced by applying a constant value to ventilation rate despite the 

changes in the external and internal weather environment over time in the process of 

designing the BES model. Therefore, to supplement and improve the accuracy of the 

greenhouse BES model, in Chapter 4, the ventilation characteristics occurring in the 

experimental greenhouse were analyzed using CFD and the evaluated ventilation 

characteristics were applied to the greenhouse BES model to supplement the 

calculated energy load by ventilation.  
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Chapter 4. Analysis of natural ventilation 

characteristics for greenhouse and supplement of 

BES model for greenhouse 
 

4.1. Introduction 
 

Since open (field) culture is directly affected by the external weather environment 

and the growing environment cannot be controlled arbitrarily, the variability of crop 

productivity in open culture is large. Especially, due to the distinct weather 

characteristics of the four seasons in Korea, the use of the protected horticulture and 

the internal environment control of protected horticulture is necessary to provide 

fresh and high-quality vegetables to consumers throughout the year.  

The thermal environment inside the greenhouse is generally controlled through 

ventilation, and most greenhouses in Korea adopt a natural ventilation method rather 

than a mechanical ventilation method that requires additional equipment and 

operating expenses. Ventilation is a factor that reduces the air temperature rise inside 

the greenhouse, changes the gas concentration and airflow in the atmosphere, and 

has a great influence on the energy input in the greenhouse, so it is necessary to 

evaluate the ventilation rate quantitatively.  

The natural ventilation rate inside the greenhouse depends on the characteristics 

of the climate condition inside and outside the greenhouse. The ventilation rate is 

typically evaluated through the field experiment, tunnel experiment, theoretical 

formulas, and numerical model. Because of the invisible characteristics of air, the 

ventilation rate of NVG was evaluated using the tracer gas decay method (Baptista 

et al., 1999; Parra et al., 2004; Katsoulas et al., 2006). Also, a field experiment to 
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measure the ventilation rate was conducted by measuring wind speed at the openings 

or the pressure difference at the front and back of the openings of the greenhouse. 

Furthermore, a wind tunnel experiment was performed using the scaled model based 

on geometrical similarity law (Kittas et al., 1996; Pakari and Ghani, 2019). Still, 

however, there was a difficulty in calculating the ventilation rate of the NVG that 

has a wide opening because of the high price of the experiment device, the 

constraints of time and labor along with the external environmental variable control.  

A simple formula for calculating the ventilation rate using the discharge 

coefficient (Cd) according to the shape of the opening can be utilized (ASHRAE 

Fundamentals, 2001). Typically, the orifice formula was applied for the theoretical 

calculation of the overall ventilation rate inside the facility (Kittas et al., 1996; 

Boulard et al., 1998; Chu et al., 2017), and the orifice formula showed the 

relationship between the difference in wind pressure inside and outside of the facility, 

and the airflow rate (Eq. 4-1).  

Kittas et al. (1997) suggested a formula (Eq. 4-2) that can explain the natural 

ventilation rate in a greenhouse where natural ventilation (wind-driven ventilation 

(WDV) + buoyancy-driven ventilation (BDV)) happened through side-opening and 

roof-opening. It has been used by Sbita et al. (1999), Demrati et al. (2001), Roy et 

al. (2002), Fatnassi et al. (2003), and so on. The Cd of 0.6 to 0.65 was applied in the 

general openings with the unidirectional flow (Etheridge & Sandberg, 1996). 

However, Heiselberg & Sandberg (2006) discussed the applicability of the orifice 

equation to building ventilation and pointed out that the Cd was difficult to determine 

and cannot be regarded as a constant. Also, Karava et al. (2004) and Yi et al. (2019) 

mentioned that when a constant Cd is applied, it can cause a major error since the Cd 

can vary according to the wind direction (Mirakami, 1991; Ohba et al., 2004), and 
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pressure difference (Sawachi et al., 2004). However, due to the limitations of field 

experiments in real space, numerical analysis is required. 

 

𝑄=𝐶𝑑𝐴√
2∆𝑃

𝜌
  (Eq. 4-1) 

 

𝑄=𝐶𝑑[(
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2
)

2

(2𝑔
∆𝑇

𝑇0
ℎ)+(

𝐴𝑇

2
)
2

𝐶𝑤𝑢
2]

0.5

  

 

(Eq. 4–2) 

 
 

where Q is the ventilation rate (m3 s-1), Cd is the discharge coefficient, Ti is the 

internal air temperature (K), To is the external air temperature (K), AT is the total 

opening area of the roof vents (m2), As is the total opening area of the side vent (m2), 

AR is the total opening area of the roof vent (m2), g is the acceleration due to gravity 

(9.81 m s-2), u is the wind speed (m s-1), and h is the height difference between the 

openings on the windward and the leeward, and Cd is the pressure difference (Pa).  

 

Though using these numerical analysis techniques requires specialized knowledge 

and computing resources, recently, the interest in the numerical analysis method 

using the fluid dynamical theory has been increased to overcome the limitations of 

field experiments. In particular, CFD simulation has the advantage of being able to 

quantitatively and qualitatively identify aerodynamic characteristics according to 

changes in the environment, operating conditions, and structure of the facility. Thus, 

the evaluation of ventilation rate for NVG has been widely studied (Bournet & 

Boulard, 2010; Piscia et al., 2012; Bartzanas et al., 2013; Boulard et al., 2017; Kim 

et al., 2017; Lee et al., 2018; etc.). There were previous studies that analyzed the 
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characteristics of natural ventilation in a greenhouse according to external wind 

speed, wind direction (Sase et al., 1983; Mistriotis et al., 1997; Bartzanas et al., 2002; 

Campen & Bot, 2003; Hong et al., 2008), greenhouse shape, and ventilation structure 

(Kittas et al., 1996; Boulard et al., 1997; Lee & Short, 2000; Bartzanas et al., 2004; 

Kacira et al., 2004; Bourlard & Fatnassi, 2005; Hong et al., 2008) using CFD. 

However, most studies were limited to analysis on the distribution of microclimate 

environment (air temperature, humidity, and gas) and ventilation efficiency in 

greenhouses.  

Moreover, the assessment of the Cd under the environmental conditions inside and 

outside of greenhouses was insufficient because many scenario analysis should be 

conducted to analyze ventilation characteristics according to the changing wind 

environment in real-time. Also, calculated ventilation characteristics were difficult 

to be distinguished as BDV, WDV, and combined ventilation depending on wind 

speed and wind direction conditions under steady-state computation. 

Therefore, the purpose of this study was to evaluate natural ventilation rate and Cd 

according to the ambient wind environment (wind direction, wind speed) and height 

of crops inside the greenhouse using the CFD technique. Finally, an attempt was 

made to improve the accuracy of the greenhouse BES model, which was designed in 

Chapter 3. As previously discussed, the applied calculated Cd values take into 

account the characteristics of ventilation within the greenhouse BES model 

according to the wind environment conditions around the greenhouse in calculating 

the energy load caused by ventilation. 
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4.2. Materials and methods 
 

Figure 4-1 represented the research flow of this chapter to improve the greenhouse 

BES model designed in Chapter 3 by evaluating and considering natural ventilation 

characteristics, such as natural ventilation rate and Cd in experimental greenhouses 

according to wind direction and wind speed. First, the experimental greenhouse was 

designed using CFD to evaluate the natural ventilation rate and Cd according to wind 

direction, wind speed, and height of tomatoes. The requirements for the design of 

CFD models, such as the greenhouse specifications, and the size of tomatoes (height, 

width) were determined from the field-investigation and field experiment. Similarly, 

the design of the wind environment and crop model for CFD models was applied to 

this study by using the validated design methodology (Kim et al., 2017; Lee et al., 

2006).  

Using the CFD model of the designed NVG, the ventilation rate (air change per 

hour; ACH) using mass flow rate (MFR) of the greenhouse was quantitatively 

assessed according to the conditions of the external weather environment, and the Cd 

at the opening of the experimental greenhouse was assessed according to the above-

mentioned conditions. Through this, the greenhouse BES simulation model was 

redesigned and revalidated by considering the thermal energy load caused by the 

natural ventilation characteristics of the greenhouse, taking into account the weather 

conditions around the greenhouse that fluctuate over time.  
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Figure 4-1 Research flow for analysis of natural ventilation rate and Cd at 

the opening of an NVG. 

 

4.2.1. Experimental greenhouse 
 

The experimental greenhouse to analyze the ventilation rate and the Cd at the 

opening using CFD model was a three-span plastic greenhouse in Andong University 

(latitude: 36° 54'; longitude: 128° 80');  it was made of PO film (Fig. 3-3(a)), which 

was oriented in the northwest-southeast (NW-SE) direction. The greenhouse has a 

width of 23.1 m, a ridge of 4.5 m, an eave of 2.5 m, a length of 20.0 m (left side from 

the entrance door), and 26.0 m (right side) (Figure 3-3). Environmental control 
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(ventilation) inside the greenhouse was operated through roll-up devices on both 

sides and the roof surface. The details of the experimental greenhouse and crops were 

described in Chapter 3.2.1.  

 

4.2.2. Computational Fluid Dynamics (CFD) 
 

Computational Fluid Dynamics (CFD) technique that calculates the airflow 

numerically was used to evaluate the characteristics of natural ventilation of the 

greenhouse and the Cd of the opening of the greenhouse. CFD is a method that 

numerically solves the Navier-Stokes equation based on a nonlinear partial 

differential equation (Norton et al., 2007; Kwon et al., 2015). The numerical analysis 

method of fluid and energy flow phenomena is based on the laws of conservation of 

mass, momentum, and energy, and each conservation equation is shown in Eq. 4-3 

to Eq. 4-5 (ANSYS, 2016).  

 

Continuity equation 

𝜕𝜌

𝜕𝑡
+
𝜕

𝜕𝑥𝑖
(𝜌𝑢𝑖)=0 (Eq. 4-3) 

  

Conservation of energy equation 

𝜕

𝜕𝑡
(𝜌𝐶𝑝𝑇)+

𝜕

𝜕𝑥𝑗
(𝜌𝑢𝑗𝐶𝑝𝑇)−

𝜕

𝜕𝑥𝑗
(𝜆
𝜕𝑇

𝜕𝑥𝑗
)=𝑆𝑇  (Eq. 4-4) 

  

Conservation of momentum equation 

𝜕

𝜕𝑡
(𝜌𝑢𝑖)+

𝜕

𝜕𝑥𝑗
(𝜌𝑢𝑖𝑢𝑗)=

𝜕

𝜕𝑥𝑗
[−𝑝𝛿𝑖𝑗+𝜇(

𝜕𝑢𝑖
𝜕𝑥𝑗
+
𝜕𝑢𝑗

𝜕𝑥𝑖
)]+𝜌𝑔𝑖 (Eq. 4-5) 

  

where ρ is the density (kg m-3), 𝐶𝑝 is the specific heat capacity (W kg-1 k-1), ST 
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is the sink or source term (W m-3), E is the total energy (kg m2 s-2 kg-1), p is the 

static pressure (Pa), 𝑥 is the position vector in tensor notation, T is the temperature 

(K), t is the time (s), u is the velocity (m s-1), δ is the Kronecker delta, g is the 

gravitational acceleration (m s-2), λ is the thermal conductivity (W m-1 K-1), and i, j, 

k are the Cartesian coordinates. 

 

The design of the CFD model goes through the preprocessing process of 

geometrical design, grid formation in the order of points, lines, faces, and volume of 

the object to be analyzed. In the main processing process, boundary conditions in the 

CFD model were defined and the nonlinear partial differential equation (Navier–

Stokes equation), which is the governing equation of fluid flow, was then converted 

to algebraic equations, and the flow phenomenon of fluid is interpreted qualitatively 

and quantitatively by applying a numerical algorithm. CFD-computed results were 

analyzed and evaluated qualitatively and quantitatively through postprocessing 

(Figure 4-2).  
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Figure 4-2 Simulation analysis process using CFD. 

 

CFD is used to simulate and analyze numerical values of analysis targets 

according to various environmental conditions while maintaining the same external 

environmental conditions. It has the advantage of being able to flexibly design and 

analyze models, overcoming various experimental limitations that may be 

encountered during the field experiment and wind tunnel test. Therefore, it has been 

widely used in many industries and research fields in chemical processes, aerospace, 

HVAC, and automotive industries (Norton et al., 2007). However, to ensure high 

accuracy and reliability, a series of validation processes are required for the subjects 

to be analyzed when deriving numerical solutions using CFD (Yeo et al., 2018). 

In this study, ANSYS Workbench Platform (ANSYS Inc., USA) was used. In 

ANSYS Workbench, Design Modeler and ANSYS Meshing (ANSYS Inc., USA) 

were used for designing geometrical shapes and grids of the numerical model at the 

preprocessing stage, while ANSYS FLUENT (ANSYS Inc., USA) was used to 

interpret the model under given boundary conditions. 

 



 

 ８０ 

4.2.3. CFD model design for the greenhouse to quantitatively evaluate 

natural ventilation 
 

The CFD model was designed to be as similar as possible to the experimental 

greenhouse. However, obstacles such as greenhouse frames that are not considered 

to have a significant effect on internal fluid flow were not considered in the CFD 

model. The side and top surfaces of the computational domain should be designed to 

the extent that the airflow is not affected by the greenhouse. The length should be 

determined appropriately because the excessive design of side and top surfaces will 

cause inefficient calculations. The design criteria for the external computational 

domain of the greenhouse presented in the study of Kim et al. (2017) were applied 

to adequately simulate airflow characteristics generated from outside the greenhouse. 

Kim et al. (2017) stated that the size of the entire computational domain can be 

determined by the height of the obstacle or target object because the generated vortex 

at the highest point of the analysis target was first dissipated. When the length of the 

leeward was between 10 H to 25 H, it can be seen that the backflow was generated 

within the computational domain and the backflow pattern at the leeward was similar 

in shape as shown in Figure 4-3.  
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Figure 4-3 Wind speed distribution at the center of the computational 

domain according to a length of the leeward side (a) distribution of wind speed 

at the leeward length of 5 H, (b) 10 H, (c) 15 H, (d) 20 H, and (e) 25 H (Kim et 

al., 2017). 

 

Therefore, in this study, according to the height of the greenhouse when the wind 

blows in a direction perpendicular (90°) to the opening of the greenhouse and parallel 

to the greenhouse (0°), the size of the computational domain was determined as: 

windward side, leeward side, side, and top as 3H, 15H, 5H, and 5H, respectively. In 

addition, when the wind direction outside the greenhouse was generated from 45°, 
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the external computational domain was designed by setting it to 3 H and 15 H, 

respectively, at the windward and leeward sides. Figure 4-4 showed the top view and 

a side view of the computational domain when the wind was generated in a direction 

perpendicular to the greenhouse (90°) with the greenhouse installed in the north-

south direction. Finally, the greenhouse CFD model was designed with 

approximately 5.6 million grids using a hex/prism grid shape. It was designed to 

meet the Orthogonal quality (close to 1) and skewness (less than 0.95) criteria 

required to solve problems with computational errors and accuracy reduction by grid 

quality. 

 

 

Figure 4-4 Designed CFD model for greenhouse and computational domain 

(a) top view, and (b) side view for CFD calculation domain. 
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Since the experimental greenhouse adopted a natural ventilation system, it is 

important to realize a wind speed profile considering external obstacles and wind 

speed dissipation due to terrain (roughness). According to the method suggested in 

the study implemented by Richards (1989), the profiles of average wind speed, 

turbulent kinetic energy, and turbulent dissipation rate were applied. The average 

wind speed profile was the same as in Eq. 4-6, and the profiles for turbulent kinetic 

energy and turbulent dissipation rate are the same as in Eq. 4-7 and Eq. 4-8. RNG k–

epsilon turbulence model, which is commonly used to analyze internal fluid 

interpretation was applied, and it has been validated that the internal turbulence 

characteristics inside the greenhouse showed high accuracy by Lee et al. (2012). 

 

𝑈(𝑦)=
𝑢∗𝐴𝐵𝐿

𝑘
𝑙𝑛 (
𝑦+𝑦0

𝑦0
)  (Eq. 4-6) 

 

𝑘(𝑦)=
𝑢∗2𝐴𝐵𝐿

√𝐶𝑢
  (Eq. 4-7) 

 

휀(𝑦)=
𝑢∗3𝐴𝐵𝐿

𝑘(𝑦+𝑦0)
  (Eq. 4-8) 

 

where u is the average wind speed (m s-1), u∗ABL is the wall friction velocity (m 

s-1), k is the von Karman constant (0.42), y is the distance from the wall (m), y0 is 

the aerodynamic roughness length (0.03), k is the turbulent kinetic energy (m2 s-2), 

Cu is the model fitting parameter (0.09), and Ɛ is the turbulent energy dissipation (m2 

s-3). 

 

Tomatoes inside the greenhouse were also designed as a permeable medium to 

take into account the effects of crops on the climate of the greenhouse. In the CFD 



 

 ８４ 

model, Darcy-Forchimer Equation was used as the design formula of permeable 

media (Eq. 4-9). The right term of Eq. 4-9 includes viscous loss term (or Darcy term) 

associated with viscosity reduction and initial loss term associated with internal 

energy reduction. On the other hand, for viscous loss terms, turbulence flows with a 

high number of Reynolds of more than 5,000 was generally negligible (Ansys, 2016). 

Also, SΦ was generally expressed in terms of unit volume for crop permeability 

mediums (Wilson, 1985). Eq. 4-11 was established through the relationship between 

Eq. 4-9 and Eq. 4-10. 

In the case of LAI, it depends on the growth stage of the tomato, and in the case 

of mature tomatoes, LAI showed larger. The LAI of 3 m-2 m-2 measured by Hong et 

al. (2006) for tomato crop was applied. A permeability medium for tomatoes was 

designed by applying 0.26, a drag coefficient (CD) for Korea’s representative tomato 

species derived from wind tunnel experiments by Lee et al., (2006).  

 

𝑆𝛷=−((
𝜇

𝐾
)𝑈+(

𝐶𝐹

√𝐾
)×𝑈2) (Eq. 4-9) 

 

𝑆𝛷=−𝐿𝐴𝐼×𝐶𝐷×𝑈
2  (Eq. 4-10) 

 

𝐶𝐹

√𝐾
=𝐿𝐴𝐼×𝐶𝐷  (Eq. 4-11) 

 

where U is the wind speed (m s-1), μ is the viscosity coefficient of air, K is the 

permeability of media (m2), CF is the dimensionless momentum loss factor, LAI is 

the LAI (m-2 m-2), and CD is the drag coefficient (dimensionless). 

 

In this study, to calculate the ventilation rate generated inside the NVG and the 

coefficient of discharge from the openings of the greenhouse, the computational 
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domain around the greenhouse was designed and the grid was created. As for the 

boundary condition (Table 4-1), the airflow flowing in was defined as Velocity–inlet 

while the airflow flowing out was defined as pressure–outlet. The ground surface of 

the computational domain was defined as a wall because friction exists. The 

boundary conditions on both side and top surfaces were defined to symmetry to 

increase the efficiency of the computation and narrow the extensive space into finite 

space. The reference pressure was assumed to be atmospheric pressure conditions, 

and pressure-based solutions were applied to the solver for interpretation. The 

SIMPLE algorithm, which provides flexibility and was highly convergent, was used. 

The previously calculated wind speed profile and turbulent energy and dissipation 

rate profile were applied to the inlet of CFD simulation, and standard atmospheric 

pressure (101,325 pa) was applied to the outlet. Also, the viscosity coefficient was 

assumed to be 1.7894 × 10-5.  

Because the experimental greenhouse was asymmetrical as shown in Figure 3-

3(c), simulation analysis was performed on a total of 72 conditions for eight wind 

direction conditions (0°, 45°, 90°, 135°, 180°, 225°, 270°, and 315°), three wind 

speed conditions (1.0 m s-1, 3.0 m s-1, and 5.0 m s-1), and four tomato height 

conditions (no crop, 0.5 m, 1.0 m, and 1.6 m).  
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Table 4-1 Initial boundary condition of the CFD model for evaluating 

ventilation rate and Cd at the opening of the NVG. 

Boundary 

conditions of the 

CFD model 

Contents Input values 

Atmospheric pressure 101,325 Pa 

Density of air 1.225 kg m-3 

Gravitational acceleration 9.81 m s-2 

Inlets Wind profile (1, 3, 5 m s-1) 

Outlet Pressure outlet 

Coefficient of viscosity 1.7894×10-5 

Drag coefficient of crop 0.26 

Viscous resistance 2.532 m-2 

Inertial resistance  1.92 m-1 

Pressure–velocity coupling SIMPLE algorithm 

Spatial discretization of 

momentum, volume fraction, 

turbulent kinetic energy, and 

turbulence dissipation rate 

Second-order upwind 

Spatial discretization of gradient Least squares cell-based 

Transient formulation First-order implicit 

Turbulence models RNG k–ε 

Convergence criteria 1×10−6 

 

4.2.4. Evaluation of natural ventilation rate of the greenhouse  
 

Air change per hour (ACH) was used as a method for quantitatively calculating 

the natural ventilation rate of a greenhouse. The ACH can be expressed as the number 

of air changes in the experimental greenhouse per hour assuming that air entering 

the greenhouse was used to replace air inside the entire greenhouse (Eq. 4-12). 

According to the mass conservation law, the amount of air flowing in and out is the 

same, and the ventilation rate was calculated based on the wind speed, area of the 

outlet, and air density in the greenhouse (Eq. 4-12). The MFR calculated through the 

CFD model was converted to the ACH, taking into account the volume and air 

density of the experimental greenhouse with Eq. 4-13. The ventilation rate was used 
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to evaluate the Cd at the opening of the greenhouse, which depends on the shape of 

the opening of the greenhouse, the height of the tomato, and the wind environment. 

 

𝑀𝐹𝑅=𝜌×𝑈×𝐴 (Eq. 4-12) 

 

𝐴𝐶𝐻=
𝑀𝐹𝑅

(𝜌×𝑉)
 (Eq. 4-13) 

 

where MFR is the mass flow rate (kg s-1), ρ is the air density (kg m-3), U is the 

air velocity (m s-1), A is the area (m2), ACH is the air change rate (h-1), and V is the 

volume of the experimental facility (m3). 

 

4.2.5. Evaluation of discharge coefficient (𝐂𝐝) of the greenhouse 
 

To estimate the flow of fluid through the opening of a greenhouse, the orifice 

formula was applied and can be induced through the Bernoulli formula (Karava et 

al., 2004; 2006; 2007). The flow rate of fluid through any cross-sectional area is 

proportional to the cross-sectional area and the pressure difference is proportional to 

the square root (Eq. 4-1) (Bruce, 1975). Fluid passing through any cross-sectional 

area causes energy loss due to shrinkage and friction of the area, and a Cd was applied 

to correct for it. In other words, when air enters the opening, the opening is defined 

as resistance and can be quantified from the relationship between the flow rate and 

the pressure drop rate at the opening. In general, the Cd is applied from 0.6 to 0.65 

(ASHRAE Fundamentals, 2001) for square-shaped windows and 0.9 to 0.95 for 

circular windows. However, the Cd and pressure drop at the opening varies 

depending on the shape of windows and airflow rate, air density, and wind direction, 

and viscosity coefficient of the incoming air (Heiselberg & Sandberg, 2006). 
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Therefore, an evaluation of the Cd is required to accurately estimate the airflow rate 

through the opening by the pressure difference.  

In terms of a greenhouse, the difference of static pressure for a reference point and 

any point, reference wind speed, and air density should be considered to calculate 

the pressure coefficient at any point. The pressure coefficient is the ratio of static 

pressure to the dynamic pressure of the external wind speed, the pressure coefficient 

can be expressed as Eq. 4-14. The pressure at any two points can be calculated using 

Eq. 4-15 and Eq. 4-16. The pressure difference between the two points was as shown 

in Eq. 4-17. Therefore, the Cd can be calculated using the cross-sectional area of the 

opening, the difference of the pressure coefficient, and the airflow rate (Eq. 4-18).  

 

𝐶𝑝=
𝑃−𝑃𝑟𝑒𝑓

0.5𝜌𝑉𝑟𝑒𝑓
2  (Eq. 4-14) 

 

𝑃1=𝐶𝑝1
1

2
𝜌𝑉2  (Eq. 4-15) 

 

𝑃2=𝐶𝑝2
1

2
𝜌𝑉2  (Eq. 4-16) 

 

∆𝑃=𝑃1−𝑃2=𝐶𝑝1
1

2
𝜌𝑉2−𝐶𝑝2

1

2
𝜌𝑉2=(𝐶𝑝1−𝐶𝑝2)

1

2
𝜌𝑉2  (Eq. 4-17) 

 

𝐶𝑑=
𝑄

𝐴×𝑉×√(𝐶𝑝1−𝐶𝑝2)
  (Eq. 4-18) 

 

where Pref is the reference pressure (Pa), ρ is the air density (kg m-3), Vref is the 

wind speed at reference height (m s-1), P1 and P2 is the pressure (Pa), Cp1 and Cp2 

is the wind pressure coefficient inside and outside the greenhouse (Pa), ρ is the air 

density (kg m-3), Cd is the discharge coefficient (Pa), A is the area of opening (m2), 

and V is the wind speed (m s-1) 
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Kittas et al. (1997) presented a numerical model for calculating air exchange rates 

taking into account BDV (Eq. 4-19) and WDV (Eq. 4-20) for NVGs with side and 

roof openings. Natural ventilation characteristics were considered using this 

numerical model in this study. Sawachi et al. (2004) assumed that BDV occurred 

because the wind direction was parallel to the opening under conditions of 0° and 

180° (Figure 4-5). It was also assumed that BDV occurred due to the low effect of 

the advection under wind speed of 0.5 m s-1 or less. From this, the dispersion 

coefficient was calculated from Eq. 4-21. On the other hand, WDV was assumed to 

be dominant when the wind speed was 1.5 m s-1 or higher because the effect of 

ventilation by buoyancy is very small. Whereas, it was assumed that combined WDV 

and BDV occurred when wind speed was within the range of 0.5 m s-1 to 1.5 m s-1. 

The wind speed for BDV, WDV, and combined ventilation referred above has been 

mentioned by Papadakis et al. (1996), Boulard et al. (1996), and Fernandez & Bailey 

(1992). It was assumed that the BDV, WDV, and combined ventilation occur 

according to wind speed in wind direction 45° and 90° conditions based on the 

opening of the greenhouse. 

 

𝑄=𝐶𝑑[(
𝐴𝑅𝐴𝑆

√𝐴𝑅
2+𝐴𝑆

2
)

2

(2𝑔
∆𝑇

𝑇0
ℎ)]

0.5

  (Eq. 4-19) 

 

𝑄=
𝐴𝑇

2
𝐶𝑑√𝐶𝑤 𝑢  (Eq. 4-20) 

 
 

𝐶𝑑=0.40+0.0045(𝑇𝑖−𝑇𝑒)  (Eq. 4-21) 

 

where Cd  is the discharge coefficient, AR  is the cross-sectional area of roof 
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opening (m2), AS is the cross-sectional area of side opening (m2), V is the wind 

speed (m s-1), AT is the total cross-sectional area of the greenhouse (m2), ∆T is the 

air temperature difference inside and outside the greenhouse (°C), Ti is the internal 

air temperature of the greenhouse (°C), and Te is the air temperature outside the 

greenhouse (°C). 

 
Figure 4-5 Definition of wind direction based on the experimental building. 
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4.3. Results and discussions 
 

4.3.1. Evaluation of ventilation rate according to wind environment 
 

Table 4-2 indicated the CFD-computed ventilation rate inside the greenhouse 

according to the external wind direction, wind speed, and height of the tomato plants. 

Depending on the conditions for scenario analysis, at least 5.4 ACH and up to 94.15 

ACH have occurred. Albright (1990), and Lindley & Whitaker (1996) suggested 

ventilation rates for commercial greenhouses from 45.0 ACH to 60.0 ACH to keep 

the air temperature inside the greenhouse within 5 °C compared to ambient air 

temperature in the summer. Considering the recommended ventilation rate in a 

greenhouse, the CFD-computed results confirmed that the ventilation rate required 

for a greenhouse did not meet the recommended ventilation rate according to wind 

direction, wind speed, and tomato height conditions. In particular, in many studies 

related to calculating the energy loads for a greenhouse, 0.7 ACH or slightly larger 

ACH was applied in the same way as the housing standard, or a ventilation rate of 

45.0 to 60.0 ACH was applied considering the ventilation characteristics. In this case, 

the energy load of the BES model may be over- or under-estimated over the season 

and may also provide inaccurate results for the design capacity of the system for 

environmental control.  
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Table 4-2 Computed ventilation rate (ACH) of the greenhouse according to wind direction, wind speed, and crop height conditions.  

Categories Wind direction (º) 

Wind speed  

(m s-1) 

Tomato 

canopy 
0 45 90 135 180  225 270 315 

1.0  

No crop 6.12 15.73 18.08 14.98 5.61 16.18 18.52 17.47 

0.5 m 6.38 14.57 15.26 13.31 5.40 15.40 17.07 16.32 

1.0 m 6.51 14.55 15.01 13.27 5.64 14.73 17.02 15.89 

1.6 m 6.72 14.43 14.93 13.36 5.44 14.36 17.30 15.49 

3.0 

No crop 11.46 43.74 50.11 43.08 13.98 46.51 54.15 48.87 

0.5 m 10.57 42.60 47.55 41.77 10.36 44.10 54.00 46.88 

1.0 m 10.24 40.63 47.25 40.84 10.49 41.27 53.86 46.99 

1.6 m 9.93 39.05 45.65 40.50 11.14 41.21 53.38 46.92 

5.0 

No crop 16.77 73.14 82.92 72.05 26.48 78.06 94.15 82.27 

0.5 m 15.97 71.35 80.15 70.66 23.34 74.61 91.79 79.66 

1.0 m 15.30 67.76 78.77 67.69 22.65 70.80 90.36 78.98 

1.6 m 15.24 65.63 77.07 67.60 20.69 69.57 88.51 77.36 
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As the wind speed around the greenhouse increased to 1.0, 3.0, and 5.0 m s-1, the 

natural ventilation rate generated inside the greenhouse tended to increase linearly. 

Regardless of the given wind direction and tomato height conditions, the natural 

ventilation rate in the greenhouse at a wind speed of 1.0 m s-1 conditions showed an 

average of 13.1 ACH of the ventilation characteristics. For wind speeds of 3.0 m s-1, 

the average ventilation rate was 37.2 ACH, which was 2.68 times higher compared 

with the average, similar to the increase in external wind speeds. Whereas, when the 

ventilation rate was 62.7 ACH with an external wind speed of 5.0 m s-1, and the 

ventilation rate increased 4.56 times on average (Figure 4–6). The ventilation rate 

inside the greenhouse was evaluated linearly with the external wind speed, similar 

to the study in Wang et al. (1999), Lee et al. (2018), and Kwon et al. (2011). 

 

 

Figure 4-6 Average ventilation rate of the experimental greenhouse according 

to wind speed. 
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Ventilation rates inside the greenhouse varied depending on the direction of the 

external air (wind direction conditions) based on the opening of the greenhouse. In 

general, when the external wind direction was formed in a perpendicular direction 

along the opening of the greenhouse (90° wind direction and 270° wind direction in 

this study), the ventilation rate formed was relatively high compared to other wind 

direction conditions. Conversely, when formed along the parallel direction with the 

opening of a greenhouse (wind direction 0° and 180° in this study), ACH tended to 

be relatively low compared to other wind direction conditions (Figure 4-7). In other 

words, the greater the angle (0° to 90°) at which external air was carried into the 

greenhouse, the greater the ventilation rate.  

 

 

Figure 4-7 Airflow pattern inside and outside the greenhouse according to 

wind direction (a) wind direction 90°, and (b) wind direction 0°. 

 

For this reason, under conditions of 0° wind direction and 180° wind direction, 

winds blowing into the greenhouse did not pass through the opening of the 
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greenhouse. Due to the separation of the air from the greenhouse, the airflow from 

the opening close to the windward as shown in Figure 4-7 (a), was small, but the 

flow of air from the opening on the leeward side was relatively high (separated air 

flowed in the back of the opening of the greenhouse). Unlike the wind direction 

blowing in a direction perpendicular to the opening of the greenhouse, the air was 

separated and does not directly enter the greenhouse through the sidewall opening. 

After separating, the airflow pattern inside the greenhouse generated a wind speed 

of less than 0.5 m s-1. The ventilation rate inside the greenhouse was low because of 

the occurrence of a dead zone as shown in Figure 4-7 (a). However, when the wind 

direction was 90° or 270° based on the opening of the greenhouse, the ventilation 

rate was greatly increased due to cross ventilation in which external air entering one 

sidewall opening (inlet) was discharged through the opposite sidewall opening 

(outlet) (Figure 4-7 (b)).  

When the parallel, perpendicular, and diagonal wind direction was generated 

based on the opening of the greenhouse, the average ventilation rate inside the 

greenhouse was shown in Figure 4-8. On average, natural ventilation inside the 

greenhouse has a ventilation rate of 12.2 ACH when the wind direction (0°, 180°) 

was formed to parallel based on the opening of the greenhouse. However, in 

conditions in which the wind direction was formed diagonally (45°, 135°, 225°, 

275°), the average ACH was 43.8 ACH. The MFR directly flowing through the 

opening of the greenhouse was 3.6 times higher per hour because the air flowing 

through the opening was improved compared to the parallel wind conditions. 

Similarly, when the wind direction was formed perpendicular to the opening (wind 

direction 90°, 270°), an average of 51.0 ACH was shown, and the ventilation rate per 

hour was 16.3% higher compared to the diagonal wind direction conditions. This 
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was because the flow characteristics of air coming in diagonally generated a vortex 

and stagnant area (dead zone) inside the greenhouse. On the other hand, when the 

wind blows perpendicularly based on the opening of the greenhouse, it was not 

affected by local stagnation and vortex inside the greenhouse. 

 

 

Figure 4-8 Average ventilation rate of the experimental greenhouse according 

to wind direction (parallel: 0° and 180°, diagonal: 45°, 135°, 225, and 315°, 

perpendicular: 90° and 270°). 
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Figure 4-9 Airflow pattern inside and outside the greenhouse according to 

the wind direction of 45À (wind speed: 3.0 m s-1, and crop height: 1.0 m).

 

At 90° wind direction conditions, a minimum of 14.93 ACH to a maximum of 

82.92 ACH was shown under the given computational conditions, while the 

ventilation rate of a minimum of 17.02 to 94.15 ACH at wind direction 270° was 

shown. The average ventilation rate in the 90° wind direction conditions under the 

given conditions was 47.73 ACH and 54.34 ACH in the 270° wind direction 

conditions. It has been confirmed that the larger the area of the windward side (wind-

incoming inlet), the greater the inflow of fresh air into the greenhouse, and the greater 

the ACH was generated inside the greenhouse. On the other hand, the ACH inside 

the greenhouse was 6.43 to 15.82 ACH under the 0° wind direction conditions. In 

180° wind direction, the ventilation rate of 5.52 to 23.29 ACH was shown depending 

on wind speed. On average, the ventilation rate of 10.93 ACH was shown in the 0° 



 

 ９８ 

wind direction conditions, and 13.44 ACH in the 180° wind direction conditions.  

At wind direction conditions of 45° and 135°, the ventilation rate inside the 

greenhouse was 13.73 to 69.50 ACH. On the other hand, under contrasting wind 

direction conditions of 225° and 315°, the ventilation rate was between 15.17 and 

79.57 ACH. The difference in the ventilation rate resulting from differences in the 

shape of the greenhouse and the opening area of the greenhouse showed differences 

in the ventilation rate of the greenhouse. Comparing wind direction 45° and wind 

direction 225°, the difference in ACH was 4.0% (at least 2.3% to a maximum 5.5% 

depending on wind speed) under the given conditions. When 135° wind direction 

and 315° wind direction were compared, the average ventilation rate of 13.6% 

(minimum 12.4% to maximum 15.7% depending on wind speed) was generated by 

the difference in the opening area of the windward side. In addition, comparing wind 

direction conditions of 45° and 90° resulted in a difference of 13.8% in ventilation 

rate and a decrease in ventilation rate in the wind direction of 45°. This was due to 

the vortex and difference in the direction of the flow of air into the greenhouse 

according to the wind direction, as shown in Figure 4-9. Lee et al. (2018) mentioned 

that when the wind direction was formed at 45° from the sidewall surface of the 

greenhouse, the ventilation rate was calculated relatively low due to local vortex 

occurring inside the greenhouse.  

In conclusion, the result of analyzing the natural ventilation rate in the greenhouse, 

which adopted the natural ventilation system using CFD, was highly variable 

according to the surrounding wind environment formed based on the experimental 

greenhouse. Therefore, it is important to calculate the heat energy loss caused by 

ventilation in the simulation analysis for the energy load analysis of greenhouse, and 

it was found that it cannot be assumed simply as a constant value. 
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4.3.2. Evaluation of ventilation rate according to the height of the crop 
 

In the absence of tomato crops, the average ventilation rate was 39.6 ACH 

regardless of wind direction and wind speed, while in the presence of tomato crops, 

the ventilation rate was 37.0 ACH on average at given conditions (wind direction, 

wind speed, crop height). As crops inside the greenhouse were grown, the ventilation 

rate tended to decrease (Figure 4-10).  

 

 

Figure 4-10 Average ventilation rate of the experimental greenhouse according 

to with and without crop. 

 

The difference in the ventilation according to crop presence inside the greenhouse 

has an average of 8.2% depending on wind direction and wind speed conditions, with 

a difference of up to 25.9% (wind speed: 3.0 m s-1, wind direction: 180°, tomato 

height: 0.5 m). The reason for the decrease in the ventilation rate depending on crop 

presence was that there was no resistance to airflow in the greenhouse when there 
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was no crop, which results in a relatively high ventilation rate, but when there were 

crops, the internal flow rate of the greenhouse decreases because the resistance to 

airflow acts inside the greenhouse. This result was similar to the study conducted by 

Lee et al. (2007). In fact, the average flow rate of air flowing into the greenhouse 

when the direction of air inflow into the greenhouse was 90°, the external wind 

velocity was 3.0 m s-1 condition, and when the crop was not present, was analyzed 

at 1.6 m s-1. On the other hand, when crops are present, the average airflow rate was 

0.9 m s-1 inside the greenhouse due to resistance by crops, which reduces the airflow 

rate to 0.7 m s-1 (Figure 4-11and Figure 4-12), the ventilation rate was reduced by 

crops inside the greenhouse.  

 

 

Figure 4-11 Distribution of wind speed inside the experimental greenhouse 

according to the presence of crops (side view) (a) wind direction 90 º, wind 

speed 3.0 m s-1 without tomato, and (b) wind direction 90 º, wind speed 3.0 m s-

1 with tomato. 
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Figure 4-12 Distribution of wind speed inside the experimental greenhouse 

according to the presence of crops (top view) (a) wind direction 90 º, wind 

speed 3.0 m s-1 without tomato, and (b) wind direction 90 º, wind speed 3.0 m s-

1 with tomato. 

 

The increase in height of crops (0.5 m, 1.0 m, 1.6 m) has shown a trend in which 

the average ventilation rate decreases to 37.9, 36.9, and 36.3 ACH, respectively, but 

does not decrease significantly. In particular, under conditions of 1.0 m s-1, the trend 

toward differences in the ventilation rate about crop height was not significant 

because the flow rate inside the greenhouse formed was lower. Figure 4-13 showed 

the characteristics of indoor ventilation in the greenhouse with a wind direction of 

0°, 90°, 180°, and 270° based on the opening of the greenhouse with an external 

wind speed of 1.0 m s-1. There was no noticeable difference in the ventilation rate 

inside the greenhouse according to crop presence and crop height under low wind 

speed conditions. However, under wind conditions of 5.0 m s-1 and above, the 

ventilation rate in the greenhouse, regardless of wind direction, generally tended to 

decrease as the tomato crop increased in height (Figure 4-14).  
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Figure 4-13 Comparison of ventilation rate according to the height of crop 

under the condition of the wind direction flowing in the perpendicular 

direction to the opening of the greenhouse (wind speed: 1.0 m s-1). 

 

 

Figure 4-14 Comparison of ventilation rate according to the height of crop 

under the condition of the wind direction flowing in the perpendicular 

direction to the opening of the greenhouse (wind speed: 5.0 m s-1). 
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The results are similar to Lee et al. (2018) which showed the ventilation effect of 

the greenhouse has improved significantly as the wind direction changes from 

parallel to the perpendicular of the side opening. In addition, similar results showed 

that the reduction of flow rates by crops and the reduction of flow rates within the 

greenhouse due to crop height also affected the reduction of ventilation.  

In wind direction conditions of 90° and 270°, where wind direction was formed 

perpendicularly on the greenhouse, the height of the crop was found to be reduced 

by an average of 6.8% under a given wind speed condition (1.0 to 5.0 m s-1) with 0.5 

m of crop height conditions. At 1.0 m s-1, there was a 5.8% reduction in ventilation 

rate, 7.9% reduction in ventilation rate at a wind speed of 5.0 m s-1, and no significant 

decrease in ventilation rate due to the height of crops. This was because external air 

flowing through the opening of the greenhouse generally showed an airflow pattern 

that sinks to the floor. As a result, the effect of reducing ventilation rate by crop 

height was linearly increased but not significantly increased as the wind speed 

increased.  

 

4.3.3. Evaluation of Cd of the greenhouse 
 

In general, the applied Cd for determining natural ventilation when the wind 

direction was generated perpendicular to the opening of the greenhouse was from 

0.6 to 0.65. However, the Cd varies depending on the surrounding wind conditions 

of the building being designed and the area of the opening. In particular, WDV was 

dominant in wind speed conditions of 1.5 m s-1 and above because ventilation by 

buoyancy is very low. Therefore, the Cd was evaluated at the opening of the 

greenhouse under the conditions of WDV using CFD.  
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Table 4-3 and Table 4-4 showed the results of the assessment of the Cd. When the 

wind direction was introduced in a direction (90°) perpendicular to the opening of 

the greenhouse and the wind speed was 3.0 m s-1, the Cd was 0.47 to 0.54 depending 

on the height of the crop. The Cd calculated under the conditions of 5.0 m s-1 wind 

speed did not differ significantly from the coefficient calculated at 3.0 m s-1 wind 

speed. In general, it was recommended to apply a Cd of 0.5 to 0.6 for winds flowing 

perpendicularly into the opening of a greenhouse, but differences occurred 

depending on the presence of crops inside, the surrounding wind environment, and 

the appearance of the greenhouse. In other perpendicular wind direction conditions, 

270° conditions under the same wind speed conditions, the Cd was 0.54 to 0.58. The 

calculated Cd was relatively large in the 270° wind direction condition, which was 

thought to be the result of the fineness ratio of the opening, the size, and the shape 

of the opening of the greenhouse (Karava et al., 2006).  

 

Table 4-3 Evaluation of Cd at the greenhouse opening according to wind 

direction and tomato height under wind speed 3.0 m s-1 

Wind 

speed 
(m s-1) 

Tomato 
canopy 

Wind direction (º) 

45 90 135 225 270 315 

3.0 

No crop 0.32 0.48 0.20 0.52 0.54 0.35 

0.5 m 0.29 0.47 0.29 0.50 0.58 0.33 

1.0 m 0.28 0.51 0.20 0.50 0.57 0.32 

1.6 m 0.26 0.54 0.19 0.47 0.58 0.31 
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Table 4-4 Evaluation of Cd at the greenhouse opening according to wind 

direction and tomato height under wind speed 5.0 m s-1 

Wind 

speed 
(m s-1) 

Tomato 
canopy 

Wind direction (º) 

45 90 135 225 270 315 

5.0 

No crop 0.31 0.48 0.21 0.49 0.58 0.34 

0.5 m 0.28 0.43 0.20 0.45 0.53 0.34 

1.0 m 0.27 0.46 0.23 0.44 0.58 0.31 

1.6 m 0.25 0.45 0.19 0.43 0.55 0.28 
 

Besides, under 45°, 135°, 225°, and 315° wind direction conditions, the Cd was 

lower than 90°, and the standard deviation for the Cd was 0.11 which was 2.51 times 

higher than that for 90° wind direction conditions. The reason for this was that when 

external air enters the greenhouse diagonally from the opening of the greenhouse, 

such as Figure 4-9, the vortex inside the greenhouse was generated, resulting in a 

lower ventilation rate and Cd than cross-ventilation. For the same reason, the larger 

Cd was assessed at 45° wind direction compared to 135° wind direction (wind 

direction 45°: average 0.28, wind direction 135°: average 0.21), and the Cd was large 

at 225° wind direction conditions compared to wind direction 315° (wind direction 

225°: average 0.48, wind direction 315°: average 0.32).  

In addition, the Cd was high compared to the wind direction of 90° under the wind 

direction of 270° (wind direction of 90°: average 0.48, wind direction of 270°: an 

average of 0.56), and the Cd was large in the 270° wind direction condition with a 

relatively wide opening. According to the average Cd of wind direction 45° and 135° 

and wind direction 225° and 315° are 0.25 and 0.40, respectively; the larger the 

opening area through which air flows into the opening of the greenhouse, the higher 
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the Cd.  

It is worth noting that there was not much difference in Cd values calculated for 

wind speed and crop height, but there was a significant difference in Cd values 

depending on wind direction. Similar to the previous study in Chu et al. (2009), there 

was no difference in the Cd at the opening due to changes in wind speed. However, 

the quantitative values for the assessed Cd showed varying distributions depending 

on the wind direction conditions and were consistent with the prior study results of 

Kurabuchi et al. (2004), Ohba et al. (2004), Carey & Etheridge (1999), Sawachi 

(2004), and Vickery & Karakatsanis (1987). Table 4-5 and Table 4-6 represented the 

difference in the wind pressure coefficient for each scenario conditions applied in 

calculating Cd. 

 

Table 4-5 Evaluation of Cw of wide-span greenhouse according to wind 

environment and tomato height under wind speed 3.0 m s-1 

Wind 

speed 
(m s-1) 

Tomato 
canopy 

Wind direction (º) 

45 90 135 225 270 315 

3.0 

No crop 0.08 0.03 0.14 0.02 0.05 0.06 

0.5 m 0.09 0.02 0.14 0.03 0.06 0.06 

1.0 m 0.09 0.01 0.13 0.02 0.06 0.06 

1.6 m 0.09 0.02 0.13 0.02 0.07 0.06 
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Table 4-6 Evaluation of Cw of wide-span greenhouse according to wind 

environment and tomato height under wind speed 5 m s-1 

Wind 

speed 
(m s-1) 

Tomato 
canopy 

Wind direction (º) 

45 90 135 225 270 315 

5.0 

No crop 0.09 0.03 0.14 0.03 0.04 0.05 

0.5 m 0.09 0.03 0.13 0.03 0.04 0.06 

1.0 m 0.09 0.01 0.14 0.03 0.05 0.06 

1.6 m 0.09 0.01 0.15 0.03 0.06 0.06 

 

 

4.3.4. Revalidation of BES model for the greenhouse considering 

ventilation characteristics 
 

The characteristics of natural ventilation in the greenhouse according to the wind 

environment around the greenhouse were analyzed (Chapter 4.3.3). Natural 

ventilation rate (Air change per hour; ACH) generated inside the greenhouse was 

applied differently depending on the wind direction and wind speed conditions 

around the greenhouse and tomato crop inside the greenhouse using Eq. 4-19 to Eq. 

4-20, which can explain the natural ventilation rate in the greenhouse (BDV + WDV). 

It was also assumed that BDV occurred due to the low effect of the advection under 

conditions of 0.5 m s-1 or less wind speed. On the other hand, WDV was assumed in 

wind speed conditions of 1.5 m s-1 or higher because the effect of ventilation by 

buoyancy was very small. Also, it was assumed that BDV and WDV occurred in 

combination with wind speed greater than 0.5 m s-1 and less than 1.5 m s-1 (Papadakis 

et al., 1996; Boulard et al., 1996; Fernandez & Bailey, 1992). 

Figure 4-15 and Figure 4-16 presented the results of the revalidation of the 

greenhouse BES model with the ventilation characteristics that occurred inside the 
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greenhouse depending on the internal tomato crop (size) and wind environment 

conditions around the greenhouse. Unlike Figure 3-19, considering the ventilation 

characteristics, internal relative humidity increased to 100% if the ventilation rate 

was very low or ventilation did not work. The computed results of the greenhouse 

BES model taking into account the natural ventilation characteristics of the 

greenhouse showed an absolute error and coefficient of determination (R2) for air 

temperature measured in the field experiment, 1.59 °C and 0.92, respectively. 

Moreover, for relative humidity, the absolute error was 7.7%, and the R2 was 0.79. 

In Chapter 3.4.2, the average of absolute error for air temperature in the 

greenhouse BES model, which did not take into account changes in the ambient wind 

environment over time, showed 2.77 °C, while the current improved greenhouse 

BES model showed an improved accuracy of 42.6%, reducing the error by 1.2 °C. 

In addition, the average absolute error for relative humidity was 7.7%, which was 

found to be able to reduce error by 3.4% compared to the previous one, with 

improved accuracy of 43.5%.  

In addition to the error, the results of computation of the greenhouse BES model 

taking into account the time-series ventilation rate were found to have improved 

correlation with field-measured data than conventional BES model considering fixed 

ACH for the ventilation. Correlation is a method of analyzing whether two 

independent variables have a linear relationship. If ventilation characteristics that 

occur in a greenhouse were not taken into account, the correlation between the 

predicted air temperature and the actual air temperature measured in the field 

experiment was 0.87. Also, the correlation coefficient between the relative humidity 

measured at the site and the predicted relative humidity was 0.80. However, the air 



 

 １０９ 

temperature and relative humidity predicted by the greenhouse BES model taking 

into account real-time natural ventilation characteristics were considered to be better 

able to explain the trend compared to the previous greenhouse BES model, at 0.96 

and 0.89, respectively. From this point, it was found that consideration of the change 

in ventilation rate according to the surrounding wind environment would be 

important in calculating the energy load of the greenhouse. 
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Figure 4-15 Comparison between BES-computed result (air temperature) and 

field-measured data considering ventilation characteristics of the greenhouse. 

 

 

Figure 4-16 Comparison between BES-computed result (relative humidity) 

and field-measured data considering the ventilation characteristics of the 

greenhouse. 
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4.4. Conclusion 
 

CFD is widely used to quantitatively evaluate the ventilation rate in greenhouses 

adopting natural ventilation. However, the ventilation rate in the greenhouse may 

have various values depending on factors such as the shape of the greenhouse and 

the inlet, the length ratio, wind direction, surrounding obstacles, and turbulence 

characteristics. Therefore, through this study, the natural ventilation rate and the Cd 

in the experimental greenhouse adopting the natural ventilation method were 

evaluated using a numerical model. Finally, the BES model was redesigned and 

revalidated to reflect the natural ventilation rate of greenhouses over time. 

Depending on the conditions for scenario analysis, wind direction, wind speed, 

and tomato height inside the greenhouse, at least 5.4 ACH and up to 94.15 ACH 

occurred. Albright (1990) and Lindley & Whitaker (1996) suggested ventilation rates 

for commercial greenhouses from 45.0 to 60.0 ACH to keep the air temperature 

inside the greenhouse within 5 °C compared to ambient air temperature in the 

summer. Considering the recommended ventilation rate in a greenhouse, the CFD-

computed results confirmed that the ventilation rate required for a greenhouse did 

not meet the recommended ventilation rate according to wind direction, wind speed, 

and tomato height conditions. In addition, the natural ventilation rate generated 

inside the greenhouse was highly variable depending on the surrounding wind 

environment formed based on the experimental greenhouse. Therefore, it was 

important to calculate the heat energy loss caused by ventilation in the simulation 

analysis for the energy load analysis of greenhouse, since it cannot simply assume a 

constant value. 

Specifically, the generated natural ventilation rate inside the greenhouse, which 
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occurred through the different openings of the building can be varied according to 

the wind direction and wind speed conditions around the greenhouse. Further, a 

WDV was found to be dominant when the wind speed was less than 0.5 m s-1, while 

BDV occurred when wind speed was higher than 1.5 m s-1. 

Depending on wind condition, when the wind environment was not taken into 

account in the BES model, the absolute error for air temperature was 2.77 ºC and the 

absolute relative error for humidity was 7.7%. Whereas, a reduced error of 1.2 ºC 

and 3.4% for air temperature and humidity was shown when the improved BES 

model was used. Moreover, an improved air temperature accuracy of 42.6% and 

humidity accuracy of 43.5% was found using the improved model.  

In addition to the error, if ventilation characteristics that occurred in a greenhouse 

were not taken into account, the correlation between the predicted air temperature 

and the actual air temperature measured in the field experiment was 0.87. Also, the 

correlation coefficient between the relative humidity measured at the site and the 

predicted relative humidity was 0.80. However, the air temperature and relative 

humidity predicted by the greenhouse BES model taking into account real-time 

natural ventilation characteristics were considered to be able to explain better the 

trend compared to the previous greenhouse BES model, at 0.96 and 0.89, 

respectively. To conclude, it was found that it would be important to consider the 

change in ventilation rate according to the surrounding wind environment in 

calculating the energy load of the greenhouse. 
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Chapter 5. Analysis of building ventilation 

characteristics and energy load analysis of RTG 
 

5.1. Introduction 
 

As the quality of life of individuals improves with the increasing population, 

consumption of food, water, and energy rapidly increases, raising concerns on the 

supply and demand of basic resources (Molden, 2013; Zhang et al., 2018). In 

particular, the problem of climate change caused by energy consumption is expected 

to intensify (Dirks et al., 2015; Akhmat et al., 2014). In addition, considering that 

modern society is densely populated into the cities and more than 90% of its 

population resides in the cities, environmental pollution loads are expected to 

increase due to the excessive use of transport vehicles and building energy. Also, the 

quality of agricultural products can deteriorate because of long transport distance. 

Therefore, a new concept of the production system is needed to get away from the 

existing system that greatly affects climate change and to ensure environmentally 

sustainable production and high-quality agricultural products (Giacomelli et al., 

2010). 

It is known that the reduction potential for GHG from the building sector was 

known to be high (Kwak et al., 2019; Olhoff & Christensen, 2018; Rock et al., 2020). 

Thus, urban agriculture is emerging as an environmental and energy-efficient 

countermeasure in the building sector. Urban agriculture can obtain the economic, 

social, and environmental values of agriculture such as biodiversity conservation, 

climate control, air purification, education, and welfare. Besides, energy 

consumption for transportation and storage can be minimized by reducing the 

productive distance between the produced agricultural products and consumers 
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(Astee & Kishnani, 2010), and thus can have the advantage of reduced GHG 

emissions (Zaar, 2011). 

Among the urban farming types, RTGs utilizing idle space of buildings can 

maximize energy efficiency by exchanging excess energy (water, carbon dioxide, 

and heat) between greenhouses and buildings from an economic perspective and 

minimizing the energy consumed in transportation and storage, while reducing the 

productive distance between the produced agricultural products and consumers 

(Astee & Kishnani, 2010; Cerón-Palma et al., 2012). This technique can not only 

generate economic benefits but also has environmental benefits through reducing 

GHG emissions (Zaar, 2011). Moreover, if crops are being grown, the roof surface 

temperature and the air temperature in the greenhouse are reduced through shade 

formation, and crop transpiration (Eumorfopoulou & Aravantinos, 1998), enabling 

the reduction of energy operation costs related to the environmental control of the 

building (Castleton et al., 2010; Kosareo & Ries, 2007). 

Moreover, although it is difficult to secure farmland for agricultural production in 

urban areas, the installation of a greenhouse on the roof of an existing building can 

greatly reduce the land purchase cost. Soil and hydroponic cultivation are possible, 

and water consumption can be reduced when using hydroponic cultivation (Pons, 

2015). In terms of society, the physical movement distance of cultivated crops is 

relatively reduced, so fresh crops can be provided, and social cohesion and 

sustainable urban development can be expected through the creation of new jobs and 

community life in urban areas (Cerón-Palma et al., 2012; Wallgren & Höjer, 2009; 

Petit-Boix & Leipold, 2018). 

In fact, greenhouses installed at the top of the buildings are being used in the 

United States, Spain, Brazil, Japan, and France. Since RTGs use greenhouses, they 

https://www.sciencedirect.com/science/article/pii/S0048969718337446#bb0020
https://www.sciencedirect.com/science/article/pii/S0048969718337446#bb0035
https://www.sciencedirect.com/science/article/pii/S0048969718337446#bb0015
https://www.sciencedirect.com/science/article/pii/S0048969718337446#bb0100
https://www.sciencedirect.com/science/article/pii/S0048969718337446#bb0020
https://www.sciencedirect.com/science/article/pii/S0048969718337446#bb0235
https://www.sciencedirect.com/science/article/pii/S0048969718337446#bb0160
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can properly create a growing environment for crops so that stable production can 

be made throughout the year with the advantage of controlling the production and 

harvest time of high-quality agricultural products (Castilla & Hernandez, 2006). 

Therefore, in this study, an RTG was designed in the building BES model, and the 

effects of the designed RTG were analyzed in terms of energy load in building and 

greenhouse. In addition, through the LCA analysis, the environmental impact 

according to the application of the RTG was evaluated. To this end, a field survey 

and a building BES model were first designed for the building to be tested, and the 

model was validated following the accuracy standards of the building energy model 

suggested in the M&V (Measurement and verification) guideline. After that, the 

greenhouse was designed in the validated building BES model, and the energy load 

in the building and greenhouse according to the designed RTG was analyzed, and 

the environmental impact according to the application of the RTG was evaluated 

through LCA analysis. 
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5.2. Materials and methods 
 

The standard building model has been used to consistently and quantitatively 

analyze the energy efficiency of buildings in other countries. According to the energy 

calculation standard (ISO 13790), the criteria for determining the energy-saving 

efficiency of the target building was provided by calculating the annual energy load 

of standard building models. However, it was difficult to apply the standard building 

model of other countries in South Korea because of the mountainous terrain and 

difference in climatic conditions. For this reason, it was necessary to validate the 

BES model of the experimental buildings developed in this study.  

Figure 5-1 showed the flowchart of this study. The experimental building whose 

field data were measured for validation was selected. From this, the BES model of 

the experimental building was designed. The calculated energy loads of the 

experimental building using the designed BES model were evaluated and compared 

with the field-measured energy load. Based on the validated BES model of the 

experimental building, the RTG model was designed by applying the energy 

exchange model of the tomato crops in the greenhouse. Finally, the energy efficiency 

of the experimental building and RTG were analyzed through the monthly energy 

loads.
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Figure 5-1 Research flow for designing the BES model of RTG and energy load analysis. 
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5.2.1. Experimental facilities 
 

5.2.1.1. Experimental building 

 

As the interest in energy-saving and CO2 reduction has increased worldwide in 

recent years, energy-saving efforts have been tried at public and private office 

buildings. Therefore, a small-sized public building (Figure 5-2) was used to analyze 

the energy efficiency of the RTG and reduce the error caused by the experimental 

variables. Specifically, an experimental building located at Yeongam–gun, 

Jeollanam–do (126° 65’ E, 34° 78’ N) was used. The building consisted of two floors 

above the ground level (8.8 m high) and was designed in the direction of northeast-

southwest. The building had a width of 38.5 m, a height of 8.8 m (3.8 m for the first 

floor, 3.8 m for the second floor, 1.2 m for the handrail of the rooftop) as shown in 

Figure 5-3.  
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Figure 5-2 The interior and exterior view of the experimental building (a) 

exterior, (b) rooftop, (c) service area, (d) meeting room, (e) center manager's 

room. 
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The floor area, floor area ratio, and building-to-land ratio were 762.9 m2, 38.0%, 

and 23.8%, respectively. The first floor contained the service area, counseling room, 

server room, restroom, and warehouse. The service area, meeting room, and 

warehouse were located on the second floor (Figure 5-4). The facade areas were 

298.76 m2 on the north side, 134.2 m2 on the west side, 298.76 m2 on the south side, 

and 147.84 m2 on the east side. The wall composition of each sidewall was shown in 

Table 5-1. The window areas were 71.26 m2 on the north side, 20.12 m2 on the west 

side, 31.90 m2 on the south side, and 12.16 m2 on the east side, respectively, with the 

ratio between window areas and wall areas of 8.22–23.85%.  
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Figure 5-3 Specification and shape of the experimental building (a) front 

view (north direction), (b) rear view (south direction), (c) side view (west 

direction), and (d) side view (east direction). 
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Figure 5-4 Information of space utilization by floor for the experimental 

building (a) 1st floor, and (b) 2nd floor. 
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Table 5-1 Composition materials of wall and thickness by orientation for the 

experimental building. 

Category Composition materials Thickness 

1 East concrete 250 mm 

2 West brick + concrete + air layer + plywood 500 mm 

3 South brick + concrete +air layer + plywood 500 mm 

4 South dryvit + brick + concrete + air layer + plywood 550 mm 

5 North brick + concrete + air layer + plywood 500 mm 

 

A total of 17 occupants (16 occupants in the service area and a person in the center 

manager’s room) work during the working hours (09:00–18:00) and residents visit 

irregularly for the public service. A computer and a monitor were used for each 

worker. The three electric heat pumps (EHP) on the first floor and two EHPs on the 

second floor were installed for heating and cooling. Additionally, an EHP was 

installed in the server room and a standing-type EHP was also installed in the 

consulting room. As for lighting equipment, there were eighteen fluorescent lamps 

(32W) in the service area, a fluorescent lamp (32W) in the warehouse of the first 

floor, a fluorescent lamp (30W) in the warehouse of the second floor, four fluorescent 

lamps (15W) in the restroom, a fluorescent lamp in the consulting room 1, three 

fluorescent lamps in the consulting room, and nine fluorescent lamps in the center 

manager’s room. 

 

5.2.1.2. Experimental greenhouse for installation on the roof of a 

building 

 

As an experimental greenhouse for the application of RTG, a wide-span 

greenhouse (Nongjin-97-Ga-Ⅱ) was capable of single-span installation, relatively 
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inexpensive construction and operation cost, and easy to maintain, repair, and 

manage was used. The experimental greenhouse was designed to be 12.8 m (width), 

7.4 m (ridge), 4.3 m (eave), and 28.0 m (length) to utilize the idle space of the 

building. It adopts a natural ventilation system using buttery-type side and roof 

openings as shown in Figure 5-5.  

 

 

Figure 5-5 Wide-span greenhouse applied to the roof of the experimental 

building ( RDA, 2019). 

 

5.2.2. Computational Fluid Dynamics (CFD) 
 

The Computational Fluid Dynamics (CFD) technique, which numerically 

calculates airflow, was used to evaluate the natural ventilation performance of 

greenhouses and buildings. The mathematical definitions and descriptions of CFD 

are described in detail in Chapter 4.2.2. 

 

5.2.3. Building energy simulation (BES) 
 

Building Energy Simulation (BES) is a technique for numerical calculation and 
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prediction of thermal energy flow inside and outside the building. Similar to CFD, 

the detailed mathematical definitions and descriptions of BES are described in 

Chapter 3.2.2. 

 

5.2.4. Life cycle assessment (LCA) 
 

The LCA evaluates the environmental burdens generated in the entire process 

from acquisition to manufacture and disposal of raw materials. These results may 

provide an appropriate indicator for assessing environmental burdens and help 

establish new environmental management strategies and policies. The basic structure 

of the LCA followed the ISO 14040 structure as shown in Figure 5-6. According to 

the framework presented in ISO 14040, the basic structure of the LCA consisted of 

goal and scope definition, the inventory analysis, the life cycle impact assessment, 

and the interpretations.  

The first procedure of the LCA is to define the goal and scope of the study and to 

establish the overall direction of the study. Then, after establishing the goal and scope 

of the research, the next step is to set up the functional unit. The functional unit 

provides a reference to which the input and output can be related. Specifically, the 

functional unit is a crucial key element of LCA as it enables the comparison between 

two different systems. Subsequently, in the inventory analysis stage, the process of 

quantifying data on inputs and outputs related to the target system according to the 

goal and scope definition was carried out. A life cycle impact assessment is a step in 

assessing potential environmental impacts through the results of an LCA inventory 

list analysis. The life cycle impact assessment was carried out in various stages such 

as classification, characterization, normalization, and weighting. The classification 
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stage includes environmental impact assessment criteria such as global warming, 

resource depletion, energy depletion, and ozone depletion and so on. Finally, the 

analysis stage involves interpreting information obtained during the inventory 

analysis and impact assessment stage in accordance with the goal and scope defined 

in the study and assessing how to reduce environmental emissions or environmental 

impacts. 

 

 

Figure 5-6 Principles and framework of life cycle assessment. 

 

5.2.5. Experimental methods 

 

5.2.5.1. Design of CFD model for RTG and building 

 

A CFD model for a wide-span type greenhouse was designed as a greenhouse 

applied to the roof of a building. The CFD model was designed to be as similar as 

possible with the experimental greenhouse environment that was described in 

Chapter 5.2.1.2. However, obstacles such as greenhouse frames in experimental 

greenhouses that are not considered to have a significant effect on internal fluid flow 
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were not considered in the CFD model. The design of the external domain, wind 

environment profile, the shape of crops, and porosity for analysis of natural 

ventilation of greenhouse was described in detail in Chapter 4.2.3. The same 

methodology was applied to analyze the characteristics of natural ventilation 

according to wind direction, wind speed, and crop height for a wide-span type 

greenhouse to be applied to the roof of the building. Besides, to quantitatively 

evaluate the natural ventilation rate of the experimental building, a CFD model was 

designed using the same method. The external domain size was determined by Kim 

et al. (2017) and the turbulence model validated by Lee et al. (2006) was determined. 

The designed CFD model of the experimental building for evaluating the natural 

ventilation rate was shown in Figure 5-7.  

 

 

Figure 5-7 Design of CFD model for the analysis of natural ventilation 
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performance occurring in each space of the experimental building according 

to wind environment (wind direction and speed) (a) front view of the 

experimental building, (b) side view (east), (c) side view (west), and (d) 

computational domain for CFD model. 

 

5.2.5.2. Design of BES model considering building shape and internal 

heat sources 

 

A BES model was designed to predict the energy required to supply the amount 

of heat needed for cooling, and heating. depending on the air condition while 

maintaining the proper air temperature inside the building. The physical structural 

characteristics of the building, the covering system and the air conditioning system, 

and the energy load factors were analyzed and modeled as similar as possible to the 

actual building (Figure 5-3).  

Using SketchUp 2019, a three-dimensional building of Type 56 was designed and 

space was divided into 20 zones (Figure 5-8). After modeling the building shape, the 

heat capacity, thermal conductivity, density of the walls, and materials of the building 

were defined, and layer composition was carried out for each wall. Table 5-2 

represented the wall configuration and material characteristics of the experimental 

building model entered as input data in Type 56.  

Applying adequate weather data in building energy analysis is very important 

because buildings and their surrounding environment constantly exchange thermal 

energy with each other. To reflect the weather data for air temperature, dew point 

temperature, relative humidity, local atmospheric pressure, solar radiation, wind 

speed, wind direction, amount of clouds, and precipitation were converted to 

TRNSYS weather data format (Type 9). In this study, the weather data measured in 

the automatic weather station (AWS) installed in Yeongam–gun, Jeollanam–do was 
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used. Weather data was measured from January 1, 2015, to December 31, 2015. This 

was because the data for the actual energy usage for validation of the building BES 

model were from 2015. Weather conditions were designed using Type 9 module that 

inputs hourly external weather data (air temperature, relative humidity, surface 

temperature, solar radiation, atmospheric pressure). The total horizontal radiation 

transmitted from the Type 9 module was classified as direct and diffuse solar 

radiation using the standard latitude and longitude. In Type 69, the sky temperature 

was calculated using horizontal direct solar radiation, diffuse solar radiation, dry 

bulb temperature, and dew point temperature, and the energy load of the building 

was calculated according to the azimuth and elevation angles of the sun that change 

in real-time. Also, Type 33 modules were used to calculate dew point temperature 

and dry bulb temperature using external air temperature and relative humidity and 

the calculated temperature applied with boundary conditions for Type 56. The basic 

description of each module was discussed in Chapter 3.2.3.3. 

 

 

Figure 5-8 Three-dimensional simulation model designed for analyzing 



 

 １３０ 

building energy load (a) 3D front view of the experiment building, and (b) 3D 

rear view. 

 

Table 5-2 Design of wall layers in building the BES model for the realization of 

wall characteristics. 

Category Wall compositions Thickness Input U-value 

1 East Concrete 250 mm 3.065 W m-2K-1 

2 West Brick + concrete + air + plywood 500 mm 0.782 W m-2K-1 

3 South Brick + concrete + air + plywood 500 mm 0.782 W m-2K-1 

4 South 
Dryvit + brick + concrete + air + 

plywood 
550 mm 0.403 W m-2K-1 

5 North Brick + concrete + air + plywood 500 mm 0.610 W m-2K-1 

6 Floor Gravel + concrete + tile 550 mm 2.029 W m-2K-1 

7 
Internal 

wall 
Internal wall (expanded polystyrene) 100 mm 0.303 W m-2K-1 

8 Ceiling Concrete + air + plaster board 270 mm 1.363 W m-2K-1 

 

To increase the accuracy of the predicted results for the energy use of buildings, 

design information about the target buildings should be appropriately defined in the 

simulation model. Because various internal factors had important influences on the 

energy load of the building, the amount of the heat sources and the schedule of the 

heat sources needed to reflect the actual situation of the experimental building in the 

BES simulation. The three main factors that should be considered as indoor heat 

sources of the experimental building were occupants, equipment, and lighting. In 

particular, the pattern of residents was one of the main factors causing the difference 

between the energy simulation results and the actual energy load of the buildings 

(IEA, 2019). 

 Therefore, the number of regular occupants was considered in the BES 



 

 １３１ 

simulation. Also, because the target building was a multi-use facility belonging to a 

national institution, it was assumed to be used five days a week, and one to two 

people worked on weekends (Figure 5-9). The designed air temperatures for heating 

and cooling were 18 °C and 28 °C following the operational regulations for the 

building energy efficiency level certification (Korea Energy Agency [KEA], 2014). 

For external weather conditions that do not require separate heating and cooling for 

the building space, windows installed in the building were opened to induce natural 

ventilation. Natural ventilation generated from windows was analyzed using CFD, 

and this result was integrated into the designed building BES model.  

  

 

Figure 5-9 Application of occupant schedule in each space to consider heat 

production by occupants. 

 

5.2.5.3. Validation of BES model of experimental building 

 

The accuracy of BES models may vary depending on the level of information 

available, the level of relevant expertise required for energy modeling, and the 

proficiency of the energy model program. This may result in a difference between 

the expected energy requirements and the actual values from the designed building 
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simulation model. Therefore, the validation of the simulation model was necessary 

for minimizing the difference between BES-computed results and field-measured 

data.  

The international measurement and verification (M&V) guidelines were applied 

mainly to provide guidance on the validation and reduction of energy use in buildings. 

M&V guideline contains the ASHRAE Guideline 14: Measurement of Energy and 

Demand Savings (ASHRAE Standards Committee, 2002), the M&V Guidelines: 

Measurement and Verification of Federal Energy Projects (FEMP), and the 

International Performance Measurement and Verification Protocol (IPMVP).  

Table 5-3 represented the allowable error of the BES model. In this study, the 

value provided by ASHRAE Guideline 14 was used as a validation index for the BES 

model in the M&V guidelines. ASHRAE Guideline 14 is relatively descriptive 

compared to the rest of the criteria because it includes many formulas, mathematical 

and statistical definitions, analysis of uncertainty associated with savings, and 

information and accuracy associated with measurement devices. The M&V 

guidelines present the MBE (Mean Bias Error; Eq. 5-1) and Cv(RMSE) (Coefficient of 

Variation of the RMSE; Eq. 5-2 and Eq. 5-3) as error indicators for determining the 

accuracy of the simulation model. MBE is a statistical index of how well energy 

loads were predicted by the BES model compared to the measured energy loads. 

Cv(RMSE) represents the relative deviation of RMSE as a percentage, and the smaller 

the Cv(RMSE), the closer it is to the average value. The smaller the values of the two 

indices are, the higher the accuracy of the BES model is. The criteria for validation 

of the BES model were MBE ± 10% and Cv(RMSE) ± 30%.  

In this study, the energy loads required for cooling and heating were calculated to 

maintain the internal air temperature and humidity of the experimental building. The 
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total energy loads of the experimental building were the sum of the heating and 

cooling loads. The BES-calculated energy loads were validated through a 

comparative analysis with the total monthly energy loads actually used in the 

building for the year 2015. 

 

𝑀𝐵𝐸=
∑(𝑆−𝑀)

∑𝑀
×100 (Eq. 5-1) 

 

𝑅𝑀𝑆𝐸=√
∑(𝑆−𝑀)2

𝑁
 (Eq. 5-2) 

 

𝐶𝑣(𝑅𝑀𝑆𝐸)=
𝑅𝑀𝑆𝐸

𝑀𝑎𝑣𝑔
×100 

 

(Eq. 5-3) 

 

where MBE is the mean bias error (%), S is the simulated value, M is the measured 

value, N is the number of samples, RMSE is the root mean square error, and Cv is 

the coefficient of variation 

 

Table 5-3 Acceptable value of energy simulation model suggested by M&V 

(measurement and verification) guideline (DOE, 2008). 

Calibration Index 

Acceptable value 

ASHRAE IPMVP FEMP 

Monthly 

MBEmonth ±5% ±20% ±5% 

Cv(RMSEmonth) 15% ±5% 15% 

Hourly 

MBEhour ±10% 

Cv(RMSEhour) 30% 
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5.2.5.4. Building energy load calculation method 

 

Energy load analysis was conducted based on the divided space. The spaces were 

divided by the walls (the boundary where heat inflow and outflow occurs), and the 

hourly heat gain and heat loss occurring in each space were calculated. The monthly 

energy loads were calculated by adding up the hourly energy loads calculated by the 

BES simulation. By applying temperature level control (TLC), the amounts of 

energy loads required to meet the designed air temperature according to the change 

of the internal air temperature of the experimental building were calculated in the 

same way as the greenhouse BES model. The internal air temperatures (Tr) of the 

experimental building were calculated according to the heat gain and heat loss inside 

the facility, the amounts of energy loads required to meet the designed air 

temperature (Tsetting) were calculated using Eq. 5-4 and Eq. 5-5.  

 

𝑄ℎ𝑒𝑎𝑡𝑖𝑛𝑔=𝑀𝐶𝑝(𝑇𝑠𝑒𝑡𝑡𝑖𝑛𝑔 𝑓𝑜𝑟 ℎ𝑒𝑎𝑡𝑖𝑛𝑔−𝑇𝑟) (Eq. 5-4) 

 

𝑄𝑐𝑜𝑜𝑙𝑖𝑛𝑔=𝑀𝐶𝑝(𝑇𝑠𝑒𝑡𝑡𝑖𝑛𝑔 𝑓𝑜𝑟 𝑐𝑜𝑜𝑙𝑖𝑛𝑔−𝑇𝑟) (Eq. 5-5) 

 

where M is the mass of air (kg), Tset is the internal designed air temperature, 

Tr is the internal air temperature, and Cp the specific heat of the air(kJ (kg·℃)-1). 

 

For the single building without the RTG (Figure 5-10 (a)), a single greenhouse 

with (Figure 5-10 (b)) and without crop (Figure 5-10 (c)), the single building with 

RTG without the crop (Figure 5-10 (d)), and the single building with RTG with the 

crop (Figure 5-10 (e)), the annual and monthly energy loads were analyzed 
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considering the weather conditions changing over time. The energy-saving effects 

were analyzed when the RTG growing the tomato crops was applied to the 

experimental building.  

 

 

Figure 5-10 Conditions for scenario analysis in this study (a) a single building, 

(b) a single greenhouse without the crop, (c) a single greenhouse with the crop, 

(d) RTG without the crop, and (e) RTG with the crop. 

 

Additionally, the energy-saving effect of ATM, which is one of the technologies 

for reducing the energy loads, was analyzed. At daytime, the air temperature of 25.0–

28.0 °C in the morning and 23.0–25.0 °C in the afternoon were set for the ATM. At 

night time, the air temperatures were set to 13.0–15.0 °C for translocation 

acceleration of the tomato crops, 12.0–13.0 °C for the respiratory inhibition of the 

tomato crops, and 8.0 °C for the photosynthesis acceleration of the tomato crops for 

2 hours before sunrise.  

Finally, the expected energy loads were evaluated when the RTG was applied to 

representative regions in South Korea. As the representative regions in South Korea, 

Seoul, Daejeon, Daegu, and Pusan, which were the regions with a large number of 

buildings in provinces, were selected (Figure 5-11).  
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Figure 5-11 Selection of the target urban area for energy load analysis of the 

RTG through the information analysis of building registration. 

 



 

 １３７ 

5.2.5.5. Application of life cycle assessment (LCA) 
 

The LCA study was conducted to determine the emission of CO2 to air and assess 

the effect on the installation of RTG. This study was conducted according to the 

guidelines set by the ISO 14040 to ISO 14044 standard series. Table 5-4 and Table 

5-5 represented the data inventory used in the analysis and were obtained from LCA 

studies and Ecoinvent 3.6 databases related to greenhouse structures. All relevant 

input values related to crop production are quantified considering the assumptions 

that the greenhouse facilities have a maximum life span of 20 years. Specifically, the 

quantitative input values used in the data inventory summarized in Table 5-4 and 

Table 5-5 were adjusted accordingly taking into account the total production area of 

the RTG to reflect the area of the greenhouse structure used in the case analysis. For 

instance, from the literature and Ecoinvent database, the RTG structure data which 

used galvanized steel and aluminum covered with glass plates required a 0.836 kg 

m-2 of recycled steel to build a 200 m2 RTG. Thus, a 358 m2 RTG will require 1.1895 

kg of steel to construct an RTG. The same procedure was used to adjust the other 

data inventory materials listed in Table 5-4 and Table 5-5 such as concrete, LDPE, 

polycarbonate, polyester, etc.  

In the case of an RTG with crops, the amount and materials of greenhouse 

composition used in all scenario conditions are the same, and additional inventory 

data, such as irrigation, fertilizer input, and insect pest management, were added in 

the boundary systems. All materials used concerning the greenhouse construction 

were assumed to be 100% disposed of the end of life span period of the greenhouse. 

In addition, the energy used related to greenhouse construction and the labor costs to 

build the greenhouse structure were not considered in the inventory data.  
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The impact assessment quantifies the impact of a list analysis by correlating the 

data with a specific environmental impact. System boundaries were designed and 

analyzed using the OpenLCA 10.2 software. The Global Warming Potential (GWP) 

in each scenario was analyzed using the CML 2002 baseline Life Cycle Inventory 

Assessment method to analyze the effects of reduced energy consumption on the 

environment. 

 

Table 5-4 Inventory materials for RTG applied for the LCA*. 

Greenhouse structure Unit Amount 

Steel (100% recycled) kg 1.19849 

Concrete kg 0.303923 

LDPE kg 0.111821 

Polycarbonate kg 0.229376 

Polyester kg 0.011182 

Aluminium kg 0.011182 

Glass, uncoated kg 0.686694 

Polystyrene kg 0.037274 

HDPE kg 0.013476 

PVC kg 0.005734 

Energy demand MJ 
BES–computed results for 

each scenario 

*Referance : Sanye-Menual et al. (2015);San-Juan et al. (2018) 

 

 

Table 5-5 Inventory materials for crop production applied for the LCA*. 

Crop production Unit Amount 

Irrigation m3 1.142579 

Fertilizer (N) kg 1.399194 

Fertilizer (P2O5) kg 0.088596 
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Fertilizer (K2O) kg 0.027382 

Pesticides kg 0.005734 

*Reference : Harmanto et al. (2005); Montero et al. (2011) 
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5.3. Results and discussions 
 

5.3.1. Analysis of CFD model for experimental building and RTG for the 

application of natural ventilation rate 
 

 

The ventilation rate of each space in the building (service area, center manager’s 

room, meeting room) was evaluated according to wind direction and wind speed 

using the CFD technique for space mainly using energy in the building. Differences 

in the computed ventilation rate occurred depending on the opening area of each 

space and the external wind environment (wind direction and wind speed) (Table 5-

6 to Table 5-8). As with the evaluation results of the ventilation of the greenhouse 

computed by the CFD model, the increase in wind speed tended to increase the 

ventilation rate of the building linearly. The ventilation rate generated up to 65.6 

ACH for the service area, 39.0 ACH for the center manager’s room, 10.8 ACH for 

the meeting room, and the ventilation rate differed depending on the structure of the 

opening and outlet of each space. The reason why the ventilation rate in the service 

area was higher than those of the center manager’s room and the meeting room was 

that the openings in the service area generated cross-ventilation flow. On the other 

hand, in the case of the meeting room and the center manager’s room, a relatively 

low ventilation rate was generated due to the dead zone caused by the location of the 

opening and outlet of each room. In particular, in the case of meeting rooms, the 

analyzed ventilation rate was the lowest because the air entering through the north 

window was single-sided ventilation.  

The natural ventilation analyzed in each space using CFD was applied to the 

building BES model by designing a linear regression model according to wind speed 

and wind direction (Table 5-6 to Table 5-8). When applying the ventilation rate of 
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each room to the BES model for the building, ventilation did not occur if the ambient 

air temperature was lower than the internal designed air temperature (air temperature 

for cooling: 18 °C). Whereas, ventilation operation schedule occurs only when the 

ambient air temperature exceeded the internal designed air temperature (18 °C to 

28 °C) was applied.  

 

 

Table 5-6 Linear regression model and ventilation rate (ACH) inside the 

center manager’s room according to wind environment conditions. 

Wind 

directions 

Wind speed (WS); m s-1 
Linear-regression 

equation 
R2 Pr>ɲtɲ 

1 3 5 

0° 6.5 19.3 32.3 Y= – 0.003WS + 6.45 0.99 <0.001 

45° 4.7 13.6 22.1 Y= 0.363 WS + 4.37 0.99 <0.001 

90° 5.2 15.5 26.3 Y= 10.996 WS + 2.70 0.99 <0.001 

135° 11.1 33.3 55.7 Y= – 0.1 WS + 11.15 0.99 <0.001 

180° 12.4 37.3 62.6 Y= – 0.196 WS + 12.55 0.99 <0.001 

225° 11.9 35.8 59.5 Y= 0.042 WS + 11.90 0.99 <0.001 

270° 7.6 22.8 38.4 Y= – 0.187 WS + 7.70 0.99 <0.001 

315° 12.9 38.6 64.7 Y= – 0.071 WS + 12.93 0.99 <0.001 
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Table 5-7 Linear regression model and ventilation rate (ACH) inside the 

meeting room according to wind environment conditions. 

Wind 

directions  

Wind speed (m s-1) 
Linear-regression 

equation 
R2 Pr>ɲtɲ 

1 3 5 

0° 1.4 4.1 6.6 Y = – 0.119WS + 3.64 0.99 <0.001 

45° 0.9 2.1 3.3 Y = 0.269WS + 4.94 0.99 <0.001 

90° 1.6 4.9 8.1 Y = 14.651WS + 3.57 0.99 <0.001 

135° 0.8 2.4 3.8 Y = 0.131WS + 1.22 0.99 <0.001 

180° 2.0 5.9 10.1 Y = – 0.084WS + 7.82 0.99 <0.001 

225° 2.2 6.5 10.9 Y = 0.007WS + 5.21 0.99 <0.001 

270° 1.2 3.8 6.5 Y = – 0.017WS + 2.68 0.99 <0.001 

315° 1.6 5.1 8.1 Y = 0.117WS + 2.62 0.99 <0.001 

 

 

Table 5-8 Linear regression model and ventilation rate (ACH) inside the 

service area according to wind environment conditions. 

Wind 

directions  

Wind speed (m s-1) 
Linear-regression 

equation 
R2 Pr>ɲtɲ 

1 3 5 

0° 3.6 10.7 18.1 Y = 0.095WS + 1.315 0.99 <0.001 

45° 5.3 14.9 25.1 Y = 0.258WS + 0.614 0.99 <0.001 

90° 7.0 20.9 34.8 Y = 3.356WS + 0.852 0.99 <0.001 

135° 1.3 3.9 6.2 Y = 0.128WS + 0.74 0.99 <0.001 

180° 7.8 23.3 39.0 Y = – 0.086WS + 2.028 0.99 <0.001 

225° 5.2 15.6 26.1 Y = 0.013WS + 2.172 0.99 <0.001 

270° 2.7 8.0 13.4 Y = – 0.091WS + 1.313 0.99 <0.001 

315° 2.6 8.2 13.1 Y = 0.068WS + 1.625 0.99 <0.001 
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The natural ventilation rate for wide-span type greenhouses to be installed on the 

roof of buildings was also analyzed using CFD. During greenhouse ventilation, the 

ventilation rate of 6.4 to 313 ACH was shown depending on the wind direction on 

the opening of the greenhouse, wind speed, and height of the crops (Table 5-9). As 

with the previous results, the ventilation rate increased linearly as the wind speed 

increased. The difference in the ventilation inside wide-span greenhouses according 

to crop height was insignificant. This was caused by the airflow pattern of incoming 

air to the greenhouse due to the butterfly-type opening (Figure 5-12) regardless of 

the crop heights. 

 

Table 5-9 Ventilation rate inside wide-span greenhouse according to wind 

direction, wind speed, and tomato height conditions. 

Wind speed 

(m s-1) 

Tomato 

Canopy 

Wind directions (Á) 

0 45 90 

2.0 

No crop 6.8 107.1 127.2 

0.5 m 6.6 103.9 125.2 

1.0 m 6.6 102.6 124.4 

2.0 m 6.4 101.2 122.1 

3.0 

No crop 11.2 158.8 188.0 

0.5 m 11.2 156.8 186.5 

1.0 m 10.7 157.3 185.9 

2.0 m 10.5 156.2 183.5 

5.0 

No crop 19.2 262.2 313.1 

0.5 m 18.2 261.4 310.8 

1.0 m 17.2 258.4 307.7 

2.0 m 10.6 257.0 306.7 
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Figure 5-12 Airflow pattern inside the greenhouse according to the height of 

tomatoes in the RTG (wide-span greenhouse) (vector field) 

 

  Natural ventilation characteristics of wide-span type greenhouses were calculated 

according to the method of calculating the Cd of the greenhouses in Chapter 4 and 

applied to the building BES model. The calculated Cd was shown in Table 5-10. It 

was confirmed that the Cd range from 0.28 to 0.42 depending on the wind direction, 

wind speed, and height of tomatoes in the greenhouse. Similar to the evaluation of 

the Cd in the previous chapter 4, no significant change in the Cd was made due to 

wind speed. However, the Cd has changed significantly by wind direction because 

the ventilation rate inside the greenhouse directly varies depending on the wind 

direction. In addition, the Cd according to wind direction 45° and 90°, which has a 

relatively high airflow rate entering the greenhouse, showed an average difference 

of 16.1%. The calculated Cd according to crop height showed a tendency to decrease.  
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Table 5-10 Evaluation of Cd of wide-span greenhouse according to wind 

environment and tomato height 

Wind speed  

(m s-1) 
Tomato height (m) 

Wind directions (Á) 

45 90 

2.0 

No crop 0.36 0.42 

0.5 0.34 0.41 

1.0 0.32 0.39 

2.0 0.28 0.34 

3.0 

No crop 0.35 0.42 

0.5 0.34 0.40 

1.0 0.33 0.39 

2.0 0.29 0.34 

5.0 

No crop 0.35 0.42 

0.5 0.35 0.42 

1.0 0.35 0.41 

2.0 0.34 0.41 

 

Table 5-11 Evaluation of Cw of wide-span greenhouse according to wind 

environment and tomato height 

Wind speed  

(m s-1) 
Tomato height (m) 

Wind directions (Á) 

45 90 

2.0 

No crop 0.22 0.25 

0.5 0.22 0.25 

1.0 0.20 0.26 

2.0 0.20 0.20 

3.0 

No crop 0.22 0.23 

0.5 0.22 0.24 

1.0 0.21 0.24 

2.0 0.20 0.20 

5.0 

No crop 0.22 0.23 

0.5 0.22 0.25 

1.0 0.22 0.25 

2.0 0.19 0.20 
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5.3.2. Validation of BES model for experimental building 

 
The validation process is generally required to ensure the accuracy and reliability 

of the designed building BES model. The accuracy of the simulation model for 

building energy can be validated through the criteria specified in the measurement 

and verification (M&V) guidelines.  

An electric heat pump (EHP) was used in the experimental building for heating in 

winter and cooling in summer. The total annual energy consumption used in the 

building represented similar energy consumption levels from 2013 to 2015 (the year 

of 2013: 407,800 MJ, 2014: 386,716 MJ, 2015: 404,139 MJ). The monthly energy 

consumption used in actual buildings (filed-measured data) was validated with the 

estimated monthly energy load through the designed building BES model by the 

mean bias error (MBE; mean bias error) and the coefficient of variation of average 

square root error (Cv(RMSE)) for variable energy loads, such as heating and cooling. 

When the allowable error criterion of ASHRAE in the M&V guidelines was ± 10% 

of MBE and 30% of Cv(RMSE), the MBE of the designed BES model was + 1.9% and 

the Cv(RMSE) was 4.4% (Figure 5-13). In the summer, the cooling system to maintain 

the designed air temperature inside the building was always in operation, so there 

was less uncertainty about the factors causing the energy load, so it was considered 

that there was a small error between actual energy consumption used and the 

estimated energy load using the building BES model. However, the estimated energy 

load through the building BES model showed a relatively large difference 

(approximately 5%) in winter (December to February) compared to other seasons. 

This was because the difference between the air temperature inside and outside of 

the building occurred significantly. Specifically, air infiltration has occurred in the 

building from door gaps and window frames. However, it was assessed that the 
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designed building BES model was designed to meet the evaluation criteria in the 

M&V guidelines. Subsequently, it was used to quantitatively analyze the energy 

efficiency of greenhouses and buildings that could occur if a greenhouse was 

installed at the roof of a validated building BES model. 

 

 

Figure 5-13 Comparison between actual energy load used and estimated 

energy load of the designed building BES model. 

 

 

5.3.3. Energy load analysis for the RTG 
 

When calculating annual energy load (heating and cooling load) for a single 

greenhouse that grows tomatoes, 490,128 MJ was needed, while an annual energy 

load of 464,673 MJ was calculated when growing tomatoes in an RTG, which was 

simulated to increase 5.2% energy load (Figure 5-14). When growing tomatoes in 

the RTG, the energy-saving of the greenhouse was 25,455 MJ, which was higher 

than that of the building (the energy-saving of the building was 16,082 MJ). As 

shown in Figure 5-14, the energy loads were reduced by up to 6.3% (January) 
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through the application of the RTG in winter. The energy-saving effects through the 

application of the RTG were positive from October to April, when the external air 

temperature was relatively low. Unlike the single greenhouse, the RTG had the effect 

of heat energy transmitted to the greenhouse from the building because the RTG was 

in contact with the rooftop surface of the building. Therefore, the internal air 

temperature of the building higher than the surface temperature of the floor increased 

the energy efficiency of the RTG in winter. For instance, although the surface 

temperature of the ground surface in the single greenhouse was about 4.9 °C, the 

internal air temperature of the building was maintained above 18 °C by heating the 

space using the EHP.  

 

 

Figure 5-14 Comparison between monthly energy load of a single 

greenhouse and an RTG with the crop. 

 

Because of the high air temperature in summer, several farmers do not grow 

crops in South Korea (Nam & Shin, 2017). Therefore, July and August were 
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considered as fallow periods; energy loads were not considered since the internal 

environments of the greenhouse were not controlled. In May, June, and September, 

the energy loads of the greenhouse were lower than those in other seasons because 

the internal environments of the greenhouse could be controlled by the natural 

ventilation. As shown in Figure 5-15, the total energy loads in June was just 5.2% 

compared to the total energy load in January. Most of the energy loads (93.8%) that 

occur in June correspond to cooling loads. In May and September, the ratio of the 

cooling energy load increased by 26.6% and 33.7% of the total energy load to cool 

the greenhouse due to high external air temperature during the daytime. The energy 

load resulting from the application of the RTG also showed similar results (Figure 

5-16).  

 

 

Figure 5-15 Monthly heating and cooling energy load in a single greenhouse 

with crop. 
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Figure 5-16 Monthly heating and cooling energy load in a rooftop greenhouse 

with crop. 

 

When the designed air temperature for growing tomato crops was 18 °C to 

26 °C, the annual heating load of the single greenhouse was 146,067 MJ, and the 

annual cooling load was 9,070 MJ during the daytime. Whereas the annual heating 

load and cooling energy load in the single greenhouse were 334,606 MJ and 385 MJ 

during the nighttime, respectively. The annual heating load of the single greenhouse 

during the nighttime was 2.3 times larger than that during the daytime because 12 °C 

of the external air temperature for the nighttime was lower than 16.5 °C of the 

external air temperature for the daytime. The annual heating load of the RTG for 

growing tomato crops was 136,178 MJ. The application of the RTG had an energy-

saving effect of 9,889 MJ during the daytime compared with the single greenhouse. 

The annual cooling load of the RTG was 9,523 MJ during the daytime. There was 

no significant difference in the annual cooling loads by comparing the single 

greenhouse and RTG (9,070 MJ). The annual heating load of the RTG during the 
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nighttime which was 318,563 MJ was 2.34 times larger than that during the daytime. 

Similar to the single greenhouse, the heating load was relatively larger than the 

cooling load.  

The annual energy load of the experimental building without the RTG was 

54,906 MJ. However, even if only the RTG without growing tomato crops were 

installed on the roof of the building, the annual energy load was reduced to 48,867 

MJ, resulting in the energy-saving effect of 11.0% on average. When the RTG with 

growing tomato crops was installed on the roof of the building, the annual energy 

load was reduced to 16,082 MJ, resulting in an energy-saving effect of 29.3%. 

Although the heat energy of the building was partially lost through the roof of the 

building without the RTG, the heating load of the building with the RTG was reduced 

because the thermal conductivity was lowered by the insulation layer at the bottom 

of the greenhouse and the crop layer of the RTG. 

In the case of the experimental building, there was no energy load during the 

nighttime because there were no occupants during the night time. The annual energy 

load of the building with the RTG containing tomato crop was 38,823 MJ, of which 

the annual heating load was 31,972 MJ, and the annual cooling load was 6,852 MJ. 

The annual energy load of the building without the RTG was 54,906 MJ, of which 

the annual heating load was 46,529 MJ, and the annual cooling load was 8,378 MJ. 

When the rooftop greenhouse was installed at the roof, the heating load saving was 

14,557 MJ (31.3% reduction compared with the building without the RTG), and the 

cooling load saving was 1,526 MJ (18.2% reduction compared with the building 

without the RTG).  

During the change of seasons and summer, there was no distinct trend in the 

energy load of the building with the RTG because the natural ventilation rate of the 
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RTG and the building was generated depending on the external wind environment 

(Figure 5-17). A difference in energy load occurred according to the spatial location 

of the building. This result was typically related to the area receiving sunlight, the 

number of occupants, the residence schedules of occupants, the ventilation operation, 

and the internal heat source depending on the spatial location. Because the heat loss 

through the roof surface was reduced by the application of the RTG, the energy loads 

of the meeting room and center manager’s room were reduced by 276 MJ and 7,590 

MJ, resulting in the energy-saving effect of 53.0% and 39.9%. Although the annual 

energy load of the meeting room was small as it was used once or twice a week, the 

energy-saving effect was 53.0%. The application of the RTG can reduce the heating 

and cooling load for each season due to the latent heat of crops in the RTG and the 

blocking effect of solar radiation. Particularly, the insulation layer at the bottom of 

the greenhouse and the air layer of the RTG had a great insulation effect at the 

experimental buildings (especially, the meeting rooms and the center manager’s 

room). Furthermore, if tomato crops were grown in July and August, the energy-

saving effect of the RTG will be larger because the latent heat effect of tomatoes is 

much greater. For the LCA GWP 20a analysis result, the environmental burden of 

8.1 kg CO2–Eq could be reduced because of the energy-saving effect of the RTG. 
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Figure 5-17 Comparison of monthly energy load in a single building, RTG 

without a crop, and RTG with the crop. 

 

 

5.3.4. Energy load analysis according to crop consideration 
 

Figure 5-18 showed the monthly graph of the energy load in buildings according 

to crop presence and absence when applying an RTG. The total energy load used in 

buildings generally decreased as tomato crops were grown in the RTG regardless of 

the season. If there were only greenhouses on the roof without growing tomato crops, 

the energy load was 48,867 MJ per year. However, by cultivating tomato crops inside 

the greenhouse, an energy load of 38,839 MJ per year was predicted. And through 

the energy saving of 10,028 MJ, it showed an energy-saving effect of 20.5% per year. 

This was because the rooftop area exposed to the outside was reduced by the 

installation of the rooftop greenhouse and the internal air temperature of the 

greenhouse was maintained according to the growing temperature of the crops. 

In particular, it was expected that the effect of RTG application would be great 
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in the winter because the temperature for crop cultivation was maintained in the 

greenhouse and there was no direct external air contact. The energy load of 6,521 

MJ was reduced when energy saving has an average of 25.6% in winter (December 

to February). Up to 90.9% of the monthly energy-saving effect was achieved, with 

maximum energy savings occurring in September corresponding to the change of 

seasons. This was because, depending on the surface texture and albedo of the 

building, 20 to 95% of the solar energy was irradiated to the roof, and the solar 

energy absorbed by the roof affects the thermal performance of the building (Qin et 

al., 2017). Accordingly, it was believed that this was because solar radiation directly 

applied to the roof of the existing building has an indirect effect, and the air 

temperature inside the building was maintained to meet the designed air temperature 

range for cooling and heating only with natural ventilation. 

If tomato crops were not grown in the RTG, the total heating and cooling energy 

load during the daytime was 143,541 MJ, the heating energy load was 129,416 MJ, 

and the cold energy load was 14,125 MJ. On the other hand, the cooling energy load 

was 451 MJ, showing a total cooling and heating energy load of 311,258 MJ during 

the night. During the daytime, the air temperature inside the greenhouse increased 

relatively from night due to the solar radiation. For this reason, the energy load 

during the daytime was only 46.1% compared to the night.  
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Figure 5-18 Comparison of monthly energy load in RTG according to with 

and without crop. 

 

In a single greenhouse where tomato crops were not grown, the energy load by 

applying the appropriate growth temperature was 479,011 MJ per year. However, 

considering the cultivation of tomato crops, it was predicted that there would be a 

total energy load of 490,128 MJ per year and a 2.3% increase in energy load. In 

addition, the maximum monthly heating energy load occurred in December when the 

ambient air temperature was the lowest, and the effect of increasing energy load due 

to crop presence was the largest at 3,017 MJ in December. As shown in Figure 5-19, 

an energy consumption increase of 2.4–8.1% per month, and the trend was similar 

to the monthly energy load of the RTG. 

In general, when crops are grown inside greenhouses, the shade was formed by 

crops, and the latent heat effect can increase the heating load in winter. On the other 

hand, the energy load of greenhouses growing crops from May to September was 

decreased because the external air temperature was relatively high. As shown in 
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Figure 5-20 and Figure 5-21, it was found that the heating energy load increased due 

to latent heat effect in winter when crops were grown, and the cooling energy load 

was reduced due to latent heat effect and shading effect of crops as the summer 

neared. 

 

 

Figure 5-19 Comparison of monthly energy load in a single greenhouse 

according to with and without crop. 
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Figure 5-19 Monthly heating and cooling energy load when crops are not 

grown inside a single greenhouse. 

 

 

Figure 5-20 Monthly heating and cooling energy load when growing crops 

inside a single greenhouse. 
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5.3.5. Energy load analysis according to the application of alternating air 

temperature management (ATM) 
 

If domestic oil prices rise due to unstable international crude oil prices, heating 

costs for winter crop cultivation will inevitably increase. Therefore, protected 

cultivation farms perform low-temperature management to solve the difficulties of 

farm management due to increased heating costs. However, this method may delay 

the growth of crops or cause various physiological disorders. Therefore, as part of 

the energy-saving technology, the energy effects of the application of the alternating 

air temperature management (ATM) to reduce heating costs in horticulture facilities 

were analyzed. 

Figure 5-21 showed the monthly energy load according to the application of the 

ATM when growing tomatoes in the RTG. Before the ATM, the total energy load was 

464,673 MJ, and 514,940 MJ were expected to be consumed after the application of 

the ATM. When ATM was applied, seasonal trends were shown, and energy load was 

reduced during the ATM in winter. In the case of applying the ATM in seasons other 

than winter, it was predicted that as the external air temperature increased, more 

cooling energy load of 19,775 MJ on average was required to maintain the designed 

air temperature inside the greenhouse. This situation was predicted to occur 

continuously from April to October. 

As a measure to reduce the heating costs that are generally overused in winter, 

it was determined that the ATM in the RTG would be effective from November to 

March. On average, 11.8% of energy savings (total annual energy savings of 48,607 

MJ) were simulated for a valid period. It was predicted to be effective at up to 16.3% 

throughout the year.  
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Figure 5-21 Comparison of monthly energy load according to alternating 

air temperature management inside RTG. 

 

 

Figure 5-22 Monthly heating and cooling energy load for controlling the 

conventional air temperature environment in a single greenhouse. 
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Figure 5-23 Monthly heating and cooling energy load for controlling ATM in a 

single greenhouse. 

 

Figure 5-24 indicated the monthly energy load during ATM in a single 

greenhouse and tends to be similar to the monthly energy load analysis result from 

the previous application of alternating temperature management. In general, it was 

predicted that 490,128 MJ of energy per year would be needed to maintain the proper 

environmental temperature for the cultivation of tomatoes in the greenhouse if the 

proper air temperature (18 °C, 26 °C) was applied. In particular, the predicted energy 

required to produce tomato crops during winter was 295,150 MJ, it was 60.2% of 

the total predicted energy. On the other hand, it was predicted that 464,673 MJ of 

energy per year would be needed to maintain the proper environmental temperature 

for the cultivation of tomatoes in the RTG if the proper air temperature (18 °C, 26 °C) 

was applied to the RTG. In particular, 59.7% of the total predicted energy or 277,364 

MJ, were estimated to be the energy required to produce tomato crops during winter. 

Therefore, it can be confirmed that the energy load in winter, which occurs in single 
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and RTG, was high, and thus, the alternating air temperature management was found 

to be effective in managing annual energy load.  

 

 

Figure 5-24 Comparison of monthly energy load according to alternating 

air temperature management inside a single greenhouse. 

 

5.3.6. Energy load analysis for each urban area applied to the RTG 
 

Considering the same insulation performance conditions, the results of the 

estimated heating and cooling energy requirements for the local application of RTG 

were as shown in Figure 5-25. In Seoul, the annual energy load of 530,786 MJs was 

expected, while it was 493,958 MJ in Daejeon, 433,833 MJ in Daegu, and 348,626 

MJ in Pusan. The monthly energy load marked the highest energy load in January, 

corresponding to the winter months, with 120,411 MJ in Seoul, 113,573 MJ in 

Daejeon, 99,846 MJ in Daegu, and 85,458 MJ in Pusan. 
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Figure 5-25 Analysis of monthly energy load according to the application of 

RTG in representative regions of Korea (Seoul, Daejeon, Daegu, and Pusan). 

 

The energy load tended to increase during winter when the ambient air 

temperature was low and during the changing seasons with a large daily air 

temperature difference. The energy load in low latitudes was relatively low 

compared to the energy load in high latitudes. This was because latitude differences 

occur in the southern and northern regions of Korea, resulting in differences in air 

temperature for each region. Comparing Seoul and Pusan, the annual average air 

temperature difference was 6 °C (Seoul: 18 °C, Pusan: 24 °C), and the regional 

difference in air temperature was found to be greater in winter than in summer. For 

this reason, a high energy load difference generally occurs in winter, but the regional 

difference in the energy load inside the RTG seems to decrease as the external air 

temperature increases.  

Figure 5-26 showed the linear relationship between the energy load in the RTG 

according to the external air temperature. At this time, since the air temperature was 
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controlled in greenhouses and buildings, the designed air temperature range of the 

greenhouse and the building were excluded. Regardless of the region, the heating 

energy load of the RTG showed a linear relationship according to the external air 

temperature, and the negative correlation of 0.781, 0.896, 0.902, and 0.856, 

respectively were shown according to external air temperature. Conversely, in the 

case of the cooling energy load, the coefficients of determination were 0.661, 0.716, 

0.662, and 0.709, showing a positive correlation depending on the external air 

temperature (Figure 5-27). This trend was similar to the results of Moon et al. (2011), 

which analyzed the effects of cooling and heating energy reduction on existing 

criteria by applying new insulation criteria reinforced for each outer shell (external 

wall, roof, floor, window) and the whole of a single house. In addition, similar results 

were shown in Kim (2005). 

 

 

Figure 5-26 Changes in the heating energy load of RTG by region according 

to external air temperature (a) Seoul, (b) Daejeon, (c) Daegu, and (d) Pusan. 
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Figure 5-27 Changes in the cooling energy load of RTG by region according 

to external air temperature (a) Seoul, (b) Daejeon, (c) Daegu, and (d) Pusan. 

 

In the analysis of GWP 20a, it was predicted to be 306.3 kgCO2–Eq in the RTG in 

Seoul, 286.6 kg CO2–Eq in Daejeon, 254.3 kg CO2–Eq in Daegu, and 208.8 kg CO2–

Eq in Pusan. This was thought to be the result of the difference in energy load in each 

region due to the high external air temperature, as well as the reduction in the amount 

of energy required to produce tomatoes. 

In particular, in this study, there was no significant regional difference for cooling 

energy loads because there was an assumption that crops were not cultivated in July 

and August, taking into account the high-temperature stress of the crops and low 

productivity. However, it was considered that differences in the effectiveness of the 

application of local RTGs could arise because insulation performance of buildings 

located in each region may vary from energy-saving design basis in addition to local 

climate conditions. 
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5.4. Conclusions 
 

The building BES model was designed to take into account the natural 

ventilation characteristics of the building according to the wind environment, and 

the accuracy of the simulation model for the building energy. The monthly energy 

load predicted by the designed building BES model and the monthly energy used by 

the actual building as of 2015 were validated using the mean bias error (MBE) and 

the coefficient of variation of the mean square root error. When the ASHRAE error 

criterion in the M&V guidelines was average deflection error ± 10% and coefficient 

of variation was 30%, the mean deflection error of the designed model was + 1.9%, 

and the coefficient of variation was 4.4%. 

Based on the validated building BES model, the RTG-BES model was designed 

with the condition that a (wide-span) greenhouse was installed on the rooftop. The 

analysis of the natural ventilation characteristics of the greenhouse was also an 

important factor in the calculation of the ventilation heat load, so ventilation 

characteristics were analyzed according to the wind environment around the 

greenhouse and the height of the crops considering internal cultivation of the 

greenhouse by using CFD. Through the analyzed natural ventilation characteristics, 

the consideration of BDV and WDV and the combined ventilation in which these 

two factors occurred at the same time was made according to the wind direction and 

wind speed conditions around the greenhouse, and the natural ventilation 

characteristics were applied differently to the RTG-BES model according to the wind 

direction conditions around the greenhouse. Comparative analyses were performed 

for each scenario using the designed greenhouse BES model and the RTG-BES 

model. 
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The annual energy load for the single greenhouse where tomatoes are grown was 

490,128 MJ, and the annual energy load for the RTG was simulated as 464,673 MJ, 

representing an average of 5.2% energy load savings. In addition, the analysis results 

of GWP 20a through LCA analysis were simulated to reduce the environmental 

burden of 8.1 kg CO2–eq according to the application of RTG. 

In the meeting room and the center manager’s room, where heat loss through the 

roof surface was expected to decrease according to the application of the RTG, the 

heating and cooling energy load was reduced by 276 MJ and 7,590 MJ, respectively, 

and energy savings of 53.0% and 39.9% can be confirmed in each space. 

In a single greenhouse where tomato crops are not grown, the energy load by 

applying the appropriate growth temperature was 479,011 MJ per year. However, 

considering the cultivation of tomato crops, a total of 490,128 MJ of energy load per 

year was shown, and it was predicted that there will be a 2.3% increase in energy 

load due to crop latent heat flux and shading effect. 

Besides, the total energy load before the alternating air temperature management 

(ATM) was 464,673 MJ, and it was predicted that 514,940 MJ would be consumed 

after the application of the temperature control. In winter, the energy load was 

reduced during the alternating temperature management (ATM), and when the ATM 

was applied in other seasons except for winter, the higher the external air temperature, 

the more cooling energy load of 19,775 MJ on average was required to maintain the 

designed air temperature inside the greenhouse was predicted. As a measure to 

reduce the heating costs that are generally overused in winter, it was estimated that 

the temperature control in the RTG will be effective from November to March. It 

was simulated to show an average of 11.8% energy savings (total annual energy 

savings of 48,607 MJ) over a valid period. 
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The predicted energy load of heating and cooling according to the application 

of RTG by region was 530,786 MJ per year in Seoul, followed by 493,958 MJ in 

Daejeon, 433,833 MJ in Daegu, 348,626 MJ in Pusan, and highly correlated with 

external weather. In the analysis of GWP 20a, in the case of the RTG in the Seoul 

area, a 306.3 kg CO2-eq was predicted, followed by Daejeon, Daegu, and Pusan with 

286.6 kg CO2-eq, 254.3 kg CO2-eq, and 208.8 kg CO2-eq, respectively.  
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Chapter 6. Conclusions 
 

6.1. General conclusions 
 

In this thesis, the effect of the building-integrated RTG was analyzed considering 

the dynamic energy load for both building and greenhouse according to the 

representative cities in Korea. Also, the BES-computed annual energy was 

incorporated in the LCA software to assess and compare the environmental burden 

caused by operating a conventional greenhouse and RTG. 

First, the greenhouse BES model containing the energy exchange characteristics 

(sensible heat and latent heat) of crops (tomatoes) was designed and validated 

through field experiments. The result of validation showed that field measured result 

and BES model has an average absolute error of 2.77 °C for air temperature and 11.1% 

for relative humidity This relatively large error occurred in the greenhouse model 

was considered to be caused by not reflecting the real-time ventilation characteristics 

according to the wind direction and wind speed in the greenhouse. 

To take into account the fluctuating ventilation characteristics over time, the CFD 

was used to evaluate the ventilation rate and discharge coefficients according to the 

greenhouse structure and internal crop characteristics. The greenhouse BES model 

was supplemented to take into account real-time ventilation characteristics. Through 

result comparison of the two greenhouse BES model, the use of the improved model 

reduced the average absolute error temperature to 1.2 °C and improved the result 

accuracy by 42.6%, whereas, the relative humidity was reduced to 7.7% resulting in 

an improvement of 42.6% accuracy in the case of absolute error for relative humidity. 

In addition to the average absolute error, the correlation coefficient (R) of air 
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temperature and relative humidity computed through the improved greenhouse BES 

model considering real-time natural ventilation characteristics were 0.96 and 0.89, 

respectively.  

Second, a building BES model where a rooftop greenhouse was to be installed 

was designed and assessed. The design model validation was carried out through a 

comparison of the predicted energy consumption using the BES model and the 

monthly energy consumption used in the building. The validation results showed that 

the MBE of the designed model was + 1.9%, and the Cv(RMSE) was 4.4%. Based on 

the validated building BES model, the RTG-BES model was designed with the 

condition that a (wide-span) greenhouse was installed on the rooftop. Comparative 

analyses were performed for each scenario using the designed greenhouse BES 

model and the RTG-BES model. 

The annual energy load for a single greenhouse growing tomatoes was found to 

be 490,128 MJ, while 464,673 MJ was the annual energy load for growing tomatoes 

in an RTG, resulting in an average of 5.2% annual energy savings. At the second-

floor space where heat loss through the roof surface was expected to decrease 

according to the application of the RTG, the heating and cooling energy load was 

reduced by 276 MJ and 7,590 MJ, respectively. This heat loss resulted in an annual 

energy savings of 53.0% and 39.9. Moreover, the LCA analysis showed that when 

the RTG was installed in the building, the CO2 emission (GWP 20a) was reduced by 

8.1 kg CO2–eq. 

In a single greenhouse without a tomato crop, the energy load was 479,011 MJ per 

year. However, considering the cultivation of tomato crops, a total of 490,128 MJ of 

energy load per year was shown, and the predicted increase in energy load was 2.3%. 

Moreover, the total energy load in a rooftop greenhouse before the management of 
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alternating air temperature was 464,673 MJ, and it was predicted to consume 

514,940 MJ after the ATM was applied. In winter, the energy load was reduced 

during the ATM, and if the ATM was applied in other seasons in winter, a higher 

external air temperature required an average of 19,775 MJ of cooling energy load to 

maintain the designed air temperature inside the greenhouse. In general, this ATM 

was applied to reduce excessive heating in winter, and was expected to be valid from 

November to March. During this period, it showed an average of 11.8% energy 

savings (a total of 48,607 MJ per year). 

The estimated cooling and heating energy load according to city location where 

the RTG was applied showed that Seoul has the highest energy load with 530,786 

MJ per year. This is followed by Daejeon with 493,958 MJ, Daegu with 433,833 MJ, 

and Pusan with 348,626 MJ. In the analysis of the GWP 20a, 306.3 kg CO2–eq was 

predicted when the RTG was applied in Seoul. For Daejeon, Daegu, and Pusan, the 

GWP 20a were 286.6 kg CO2–eq, 254.3 kg CO2–eq, and 208.8 kg CO2–eq, 

respectively. The result of the study revealed that integrating a greenhouse and a 

building can provide adequate energy savings and can reduce the amount of carbon 

dioxide emissions. 

. 
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6.2. Future research 
 

As an initial step on the study of the analysis of energy efficiency of using an RTG, 

this study used a relatively small scale multi-use building that can easily be validated. 

The annual heating and cooling energy load and environmental load analyzed 

through the BES model showed that the application of RTG has positive results to 

reduce energy load and environmental burden. However, considering the initial 

installation cost and the productivity of crops grown in the target space, the RTG 

technology may be inappropriate for commercial business. 

Therefore, it would be necessary to analyze the effects of the RTG installation on 

commercial buildings larger than the size of the buildings and greenhouses applied 

in this study. In addition, it is necessary to perform an energy load analysis in 

consideration of the mutual exchange of the surplus energy (CO2, oxygen, thermal 

energy) generated in each building. Finally, to develop a successful business model 

called RTG, an analysis of the effects of consideration of other high value-added 

crops other than tomatoes for economical feasibility and application of renewable 

energy systems and systems (air-air heat exchanger, solar collector, air-to-water heat 

exchanger, direct use of greenhouse air, thermal energy storage) for efficient use of 

energy will be carried out later. 
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국 문 초 록 
 

 

도시에서 농업이 가능한 스마트팜의 형태 가운데 미활용 공공시설과 

집단 주거기설 옥상 등의 다양한 형태의 유휴공간을 활용하고 환경 

조절을 통하여 연중 안정적인 작물 생산이 가능한 온실을 적용한 

옥상온실이 선진국들을 중심으로 관심을 받고 있다.  

옥상온실의 경우, 경제적인 측면에서 온실과 건물 사이의 필요 이상의 

잉여 에너지 (물, 이산화탄소, 열, 등)를 교환하고 생산된 농산물과 

소비자 사이의 생산적 거리를 줄이면서 수송 및 저장에 소비하는 

에너지를 최소화하여 에너지 효율을 극대화할 수 있다. 사회적 

측면에서는 재배되는 작물의 물리적인 이동거리가 상대적으로 감소하여 

신선한 작물을 제공받을 수 있으며 도시지역에서의 새로운 일자리 

창출과 공동체 생활을 통해 사회적 결합과 지속 가능한 도시발전을 

기대할 수도 있다. 

옥상온실과 같은 새로운 시스템의 개발, 도입 및 개선을 위하여 

설계안에 대한 에너지 성능을 사전에 평가하여 시공함으로써 불필요한 

예산 소비를 줄일 수 있다. 또한, 정확한 에너지 부하 분석을 통하여 

에너지 성능과 관련한 문제를 사전에 이해하고 시스템의 효율성을 개선 

할 수 있다. 

따라서, 본 학위 논문의 최종적인 목표는 건물의 유휴공간에 해당하는 

옥상에 온실 (옥상온실)을 설치하였을 때, 건물 및 온실에 있어서 동적 

에너지 부하 변화를 평가하여 옥상온실의 효과 및 적용 가능성을 

분석하고자 하였다. 또한, 분석된 연간 에너지 소비량을 바탕으로 

옥상온실 운영에 있어서 온실에서의 에너지 비용 및 환경적 부하가 

전과정평가 (Life Cycle Assessment; LCA)를 이용하여 평가하였다. 

제 2장에서는 온실, 건물, 옥상온실을 대상으로 수행한 에너지 부하 

분석 선행 연구들을 검토하였다.  

제 3장에서는 온실 내부의 작물 (토마토)의 에너지 교환 특성 (현열과 

잠열)을 고려하기 위하여 현장실험을 통하여 작물 에너지 교환 모델을 
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설계하고 이를 고려한 온실 BES 모델의 설계 및 검증이 이루어졌다. 

현장실험에서 온실 내부에서 환경 변수 (온도, 습도, 일사량, 엽온, 작물 

증발산량 등)를 장시간 모니터링하였다. 이로부터 온실 내부의 미기상의 

영향으로 생리적 특성이 달리지는 엽온과 토마토의 증발산량의 추정할 

수 있는 다중선형회귀 모델을 설계하였다. 설계된 다중선형회귀 모형은 

작물의 성장단계 1 ~ 7단계에 따라 구분하였으며, 증발산량과 엽온의 

다중선형회귀 모형은 각각 0.95 g plant-1 hour-1 (R = 0.74), 그리고 

0.7 °C의 오차 (R = 0.98)를 보였다. 최종적으로, 작물에너지 교환 

특성을 고려하여 설계된 온실 BES 모델은 온실 내부에서 측정한 

현장측정 데이터 (기온)와 BES 모델을 통하여 연산된 기온 데이터의 

비교를 통하여 온실 BES 모델에 대한 검증을 수행하였다. 온도에 대한 

절대오차의 평균은 2.77 °C 와 상대습도에 대한 절대오차의 평균은 

11.1 %로 설계된 모델에 대한 정확도를 보였다. 온실 BES 모델로부터 

계산되는 환기전열부하가 온실 주변으로의 풍향과 풍속에 따른 환기 

특성이 고려되지 않았기 때문에 온실 BES 모델의 오차가 발생하였으며, 

온실의 자연환기 특성을 고려하는 것이 중요하다고 판단되었다.  

따라서, 제 4장에서는 자연환기방식을 채택하고 있는 실험 온실에서의 

자연환기량 및 유출계수를 수치해석 모델을 이용하여 평가하였다. 

계산된 유출계수를 이용하여, 환기에 의한 에너지 부하 (환기전열부하) 

를 산정함에 있어서 시간에 따라 발생하는 온실의 자연환기량 특성이 

온실 BES 모델 내 반영되도록 BES 모델을 재설계 (보완)하고 온실 

BES 모델에 대한 정확도 개선을 시도하였다.  

 풍향, 풍속, 온실 내부 토마토 높이에 따라 5.4 ACH에서 최대 94.15 

ACH의 환기가 발생하였다. Albright (1990), Lindley and whitaker 

(1996)은 온실 내부 기온을 외기 온도와 비교하여 5.0 °C 이내로 

유지하기 위해서는 상업용 온실의 여름철 권장 환기율을 45.0 ~ 60.0 

ACH 으로 제시하고 있다. 온실에서 권장되는 시간당 환기율을 고려하면, 

CFD 연산 결과는 풍향, 풍속, 토마토의 높이 조건에 따라 온실에 

요구되는 환기율을 충족시키지 못하는 것을 확인 할 수 있다. 또한, 
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실험 온실을 기준으로 형성되는 주변 풍환경에 따라 온실 내부에서 

발생하는 자연환기량은 매우 변동성이 크다.  

측창과 천창을 통하여 자연환기 (풍력환기 + 부력환기)가 발생하는 

온실에서의 자연환기량을 설명할 수 있는 이론식을 이용하여 온실 주변 

풍향 및 풍속 조건에 따라 온실 내부에서 발생하는 자연환기량을 다르게 

적용하였다 (0.5 m s-1 미만: 부력환기, 1.5 m s-1 이상: 풍력환기, 0.5 m 

s-1와 1.5 m s-1 범위 내: 복합환기로 구분). 시간에 따른 주변 풍환경 

변화를 고려하지 않은 온실 BES 모델에서 온도에 대한 절대 오차의 

평균은 2.77 °C를 보이며, 현재의 개선된 온실 BES 모델은 1.2 °C의 

오차를 줄여 42.6%의 정확도에 대한 개선을 보였다. 또한, 상대습도에 

대한 절대 오차의 평균은 7.7%로 기존 대비 3.4%의 오차를 줄일 수 

있는 것으로 나타났으며, 43.5%의 정확도 개선을 보였다. 오차 이외에도 

실시간 자연환기 특성을 고려한 온실 BES 모델을 통해 예측한 기온과 

상대습도의 상관계수는 각각 0.96와 0.89으로 이전의 온실 BES 모델에 

비교하여 경향성에 대한 모델의 설명력을 개선할 수 있는 것으로 

판단되었다. 

제 5장에서는 설계된 건물 BES 모델을 통해 예측되는 월별 에너지 

소비량과 2015년 기준의 실제 건물에서 이용한 월별 에너지 사용량을 

평균 편향오차 (MBE)와 평균제곱근오차의 변동계수를 통하여 

검증하였다. M&V 가이드라인내 ASHRAE 오차 기준치가 평균 편향 

오차 ± 10% 그리고 변동계수 30% 일 때, 설계된 모델의 평균 편향 

오차는 + 1.9%, 그리고 변동계수는 4.4%로 나타났다.  

검증된 건물 BES 모델을 기초로 하여 옥상에 온실이 (와이드스판형) 

설치된다는 조건의 옥상온실 BES 모델을 설계하였다. 이때, 

환기전열부하는 전산유체역학을 이용하여 온실 주변 풍환경 및 온실 

내부 재배를 고려하는 작물의 높이에 따른 환기 특성을 분석하였다. 

자연환기 특성은 옥상온실 BES 모델에 온실 주변 풍향 조건에 따라 

다르게 적용되었다. 설계된 온실 BES 모델과 옥상온실 BES 모델을 

이용하여 각 시나리오에 따른 비교 분석을 수행하였다. 
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토마토를 재배하는 단독 온실을 대상으로 연간 에너지 소비량을 

계산하였을 때 490,128 MJ로 나타났으며, 옥상온실에 토마토를 재배할 

경우에 연간 에너지 소비량을 계산하면 464,673 MJ으로 평균 5.2%의 

에너지 소비 절감의 효과를 나타내는 것으로 모의되었다. 또한, LCA 

분석을 통한 GWP (지구온난화지수) 20a의 분석 결과에서는 옥상온실 

적용에 따라 8.1 kg CO2-eq의 환경적 부담을 줄일 수 있는 것으로 

모의되었다. 옥상온실의 적용에 따라 지붕면을 통한 열손실이 줄어들 

것으로 예상되는 회의실 및 면장실은 각각 냉난방에너지 부하가 276 MJ, 

7,590 MJ 감소되어 각 공간에서 53.0%와 39.9%의 에너지 절감 효과를 

확인할 수 있다.  

토마토 작물을 재배하지 않는 단독 온실에서 생육적정온도 적용에 

따른 에너지 부하는 연간 총 479,011 MJ이다. 그러나 토마토 작물의 

재배를 고려할 경우 연간 총 490,128 MJ의 에너지 소비를 보이며,  

겨울철 작물의 잠열량 및 그림자 효과 등으로 인하여 2.3 %의 에너지 

소비량 증가가 예측되었다. 또한, 변온 관리 이전에는 총 에너지 

소비량은 464,673 MJ을 나타내며, 변온 관리 적용 후에는 514,940 

MJ을 소비할 것으로 예측되었다. 겨울철에는 변온 관리시 에너지 

부하가 절감되며, 겨울철을 제외한 다른 계절에 변온 관리를 적용할 

경우에는 외기 온도가 높아질수록 온실 내부 설정온도를 유지 하기 

위해서 평균 19,775 MJ의 더 많은 냉방 에너지 부하가 요구될 것으로 

예측된다. 일반적으로 동절기에 과다하게 이용되는 난방비용을 절감하기 

위한 대책으로 적용되는 방법으로 옥상온실에서의 변온관리는 11월부터 

3월까지 유효할 것으로 판단되었으며, 유효한 기간을 대상으로 

평균적으로 11.8%의 에너지 절감 (연간 총 48,607 MJ) 효과를 나타낼 

것으로 모의되었다.  

지역별 옥상온실 적용에 따른 냉난방 에너지 소요량의 예측 결과는 

서울의 경우, 연간 530,786 MJ의 연간 에너지 소비량을 나타내며, 

지역에 따라 대전 493,958 MJ, 대구 433,833 MJ, 부산 348,626 MJ 

순서로 에너지 소비량이 많을 것으로 나타났으며 외부 기상과 
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상관관계가 높게 나타났다. GWP 20a의 분석에 있어서도 서울지역의 

옥상온실의 경우에는 306.3 kg CO2–eq로 예측되었고, 대전, 대구, 부산 

순서로 하여 각각 286.6 kg CO2–eq, 254.3 kg CO2–eq, 208.8 kg CO2–

eq로 나타났다. 건축물을 활용한 스마트팜 (옥상온실)의 경우에는 

기후변화의 원인물질인 도시나 이산화탄소 배출량을 줄임으로써 

기후변화에 대한 속도를 완화할 수 있을 것으로 판단된다.  

 

주요어: 건물에너지시뮬레이션, 도시농업, 에너지 부하, 옥상온실, 

작물에너지 교환, 전산유체역학  
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