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ABSTRACT 

 

MODELING AND ANALYSIS OF HEAT PUMP INTEGRATED PV-

WIND SYSTEMS FOR A COMMERCIAL GREENHOUSE 

 

This thesis focuses on modeling and simulating renewable energy (RE) systems 

that include photovoltaic (PV) panels, wind turbines (WT), and air source heat pumps 

(HP) for meeting the heating load of a commercial greenhouse (GH) in the agricultural 

zone in Dikili. Five different energy systems scenarios, namely (i) PV-HP, (ii) PV-WT-

HP, (iii) WT-PV-HP, (iv) WT-HP, and (v) only HP were considered. For all scenarios the 

mismatch between the load and the generation was covered by grid. The second and third 

scenarios differ from each other based on the number of PVs and WTs. The design of the 

greenhouse was made with SketchUp and TRNSYS software based on dimensions of the 

greenhouse. According to the weather data and greenhouse parameters, solar radiation 

calculations were made, and the greenhouse system was modeled by MATLAB software. 

The annual heating and cooling demands of the designed greenhouse and electricity 

generation by PVs and WTs were calculated on an hourly basis. The heating and cooling 

loads were found to be 5,922,015 and 11,014,446 kWh/year, respectively. Since the 

maximum power output by RE for the reserved area is not sufficient to meet the cooling 

load, the cooling process was excluded. Economic and environmental analyzes were 

made. The first scenario including 5,271 PV panels and 20 HPs was found to be the best 

scenario. Net Present Value (NPV), Levelized Cost of Energy (LCOE) and CO2 savings 

of the related scenario were calculated as $547,440.40, 0.080146 $/kWh and 1,270.96 t. 

 

Keywords: Greenhouse Heating and Cooling, Heat Pumps, Photovoltaics, Wind Turbine, 

Techno-Economic Analysis 
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ÖZET 

 

TİCARİ BİR SERA İÇİN ISI POMPASI ENTEGRE PV-RÜZGAR 

SİSTEMLERİNİN MODELLENMESİ VE ANALİZİ 

 

 Bu tez, Dikili'deki bir tarım alanında bulunan ticari bir seranın ısıtma yükünü 

karşılamak için fotovoltaik paneller, rüzgar türbinleri ve hava kaynaklı ısı pompalarını 

içeren yenilenebilir enerji sistemlerinin modellenmesine ve simülasyonuna 

odaklanmaktadır. (i) Fotovoltaik panel-Isı pompası, (ii) Fotovoltaik panel-Rüzgar türbini-

Isı pompası, (iii) Rüzgar türbini-Fotovoltaik panel-Isı pompası, (iv) Rüzgar türbini-Isı 

pompası ve (v) sadece Isı pompası, olmak üzere beş farklı enerji sistemi senaryosu 

dikkate alınmıştır. Tüm senaryolar için yük ve üretim arasındaki uyumsuzluk şebeke 

tarafından karşılanmıştır. İkinci ve üçüncü senaryolar, fotovoltaik panel ve rüzgar türbini 

sayısına bağlı olarak birbirinden farklılık gösterir. Seranın tasarımı, seranın boyutları baz 

alınarak SketchUp ve TRNSYS yazılımları ile yapılmıştır. Hava durumu verileri ve sera 

parametrelerine göre güneş ışınımı hesapları yapılmış ve MATLAB yazılımı ile sera 

sistemi modellenmiştir. Tasarlanan seranın yıllık ısıtma ve soğutma talepleri ile 

fotovoltaik paneller ve rüzgar türbinlerinden elektrik üretimi saatlik olarak 

hesaplanmıştır. Isıtma ve soğutma yükleri sırasıyla 5.922.015 ve 11.014.446 kWh/yıl 

olarak bulunmuştur. Ayrılmış alan için yenilenebilir enerji maksimum güç çıkışı soğutma 

yükünü karşılamak için yeterli olmadığından, soğutma işlemi hariç tutulmuştur. 

Ekonomik ve çevresel analizler yapılmıştır. 5.271 adet fotovoltaik panel ve 20 ısı pompası 

içeren birinci senaryo en iyi senaryo olarak bulundu. İlgili senaryonun Net Bugünkü 

Değeri, Seviyelendirilmiş Enerji Maliyeti ve CO2 tasarrufu $547.440,40, 0,080146 

$/kWh ve 1.270,96 ton olarak hesaplanmıştır. 

 

Anahtar Kelimeler: Sera Isıtma ve Soğutma, Isı Pompaları, Fotovoltaik, Rüzgar Türbini, 

Tekno-Ekonomik Analiz 
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CHAPTER 1  

 

INTRODUCTION 

 

The agricultural sector consumes a lot of energy for watering and fertilizing, 

drying vegetables and fruits, heating, cooling and lightning the greenhouses and 

providing proper environment for plants. Heating and cooling systems are the most 

energy consuming processes in greenhouses. Heating is often provided by burning fossil 

fuels or by utilizing electric heaters, which suffer from the excessive fossil fuel sourced-

CO2 emission and low energy efficiency (Hassanien, Li, and Dong Lin 2016). Therefore, 

the inclusion of renewable energy and its effective utilization is crucial for green, 

profitable, and competitive areas agricultural sector. 

 

1.1.  Agriculture and the Role of Renewable Energy in the Greenhouse 

Industry 

 

Since agriculture is directly related to the environment, many energy applications 

in this sector generally move towards renewable and sustainable sources which are 

environmentally friendly and clean. A sustainable agricultural system is one that makes 

good use of renewable resources. A system that is reliant on finite resources, such as fossil 

fuels, cannot be sustained indefinitely. Renewable energy sources such as solar, wind, 

geothermal, biological, or hydroelectric could be utilized in a sustainable system (Chel 

2010).  

Solar energy provides an option for many agricultural activities. Modern, well-

designed, easy-to-maintain solar systems can deliver the energy required at a given 

location and time. These are technologies that have been tested and confirmed to be cost-

effective and dependable over the world, and they are already increasing agricultural 

output globally. While solar collectors were used in heating applications, photovoltaic 

panels generally were used as electric energy providers in greenhouses by many 

researchers, resulting in a variety of capacities. On the other hand, other renewable energy 
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sources and wind energy may also be utilized in agriculture. Small wind turbines can 

generate electricity that can be utilized directly or stored in batteries. These devices are 

extremely dependable in regions with sufficient constant wind. For many power demands 

on farms and ranches, the systems may be highly cost-effective and dependable (Chel 

2010). However, besides generating electricity when it comes to the heating and cooling 

processes which consume a high amount of energy, additional energy sources were 

needed. Therefore, instead of using single energy sources, combined systems that use 

more than one energy source have become desired recently.  

 

1.2.  Literature Survey 

 

Studies on the use of combined energy systems in agricultural greenhouses have 

generally focused on the design, construction, and dynamic modeling of solar and 

geothermal systems and most of them were conducted for Africa and Mediterranean 

regions. Awani et al. evaluated numerical model and simulated the coupling of heat pump 

system coupled with a ground horizontal heat exchanger and a flat plate solar collector 

associated to a glass greenhouse by using TRNSYS software, in the Centre of Energy 

Borj Cedria CRTEn in north of Tunisia. The goal in this research is to store hot water 

from the solar collector in the ground and for heating the soil and for use during the night 

and to calculate COP of the heat pump and determine its relation with solar collector 

(Awani et al. 2015). Mehrpooya et al. studied with combined solar collector and 

geothermal heat pump systems to meet heating load need for greenhouses in Tehran. They 

used 10 kW heat pump system and 3 solar collectors to meet 14.45 kW maximum heating 

load requirement and obtained total operational costs as $27,200 (Mehrpooya, 

Hemmatabady, and Ahmadi 2015). Yildirim and Bilir assessed a renewable energy 

system for the total energy need of a greenhouse. The annual heating, cooling, and 

lighting energy demand for a 150 m2 greenhouse were calculated. Grid-connected 66 solar 

photovoltaic panels were chosen to assist a ground-source heat pump and generate 

adequate electricity for lighting. The annual photovoltaic electricity generation was 

calculated to be 21,510.4 kWh and it was observed that during the summer operating 

months, photovoltaic electricity generation can cover 33.2-67.2% of greenhouse demand 



 

   3 

 

(Yildirim and Bilir 2017). Except from geothermal and ground-source applications, 

Hosseini-Fashami et al. investigated 3 different scenarios of a system without renewable 

energy sources, with PV and PV/T for the greenhouses to calculate energy production of 

these 3 systems and to optimize the life cycle assessment (LCA) (Hosseini-Fashami et al. 

2019). The most proper system among them was selected as the scenario with PV. A 

different combined experimental system was set up by Esen and Yuksel in Elazig, Turkey 

to investigate greenhouse heating by biogas, solar and ground energy and resulted as 

utilization of biogas and ground source heat pump together is quite successful as 

greenhouse heating (Esen and Yuksel 2013). Apart from these combined applications, 

Ozgener investigated wind energy usage in heating a greenhouse with a 48.51 m2 surface 

area, which is modeled as a small wind turbine (1.5 kW) system independently 

constructed in Solar Energy Institute of Ege University and a solar-assisted geothermal 

heat pump. According to the study, theoretically small wind turbine systems may meet 

3.13% of the overall yearly electrical energy consumption of the modeled system (3,568 

kWh). According to the results of the study, the modeled passive solar pre-heating 

techniques combined with geothermal heat pump systems and the small wind turbine 

system can be preferable to conventional space heating/cooling systems used in 

agriculture (Ozgener 2010). However, even though some small wind turbine applications 

were conducted, especially high-capacity wind turbine applications are still not common 

in the agriculture field.  

Besides the lack of utilization for the combination of renewable energy system 

applications, there are also thermal and dynamic modeling open to development for 

greenhouse heating and cooling processes. Therefore, some researchers carried out their 

studies on this topic. Dalamagkidis et al. developed an algorithm that predicts ambient 

greenhouse air conditions for use in energy efficiency simulation and control scheme 

optimization using TRNSYS 15 software. Relative humidity, temperature, CO2 

concentration, and solar radiation are the climatic factors evaluated. The algorithm 

operates in two modes: the first models the greenhouse, while the second estimates 

heating, cooling, humidification or dehumidification, and CO2 injection rates to maintain 

particular setpoints (Dalamagkidis, Saridakis, and Kolokotsa 2005). Ishigami et al. 

simulated a model using TRNSYS software to evaluate environmental controls in a 

tomato greenhouse while considering the local circumstances of East Asia. They chose 
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and changed the ventilation-modeling components and computed the heat balance 

required to anticipate the indoor air temperature and humidity. For summer tomato 

production, a fog chilling module and an evapotranspiration module were incorporated. 

An experimental greenhouse with a fog chilling system was used to test the model. Based 

on hourly averaged values for solar radiation, outside air temperature, and relative 

humidity, the evapotranspiration module estimated evapotranspiration from the 

vegetative surface. The findings revealed that the simulated output for the inner air 

temperature was quite close to the observed values. As a result, it was indicated that when 

a dynamic plant development model is linked with the simulation model, it would be 

feasible to simulate climate management in a greenhouse (Ishigami et al. 2014). Ahamed 

et al. developed "CSGHEAT," a time-dependent heating simulation model, to estimate 

the supplementary heating needs for Chinese-style solar greenhouses. They determined 

the surface temperatures of the floor and north wall using the established inside 

temperatures by solving conventional differential heat balance equations. The model is 

relatively simple to use unlike other models since it does not require the input of 

measurable data such as solar radiation. The model allows for the short or long-term 

simulation of each heat source in the greenhouse. Therefore, it is useful tool for assisting 

with the energy-efficient design of Chinese-style solar greenhouses in any location 

(Ahamed, Guo, and Tanino 2018). Rasheed et al. studied a multi-span greenhouse 

building energy simulation model employing a transient system simulation tool to model 

greenhouse micro-environments. The proposed model was used to evaluate the influence 

of heating setpoint control, natural ventilation, and various thermal screens on a 

greenhouse's yearly and maximum heating loads (Rasheed et al. 2020). Choab et al. 

investigated important design aspects (shape, orientation, thickness of double glazing 

etc.) that influence the thermal behavior and heating and cooling energy requirements of 

a greenhouse in Morocco, also looked at the influence of evapotranspiration on 

greenhouse thermal behavior. The developed thermal model of the greenhouse is 

simulated using TRNSYS software.  The model takes into consideration the plants' 

presence within the greenhouse by including heat and humidity gain into the greenhouse's 

heat and water balance via an evapotranspiration sub-model. One of the main findings 

was that as cover thickness increased, heating demand reduced and cooling demand rose 

significantly (Choab et al. 2021).  
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Literature studies show that heat transfer, natural ventilation, or heating and 

cooling calculations are made for greenhouses, especially for greenhouses with small 

areas and for the agriculture field (Blanchet, Pantaleo, and van Dam 2019; Shahbazi, 

Kouravand, and Hassan-Beygi 2019; Barakat, Ibrahim, and Elbaset 2020; Calise et al. 

2020; Mohammadi et al. 2020). Most of the models were developed via TRNSYS 

software, and other less frequently used software in studies were EnergyPLAN and 

MATLAB. Some of these studies were planned to be carried out experimentally and some 

are simulation-based, mainly by solar and ground source heating systems. Besides these, 

a small part of the studies consisted of those using biomass applications or small wind 

turbines for greenhouses. 

 

1.3.  Motivation and Aim of the Thesis 

 

This thesis focuses on extensive modeling and simulation of a renewable energy 

(RE) system that combines photovoltaic (PV) panels, wind turbines (WT), and air source 

heat pumps (HP) to meet the heating demand of a large commercial greenhouse (GH) in 

the agricultural zone in Dikili. The utilization of PV-wind turbine combination for 

meeting greenhouse energy requirement has been rarely addressed in the literature. 

Moreover, none of the literature studies include a detailed heat transfer analysis of a large 

glass greenhouse (about 25,000 m2) considering factors such as solar radiation, ambient 

temperature and humidity. In this respect, the current study contributes to the related 

literature considerably.  

The overall objective of the thesis is to design renewable energy systems for 

meeting the heating load of a greenhouse and evaluate their technical, economic and 

environmental performances. For this purpose, four different renewable energy systems 

were considered and analyzed in comparison to the only heat pump system. The 

considered energy system scenarios are: 

1) PV-heat pump 

2) PV-wind turbine-heat pump (1 wind turbine included) 

3) Wind turbine-PV-heat pump (2 wind turbines included) 

4) Wind turbine-heat pump 
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5) Only heat pump  

Specific objectives of the thesis are (i) to develop a detailed heat transfer analysis 

of a large greenhouse, (ii) to determine PV and wind turbine power for the specified 

location, (iii) to determine the heating load and the cooling load of the greenhouse, (iv) 

to compare the economic and environmental performances of the proposed scenarios.  
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CHAPTER 2  

 

SYSTEM DESCRIPTION 

 

This thesis contains both the wind turbine and photovoltaic modules together and 

separately to meet the energy demand of a greenhouse in agricultural-based industrial 

zone in Dikili/Izmir. This TDIOSB (Specialized Organized Industrial Zone Based on 

Agriculture) in Dikili has 50 greenhouses within. According to the Agricultural-Based 

Specialized Organized Industrial Zone Regulation prepared by the Republic of Turkey 

Ministry of Agriculture and Forestry, there is a minimum lower limit of 25,000 m2 

regarding parcel sizes in TDIOSBs. The lower limit of the closed greenhouse area is 

determined as 20,000 m2 (BCD Müşavirlik Mühendislik 2021b). When the planted 

TDIOSB area is evaluated in terms of the number of sunny days, glass-covered 

greenhouses are recommended, especially since the light required by the crops to be 

grown will be provided with the highest level of glass-covered greenhouses. However, it 

is envisaged to use plastic cover materials with maximum light transmittance instead of 

the glass covered greenhouse, since the Dikili TDIOSB area is a 2nd degree earthquake 

zone. Therefore, the technical features of an exemplary greenhouse model made in the 

Dikili TDIOSB area are generally planned to include a gothic arch roof with a 

polyethylene sheet, side walls with polycarbonate sheets and hot-dip galvanized steel 

interior construction material (BCD Müşavirlik Mühendislik 2021b).  

 

2.1.  Location 

       

Izmir province of Turkey is located between 37º 45' and 39º 15' north latitudes 

and 26º 15' and 28º 20' east longitudes and its surface area is 12,012 km² (BCD Müşavirlik 

Mühendislik 2021b) Time zone of Izmir is GMT+03:00 (Greenwich Mean Time 2022). 

Izmir has 30 districts in total. In this thesis, Dikili district, which is suitable for 

agriculture due to its geographical location and climatic characteristics, was chosen. Due 

to its location, the district was located on the Aegean Sea coast and across the Lesbos 
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Island. Neighboring districts are Ayvalik, Bergama and Aliaga. The local location of 

Dikili lies between 39º 03’ North Latitude and 26º 52’ East Longitude (BCD Müşavirlik 

Mühendislik 2021b).  

This thesis focused on the first greenhouse placed in Dikili Agricultural 

Greenhouse Specialized Organized Industrial Zone (TDIOSB) shown in Figure 2.1. The 

selected greenhouse was accepted as it makes an angle of 0º with the North. 

 

 

 

Figure 2.1. Dikili TDIOSB general area scheme 

(BCD Müşavirlik Mühendislik 2021a) 

 

Dikili TDIOSB reserved specific areas for the construction of photovoltaic panels 

and wind turbines, which are shown in Figure 2.2 and Figure 2.3, respectively. The land 

area for PVs is 169,541.71 m2 There are two specific areas while areas reserved for wind 
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turbines are29,893.63 m2 and 28,939.46 m2. The number of PV panels and wind turbines 

were determined based on the related land areas for all considered scenarios except for 

4th scenario, where 3 wind turbines installation is proposed even if the related area for 

wind turbines allows the installation of 2 wind turbines. 

 

  

 

Figure 2.2. Construction area of photovoltaic panels 

(BCD Müşavirlik Mühendislik 2021a) 

 

 

  

 

Figure 2.3. Construction area of wind turbines 

(BCD Müşavirlik Mühendislik 2021a) 
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2.2.  Base and Construction of the Greenhouse 

 

In this thesis, the selected greenhouse has almost similar measurements to the 

greenhouse that already exists in Dikili TDIOSB, however as a difference the studied 

greenhouse is assumed to be a flat roof glass greenhouse. The cover material was selected 

as glass over plastic because glass has a long-life span and better light transmission 

characteristics compared to plastic. The glass laps between panes enable air to enter, 

whereas impermeable acrylic, polyethylene, and polycarbonate-structured sheet houses 

can result in excessive humidity and unwanted water drip on the plants if not adequately 

regulated (Goldammer 2019). The roof shape of the greenhouse was selected as a flat roof 

because, even though flat greenhouse roof designs are uncommon, they do offer 

advantages. The main advantage of a flat greenhouse roof is its low cost. Because there 

are no trusses, cost savings on structural, material, and installation expenses can be 

achieved. Retractable and folding roof designs may be quite useful when the exterior 

weather conditions are favorable. According to the University of Massachusetts Amherst, 

the ability to open the roof boosts the intensity of light and aids in controlling plant 

development and flowering. These designs also save money on power by eliminating the 

need for expensive cooling using fans (northern nester 2022). A study conducted by the 

Arizona Agricultural Experiment Station discovered that flat retractable greenhouse roofs 

offered significant advantages such as benefits from ventilation and additional lighting as 

needed (northern nester 2022). 

As is seen in Figure 2.4 the already existing greenhouse was redesigned and 

demonstrated. The greenhouse has 15 sections (tunnels) for production outbuilding areas. 

The halves of 14th and 15th tunnels are used for outbuilding section while the remaining 

is used for production area. To simplify heat transfer analyzes the halves of 14th and 15th 

tunnels were considered as a one whole tunnel and the greenhouse design was done for 

14 tunnels of the production area and 1 tunnel of the outbuilding area.  
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Figure 2.4. Edited base template of the selected greenhouse 

(BCD Müşavirlik Mühendislik 2021c) 
 

Technical specifications of the studied greenhouse were shown in Table 2.1. 

(DALSEM 2018; Morn Glass 2019), (BCD Müşavirlik Mühendislik 2021b). Since the 

size of glass on the walls has significant effect on heat transfer calculations, the glass area 

should be large. Therefore, the glass area was assumed as 95% of the wall area in this 

thesis (Vadiee 2013; Amin 2015; Mohammadi et al. 2020; Ozcan et al. 2021).  
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Table 2.1.Technical specifications of the studied greenhouse 

 

Crop Tomatoes 

Cover Material Double Glazed Window Glass 

Construction Material Hot-dip Galvanized Steel, Concrete 

Greenhouse Indoor Area 26,640 m2 

Production Area 24,816 m2 

Outbuilding Area 1,824 m2 

North Wall Area 720 m2 

South Wall Area 720 m2 

West Wall Area 925 m2 

East Wall Area 925 m2 

Lenght 185 m 

Production Width 134.40 m 

Outbuilding Width 9.60 m 

Height 5 m 

Ground Thickness 0.022 m 

Glass Outwall Thickness 0.004 m 

Glass Intwall Thickness 0.004 m 

Glass Roof Thickness 0.004 m 

 

2.3.  Climate Data 

 

According to the meteorological data of Dikili, the coldest month on average in 

the district is January and the hottest month is July. The annual average temperature is 

17.9 °C. During the observation period until today, the lowest temperature was 8.6 °C in 

January and the highest temperature was 41.8 °C in July. Dikili district has a warm and 

temperate climate (BCD Müşavirlik Mühendislik 2021b).  

In greenhouse project calculations, the wind load acts as pressure on the surfaces 

opposite to the wind direction and as suction force on other surfaces. The magnitude of 

this force depends on the wind speed, the size of the surface against the wind, and whether 

this surface is vertical or inclined. Other important points in greenhouse calculations are 

the ventilation and the air conditioning, openings must be adequate and well-distributed 
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on the greenhouse surface, they must be well-closed and the heat loss must be kept at a 

minimum level (BCD Müşavirlik Mühendislik 2021b). 

For this study, the weather data of Dikili for 8,760 hours were provided by PVGIS. 

As it is shown in Figure 2.5 PVGIS has created a typical meteorological year (TMY) with 

respect to the hourly weather data between 2007 and 2016. This weather data contains air 

temperature, relative humidity, global irradiance on the horizontal plane, beam/direct 

irradiance on a plane always normal to sun rays, diffuse irradiance on the horizontal plane, 

surface air pressure, total wind speed, and wind direction. These parameters were used 

for radiation incident calculations. 

 

 

 

Figure 2.5. Weather data of Dikili from PVGIS  

(PVGIS 2022) 

 

U-values of components of the greenhouse structure were determined by 

TRNSYS software (Klein 2017) for the heat transfer calculations and were listed in Table 

2.2. Detailed radiation and heat transfer calculations and more were explained in the 

methodology section.  
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Table 2.2. Heat transfer coefficients of components of the greenhouse structure 

 

Window U-value 2.36 W/m2°C 

Roof U-value 2.36 W/m2°C 

Ground U-value 3.383 W/m2°C 

Outwall U-value 2.907 W/m2°C 

Intwall U-value 2.36 W/m2°C 

 

2.4.  Heat Pump 

 

In this thesis, air to air heat pump was decided to be used. However, in the market, 

there is a lack of high-capacity air-source heat pumps. Despite this, with a detailed search 

approximately 250 kW capacity air source heat pump was found and selected for the 

system which will be designed. The chosen heat pump, shown in Figure 2.6, is called 

Multi V 5 ARUM900LTE5 and was produced by the LG brand.  

 

 

 

Figure 2.6. LG Multi V 5 ARUM900LTE5 heat pump  

(LG Electronics 2020) 

 

Technical specifications of the chosen heat pump were listed in Table 2.3. from 

its datasheet. Since the studied greenhouse is approximately 25 daa, according to the heat 
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loss and energy consumption calculation presented in the Methodology section, it was 

decided that to utilize 20 heat pumps for this greenhouse system. 

 

Table 2.3. Heat pump technical specifications  

(LG Electronics 2020) 

 

Model Name ARUM900LTE5 

Cooling Capacity (Rated) 252 kW 

Heating Capacity (Rated) 252 kW 

Coefficient of Performance (COP) (Rated) 4.36 

Refrigerant Name R410A 

 

2.5.  PV Panel  

 

In this section technical specifications of the PV system were explained. The 

Panasonic HIT N330 PV module was selected and was decided to be located horizontally 

in the area that is separated by Dikili TDIOSB. Panasonic N330 has monocrystalline-

silicon cells shown in Figure 2.7 and has 19.7% efficiency as is seen in the technical 

specifications in Table 2.4.  

 

  

 

Figure 2.7. Panasonic HIT N330 PV module  

(Panasonic 2018) 
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Table 2.4. PV module technical specifications  

(Panasonic 2018) 

 

Maximum Power 330 W 

PV Module Efficiency 19.7% 

Temperature Coefficient -0.258% /°C 

Reference Temperature 25 °C 

 Reference Global Radiation 1000 W/m2 

PV Module Area 1.67 m2 

PV Module Weight 19 kg 

 

PV calculations which were presented in the Methodology section are made for 1 

PV panel. Later, results were re-calculated for more PV panels according to the total 

electricity consumption of the heat pump, and scenarios were made. For the 1st scenario 

5,271, for the 2nd scenario 2,648 and, for the 3rd scenario 26 PV panels were used. 

 

2.6.  Wind Turbine   

 

Since the studied greenhouse has a large area and its consumption is high, a 1 MW 

capacity wind turbine was found suitable for the system. The EWT DW61 was chosen as 

wind turbine. 

Electricity generation from the wind turbine in the Methodology section was made 

for 1 wind turbine with respect to the power curve shown in Figure 2.8, and according to 

Table 2.5. Later, results were re-arranged for different scenarios. For the 2nd scenario 1 

wind turbine, and for the 3rd and 4th scenarios 2 and 3 wind turbines were utilized, 

respectively. 
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Figure 2.8. EWT DW 61 1 MW wind turbine and the power curve  

(EWT 2018, 2023) 

 

Table 2.5. EWT DW 61 1 MW wind turbine technical specifications  

(EWT 2018) 

 

Rotor Diameter 61 m 

Rotor Speed Variable 8-29 rpm 

Nominal Power Output 1000 kW 

Hub Heights 69 m 

Cut-in Wind Speed 3 m/s 

Rated Wind Speed 14 m/s 

Cut-out Wind Speed 25 m/s 

 

The final form of the scenarios was listed in Table 2.6. In following sections, 

calculations of heating and cooling energy demand of the studied greenhouse, the 

consumption of heat pumps, electricity generation from PV and wind turbines, storage 

and grid decision, and economic and environmental analyzes were examined. 
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Table 2.6. Scenarios of heating and renewable energy system for the studied greenhouse 

 

Scenarios System 
Number of 

heat pumps 

Number of 

PV panels 

Number of 

wind turbines 

Grid 

on/off 

1st Heat pump + PV 20 5,271 - On 

2nd 
Heat pump + PV + 

Wind turbine 
20 2,648 1 On 

3rd 
Heat pump + PV + 

Wind turbine 
20 26 2 On 

4th 
Heat pump + Wind 

turbine 
20 - 3 On 

5th Heat pump 20 - - On 
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CHAPTER 3  

 

METHODOLOGY 

 

In this section, simulation tools (SketchUp, TRNSYS and MATLAB), 

mathematical references and the overall methodology used for the detailed heat transfer 

model of the selected greenhouse, the simulation of PV-wind-heat pump system and the 

economic and environmental analyzes of the system.  

 

3.1.  Software 

 

The shape, external design, materials, and glasses of the greenhouse were made 

via SketchUp (Trimble 2017) and TRNSYS (Klein 2017) software. According to 

greenhouse design from TRNSYS software and solar radiation, ambient temperature, and 

weather data of Dikili provided by PVGIS (PVGIS 2022), inlet temperature values of the 

greenhouse and temperature changes due to time were, created by MATLAB (The 

MathWorks Inc. 2016) software. Hourly, monthly, and yearly heat pump utilization and 

consumption, electricity generation from photovoltaic panels and wind turbines were 

made by MATLAB software. Economic and environmental analyzes were made by 

EXCEL (Microsoft Corporation 2019). 

 

3.1.1.  SketchUp and TRNSYS 

 

Measurement of the greenhouse and materials used in construction were defined 

in TRNSYS software and the 3D design of the greenhouse was made in SketchUp 

software. 

Measurements of the greenhouse walls and materials used in the construction 

were selected via TRNSYS software and were presented in Figure 3.1. 

 



 

   20 

 

  

 

Figure 3.1. The construction library and building zones in TRNSYS 

 

3D design of the selected greenhouse for flat glass roof in SketchUp from front and left 

corner were demonstrated in Figure 3.2. 

 

 
 

Figure 3.2. 3D design of the selected greenhouse for flat glass roof in SketchUp 

(front view) 

 

3D design of the selected greenhouse for flat glass roof in SketchUp from top and bottom 

view were shown in Figure 3.3. 
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Figure 3.3. 3D design of the selected greenhouse for flat glass roof in SketchUp 

(top and bottom view) 

 

3.1.2.  MATLAB 

 

Solar radiation due to walls facing different directions, temperature changes inside 

the greenhouse, heating and cooling demand of the greenhouse, the capacity of the air 

source heat pump, electrical consumption of the heat pump and electricity generation 

from photovoltaic panels and wind turbines were calculated via MATLAB software. 

 

3.2. Technical Analysis 

 

In this section solar radiation calculations from (Kalogirou 2012)(Duffie and 

Beckman 2013) Rasheed et al., 2020; Özcan et al., 2021) used in this thesis were 

presented step by step. 

The declination angle δ, 

𝛿 = 23.45 sin (360
284 + 𝑛

365
) 

  (3.1) 

 

 𝑛= The day of the year 

 

The hour angle 𝜔, 

𝜔 = (𝑡𝑠 − 12ℎ𝑟) × 15°/ℎ𝑟   (3.2) 
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𝑡𝑠= The solar time (hr) where, solar time is hours of the day from 1 to 24. 

 

The zenith angle 𝜃𝑧,  

cos 𝜃𝑧 = cos 𝜙 cos 𝛿 cos 𝜔 + sin 𝜙 sin 𝛿   (3.3) 

 

 

The solar altitude angle 𝑎𝑠, 

sin 𝑎𝑠 = cos 𝜙 cos 𝛿 cos 𝜔 + sin 𝜙 sin 𝛿 (3.4) 

 

𝜙 = Latitude (39.07°) 

  

The solar azimuth angle 𝛾, 

sin 𝛾 =
cos 𝛿 sin 𝜔

cos 𝑎𝑠
 

(3.5) 

 

 

The angle of incidence 𝜃,  

cos 𝜃 = sin 𝛿 sin 𝜙 cos 𝛽 − sin 𝛿 cos 𝜙 sin 𝛽 cos 𝛾

+ cos 𝛿 cos 𝜙 cos 𝛽 cos 𝜔

+ cos 𝛿 sin 𝜙 sin 𝛽 cos 𝛾 cos 𝜔

+ cos 𝛿 sin 𝛽 sin 𝛾 sin 𝜔 

 (3.6) 

 

𝛽= The slope of the surface (𝛽=90° for vertical) 

 

The beam radiation Rb, the ratio of beam radiation on the tilted surface to beam radiation 

on the horizontal surface, 

𝑅𝑏 =
cos 𝜃

cos 𝜃𝑧
 

(3.7) 

 

                                   

Hourly radiation incident of the tilted surface 𝐼𝑇 (W/m2), 

𝐼𝑇 = (𝐼𝐺 − 𝐼𝑑)𝑅𝑏 + 𝐼𝑑 (
1 + cos 𝛽

2
) + 𝐼𝐺𝜌𝑔 (

1 − cos 𝛽

2
) 

(3.8) 

 

𝜌𝑔= Ground reflection coefficient (was taken as 0.2)  
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𝐼𝐺= Global radiation (W/m2) 

𝐼𝑑= Diffuse radiation (W/m2) 

 

Heating and heat loss calculation and other parameters that were used in this thesis were 

presented in accordance with the American Society of Agricultural Engineers Standard 

for Heating, Cooling and Ventilation of Greenhouses ANSI - ASAE EP 406.4 in 

following steps (ASAE 1998; Weather Edge Inc. 2000; NASA Earth Observatory 2009; 

Duffie and Beckman 2013; Berkeley University of California 2022; CarnotCycle 2023), 

 

Absolute humidity ratio 𝑊 in g/m3, 

𝑊 =
6.112 × 𝑒[

17.67×𝑇
𝑇+243.5

] × 𝑟ℎ × 2.1674

273.15 + 𝑇
 

(3.9) 

 

𝑟ℎ= Relative humidity  

 

The total heat loss value (𝑄𝑇) in this greenhouse is equal to the sum of the heat transfer 

value from the greenhouse by convection (𝑄𝑐𝑜𝑛), radiation (𝑄𝑟𝑎𝑑) and the heat transfer 

value (𝑄𝑖𝑛𝑓) that occurs because of infiltration. 

𝑄𝑇 =  𝑄𝑐𝑜𝑛 + 𝑄𝑟𝑎𝑑 + 𝑄𝑖𝑛𝑓 (3.10) 

 

Heating and heat loss determination by convection 𝑄𝑐𝑜𝑛,  

𝑄𝑐𝑜𝑛 = 𝑈 × 𝐴 × ∆𝑇 (3.11) 

 

𝑈= Heat transfer coefficient of each material (W/m2°C) 

𝐴= Area of the greenhouse cover (wall, ground, window etc.) (m2) 

∆𝑇= Temperature difference between ambient and greenhouse indoor (°C)  

 

Heating and heat loss determination by radiation 𝑄𝑟𝑎𝑑, 

𝑄𝑟𝑎𝑑 = 𝐴 × 𝐼𝑇 × 𝜏 (3.12) 

 

𝜏= Window standard solar transmittance & atmosphere absorption (0.86 × 0.28) 
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For each direction, radiation incidents 𝐼𝑇 and areas 𝐴 of the greenhouse surfaces (walls, 

roof etc.) facing that direction were taken as a basis. 

 

Heating and heat loss determination by infiltration 𝑄𝑖𝑛𝑓, 

𝑄𝑖𝑛𝑓 = 𝜌𝑎𝑖𝑟𝑉𝑁 × [𝐶𝑝𝑎𝑖𝑟∆𝑇 + ℎ𝑓𝑔(𝑊𝑖 − 𝑊𝑜)] (3.13) 

 

𝜌𝑎𝑖𝑟= Density of the air (1.225 kg/m3) (Cengel and Boles 2015) 

𝑉= Volume of the greenhouse (m3) 

𝑁= Infiltration rate (2.8 × 10−4 𝑠−1) 

𝐶𝑝𝑎𝑖𝑟= Specific heat of the inside air (1.006 kJ/kg°C) (Cengel and Boles 2015) 

ℎ𝑓𝑔= Latent heat of vaporization of water at greenhouse indoor temperature (2450 kJ/kg 

at 20 °C, enthalpy values of water and steam can be obtain at the same temperature or 

directly from table and graph values (Cengel and Boles 2015))  

𝑊𝑖= Humidity ratio of the greenhouse indoor air (kgwater/kgair) 

𝑊𝑜= Humidity ratio of the outside air (kgwater/kgair) 

 

All heat values (Q) presented in previous steps were converted into kW and all heat values 

(Q), power values (P) and work values (W) used in kW in forward calculations (Cengel 

and Boles 2015). 

 

3.2.1.  Heat Pump Work 

 

Considering the greenhouse effect resulting from solar radiation, it was 

determined that there is no need for heating and cooling in the greenhouse if the daily 

average temperature values are between 18°C - 22°C (Ata 2015; Pavani 2020; Icoz 2022) 

which is the proper temperature range for tomatoes. The heat pump capacity was 

determined based on this range. The heat pump was designed to turn on/off on an hourly 

basis when the temperature is out of the range. The initial and set temperatures were 

assumed as 20°C. When the greenhouse indoor temperature (𝑇𝑔ℎ) is lower than 18 °C, the 

heating process is activated when the greenhouse indoor temperature is higher than 22 °C 
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the cooling process is activated. Both the heating and cooling processes were assumed to 

operate at full power. The power load of the heat pump for the heating (𝑄ℎ𝑝ℎ)  and cooling 

(𝑄ℎ𝑝𝑐)  was calculated as follows: 

 

𝑇𝑔ℎ< 18 °C;  

𝑇𝑔ℎ = ∫ (
𝑄𝑐𝑜𝑛 + 𝑄𝑟𝑎𝑑 + 𝑄𝑖𝑛𝑓 + 𝑄ℎ𝑝ℎ

𝑉𝜌𝑎𝑖𝑟𝐶𝑝𝑎𝑖𝑟
) 𝑑𝑡

𝑡=𝑡𝑓

𝑡=𝑡𝑖

 
(3.14) 

 

𝑡𝑖=0, 𝑡𝑓=8760 

 

𝑇𝑔ℎ> 22 °C;  

𝑇𝑔ℎ = ∫ (
𝑄𝑐𝑜𝑛 + 𝑄𝑟𝑎𝑑 + 𝑄𝑖𝑛𝑓 − 𝑄ℎ𝑝𝑐

𝑉𝜌𝑎𝑖𝑟𝐶𝑝𝑎𝑖𝑟
) 𝑑𝑡

𝑡=𝑡𝑓

𝑡=𝑡𝑖

 
(3.15) 

 

 

The heat pump capacity was determined as 5,000 kW due to the energy demand 

of the greenhouse. Since the selected heat pump has approximately 250 kW capacity (LG 

Electronics 2020), 20 heat pumps were used in this greenhouse. 

 

The heat pump work (the compressor work) 𝑊ℎ𝑝𝑐𝑜𝑚𝑝, 

𝑊ℎ𝑝𝑐𝑜𝑚𝑝 = ∫
(𝑄ℎ𝑝ℎ + 𝑄ℎ𝑝𝑐)

𝐶𝑂𝑃ℎ𝑝
𝑑𝑡

𝑡=𝑡𝑓

𝑡=𝑡𝑖

 
(3.16) 

 

𝐶𝑂𝑃ℎ𝑝= Coefficient of performance of the selected heat pump (4.36 was taken from the 

technical specification sheet) 

 

After calculating the hourly heating and cooling demands of the designed 

greenhouse for one year and selecting the proper heat pump, due to the high cooling load, 

it was decided that the cooling process was not taken into account. The reason of this was 

explained in Results and Discussion section. Therefore, the consumption of the heat pump 

was taken into account for the period of 7 months (October-April) which needed heating. 
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3.2.2.  Electricity Generation from the PV Panel 

 

In this section equations for calculations of photovoltaics were used from (Duffie 

and Beckman 2013), (Dubey, Sarvaiya, and Seshadri 2013) and (Özcan et al. 2021). For 

the PV panel selection, Panasonic N330 PV module was selected to be used in PV system 

for the designed greenhouse (Panasonic 2018). 

Cell temperature 𝑇𝑐, 

𝑇𝑐 = 𝑇𝑎 + 𝑘 × 𝐼ℎ (3.17) 

where, 𝑇𝑎 is the ambient temperature for each hour and k is the ventilation coefficient, 

taken as 0.2 (Özcan et al. 2021). Hourly global radiation values on the horizontal plane 

𝐼ℎ (W/m2) were used from PVGIS (PVGIS 2022). 

 

Hourly PV efficiency 𝜂𝑖, 

𝜂𝑖 = 𝜂𝑚𝑝,𝑟𝑒𝑓 × (1 − 𝜇𝑚𝑝(𝑇𝑐 − 𝑇𝑟𝑒𝑓) + 𝛿𝑙𝑛 (
𝐼ℎ

𝐺𝑟𝑒𝑓
)) 

(3.18) 

𝜂𝑚𝑝,𝑟𝑒𝑓 = PV panel efficiency (19.7% (Panasonic 2018)) 

𝜇𝑚𝑝 = The temperature coefficient of maximum power point efficiency (was taken as 

0.00258 for 25 °C from (Skoplaki and Palyvos 2009), (Panasonic 2018) and (Özcan et al. 

2021)) 

𝛿= Solar radiation coefficient (was taken as 0.052 from (Skoplaki and Palyvos 2009; 

Dubey, Sarvaiya, and Seshadri 2013; Özcan et al. 2021)) 

𝑇𝑟𝑒𝑓= The reference temperature (25 °C) (Panasonic 2018) 

𝐺𝑟𝑒𝑓= The reference global radiation (1000 W/m2) (Panasonic 2018) 

 

Hourly PV electricity generation 𝐸𝑖, 

𝐸𝑖 = 𝜂𝑖 × 𝑛𝑝𝑣 × 𝐴𝑝𝑣 × 𝐼ℎ (3.19) 

𝜂𝑃𝑉 = The number of PV panel 

𝐴𝑃𝑉 = Area of PV panel (1.67 m2 was taken from Panasonic N330 PV module datasheet 

(Panasonic 2018)) 
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3.2.3.  Electricity Generation from the Wind Turbine 

 

In this section equations for calculations of wind power were used from (Manwell 

2009; Letcher 2017). For the wind turbine selection, EWT DW 61 1 MW was selected to 

be used in wind turbine system for the designed greenhouse (EWT 2018).  

 

Available wind power 𝑃𝑤, 

𝑃𝑤 =
1

2
𝜌𝑎𝑖𝑟𝐴𝑠𝑈𝑤

3 
(3.20) 

𝜌𝑎𝑖𝑟= Density of the air (1.225 kg/m3) 

𝐴𝑠= Area swept by the rotor (m2) 

𝑈𝑤= Air velocity (m/s) 

 

The power law representation of a basic model for the wind speed profile, 

𝑈(𝑧) = 𝑈(𝑧𝑟) (
𝑧

𝑧𝑟
)

𝑎

 
(3.21) 

where 𝑈(𝑧) represents the wind speed at height 𝑧, 𝑈(𝑧𝑟) represents the reference wind 

speed at height 𝑧𝑟, and a represents the power law exponent. Early research on this topic 

revealed that under certain conditions, 𝑎=1/7, demonstrating a link between wind profiles 

and flow through flat plates. The wind speed data from PVGIS (PVGIS 2022) is for 10 

m, so using the above correlation, since the chosen turbine hub height is 69 m the 

approximate value of the wind speed at 69 m height was calculated. 

 

The turbine power curve 𝑃𝑤(𝑈)  based on the available wind power 𝑃𝑤 , the power 

coefficient 𝐶𝑝, and the drive train efficiency 𝜂, 

𝑃𝑤(𝑈) =
1

2
𝜌𝑎𝑖𝑟𝐴𝑠𝐶𝑝𝜂𝑈𝑤

3 
(3.22) 

 

Electricity generation from the wind turbine was made for 1 wind turbine with 

respect to the power curve shown in Figure 2.8. by using a web plot digitizer (Ankit 

Rohatgi 2022), and according to Table 2.5 in System Description Section 2.6. While the 



 

   28 

 

power correlations and power curve in Figure 2.8 were taken into account when the wind 

speed was between 3 and 14 m/s, 1000 kW power generation was taken into account when 

the wind speed was between 14 and 25 m/s. Also, it was assumed that the turbine does 

not operate when the wind speed is less than 3 m/s and greater than 25 m/s. 

In Figure 3.4 the summary of electricity generation calculations from PV panels 

and wind turbines via MATLAB software was demonstrated as a flow chart. 
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Figure 3.4. Flow chart of electricity generation from PV panels and wind turbines 

Electricity 

generation from PV 

panels via 

MATLAB 

Cell temperature 𝑇𝑐 values were calculated with 

respect to ambient temperature 𝑇𝑎 values for each 

hour and ventilation coefficient k and hourly 

global radiation values on the horizontal plane 𝐼ℎ. 

𝑇𝑐 = 𝑇𝑎 + 𝑘 × 𝐼ℎ 

 
Hourly PV efficiency 𝜂𝑖 values were calculated according to 

the selected PV panel efficiency 𝜂𝑚𝑝,𝑟𝑒𝑓, the temperature 

coefficient of maximum power point efficiency 𝜇𝑚𝑝, solar 

radiation coefficient 𝛿, the reference temperature 𝑇𝑟𝑒𝑓  and the 

reference global radiation 𝐺𝑟𝑒𝑓 , and hourly global radiation 

values on the horizontal plane 𝐼ℎ. 

𝜂𝑖 = 𝜂𝑚𝑝,𝑟𝑒𝑓 × (1 − 𝜇𝑚𝑝(𝑇𝑐 − 𝑇𝑟𝑒𝑓) + 𝛿𝑙𝑛 (
𝐼ℎ

𝐺𝑟𝑒𝑓

)) 

Hourly electricity generation 

calculations from PV panels 

were made by taking account 

into hourly PV efficiency 𝜂𝑖 

values, the number 𝑛𝑝𝑣 and 

area 𝐴𝑝𝑣 of PV panels, and 

hourly global radiation values 

on the horizontal plane 𝐼ℎ. 

𝐸𝑖 = 𝜂𝑖 × 𝑛𝑝𝑣 × 𝐴𝑝𝑣 × 𝐼ℎ 

 

Electricity 

generation from 

wind turbines via 

MATLAB  

 

Available wind power 𝑃𝑤 

may be found according 

to the density of the air 

𝜌𝑎𝑖𝑟 , area swept by the 

rotor 𝐴𝑠 and the air 

velocity 𝑈𝑤. 

𝑃𝑤 =
1

2
𝜌𝑎𝑖𝑟𝐴𝑠𝑈𝑤

3 

 

Since the reference wind 

speed 𝑈(𝑧𝑟) data used at 

height 𝑧𝑟 and the chosen 

turbine hub height was 𝑧, the 

wind speed profile 𝑈(𝑧) at 

height 𝑧 was calculated. 

𝑈(𝑧) = 𝑈(𝑧𝑟) (
𝑧

𝑧𝑟

)
𝑎

 

 

For hourly electricity generation calculations from 

wind turbines turbine were made by taking into 

account the power curve 𝑃𝑤(𝑈) based on the 

available wind power 𝑃𝑤 at height 𝑧, the power 

coefficient 𝐶𝑝, and the drive train efficiency 𝜂. 

Hourly electricity generation values from the wind 

turbine were calculated via MATLAB with 

respect to the equation of the power curve of the 

chosen wind turbine by using a web plot digitizer. 

𝑃𝑤(𝑈) =
1

2
𝜌𝑎𝑖𝑟𝐴𝑠𝐶𝑝𝜂𝑈𝑤

3 

 

Hourly electricity generation from the 

wind turbine, 

if U(z) < 3 and U(z) > 25; 

𝑃𝑤(𝑈) = 0 

if U(z) > 3 and U(z) < 14; 

𝑃𝑤(𝑈) = (0.1075 × U(z)4)

− (4.7129 × U(z)3)

+ (71.051 × U(z)2)

− (329.81 × U(z))

+ 498.98 

if U(z) > 14 and U(z) < 25; 

𝑃𝑤(𝑈) = 1000 

 



 

   30 

 

 

After calculating hourly electricity generation from photovoltaic panels and wind 

turbines for 12 months, the mismatch between the load and generation was determined 

and grid connection and energy storage options were evaluated.  

 

3.2.4.  Grid and Storage 

 

In this section, according to the amount of surplus electricity generation for a 

storage system, the calculation of the capacity of a battery was explained.  

Since the 1st scenario containing 5,271 PV panels was observed to be the most 

optimal one, storage calculations were made with respect to this scenario. To determine 

the required capacity value for the battery, the hourly electrical consumption of the heat 

pump for the heating process and the total electricity generation from PV panels during 

one year period were compared and the maximum cumulative difference between 

consumption and production was calculated. The maximum cumulative energy difference 

was found to be 1,648,302 kWh. Based on the related energy storage requirement and 

available large scale battery options, the number of required batteries were calculated. 

Considering the price of batteries, the energy storage by batteries was found to be not 

economically feasible.  Therefore, the energy storage by batteries was not included in the 

current study and for all scenarios the system was evaluated as grid-connected to prevent 

the energy mismatch. For a feasible energy storage options, batteries with large energy 

storage capacity (e.g., 1000 MW) and low price should be realized (ET Energy World 

2021; Ampyr Energy 2022; Energy Storage News 2023; Outlook 2023).  

 

3.3. Economic Analysis 

 

Many parameters must be considered when interpreting an investment's economic 

analysis. This analysis used a 25-year actual study using 2022 pricing. Since the life span 

of photovoltaic panels and wind turbines is 25-year (Forbes 2022a; TWI 2022), the 

financial analysis of this study will be conducted throughout this time period.  
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In Turkey, corporate tax is applied gradually over the company's total yearly gross 

earnings. The general corporate tax in Turkey is 20% (Dentons 2022; PWC Worldwide 

Tax Summaries Online 2022), therefore in this study, this value was used.  

 

MARR (Minimum Attractive Rate of Return): By investing in a project, an investor 

intends to earn a minimum rate of return. In other words, it is the minimum rate of return 

needed to cover an investment's costs. MARR may also be used as a large ratio to account 

for the high level of risk that investments might pose. As a result, the MARR value of 5% 

(Icoz 2022) will be used in the calculations to show that the return on the deployment 

of the utilization of photovoltaic systems and wind turbines for meeting the greenhouse 

energy demands is a high investment.  

 

Working Capital: Working capital refers to assets such as stocks and trade receivables 

that are required for an investment to begin its daily operations after realizing investments 

in fixed assets such as the production facility. To get working capital annual expenses 

were divided by the operational turnover coefficient. If the activity turnover time for 

greenhouses is accepted as 2 months (Icoz 2022), the activity turnover coefficient will be 

assumed to be 6 in the study since it is computed by dividing the number of months in a 

year by the activity turnover period (Icoz 2022). The working capital for both areas was 

estimated in the financial analysis by dividing the yearly expenditure for that year by 6. 

The average value of working capital was used in the 25-year financial study. 

 

Fixed Capital: Fixed capital investment refers to the capital necessary to construct all 

essential buildings, and purchase and install all required machinery and equipment for a 

system. The fixed capital investment may be calculated by subtracting additional outlays 

such as working capital from the total investment. 

 

Depreciation Cost (DC): Depreciation is the expenditure share that may be exhibited in 

scenarios such as the wear or obsolescence of assets acquired for usage by businesses. 

The depreciation share of each piece of equipment may be different. However, in this 

study, the depreciation share of the system was taken common and for a 25-year period. 
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Net Present Value (NPV): It is the difference between the present value of cash inflows 

and the present value of cash outflows from an investment (Investopedia 2022b). It is 

used in financial analysis to determine if an investment is profitable or not by converting 

each of the investment's costs and income over time to its present value at a risk-adjusted 

interest rate.  

𝑁𝑃𝑉 = ∑
𝐶𝑡

(1 + 𝑖)𝑡

𝑇

𝑡=1

− 𝐶0 

(3.23) 

𝐶𝑡= Net cash inflow during the period t 

𝐶0= Total initial investment costs 

𝑖= Required return or discount rate 

𝑡= The number of time periods 

 

IRR (The Internal Rate of Return): The internal rate of return is the rate of return that 

results in a net present value of zero (Investopedia 2022a). The project will have a positive 

net present value if the internal rate of return is greater than the Minimum Attractive Rate 

of Return. By comparing the IRR with the MARR, one may determine whether or not the 

investment is feasible. If the IRR is more than the MARR, the investment is feasible; if it 

is less than that, the investment is not feasible for that time. 

0 = 𝑁𝑃𝑉 = ∑
𝐶𝑡

(1 + 𝐼𝑅𝑅)𝑡

𝑇

𝑡=1

− 𝐶0 

(3.24) 

 

LCOE (Levelized Cost of Energy): The cost of generating electricity for a specific 

system is known as the levelized cost of energy. It is an economic analysis of the cost of 

an energy generating process over its entire lifespan, including initial investment, 

operations and maintenance, capital costs, and so on (CFI 2022).  

 

 

 

𝐿𝐶𝑂𝐸 =
𝑁𝑃𝑉 𝑜𝑓 𝑇𝑜𝑡𝑎𝑙 𝐶𝑜𝑠𝑡𝑠 𝑂𝑣𝑒𝑟 𝐿𝑖𝑓𝑒𝑡𝑖𝑚𝑒

𝑁𝑃𝑉 𝑜𝑓 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝐸𝑛𝑒𝑟𝑔𝑦 𝑃𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑂𝑣𝑒𝑟 𝐿𝑖𝑓𝑒𝑡𝑖𝑚𝑒
 

(3.25) 
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Assumptions: 

MS Excel was used to undertake revenue and cost analysis of systems for a 25-year period 

with 2022 prices by taking into account of parameters explained above. For other values 

which are required for the estimation of cash flow and cost analysis, some acceptations 

were made (for price calculations, values were taken according to €1=₺19.9 and 

$1=₺18.60 currency exchange (The Central Bank of the Republic of Turkey 2022)): 

• Electricity purchase price and electricity sale price were taken $0.288 per kWh 

and $0.017 per kWh, respectively (Devlet Destekli 2022; EPDK 2022; 

Leblebicioglu 2022). Production surplus and shortage electricity needs were made 

based on monthly offset (Solarist 2022), then electricity purchase and sale prices 

were calculated for the yearly periods and presented as annual electricity cost or 

income. In the further calculations, the values of 2020, which are more 

advantageous electricity purchase-sale values than 2022, were taken to make a 

comparison with a year 2022. Therefore, the purchase price of electricity was 

taken as $0.0315 per kWh and the sale price of electricity was taken as $0.029 per 

kWh (Power Enerji 2020). 

• Since 2500 tomato seedlings can fit in 1 daa, it was accepted to use approximately 

62,000 tomato seedlings on the 24.8 daa greenhouse production area in this study 

(Tarım Dünyası 2022). Within the literature research, it has been reached that 

tomato seedlings grown in a greenhouse can yield 10-20 kg tomatoes on average, 

but additionally, it has been found that a maximum of 55 kg tomatoes can be 

obtained from seedlings under optimum conditions. For this reason, without a 

heating system in the greenhouse (under base conditions), it was accepted that one 

tomato seedling can yield 10 kg. On the other hand, in this study, since there will 

be a heating system providing a system close to optimum conditions for tomatoes, 

it was accepted that one tomato seedling can yield 55 kg. Therefore economic 

calculations were made by taking the 45 kg difference into account for additional 

contribution values (Pena 2005; Sabah Newspaper 2013; Tarım TV 2022; Tarım 

Dünyası 2022; Petektar Tohumculuk 2023). 

• The production of tomatoes was accepted as 6 months (March-August), for this 

reason, tomato selling prices were taken for these months (Ata 2015; Pavani 

2020). Since tomato selling prices may be differ from month to month, prices were 
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taken between $0.2688 and $0.4301 approximately (Izmir Büyükşehir Belediyesi 

2022).  

• The installation cost of 250 kW capacity air source heat pump installation cost 

was determined as $6,500 per heat pump and since 20 heat pumps are required for 

the studied greenhouses total heat pump installation cost was $130,000 (Alibaba 

2022; Forbes 2022b). Additionally, the annual Operation and Maintenance 

(O&M) cost was taken as $75 per heat pump (Forbes 2022b) and $1,500 for 20 

heat pumps. 

• The price of one Panasonic 330 W PV panel is about $340-341 (around $1,033/W) 

(Atakale Elektrik 2022). The prices of other installation equipment such as 

inverter, cabling, transformer, etc., and the rest cost (labor and transport) for one 

330 W PV installation is about $212. Since in the 1st scenario 5,271, in the 2nd 

scenario 2,648, and, in the 3rd scenario 26 PV panels were used, prices were 

adjusted to these scenarios. The fixed O&M cost of a PV panel was reported as 

$21/kW according to NREL (NREL 2022). Therefore, in this study, the O&M cost 

was taken as $7 per PV panel. 

• While the price of one EWT DW61 1 MW wind turbine installation cost was about 

$1,512,097 (Renewables First 2022a), the O&M cost of the same turbine was 

reported at about $54,435 (Renewables First 2022b). 

 

In cash flow estimation, the above assumptions were taken into account and initial 

investments and annual costs of five scenarios were presented in Table 3.1.  
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Table 3.1. Cost summary of all scenarios 

 

Scenarios 1st 2nd 3rd 4th 5th 

HP 

Installation 

Cost 

$130,000 $130,000 $130,000 $130,000 $130,000 

PV System 

Installation 

Cost 

$2,913,274.9 $1,463,684.9 $14,371.53 - - 

WT 

Installation 

Cost 

- $1,512,097 $3,024,194 $4,536,291 - 

Working 

Capital 
$114,519.09 $115,535.46 $116,547.58 $106,522.74 $146,121.56 

Total 

Initial 

Investment 

$3,157,793.98 $3,221,317.36 $3,285,113.11 $4,772,813.74 $276,121.56 

Annual 

Electricity 

Cost 

$648,717.55 $618,741.78 $588,733.51 $474,331.43 $875,229.36 

O&M Cost 

of HP 
$1,500 $1,500 $1,500 $1,500 $1,500 

O&M Cost 

of PV 

System 

$36,897 $18,536 $182 - - 

O&M Cost 

of WT 
- $54,435 $108,870 $163,305 - 

Total 

Annual 

Cost 

$687,114.55 $693,212.78 $699,285.51 $639,136.43 $876,729.36 

 

3.4. Environmental Analysis 

 

There are several reasons why people prefer solar and wind energy systems in the 

world, and one of the finest ways is to contribute to a healthier environment. Furthermore, 

because solar and wind energy systems do not require water to function, they do not 

contribute to the consumption of water resources. Also, unlike fossil fuels, it does not 

emit as many pollutants into the atmosphere, such as carbon dioxide, methane, and nitrous 

oxide, and it does not produce air pollution or health concerns. The calculations of carbon 

dioxide emissions from coal, natural gas, and other energy sources that are prevented as 
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a result of the installation of PV panels and wind turbines are made according to Figure 

3.5 and the shares of resources in electricity generation. 

 

 

 

Figure 3.5. Average life-cycle CO2 equivalent emissions 

(World Nuclear Association 2022) 

 

The shares of resources in electricity generation in 2022 were recorded as (Republic 

of Türkiye Ministry of Energy and Natural Resources 2022):  

• Coal: 34.6%,  

• Natural gas: 22.2%,  

• Hydropower: 20.6%,  

• Wind: 10.8%,  

• Solar: 4.7%,  

• Geothermal: 3.3%,  

• Other sources: 3.7%. 

 

While calculating CO2 emissions originating from the renewable energy system 

in the scenarios were calculated by multiplying the average life-cycle CO2 equivalent 

emissions of the PV and the wind turbine according to the electricity generation amount 

obtained from the PV and wind turbines. Then if the amount of electricity required for 
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heat consumption would be met by the grid, not from the renewable energy systems in 

the scenarios, CO2 emissions were calculated by multiplying the electricity coming from 

the grid by the shares of resources in electricity generation. Finally, to find the savings, 

the CO2 emissions from if the electricity was produced with a renewable energy system 

were found by subtracting from the CO2 emissions if the electricity was supplied from 

the grid. 
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CHAPTER 4 

 

 RESULTS AND DISCUSSION 

 

This section presents and discusses the results of all technical, economic, and 

environmental calculations for five scenarios. The technical analysis made via MATLAB 

software was described by considering the calculations and methods in the MATLAB 

section. The economic and environmental analyzes made via EXCEL were examined 

taking into account assumptions and acceptances in the Economic Analysis and 

coefficients and percentiles in the Environmental Analysis sections, respectively.  

  As mentioned in the Methodology section, the exterior installation 

characteristics of the greenhouse studied, from the external wall dimensions to the 

material thickness and u-values, were first defined from the TRNSYS software to the 

MATLAB software. Afterwards, the climate data of Dikili, which was downloaded from 

PVGIS to calculate the heating and cooling needs of the greenhouse for a year in 

MATLAB software, were also defined in the MATLAB software and the radiation 

calculations specified in the methodology section were made respectively. Every 

calculation described in this section has been made over the MATLAB software, up to 

the economic and environmental consequences.  

The heat gain and loss calculations made with the outside of the greenhouse, that 

is, convection and radiation, heat transfers, and humidity-related infiltration, were made 

by taking into account the solar radiation values falling on each surface of the greenhouse, 

reflection, and transmission coefficients. In this way, the indoor temperature of the 

greenhouse, which was determined as a 20°C set temperature, was accepted as the initial 

temperature and hourly indoor temperature values of the greenhouse were calculated by 

including the outside temperature and heat loss gain values. The new indoor temperature 

values were calculated to try to keep the indoor temperature of the greenhouse between 

18°C-22°C, a heat pump capacity value was determined that can meet how much power 

is required to be heated and cooled within this temperature range. According to these 

calculations, the total heating load was found to be 5,922,015 kWh and the total cooling 

load was found as 11,014,446 kWh in one year period. The average heating load and the 
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average cooling load were calculated as 1,419.8 and 3,408.9 kW, respectively. 

Additionally, the average heating load per greenhouse area square meter was 53.66 W/m2 

and the average cooling load per greenhouse area square meter was 128.83 W/m2. Since, 

the cooling load was higher than the heating load, the average cooling load was used to 

determine the heat pump capacity. Therefore, the heat pump capacity was determined as 

5,000 kW. The total electricity consumption of the heat pump for heating and cooling the 

greenhouse for one year is 5,583,716 kWh. Since including the cooling load in analyzes 

to determine the total electricity consumption of the heat pump was found as very high 

compared to the reserved land area mentioned in System Description section for the 

maximum PV and wind turbine installation, the cooling process was excluded from 

analyzes. Therefore, the heating load of the greenhouse was taken as a basis and the 

electricity consumption value depending on this load which was found as 3,038,991 kWh 

was used in all analyzes. 

The hourly indoor temperature of the greenhouse which depends on the outside 

temperature and radiation values when there is no heat pump also the 18°C-22°C limit, 

which is the temperature range desired to be kept in the presence of a heat pump, and the 

new indoor temperature values of the greenhouse, which is heated and cooled in order to 

approach these temperature values in the presence of a heat pump, were shown in Figure 

4.1. 

 

 

 

Figure 4.1. Hourly temperature changes in the greenhouse  
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According to these calculations, when the hourly indoor temperature values of the 

greenhouse without heat pump are brought to be closest to the 18°C-22°C limit in the 

presence of a heat pump, the required capacity of the heat pump to heat and cool the inside 

of the greenhouse was determined as 5,000 kW. After the air source heat pumps in the 

market were investigated, a high capacity 252 kW heat pump of the LG brand, which was 

also mentioned in the system description, was chosen. Accordingly, the number of heat 

pump required to meet heating and cooling load of the greenhouse (about 25,000 m2) was 

found to be 20.  

In Figure 4.2, the required full capacity power values of the heat pump while 

heating and cooling the greenhouse hourly according to the temperatures in Figure 4.1 

were shown for a one-year period. 

 

  

 

Figure 4.2. Hourly heating and cooling by heat pumps for one year period 

 

While it is a fact that the 5,000 kW heat pump will consume a lot of electricity, 

the hourly electricity requirement of the compressor which is the electricity consuming 

equipment of the heat pump, was calculated for a one-year period and given in Figure 4.3. 

According to the COP values of the heat pump for heating the power consumption (the 

compressor work) of the 5,000 kW heat pump was calculated as 1,146.789 kW assuming 

that it always operates at full capacity.  
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Figure 4.3. Hourly compressor work of heat pumps 

 

The total electricity consumption for heating the greenhouse for one year is 

3,038,991 kWh. In order to meet this energy, Panasonic 330 W solar panel and EWT 1 

MW wind turbine were selected and they were used in different scenarios to meet the 

consumption value. Hourly electricity generation values of 330 W solar panels and 1 MW 

wind turbines within a one-year period were calculated according to the formulas in the 

methodology and shown in Figure 4.4 and Figure 4.5, respectively. 

 

 

 

Figure 4.4. Hourly electricity generation from the 330 W photovoltaic panel 
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Figure 4.5. Hourly electricity generation from the 1 MW wind turbine 

 

In Table 4.1, five different scenarios and how many solar panels and wind turbines 

are used in these scenarios were shown to meet the electricity consumption value required 

for the heat pump to heat the greenhouse according to the scenarios. 

 

Table 4.1. Annual electricity consumption and generation in all scenarios 

 

Scenarios System 

Electricity 

Consumption 

of HPs 

(kWh) 

Electricity 

Generation 

from PVs 

(kWh) 

Electricity 

Generation 

from WTs 

(kWh) 

Total 

Electricity 

Generation 

(kWh) 

1st 
20 HPs 

5271 PVs 

3,038,991 

3,039,468.077 - 3,039,468.077 

2nd 

20 HPs 

2648 PVs 

1 WT 

1,526,942.035 1,512,119.942 3,039,061.977 

3rd 

20 HPs  

26 PVs  

2 WTs 

14,992.633 3,024,239.884 3,039,232.517 

4th 
20 HPs 

3 WTs 
- 4,536,359.826 4,536,359.826 

5th 20 HPs - - - 

 

In Table 4.2, total initial investments, annual expenditures, and tax-related annual 

incomes of all five scenarios were shown.  
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As seen in Table 4.2. the annual electricity generation is higher than in other 

scenarios since 3 wind turbines were used in the 4th scenario therefore, the annual income 

is higher than in the other scenarios. However, since the installation costs of wind turbines 

are high and wind turbines were used a lot in the 4th scenario, the total initial cost was 

much higher than in other scenarios. On the other hand, the 1st scenario has the second-

highest annual income. It can be concluded from Table 4.2 that the scenario where wind 

turbines and solar panels are used together could be the best scenario if the wind turbine 

installation cost was reduced. 
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Table 4.2. Total annual cost and annual income of all scenarios 

 

Scenarios 1st 2nd 3rd 4th 5th 

Total Initial 

Investment 
$3,157,793.98 $3,221,317.36 $3,285,113.11 $4,772,813.74 $276,121.56 

Annual 

Electricity 

Purchase 

$648,717.55 $618,741.78 $588,733.51 $474,331.43 $875,229.36 

Annual 

Total O&M 

Cost 

$38,397 $74,471 $110,552 $164,805 $1,500 

Fixed 

Capital 

Investment 

$3,043,274.09 $3,105,781.90 $3,168,565.53 $4,666,291 $130,000 

Working 

Capital 
$114,519.09 $115,535.46 $116,547.58 $106,522.74 $146,121.56 

Annual 

Depreciation 

Cost 

$121,730.99 $124,231.27 $126,742.62 $186,651.64 $5,199.99 

Annual 

Electricity 

Sale 

$38,300.47 $35,994.71 $33,696.83 $51,865.64 - 

Annual 

Tomato Sale 
$950,000 $950,000 $950,000 $950,000 $950,000 

Revenues $988,300.47 $985,994.71 $983,696.83 $1,001,865.63 $950,000 

Taxable 

Income 
$179,454.93 $168,550.65 $157,668.69 $176,077.57 $68,070.64 

Tax 

Payment 
$35,890.98 $33,710.13 $31,533.74 $35,215.51 $13,614.13 

After Tax 

Annual 

Income 

$265,294.94 $259,071.79 $252,877.58 $327,513.69 $59,656.51 

 

When it is looked at in Table 4.3, it is seen that since the IRR of the 4th scenario 

was lower than the MARR value and the NPV of the 4th scenario was negative, the 4th 
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scenario was not feasible and acceptable. On the other hand, the 1st and 5th scenarios' 

breakeven periods are less than other scenarios, which means that the investment balance 

of these scenarios turns positive in earlier years than others. As a result, when the 1st and 

5th scenarios are compared, the 1st scenario is better than the 5th and other scenarios, 

because it has the highest NPV, a high total income value, and a good breakeven period. 

 

Table 4.3. Comparison of net present value 

 

Scenarios 1st 2nd 3rd 4th 5th 

MARR 5% 

IRR 7% 6.21% 5.74% 4.60% 21.34% 

Total Initial 

Investment 

($) 

3,157,793.98 3,221,317.36 3,285,113.11 4,772,813.74 276,121.56 

Investment Acceptable Acceptable Acceptable 
Not 

Acceptable 
Acceptable 

NPV 

(MARR) 

($) 

547,440.40 395,908.19 244,521.62 -188,310.34 521,523.94 

Breakeven 

Period 
19th year 20th year 22nd year - 6th year 

 

LCOE values were given in Table 4.4, where it is seen that scenario 1 has the 

lowest LCOE value. A low LCOE is a good thing because the LCOE value is the ratio of 

the expenditures of the systems that produce electricity to the amount of electricity 

generation. The low LCOE value of the 1st scenario also makes the 1st scenario preferable, 

since the expenditure is low and the amount of electricity generation is high. 

 

Table 4.4. Comparison of levelized cost of electricity 

 

Scenarios 1st 2nd 3rd 4th 5th 

NPV of 

Production 

(kWh) 

42,838,094.59 42,832,371.04 42,834,774.62 63,935,203.92 - 

NPV of 

Expenditures 

($) 

3,433,299.16 4,004,231.13 4,575,538.37 6,837,902.62 - 

LCOE 

($/kWh) 
0.080146 0.093486 0.106818 0.106950 - 
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Since the 1st scenario was determined to have the most optimal conditions 

according to the comparisons of the scenarios in the tables above, some parameters of this 

scenario were changed in further evaluations, and the current 2022 situation and the 

modified parameterized states were compared. These parameters are taken as the change 

due to the use of electricity sales and purchase values of 2020 and the change in sales 

depending on the amount of product yielded by tomato seedlings. Since there was not 

much change in electricity purchase and sale prices in 2021, the values in 2020 were 

examined for change. In addition, if the tomato seedling, which normally yields 55 kg in 

the current scenario, yielded 45 kg, the scenario was examined. 

As is seen in Table 4.5, since the sale price of electricity to the government in 

2020 was higher than the price in 2022, the NPV of the system has increased and the 

breakeven period has decreased from the 19th to the 17th year. 

 

Table 4.5. Comparison of 1st scenario according to electricity sale prices in years 2020 

and 2022 

 

Scenarios 1st (2022) 1st (2020) 

Annual 

Electricity 

Sale ($) 

38,300.47 65,336.10 

NPV (MARR) 

($) 
547,440.40 852,271.32 

Breakeven 

Period 
19th year 17th year 

 

In Table 4.6, since the purchase price of electricity from the government in 2020 

was much cheaper than in 2022, the NPV in 2020 has increased considerably and the 

breakeven period has been reduced to the 5th year. 
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Table 4.6. Comparison of 1st scenario according to electricity purchase prices in years 

2020 and 2022 

 

Scenarios 1st (2022) 1st (2020) 

Annual 

Electricity 

Purchase ($) 

648,717.55 70,953.48 

NPV (MARR) 

($) 
547,440.40 7,197,407.36 

Breakeven 

Period 
19th year 5th year 

 

In Table 4.7, both parameters changed in Table 4.5 and Table 4.6 were applied, 

that is when the electricity purchase and sale price in 2020 was taken into account at the 

same time. It was seen that the NPV is quite high and the breakeven period is in the 5th 

year. This means that if the system was built today with electricity prices in 2020, it would 

be a very profitable system. 

 

Table 4.7. Comparison of 1st scenario according to electricity prices in years 2020 and 

2022 

 

Scenarios 1st (2022) 1st (2020) 

Annual 

Electricity 

Purchase ($) 

648,717.55 70,953.48 

Annual 

Electricity 

Sale ($) 

38,300.47 65,336.10 

NPV (MARR) 

($) 
547,440.40 7,502,238.27 

Breakeven 

Period 
19th year 5th year 

 

In Table 4.8, the revenue from the tomato related to the product obtained from the 

tomato seedling was evaluated. If a seedling gave 45 kg of tomatoes instead of 55 kg, the 

system would have suffered an economic loss as seen in Table 4.8. It showed that this 

system not only gains from electricity but also plays a major role in the production of 

tomatoes in the system's profit. 
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Table 4.8. Comparison of 1st scenario according to the production of tomato 

 

Scenarios 1st (55 kg) 1st (45kg) 

Annual 

Tomato Sale 

($) 

950,000 738,889 

NPV (MARR) 

($) 
547,440.40 -1,832,870.24 

Breakeven 

Period 
19th year - 

 

As a result of changing the different parameters above, when the effects of the 

variables on NPV are examined and compared, it was seen that NPV increased 

significantly, especially in the case of a decrease in the purchase price of electricity. Apart 

from these variables, another variable that was thought to seriously affect the profitability 

of the system is the initial investment of the system. Since the values that increase the 

initial investment for these scenarios can be considered as PV panel prices or the 

installation cost of wind turbines, the effect of their changes was examined. Since the 1st 

scenario, where only PV panels are used, is the most profitable scenario, comparisons 

were made over it. Moreover, since the value that will most affect the initial investment 

of this scenario is the price of the PV panel, this parameter was changed and its effect on 

NPV was investigated and its sensitivity to NPV was examined. 

Sensitivity analysis is a risk analysis approach that measures the extent that the 

NPV changes depending on changes in the main variables that comprise the project's net 

present value (Icoz 2022). Also, sensitivity analysis is a technique used in this context to 

discover and assess potential hazards in project efficiency. Rather than determining the 

risk value, it is also utilized to quantify the effects of factors on NPV. The effect of 

changes in investment based on various assumptions surrounding the most likely value 

of a basic variable, which is considered while holding other variables constant, is 

investigated. The technique is then repeated for the remaining variables. When the 

variables below and above the fundamental variable are altered at different rates, new 

NPVs are calculated as long as the other variables stay constant (Icoz 2022).  
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As mentioned earlier, the PV panel price used in scenarios was 1.033 ($/W) in 

this study. In Table 4.9, the dollar prices per watt of the PV panels were changed and the 

effect on the NPV was examined.  

As seen in Table 4.9, when PV panel prices decrease, NPV increases considerably, 

which is an indication that the scenarios examined will yield serious profits in case the 

PV panel equipment costs and installation costs in the scenarios and the costs of wind 

turbines decrease. 

 

Table 4.9. Sensitivity of NPV to PV panel price 

 

PV Panel Price ($/W) NPV (MARR) ($) 

0.033 2,089,852.35 

0.283 1,704,025.71 

0.533 1,318,199.07 

0.783 932,372.43 

1.033 547,440.40 

1.283 160,719.15 

1.533 -225,107.49 

1.783 -610,934.13 

2.033 -996,760.77 

 

In Figure 4.6, the sensitivity analysis graph of NPV and PV panel price was made. 

The steeper NPV curve and the bigger change in NPV mean that the project's profitability 

is more sensitive to that variable. When it is looked at Figure 4.6, a slight adjustment in 

the PV panel price resulted in significant changes in the project's profitability. As a result, 

it was foreseen that there is a risk factor in 1.533 ($/W) and the following and that the 

investment will begin to lose its economic appeal. 
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Figure 4.6. Sensitivity analysis of NPV and PV panel price 

 

In Table 4.10, CO2 emissions from the renewable energy system life-cycle and 

grid were presented. Also, how many tons of CO2 emissions are prevented based on the 

utilization of renewable energy systems in scenarios were shown in Table 4.10.  

The highest CO2 emission prevention was seen in the 4th scenario with 2,064.73 t 

savings since the electricity production was at the highest in that scenario. Also, as seen 

in Table 4.10 CO2 savings in other scenarios with the utilization of wind turbines are also 

high, because the average life-cycle CO2 equivalent emissions of wind turbines are lower 

than PV’s. Since the average life-cycle CO2 equivalent emissions of PV panels are higher, 

the prevention of CO2 emissions has been slightly less compared to other scenarios. 

Therefore, in the 1st scenario, 1,270.96 t CO2 saving was observed. Lastly, since the 5th 

scenario was the only scenario where there was no electricity production, no CO2 saving 

was observed. 
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Table 4.10. CO2 emissions and savings 

 

Scenarios 1st 2nd 3rd 4th 5th 

CO2 

Emissions 

from the 

RE System 

Life-Cycle 

(g) 

145,894,467.7 89,926,537.1 33,986,285.1 49,899,958.1 - 

CO2 Emissions from the Grid (g) 

Coal  862,357,883 862,242,664 862,291,050 1,287,056,010 862,222,526 

Natural gas 499,323,816 499,257,102 499,285,118 745,233,192.2 499,245,441 

Hydropower 15,027,130 15,025,122.4 15,025,965.6 22,427,762.98 15,024,771.5 

Wind 3,610,888.1 3,610,405.63 3,610,608.23 5,389,195.47 3,610,321.31 

Solar 6,857,039.9 6,856,123.82 6,856,508.56 10,234,027.77 6,855,963.69 

Geothermal 3,811,492.9 3,810,983.72 3,811,197.58 5,688,595.22 3,810,894.71 

Other 

sources 
25,865,873 25,862,417.4 25,863,868.7 38,604,422.12 25,861,813.4 

Total 

Emission 

from the 

Grid (g) 

1,416,854,1 1,416,664,82 1,416,744,31 2,114,633,206 1,416,631,73 

Savings (t) 1,270.96 1,326.74 1,382.76 2,064.73 - 
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CHAPTER 5 

 

CONCLUSIONS 

 

In this study, the indoor temperature of an approximately 25,000 m2 area 

commercial greenhouse in the agricultural zone of Dikili and its annual heating and 

cooling needs were calculated on a hourly basis, depending on the external materials, the 

U-values of the materials, weather data, and solar radiation. Then the capacity of the heat 

pump required to meet the energy demand was determined, and the electrical load of this 

heat pump was calculated. Afterwards, to meet this electrical load of the heat pump, the 

number of PV panels and wind turbines were calculated for 4 different scenarios based 

on the power output of PV and wind turbine at the specified location. The renewable-free 

grid connected system was also considered as a comparison. Economic and 

environmental performances of systems in different scenarios were analyzed and the best 

scenario was determined accordingly. Improvement suggestions were also made on the 

best scenario for future implementation of renewable-powered greenhouse applications. 

The innovative aspects of the study are the inclusion of a detailed heat transfer of 

a large glass greenhouse with a flat roof and an area of approximately 25,000 m2 and the 

detailed technical, economic, and environmental analyzes of systems, photovoltaic 

panels, wind turbines, and large-capacity air source heat pumps containing systems and 

the utilization of combination of software such as TRNSYS, SketchUp, and MATLAB. 

The heating and cooling demand of the greenhouse was determined by 

considering all processes resulting in the heat gain and the loss of the studied greenhouse 

(convection and radiation heat transfers, humidity-related infiltration, the solar radiation 

on each surface of the greenhouse, reflection, and transmission). In this manner, the 

greenhouse's indoor temperature, which was determined as a 20°C set temperature, was 

accepted as the initial temperature, and the greenhouse's hourly indoor temperature values 

were computed by incorporating the outside temperature and heat loss gain data. To try 

to keep the greenhouse's indoor temperature between 18°C and 22°C, a heat pump 

capacity was found in a way that the heat pump can meet the required heating and cooling 

within this temperature range. The required capacity of the heat pump to heat and cool 
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the inside of the greenhouse was determined as 5,000 kW. To obtain this much capacity 

heat pump, 20 heat pumps with a capacity of 250 kW for each were used in each scenario. 

Since the cooling demand was found to be high compared to the power generation from 

PV and wind turbines for the reserved land area and the location, the colling of the 

greenhouse was excluded from the study, i.e., only greenhouse heating was considered.  

Electricity generation calculations for meeting the electricity consumption of heat 

pumps were made on a 330 W PV panel and a 1 MW wind turbine, and they were used 

in different amounts according to the different scenarios. The 1st scenario consisted of 

only 5,271 PV panels and 20 heat pumps, the 2nd consisted of 2,648 PV panels, 1 wind 

turbine, and 20 heat pumps, the 3rd consisted of 26 PV panels, 2 wind turbines, and 20 

heat pumps, the 4th consisted of 3 wind turbines and 20 heat pumps, Finally, the 5th 

scenario consisted of only 20 heat pumps. All these systems were connected to the grid 

without a storage system and monthly offset was based on electricity generation 

consumption amounts.  

The total electrical consumption in the heat pump system required for the one-

year heating of the greenhouse was 3,038,991 kWh. According to the numerical results, 

the total electricity generation in the 1st scenario was 3,039,468.077 kWh, in the 2nd 

scenario was 3,039,061.977 kWh, in the 3rd scenario was 3,039,232.517 kWh, in the 4th 

scenario was 4,536,359.826 kWh. In the 5th scenario, since there were not any renewable 

energy systems there was electricity generation. 

Even though the annual electricity generation, the annual income of the 4th 

scenario, and CO2 savings are higher than in the other scenarios, since the installation 

costs of wind turbines are high and wind turbines were used a lot in the 4th scenario, the 

total initial cost is much higher than in other scenarios. Also, since the NPV of the 4th 

scenario was negative, it was not acceptable. Therefore, even though the 1st scenario has 

slightly fewer CO2 savings (1,270.96 t) than in scenarios the 2nd and the 3rd since the 1st 

scenario had the second-highest annual income could be accepted as the best-case 

scenario. However, if the installation cost of the wind turbine is reduced in the market, 

the scenario where wind turbines and solar panels were used together may be the best 

scenario. 

Among the scenarios with renewable energy systems, the high amount of 

electricity generation in the 1st scenario and the economic breakeven point which was in 
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the 19th year showed that it is better than the others. In addition, it became clear that the 

1st scenario with the highest NPV of $547,440.40 and the lowest LCOE of 0.080146 

$/kWh was accepted as the best scenario among the five scenarios.  

Since the 1st scenario was determined to have the most optimal conditions, some 

parameters of this scenario were electricity purchase and sale prices in 2020, production 

of tomato amount, and PV panel prices were changed for evaluation. Moreover, the 

current 2022 situation and these modified parameterized states were compared. After 

comparisons by changing parameters to increase the NPV of the 1st scenario and lower 

the breakeven point, following observations were made: 

• When the electricity purchase prices of 2022 and 2020 were compared, it was 

observed that NPV value increased approximately 13.14 times in case of an 

approximately 88.8% decrease in the 2022 electricity purchase price. Also, drastic 

fall in breakeven was observed.  

• When the electricity sale prices of 2022 and 2020 were compared, it was observed 

that there was an increase of approximately 55.6% in the NPV value in case of an 

approximately 70.5% increase in the 2022 electricity sale price. Additionally, a 

little drop in breakeven point was observed. 

• By decreasing the electricity purchase price and increasing the electricity sale 

price at the same time there was significant increase in NPV and there was sharp 

decrease in breakeven point. 

• In case of under less than 55 kg tomato production per plant, NPV negative 

throughout the system life time. 

• Since the change in PV panel price affects initial cost of the system, by decreasing 

PV panel price there was also a dramatic of rise in NPV.  

• By increasing PV panel price to 1.533 ($/W) and above, it was observed that there 

was a risk factor in the investment, and it started to lose its economic attraction. 

The main conclusions drawn from all findings are that renewable energy systems 

can provide profit for heating operations in large-scale commercial greenhouses, even 

though the electricity purchase price in 2022 is very high and the electricity selling price 

is extremely low. However, it takes too many years to return to positive in the investment 
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balance. For this reason, the suggestions made to make these systems more profitable and 

reduce the breakeven points are as follows: 

• If the government makes the electricity purchase prices more affordable as in 

previous years and increases the renewable-sourced electricity sale prices, the 

renewable energy investment for greenhouses will more profitable. 

• Since the prices of wind turbines and solar panels are still relatively high, research 

and development can be done to reduce these prices, for example domestic 

productions can be promoted. 

• Since the amount of tomato production contributes greatly to the revenue of the 

greenhouse, studies can be carried out to increase production rate and capacity per 

plant. 

Finally, in addition to the features that distinguish this study from other studies 

mentioned at the beginning, its additional contribution to the literature will be as follows: 

With the change in the regulation no 31755 (Republic of Türkiye Ministry of 

Environment Urbanization and Climate Change 2022b) prepared by the Republic of 

Türkiye Ministry of Environment, Urbanization and Climate Change (Republic of 

Türkiye Ministry of Environment Urbanization and Climate Change 2022a), the 

transition to the concept of Near Zero Energy Buildings, which provides a certain part of 

the energy used from renewable energy sources, is made compulsory gradually. 

Accordingly, as of January 2023, it will be mandatory for all buildings with a total 

construction area of more than 5,000 m2 in a parcel to meet at least 5% of their energy 

from renewable energy sources such as PV panels, wind turbines and heat pumps.  

On the other hand, if the greenhouse is a glass-enclosed structure with thick and 

high pillars on a concrete perimeter wall, with a gable roof, that is, a greenhouse with a 

high cost, then the Zoning Law (Tarım Hukuku Derneği 2020) is referred to and the 

structures in accordance with the definition specified in 5th clause of the law are 

determined in the same way as specified in 20th clause of the law. It is understood that it 

will become a building (Tarım Hukuku Derneği 2020).  

For this reason, since the large-scale greenhouse in this study will be counted as a 

building, this thesis will take its place as a pioneering study in the literature according to 

the law on the necessity of using renewable energy systems and heat pumps for buildings. 

From the future perspective, it may be studied on these topics:   
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• In this study, when the average heating demand of one greenhouse for a year 

period was found to be 1,419.8 kW, the whole plant which contains 50 

greenhouses may be calculated as 70,990 kW linearly. However, detailed 

calculations for the whole plant should be made in the future.  

• The average heating load per greenhouse area square meter was calculated as 

53.66 W/m2 to preserve optimum conditions for tomato production. Therefore, 

this study can be conducted for other vegetable species productions, and 

comparisons with this study can be made. 

• Since this study used the air source heat pump, the same study can be made for 

the geothermal heat pump. The cost of a geothermal heat pump is generally higher 

than an air source heat pump in the markets, but since the COP value is higher, it 

can meet the heating power more easily, hence detailed technical and economic 

analyzes should be made and compared. 
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APPENDIX A 

 

MATLAB CODE 

 

clc; 

clear all; 

close all; 

%Dikili Greenhouse model% 

%Dikili weather cond.% 

TA=xlsread('Ta');%Air temperature(degree celcius)% 

GH=xlsread('G_h');%Global iraddiance on the horizontal plane (W/m2)% 

GBN=xlsread('Gb_n');%Beam/direct irradiance on a plane always normal to sunrays 

(W/m2)% 

GDH=xlsread('Gd_h');%Diffuse irradiance on the horizontal plane (W/m2)% 

IR=xlsread('IR_h');%Surface infrared(thermal) irradiance on a horizon 

RH=xlsread('Rh');%Relative humidity(%)% 

WD=xlsread('Wd');%10m wind direction (0=N,90=E) degree% 

Ws=xlsread('Ws');%10m total wind speed(m/s)% 

SP=xlsread('Sp');%Surface air pressure(Pa)% 

%Greenhouse area% 

GA= 26640; %m^2% 

%production area% 

PA= 24816; %m^2% 

%outbuilding area% 

OA= 1824; %m^2% 

%roof 

R=26640; %m^2% 

%roof window area 

RA= 26640*0.95; 

%Ceiling height is 5m 

H= 5; %m% 

% Gas volume of the green house 

V=H*GA; 

%Length% 

L= 185; %m% 

%Width is 144m (production+outbuilding)% 

W_p= 134.4; %m% 

W_o= 9.60; %m% 

%Outwall contains galvanized steel, concrete and glass% 

%Production side Outwall area North and South% 

WA1_NS= 672; %m^2% +48=720 %95 --> 684 

window1_NS= 638.40; %m^2% 

WA1_WE= 925; %m^2% 

window1_W= 878.75; %m^2% 
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%Outbuilding side Outwall area North and South% 

WA2_NS= 48; %m^2% 

window2_NS= 45.60; %m^2% 

WA2_WE= 925; %m^2% 

window2_WE= 878.75; %m^2% 

Total_WA=(window1_NS*2)+(window2_WE*2)+RA; %total window area 

%wall areas 

WN=720; 

WS=720; 

WW=925; %46.25 m^ outwall 

WE=925; 

Uw= 2.36;%W/m^2K window u-value 4-5mm 

Ug= 3.383; %W/m^2K ground u-value 

Xg= 0.022; %m ground thickness 

Uow= 2.907; %W/m^2K outwall u-value 4x 

Xow= 0.004; %m outwall thickness 

Uiw= 2.36; %W/m^2K intwall u-value 1x 

Xiw= 0.004; %m intwall thickness 

Ur= 2.36; %W/m^2K roof window u-value 

Xr= 0.004; %m roof thickness 

U_A=(GA*Ug)+((Uow*(46.25*2))+(Uw*(878.75*2)))+((Uow*(36*2))+(Uw*(684*2))

)+(Uiw*925)+(Ur*GA); 

U_A_hour=U_A*3600; 

rho_air = 1.225 ; % kg/m3 

Cp_air = 1.006; %kj/kgK 

Beta= 90;%slope of the surface vertical 

groundref = 0.2; 

phi=39.07; %latitude 

%VERTICAL 

for n=1:365 

    dec(n)=23.45*(sind(360*((284+n)/365))); %solar declination 

    for j=1:24 

        i=(((n-1)*24)+j); 

         omega(i)=(j-12)*15; %hour angle 

          sin_a= (sind(phi)*sind(dec(n)))+(cosd(phi)*cosd(dec(n))*cosd(omega(i))); 

       a= asind(sin_a);%solar altitude 

       KK(n,j)=a; 

       sin_z= (cosd(dec(n))*sind(omega(i)))/cosd(a); 

       z= asind(sin_z);%solar azimuth 

%        z=z*pi/180; 

       MM(n,j)=z; 

if z==0 

      R_bs(i)= ((sind(phi)*sind(dec(n))*cosd(Beta))-

(cosd(phi)*sind(dec(n))*sind(Beta)*cosd(z))+(cosd(phi)*cosd(dec(n))*cosd(omega(i))*

cosd(Beta))+(sind(phi)*cosd(dec(n))*cosd(omega(i))*sind(Beta)*cosd(z))+(cosd(dec(n)

)*sind(omega(i))*sind(Beta)*sind(z)))/((cosd(phi)*cosd(dec(n))*cosd(omega(i)))+(sind

(phi)*sind(dec(n)))); 
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I_Ts(i)= ((GH(i)-GDH(i))*R_bs(i)) + 

(GDH(i)*((1+cosd(Beta))/2))+(GH(i)*groundref*((1-cosd(Beta))/2)); 

      R_bn(i)= ((sind(phi)*sind(dec(n))*cosd(Beta))-

(cosd(phi)*sind(dec(n))*sind(Beta)*cosd(z))+(cosd(phi)*cosd(dec(n))*cosd(omega(i))*

cosd(Beta))+(sind(phi)*cosd(dec(n))*cosd(omega(i))*sind(Beta)*cosd(z))+(cosd(dec(n)

)*sind(omega(i))*sind(Beta)*sind(z)))/((cosd(phi)*cosd(dec(n))*cosd(omega(i)))+(sind

(phi)*sind(dec(n)))); 

I_Tn(i)= ((GH(i)-GDH(i))*R_bn(i)) + 

(GDH(i)*((1+cosd(Beta))/2))+(GH(i)*groundref*((1-cosd(Beta))/2)); 

    I_Tw(i)=0; 

    I_Te(i)=0; 

    R_be(i)=0; 

    R_bw(i)=0; 

elseif z>0 && z<=90 %west 

    R_bw(i)= ((sind(phi)*sind(dec(n))*cosd(Beta))-

(cosd(phi)*sind(dec(n))*sind(Beta)*cosd(z))+(cosd(phi)*cosd(dec(n))*cosd(omega(i))*

cosd(Beta))+(sind(phi)*cosd(dec(n))*cosd(omega(i))*sind(Beta)*cosd(z))+(cosd(dec(n)

)*sind(omega(i))*sind(Beta)*sind(z)))/((cosd(phi)*cosd(dec(n))*cosd(omega(i)))+(sind

(phi)*sind(dec(n))));         

I_Tw(i)= ((GH(i)-GDH(i))*R_bw(i)) + 

(GDH(i)*((1+cosd(Beta))/2))+(GH(i)*groundref*((1-cosd(Beta))/2)); 

        R_be(i)=0; 

elseif z<0  %east 

    R_be(i)= ((sind(phi)*sind(dec(n))*cosd(Beta))-

(cosd(phi)*sind(dec(n))*sind(Beta)*cosd(z))+(cosd(phi)*cosd(dec(n))*cosd(omega(i))*

cosd(Beta))+(sind(phi)*cosd(dec(n))*cosd(omega(i))*sind(Beta)*cosd(z))+(cosd(dec(n)

)*sind(omega(i))*sind(Beta)*sind(z)))/((cosd(phi)*cosd(dec(n))*cosd(omega(i)))+(sind

(phi)*sind(dec(n))));   

I_Te(i)= ((GH(i)-GDH(i))*R_be(i)) + 

(GDH(i)*((1+cosd(Beta))/2))+(GH(i)*groundref*((1-cosd(Beta))/2));         

R_bw(i)=0; 

R_be(1926)=0; 

I_Te(1926)=0; 

else 

 I_Ts(i)=0; 

 I_Tn(i)=0; 

 I_Tw(i)=0; 

 I_Te(i)=0; 

end    

    end 

end 

 tau=0.86*0.2; % std solar transmittance window& atmosphere absorption 

 N_i=2.8*10e-4; %infiltration rate for good maintenance 

 T_cont=20; %initial greenhouse temperature with heat pump 

 T_unc=20; %initial greenhouse temperature without heat pump 

 hfg=2450; % kj/kg heat of evaporation at 20 degree celcius used as fixed value for the 

following calculation 
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 Q_HP=5000; %selected HP kW (ct demand avg 3000kW), 

 COP_rated= 4.36; 

 p=0.02; 

 eff_mpref= 0.197; 

 T_ref= 25; 

 G_ref= 1000; 

 n_pv=1; 

 A_pv=1.67; 

 Rotor_d=61/2; %m 

 A_wt=(Rotor_d^2)*pi %m2 

  m=0; n=0; 

  %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%ITERATION 

STARTS%%%%%%%%%%%%%%%%%%%%%%%% 

for k=1:8760 % hours 

Wi(k,1)=((6.112*exp((17.67*T_cont)/(243.5+T_cont))*RH(k,1)*2.1674)/(273.15+T_c

ont))*1e-3/rho_air; %indoor absolute humadity at HP case 

Wo(k,1)=((6.112*exp((17.67*TA(k,1))/(243.5+TA(k,1)))*RH(k,1)*2.1674)/(273.15+T

A(k,1)))*1e-3/rho_air; %outdoor absolute humadity at HP case 

Wi_unc(k,1)=((6.112*exp((17.67*T_unc)/(243.5+T_unc))*RH(k,1)*2.1674)/(273.15+T

_unc))*1e-3/rho_air; %indoor absolute humadity at without HP 

Wo_unc(k,1)=((6.112*exp((17.67*TA(k,1))/(243.5+TA(k,1)))*RH(k,1)*2.1674)/(273.1

5+TA(k,1)))*1e-3/rho_air; %outdoor absolute humadity at without HP 

  %instant heat flows 

  Q_d(k)= (U_A*(TA(k)-T_cont))*1e-3; %heat transfer by lost or gain from 

environment (convection) with HP 

  Q_flow(k)=(V*N_i)*rho_air*Cp_air*(TA(k)-T_cont)+hfg*(Wi(k,1)-Wo(k,1)); 

%forced convection due to air circulation with HP 

Q_r(k)=(((RA*GH(k))+(WN*I_Tn(k))+(WS*I_Ts(k))+(WW*I_Tw(k))+(WE*I_Te(k))

))*tau*1e-3; %radiation 

  Q_d_unc(k)= (U_A*(-T_unc+TA(k)))*1e-3; %heat transfer by lost or gain from 

environment (convection) without HP 

  Q_flow_unc(k)=(V*N_i)*rho_air*Cp_air*(TA(k)-T_unc)+hfg*(Wi_unc(k,1)-

Wo_unc(k,1)); %forced convection due to air circulation without HP 

%Mathematical filter in order to avoid nan-values 

  R_nan=isnan(Q_r(k));  

if R_nan==1 

Q_r(k)=0; 

else 

Q_r(k)=Q_r(k); 

end 

if Q_r(k)<0 

Q_r(k)=0; 

else 

Q_r(k)=Q_r(k); 

end 

%HP on/off control because it is not continuous but 1h discrete data base mode 

%on/off control is set as: when greenhouse temperature <18C full power 
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%heating, when greenhouse temperature >22C full power cooling 

%18<T_cont<22 HP is off 

if T_cont<18 

T_cont=T_cont+(Q_d(k)+Q_flow(k)+Q_r(k)+Q_HP)/(V*rho_air*Cp_air); 

%Greenhouse temperature monitoring by heating 

Q_ht(k)=Q_HP; % Heating full power 

Q_ct(k)=0; 

elseif T_cont>22 

T_cont=T_cont+(Q_d(k)+Q_flow(k)+Q_r(k)-Q_HP)/(V*rho_air*Cp_air); 

%Greenhouse temperature monitoring by cooling 

Q_ct(k)=-Q_HP; % Cooling full power 

Q_ht(k)=0; 

else 

T_cont=T_cont+(Q_d(k)+Q_flow(k)+Q_r(k))/(V*rho_air*Cp_air); %Greenhouse 

temperature monitoring 18<T_cont<22   

Q_ct(k)=0; 

Q_ht(k)=0; 

end 

W_compcal(k)=(Q_ht(k)+Q_ct(k))/COP_rated; 

W_compcal_h(k)=Q_ht(k)/COP_rated; 

%PV ELECTRICITY GENERATION 

 T_c(k)= TA(k)+(p*GH(k)); %horizontal radiation 

        if GH(k)<10              

            eff_h(k)=0; 

        else 

            eff_h(k)= eff_mpref*((1-(0.00258*(T_c(k)-

T_ref)))+(0.052*log((GH(k)/G_ref)))); 

        end 

        elec_gen(k)= (eff_h(k)*n_pv*A_pv*GH(k))*1e-3;   

%WIND TURBINE ELECTRICITY GENERATION 

U(k)=((69/10)^0.143)*Ws(k); %hellman corelation u1/u2=(z1/z2)^n n=1/7 (0.143) 

if U(k)<3 && U(k)>25 

   P_w(k)=0; 

elseif U(k)>3 && U(k)<14 

P_w(k)=(0.1075*U(k)^4)-(4.7129*U(k)^3)+(71.051*U(k)^2)-(329.81*U(k))+498.98; 

elseif U(k)>14 && U(k)<25 

P_w(k)= 1000; 

end 

%Energy demand demonstration 

if T_unc<18 

    m=m+1; 

Q_ht_demand(k)=abs(Q_d_unc(k))+abs(Q_flow_unc(k))-abs(Q_r(k)); 

Q_ct_demand(k)=0; 

elseif T_unc>22 

    n=n+1; 

Q_ct_demand(k)=abs(Q_d_unc(k))+abs(Q_flow_unc(k))+abs(Q_r(k));     

Q_ht_demand(k)=0; 



 

   68 

 

end 

T_unc=T_unc+(Q_d_unc(k)+Q_flow_unc(k)+Q_r(k))/(V*rho_air*Cp_air); 

%Greenhouse temperature monitoring without HP 

T_green(k)=T_cont; 

T_green_unc(k)=T_unc; 

T_set_c(k)=22; 

T_set_h(k)=18; 

end 

Q_ht_demand_avg=(sum(Q_ht_demand)/m) 

Q_ct_demand_avg=(sum(Q_ct_demand)/n) 

Q_ht_demand_sum=sum(Q_ht_demand) 

Q_ct_demand_sum=sum(Q_ct_demand) 

%RESULTS DISPLAY 

subplot(3,3,1)     

plot([1:8760],Q_ct) %HP cooling 

hold on 

plot([1:8760],Q_ht) %HP heating 

xlabel('Time,h'),ylabel('Heat pump work,kW') 

legend('HP cooling','HP heating') 

subplot(3,3,2) 

plot([1:8760],T_green) 

hold on 

plot([1:8760],T_green_unc) 

hold on 

plot([1:8760],T_set_c) 

hold on 

plot([1:8760],T_set_h) 

xlabel('Time,h'),ylabel('Temperature,C') 

legend('T green controlled','T green uncontrolled','T set c','T set h') 

subplot(3,3,3) 

plot([1:8760],W_compcal) 

xlabel('Time,h'),ylabel('Compressor work,kW') 

hold on 

subplot(3,3,4) 

plot([1:8760],elec_gen) 

xlabel('Time,h'),ylabel('PV electricity generation,kW') 

hold on 

subplot(3,3,5) 

plot([1:8760],GH) 

xlabel('Time,h'),ylabel('Horizontal raditation,W/m2') 

hold on 

subplot(3,3,6) 

plot([1:8760],P_w) 

xlabel('Time,h'),ylabel('Wind turbine electricity generation,kW') 

hold on 
 

 


