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Abstract

Local food production may not meet food market needs because of population growth and
urbanization. Greenhouse cultivation has been used as an effective technique for providing an
environment isolated from outside conditions to grow a wide variety of high-quality products
with secure and sustainable harvesting in all seasons, especially in northern climates. The main
problem with greenhouse cultivation is energy consumption required to maintain the indoor
environment desirable for plant growth. Energy efficiency and conservation have become
important issues around the world due to the cost increase, disruptions in availability, and the
growing significance of environmental problems. Developing efficient greenhouses can be one of
the most important actions to support food security and climate resilience. One objective of
designing an energy-efficient greenhouse is to reduce CO> emissions caused by burning fossil
fuels to operate a greenhouse or generate electricity to be used in greenhouses so, increasing the
investment in renewable energy for greenhouses is an energy-saving action. Therefore, the main
goal of this study was to investigate energy-efficient designs of greenhouses for year-round food
security in the harsh and changing climate of Southern Alberta, Canada. Using EnergyPlus™, a
well-known building energy simulation tool, the most energy efficient greenhouse has been
determined through modelling, simulation, and comparison of greenhouses different in
parameters such as shape, dimension, orientation and covering material. In the first part of the
study, the optimum design between 6 types of conventional greenhouses was investigated
considering different variables for mentioned parameters. In the second part, the thermal
performance and energy consumption of Conventional Greenhouses (CGs), Chinese Style
Greenhouses (CSGs) and Plant Factories (PF) were compared and the most energy-efficient one

was selected. After finding the greenhouse with the minimum energy requirement in the first two

v



parts, the hybrid renewable energy systems have been selected for the optimized greenhouse
structure using Hybrid Optimization of Multiple Electric Renewables (HOMER), to minimize the
use of fossil fuels and reduce CO» emissions. Economic criteria were considered as a substantial
part of optimizing greenhouse design and hybrid energy system components. The results of the
study showed the most energy-efficient design is a Chinese Style Greenhouse when it is built
using affordable and thermal resistance materials. Using PV panels in a checkerboard layout
along with a wind turbine on the roof of the greenhouse combined with the grid, was the most

optimal on-grid power system.
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Chapter 1: Introduction

Significant population growth, urbanization, dietary change, and other consequences of
economic development are increasing the demand for energy, food, and water by 30-50% in the
next two decades (Esmaeili and Roshandel 2020). Field production cannot meet the growing food
demand as there is no efficient way to distribute the products. As well, poor distribution can lead
to a massive waste of the products. Also, this method is dependent on regional climate which can
result in uncertainty in production. There is a need for a fast, reliable, and high-yield agriculture
method that occupies a smaller area (Figueiroa and Torres 2022). Greenhouse technology can be
an effective way to provide food even when energy and water are scarce. Food can be supplied
locally, with a shorter growing period, and in larger volumes, by using greenhouses. The yield
per unit of cultivated area in greenhouses is around 10 times more than field crop production
methods (Vox ef al. 2010). Also, growing in a greenhouse will result in a prolonged production
period for seasonal plants, better quality, and less use of protective chemicals such as pesticides
(Manonmani ef al. 2016). In general, it is possible to have a clean, secure, and safe production of
food in greenhouses by controlling all the elements of what is growing in them, controlling
greenhouse climate conditions to set the desired factors for the indoor environment, and
protecting the plants by making an isolated environment from the outside conditions.

Developing a controlled environment in a greenhouse and adapting its microclimate
according to the needs of plants by maintaining factors such as temperature, relative humidity,
COz concentrations, and illumination result in a large amount of energy usage. This can result in
an unsustainable production performance which means there is no natural resources preservation
in producing food and farming (Vox ef al. 2010). One of the challenging issues in the greenhouse

industry and energy demand field is sustainable horticulture. After labour costs, energy



consumption can be accounted as the second-largest overhead cost in greenhouse crop production
(Iddio et al. 2020). In cold climates, most of the energy is consumed to heat the greenhouse while
in hot climates, this energy is used for ventilation purposes. Ahmed et al. (2019) reported that the
heating costs in Canadian greenhouses are 15-20% of total production costs. In another report, it
was shown that greenhouse heating costs could go as high as 30-40% of total production costs
(Yang et al. 2012). Energy saving has become one of the most controversial and important issues
around the world due to the shortage of energy reserves, increasing energy prices, and the
environmental problems, such as climate change, arising from the production and consumption of
energy. According to the Government of Canada, about 82% of Greenhouse Gas (GHG)
emissions come from the combustion of fossil fuels in order to make energy including heating
and electricity. Considering the fact that most of the energy demand of the greenhouse sector is
directly or indirectly provided by fossil fuels, a significant amount of CO; is emitted, which
contributes to the greenhouse effect (Wang et al. 2023).

During recent decades, one of the most significant challenges for both researchers and
producers has been the reduction of energy consumption in greenhouse operation as well as
finding ways to manage, save, produce, and store the energy of this sector (Rasheed et al. 2018).
Energy-saving techniques such as energy-efficient structural design, and the use of renewable
energy systems are the most common ways to manage the energy load (Ahamed et al. 2018). The
structural design of a greenhouse optimizes the effects of different structural parameters and
architecture of a greenhouse on its microclimate, resulting in energy savings due to the reduction
of heating, cooling, and lighting requirements. Using an optimal hybrid renewable energy system
to supply the greenhouse energy demand can lower the usage of fossil fuels and lessen the
environmental impacts of greenhouse cultivation by reducing the emission of greenhouse gases to

a large extent.



Parameters and variables such as climate conditions, shape, size, structure, construction
materials, operating schedule, etc. are involved in designing a greenhouse. As these parameters
have a strong, non-linear, and complex interactions with each other, optimizing greenhouse
design is beyond human calculation capabilities (Dahlan ez a/. 2018). Building energy simulation
tools such as EnergyPlus™, which is based on the energy balance method, can be used to predict
the thermal performance as well as energy consumption of greenhouses (Pakari and Ghani 2022).
There are a number of technology options and the variation in technology costs and availability
of energy resources that should be considered in designing energy systems. Through using
simulation-optimization tools such as HOMER, it is possible to evaluate the many possible
system configurations and find the optimal one (Nayanatara et al. 2019).

The main goal of this study is to find the most energy-efficient design for a year-round
greenhouse located in the harsh and changing climate of Southern Alberta by optimizing the
structural parameters of the greenhouse using EnergyPlus™ and finding an optimum hybrid

renewable energy system to supply its energy demand using HOMER.

1.1. Thesis objectives

This project has three main objectives to better investigate the feasibility of developing a
year-round energy-efficient greenhouse in the continental climate' of Southern Alberta, in
particular at the Old Sun Community College in Siksika First Nation of the Blackfoot
Confederacy (east of Calgary, AB, Canada). The simulation time is during the year 2020. The

objectives of the study are as follows:

! Continental climates often have a significant annual variation in temperature (warm summers and cold winters).



- Optimizing the physical characteristics of conventional greenhouses by minimizing the
interior average temperature deviation from the optimum temperature range suitable for
growing plants using EnergyPlus™,

- Comparing the thermal performance and energy requirement of the most energy-efficient
conventional greenhouse design in the first step of the study with Chinese Style
Greenhouses, and Plant Factories using EnergyPlus™ which considers energy and initial
investment cost analysis as well as the profit from sale of the products,

- Determining the optimum hybrid renewable energy system (wind turbine and solar
panels) which generate electricity in combination with greenhouse cultivation within the
same building through using HOMER and by considering economic, technical, and
environmental criteria as well as performing a sensitivity analysis on grid power price and

sellback rate for the most optimum hybrid renewable energy system.

1.2. Thesis structure

This is a journal article format thesis. The first chapter is the introduction of the thesis.
The objectives stated above are presented in the three following chapters. In the second chapter, a
parametric study was conducted to find the most optimum structural parameters of conventional
greenhouses. A total of 1408 scenarios were developed to better investigate the effect of shape,
height, orientation, and covering materials on the thermal performance of the greenhouse.
EnergyPlus™ was used to predict the average temperature. In the third chapter, the energy
demand and thermal performance of three different greenhouse facilities (Conventional
Greenhouses, Chinese Style Greenhouses, and Plant Factories) were assessed using
EnergyPlus™. Scenarios were defined to investigate the effect of increasing volume (increasing

height) and two different opaque wall construction materials on the energy efficiency of each



facility. An economic analysis of the energy cost and upfront costs of greenhouse construction
was conducted to better compare the facilities with each other. In the fourth chapter, different
combinations of the energy system components including the grid, generator, PV panels, wind
turbine, and battery were compared to determine the optimum hybrid renewable energy system.
In developing the systems, it was assumed that greenhouse crop production is integrated with
solar and wind electricity generation within the same building. Economic, technical, and
environmental criteria are used to find the optimum system. The fifth chapter is the summary and

conclusion of the thesis and outlines the main findings of the research.
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Chapter 2: Effect of Changing Structural Parameters of a Greenhouse on its Energy
Consumption: A Case Study in a Cold Climate of Southern Alberta, Canada

2.1. Introduction and background

In the near future, conventional local food production may not meet food market needs
because of population growth and climate change. Greenhouse cultivation has been used as an
appropriate technique to allow an environment isolated from outside conditions to grow a variety
of high-quality products. In this way, secure and sustainable harvesting is achievable in all
seasons. This is especially true outside low latitude locations where, because of the harsh climate,
year-round production is challenging. Through the use of greenhouses, local production is
feasible in all regions, leading to low transport energy overhead as well as economic benefits for
the region. The main problem with greenhouse cultivation is energy consumption. These
structures use energy to heat during the cold season, cool during the warm season, and use
electricity for light, ventilation, and irrigation. Energy saving has become one of the most
pressing issues around the world due to the shortage of energy reserves, increasing conventional
energy prices, and the growing significance of environmental problems including climate change.
Climate change can be the result of Greenhouse Gas (GHG) emissions resulting from the use of
fossil fuels. According to the Government of Canada (2020), about 82% of GHG emissions in
Canada come from the production and consumption of energy. In this regard, improving the
agriculture sector's energy efficiency will help reduce emissions and support climate resilience.
There are three steps toward greenhouse energy efficiency: the reduction of the energy demand,
the system efficiency optimization, and the exploitation of renewable energy sources (Fabrizio
2012).

Designing energy-efficient greenhouses by optimizing structural design parameters to

minimize annual energy requirements using energy simulation models are of paramount



importance to researchers, manufacturers, and greenhouse growers. For example, Choab et al.
(2019) carried out an extensive literature review on greenhouse systems and analyzed key design
parameters characterizing greenhouse systems' overall performance and its indoor microclimate.
The parameters discussed were covering material, greenhouse shape, greenhouse orientation and
natural ventilation. They also reviewed the thermal models and the computational fluid dynamics
existing in the literature related to designing greenhouses. In general, factors affecting the energy
efficiency of greenhouses are as follows:

e the outside climate (e.g., solar radiation, wind, humidity),

e dimension of the greenhouse,

e shape,

e orientation,

e the angle of the roof,

e the number and width of spans,

e covering materials (e.g., single, double glazing, plastic sheets, and films, or combinations

of these materials (Choab et al. 2019)),

e the plants growing in the greenhouse,
e the desired temperature inside the greenhouse.

Among these factors, the shape and orientation of greenhouses represent the critical
criteria for solar energy collection as they strongly influence the incidence angle between solar
radiation and the sunlit surface. This angle determines the transmission and reflection of solar
radiation through the glazed surface (Deian et al. 2014). Consequently, the shape and orientation
influence greenhouses’ indoor environment, heating energy requirements, and in general,

determines energy efficiency. Hence, it is important to find the optimal orientation and form



wherever practical. Cover material is also an essential factor that determines the energy
efficiency of greenhouses, as it affects internal environmental conditions such as temperature,
relative humidity, and vapor pressure deficit. The selection of the appropriate materials must be
compatible with the structural and functional aspects of the greenhouse (Choab et al. 2019). By
having a well-designed greenhouse, a large amount of energy can be collected and stored while
the indoor climate can be kept acceptable and thermal losses minimized. Ahamed et al. (2018c)
studied the effect of design parameters including shape (even-span gable roof, uneven-span gable
roof, modified arch, vinery, and Quonset), orientation, the angle of the roof, and width of the
span separately on the energy demand of conventional-style greenhouses for the Canadian
Prairies using GREENHEAT as a greenhouse heating simulation model. The result of their study
showed the East-West oriented multi-span gable roof greenhouse would be energy efficient for a
large commercial greenhouse at high northern latitudes, whereas an E-W oriented (wider span)
Quonset shape would be energy-efficient for the single-span greenhouse. Esmaeli and Roshandel
(2020) used a validated thermal model linked with an optimization algorithm to achieve an
optimal greenhouse design for year-round or seasonal production in varied climates by
minimizing the greenhouse temperature deviation from a suitable temperature range. Design
structural parameters were roof angles, width, and height of a semi-passive solar greenhouse. The
result of their study indicated that for each climate condition, the optimal greenhouse will have
different sizing. Chen et al. (2018) sought to maximize solar energy collection utilizing the law
of the solar trajectory and the theory of heat balance. An optional model was developed to
determine the best opening and closing time of the thermal insulation curtain for the south-
pitched roof of a solar greenhouse in nine different latitudes. Furthermore, they determined the
optimal orientation for solar greenhouses according to heat transfer and Extreme Value Theory

including the impact from geographical latitude. They showed that with increased latitude, the
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opening time of the thermal insulation curtain should be delayed and that the closing time of the
thermal insulation does not change. Also, with higher latitude, larger displacement is needed
from the true south to the west to find the optimal orientation. Chen et al. (2020) developed a
greenhouse solar radiation mathematical model, coded in the MATLAB platform, to optimize the
orientation and shape of a greenhouse design at different latitudes in China to maximize the
global solar radiation collected to save energy for heating the greenhouse in winter. They
concluded that the sawtooth greenhouse with the East-West orientation was optimal for capturing
the maximum global solar radiation in winter and the minimum global solar radiation in summer.
Cakir and Sahin (2015) developed a model in the MATLAB platform to optimize design
parameters such as: orientation, roof shape, floor area, and the ratio of the greenhouse’s length to
width (K number) to obtain maximum energy input from the sun. They found that the dominant
parameter on solar energy gaining rates is roof shape, for which in this particular region the
elliptic was the best option. Also, this model is able to optimize the K number and orientation for
any greenhouse type. Ma ef al. (2019) used EnergyPlus™ to evaluate the thermal performance
and energy consumption of a double-slope greenhouse. The objective of their study was to design
a new roof for the shade room of the greenhouse by selecting the best inner surface, insulation,
and outer surface materials and calculating the minimum required insulation thickness for the
designed roof. It concluded that the new roof construction increased the indoor temperature and a
reduction in the energy consumption in the double-slope greenhouse. Ahamed et al. (2020) used
TRNSYS, a commercial building energy simulation package, to model a conceptual Chinese
Style Greenhouse (CSG) in a region with a similar climate to northern Canada. The TRNSY'S
model was compared with the CSGHEAT model to find its deficiencies in the microclimate
modelling of greenhouses. They observed that the CSGs had the potential for year-round

production by minimizing the high heating costs for northern greenhouse production. Rasheed et
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al. (2018) studied the influence of different greenhouse design parameters separately on the
thermal environment of a greenhouse using the Transient System Simulation Tool (TRNSYS).
The work design parameters considered include: greenhouse shape, orientation, glazing, natural
ventilation, covering materials, and the thickness of the covering material of a single-span
greenhouse. They concluded that a naturally ventilated greenhouse with a gothic-shaped roof, an
East-West orientation, and with double-glazed PMMA covering was sufficient to meet the
minimum heat energy requirement.

Greenhouse designing is a complicated task. As demonstrated above, different factors
should be considered in the design procedure. The important thing about these factors is that they
have non-linear and complex relations with each other. In this regard, changing one of these
factors can change the way the other factor is influencing the greenhouse microclimate so their
effect on greenhouse energy efficiency must be taken into account together (Belkadi ef al. 2019).
The importance of this fact has been underrated in previous studies that sought the most energy-
efficient greenhouse design by optimizing the greenhouse design parameter. Furthermore, studies
on designing efficient greenhouses located in the Northern American climate are still rare. Few
assessments of greenhouse energy efficiency have been undertaken for challenging climates such
as in southern Alberta, which is dry, sunny, and windy with hot summers and harsh cold winters.

This study endeavours to find suitable conditions for a highly energy-efficient greenhouse
installation to be used for educational purposes and to provide year-round food security in the
harsh climate of Southern Alberta. Through working with Old Sun Community College in
Siksika First Nation of the Blackfoot Confederacy (east of Calgary, Alberta, Canada), greenhouse
structures for year-round food production have been developed. Thus, the optimum structural
parameters will be sought via a comparative analysis to achieve high energy efficiency while

maintaining the greenhouse’s suitability for educational purposes. In other words, this work will
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investigate the influence of different structural parameters on the internal temperature of a
greenhouse using EnergyPlus™, a dynamic simulation model, which amounts to a ‘‘parametric

study” into building thermal performance.

2.1.1. Objective

The objective of the study is to model an energy-efficient greenhouse that has minimum
interior average temperature deviation from the optimum temperature range throughout the year,
2020. This has been done by optimizing the physical characteristics of the greenhouse.
2.2. Methodology
2.2.1. Site description

Figure 2-1 shows the location of Old Sun Community College (OSCC) (starred location)
in Siksika Indian Reserve, Calgary Region, Alberta, Canada.

Alberta Calgary Region

| v Calgary
]
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o

Canada
Edmgnmn

Siksika Indian Reserve

| .. Calga

Figure 2- 1: Case study location in Siksika Indian Reserve, Calgary Region, Alberta, Canada

Land located in the South of OSCC has been considered as the location of an educational
greenhouse. The land is 55 meters long and 15 meters wide. The location of this land can be seen

in Figure 2-2. A climate graph, as well as a graph of sunshine values and sunset hours for the
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location of study in 2020 are shown in Figures 2-3 and 2-4.

Figure 2- 2: Old Sun Community College land
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Figure 2- 3: Climate graph for Old Sun Community College in 2020
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Figure 2- 4: Daily variation values of sunshine and sunset hours in 2020

2.2.2. Energy simulation tools

Building Performance Simulation (BPS)/Energy Simulation/Building Information
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Molding (BIM) tools are a key instrument in the evaluation of the building energy demand and
thermal comfort (Mazzeo et al. 2019). Energy modelling software applications help in designing
efficient energy systems in green buildings, in terms of efficient usage of energy resources,
lowering energy costs, increasing the usage of natural energy resources (e.g., solar energy), and
reducing the negative impacts of fossil fuel use on the surrounding environment (Al Ka’bi 2020;
Azhar et al. 2009; Liao and Teo 2018).

EnergyPlus™ , a simulation tool that has shown an acceptable level of accuracy in
estimating the greenhouse thermal performance and energy requirement in previous studies
(Figueiroa and Torres 2022; Ma et al. 2022; Arenghi et al. 2021; Lebre et al. 2021; Alinejad et

al. 2020; Ma et al. 2019; Chen et al. 2018; Deiana et al. 2014), was used in this study.

2.2.2.1. EnergyPlus™ - Energy simulation tool

EnergyPlus™, developed by the U.S. Department of Energy, is a whole-building energy
analysis and thermal load simulation program that has shown a continuous enhancement in the
possibility of adding and validating new models (Mazzeo et al. 2019).

EnergyPlus™ contains different modules that can simulate a building exposed to different
environmental and operating conditions to calculate the building’s indoor microclimate and the
energy required for heating and cooling it (NREL 2015). The simulation is based on the
fundamental heat balance principles. Equation 2-1 demonstrates the general heat balance used in

EnergyPlus™.

Ngi Nsurfaces NZzones

dT, . . . :
mzCz — = Ql + hi Ai(Tsi - Tz) + m; Cp(Tzi - Tz) + minpr(Too - Tz) + sts
dt i=1 i=1 i=1
L= = i=

(2-1)

. .. N .
Where, Z?’:Sll , is the sum of the convective internal loads, Zii‘ races p Ai(Tg; — T,) is

15



convective heat transfer from the zone surfaces, Iivfl"”es m; C, (T, — Ty) is the heat transfer due

to interzone air mixing, 1M, rCp, (T — T,) is the heat transfer due to infiltration of outside air,

. .. dar, . ) ) . ) )
is air systems output, and C, —= is energy stored in zone air. This is the main equation used
sys 5 zZ gt

by EnergyPlus™ to estimate zone air temperatures.
The heat balance equation for this study has been defined as follows (Ahamed ef al.
2018a,b; Esmaeili and Roshandel 2020; Shen et al. 2018; Alinejad et al. 2020; Van Beveren et al.

2015):

daT;
"laircp,airi = qun+Qpeople - Qlong - Qloss - Qvent - chop t+ Qstore t+ Qsoil + Qinf
dt

(2-2)

In Equation 2-2 Qsyn, Qpeopie> Qiong> Quoss> Quents Qcrop» @stores Usoit> and Qipnf are
heat gains due to absorbed solar radiation through greenhouse cover (Shortwave), heat gain due
to existence of people working in or visiting the greenhouse, heat loss due to transferring thermal
radiation (Longwave), heat loss due to conduction and convection, heat loss due to natural
ventilation, heat loss due to crop evapotranspiration, heat exchange via convection between the
heat storage wall and inside air, heat exchange via conduction between indoor air and soil, and
heat exchange between outdoor and indoor air due to infiltration, respectively.

The amount of crop evapotranspiration is related to the net radiation at the crop surface
and the crop’s adjacent air temperature. The effect of crop evapotranspiration has not been
included as a variable in this study. Also, no storage wall has been defined in the greenhouses
models, and the value related to heat exchange between the greenhouse environment and the
storage wall is zero as well.

A general structure of data flow in this program as used in this study is as follows:
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Figure 2- 5: A general structure of EnergyPlus™ data entry used in the study

2.2.3. Parametric study

The parametric study was used to understand the effect of changing each structural
parameter input on the design objective function, while all other building parameters are kept
fixed. This technique can be repeated iteratively with other variables. As exploring alternative
design options is too time-consuming and practically impossible due to a large number of
combinations, an appropriate parametric tool, named JEPlus, has been coupled with
EnergyPlus™ to define different scenarios in less time. Python code has also been developed to

call and run all defined EnergyPlus™ files.

2.2.4. Simulation outline
The summation of the hourly temperature differences above the maximum temperature of
the optimum range and below the minimum temperature of the optimum range, which represents

the overheating degree hours and overcooling degree hours, were chosen as the thermal
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performance index of the greenhouse and defined in Equation 2-3 as the objective function

(Deiana et al. 2014; Esmaeli and Roshandel 2020).

TotalSimulationControlHours

fuvaximum = Z (Zone Air Temperature — Optimum Temperatureygyimum ) »

T
Zone Air Temperature > Optimum Temperaturey ximum
TotalSimulationControlHours

fuinimum = Z (Optimum Temperatureyimimum — Zone Air Temperature),
T
Zone Air Temperature < Optimum Temperatureyinimum

fBetweenMaximum&Minimum = 0
Optimum Temperatureyipimum < Zone Air Temperature < Optimum Temperaturey g imum

(2-3)
£ = Gutastmum + fosinimun)
(2-4)
By using Equation 2-4, the sum of temperature deviations inside the greenhouse from the
optimum temperature range defined for the growing plants throughout the simulation time has
been found for each of the models. EnergyPlus™ has been used to estimate zone air temperature

for each of the scenarios defined.

2.2.5. Development of the greenhouse models (scenarios)
2.2.5.1. Structural design parameters description

In this study, 6 different shapes of Gothic, Even-Span, Uneven-Span, Modified Arch,
Vinery, and Quonset and 4 orientations' of 0 (East-West), 30, 60, and 90 (North-South) degrees
have been investigated regarding their effect on energy demand. Two different ridge heights of
5.5 and 7.5 meters have been considered. The gutter height for the greenhouses with a span of 7.5
meters is 2 meters and for the span of 10 meters is 3 meters. Several common cover materials

including Ethylene tetrafluoroethylene (ETFE), Horticulture Glass (HG), Polycarbonate (PC),

!'It should be noted that the orientation of the greenhouses is in the same direction as the greenhouse longer
dimension except for 2500 m? and 4500 m? which the orientation is in greenhouse’s gutter direction. Because of the
dimension of the OSCC land, orientation 0 is the only greenhouse that can be considered.
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Polyethylene (PE), Polymethylmethacrylate (PMMA), Polyolefin (PO) film, Polyvinyl chloride
(PVC) and Woven film have been used in this study to conduct the simulation. Table 2-1 shows

the characteristics and properties of these greenhouse covers.

Table 2- 1: The characteristics and properties of different greenhouse covers (Part et al. 2021; Rasheed et al.

2020)
Greenhouse Covers
Cover Characteristics PE* PVC® HG* PMMAY PC* PO'film ETFE® “;,;’l:“
Solar transmittance 0.86 0.91 0.89 0.82 0.78 - - -
Solar reflectance 0.1 0.07 0.08 0.12 0.14 - - -
Visible radiation 089 = 092 091 0.92 0.75 0.89 0.923 0.747
transmittance
Visible radiation 008 008 008 007 0.5 . . .
reflectance
Thermal radiation 018 006 0 0 002 . . :
transmittance
Thermal radiation emission 0.79 0.62 0.9 0.98 0.89 - - -
Conductivity
(W m™ K1) 0.33 0.13 0.76 0.19 0.19 - - -
Thickness (mm) 0.1 0.1 4 10 10 0.146 0.097 0.212
Solar Heat Gain Coefficient 0.9 0.93 0.54
Coefficient of Heat
Transmission (W/m?-K) 6.03 6.03 391
*Polyethylene
Polyvinyl Chloride

“Horticulture Glass

4Polymethylmethacrylate
Polyolefin

‘Bthylene Tetrafluoroethylene

The result of a survey about the size of greenhouse operations in Alberta in 2019 (Laate
and Dr. Mirza Consultants 2020) shows the most common greenhouse area in Alberta is between
930 m? to 3700 m?. This survey can be evidence of the optimum area for greenhouse cultivation
in Alberta. In this study, because of the limited dimension of OSCC land, the maximum area of
the greenhouse that can be built on this land is 825 m?. Scenarios have been defined in a way that
they lead to the maximum area. Scenarios with an area of 2500 m? and 4500 m? have also been
defined for the four shapes of Gothic, Even-Span, Uneven-Span, and Modified Arch. This has

been done to show the influence of area on thermal performance.
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Values and options of the mentioned parameters above are demonstrated in Table 2-2. In
general, 1408 scenarios have been investigated in this study. Table 2-3 shows how the number of

scenarios has been calculated.

Table 2- 2: Different scenarios definitions

MmN e Tw e ®o=ZdoIREn®2REA
b 2
I 7]
(EETIDIES Gothic Even-Span Uneven-Span Modified Arch e §
Type = =
> &
Span A~ 6 a0 n @ anes n @ an s n @~ ~
Widthof v o »n M o o o o o N v o o
span ~ — o~ — o~ o~ ~ o~ ~ o~~~ Yo~ o~ ]~
Length FLZ2EEERZLZ2ERIEIZLLEAERRLZERER
Floorarea © o 2 2 8 0 o 2 28 0 o 2 2890 9 22899
oy BEZEEEERFETEEEEEE:EEEE
Ridge e QGutter height +2.2 (for greenhouses with span = 7.5m),
height (m) e  Gutter height + 3 (for greenhouses with span = 10m)
Gutter
Height (m) 1)5.5,2)7.5
Orientation 1) 0, 2) 30, 3) 60, 4) 90
Flooring .
Material - el
1) ETFE (Ethylene tetrafluoroethylene),
2) HG (horticulture glass),
3) PC (polycarbonate),
4) PE (polyethylene),
Covers 5) PMMA (polymethylmethacrylate),
6) PO (polyolefin) film,
7) PVC (polyvinyl chloride),
8) Woven film
Table 2- 3: Number of scenarios
Shapes 22
Gutter Height 2
Orientation (0, 30, 60, 90) 4
Covers

Total Scenarios =22 X 2 X 4 X 8 =1408
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2.2.5.2. Model development in EnergyPlus™

Geometries of greenhouses were produced using SketchUp, a software that provides a
user interface for the EnergyPlus™ dynamic simulation engine. The construction material was
defined using Openstudio and allocated to each surface. Necessary input data influencing the
simulation work of the study was then added to the exported files through EnergyPlus™’s
different objects to the exported files from SketchUp'. The weather data used for the simulation
is the typical meteorological year (TMY). Typical meteorological year files are representative of
long-term weather data compiled from 20-30 years of data. The TMY file used in this study has
been compiled from 2007 to 2021 for the location of the study. The calculation time specified for
the simulation was between the 1% of January 2020 and the 31% of December 2020. Therefore,
this annual duration includes typical wintertime in southern Alberta for off-season vegetable
production, as well as summertime. Also, the optimum temperature range has been considered
between 7°C and 28°C. The effect of student's attendance in the greenhouse environment has
been considered. There are classroom visits during weekdays between 8 and 12:15 as well as
13:30 and 17:00, all year round except on holidays. There are 50 students in each classroom.
Also, three employees work every day in the greenhouse. Schedule object in EnergyPlus™ has
been used to define the influence of students' and employees’ attendance. Air infiltration rates
have a key role in determining greenhouse heating requirements. The infiltration rate has been
considered as 0.9375 air changes per hour (ACH) in this study (Shelford and Both 2020).

A complete thermal model and an annual dynamic simulation were created and performed

for all the defined scenarios for all mentioned parameters, to study the potential thermal

! Because of the modular structure of EnergyPlus™, each module is responsible for “getting” its own input [20].
Input can be defined under different objects in EnergyPlus™.
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performance of the greenhouses during both cold and warm periods of the year for the considered

location.

2.3. Results and discussion

EnergyPlus™ was run for all defined scenarios. As mentioned previously, the obtained
results for the greenhouses are compared according to the hourly zone air temperature of
greenhouses in one year, 2020. The related assessments were made according to the sum of the
temperature deviations inside the greenhouse from the optimum temperature value. From the
code definition in EnergyPlus™, the zone air temperature is the average temperature of the air
temperatures at the system timestep. The zone heat balance represents a “well-stirred” model for

a zone, therefore there is only one mean air temperature to represent the air temperature for the

zone (NREL 2015).

2.3.1. Outdoor Climate

The daily variation of outdoor air temperature (Dry Bulb Temperature) and daily global
radiation of TMY weather data used in this study are shown in Figures 2-6 and 2-7. These figures
have been made with Data Viewer (DView) which is an application that can read TMY weather

data files and is capable of visualizing time-series data at any timestep.
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Figure 2- 6: Daily variation values of dry bulb Temperature
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Figure 2- 7: Daily variation values of global radiation

During the whole year, the minimum and maximum monthly air dry bulb temperatures

are around -30°C and 24°C observed in January and July, respectively.

2.3.2. Simulation results (most energy-efficient scenarios)
Figure 2-8 shows the top 10 of the most energy-efficient greenhouses among the defined

scenarios of this study.

5-1 Cover PVC - Orientation 30
4-2 Cover PVC - Orientation 0
3-2 Cover PVC - Orientation 0
41 Cover PVC - Orientation 0
w
@ 51 Cover PVC - Orientation 60
=
-
o
=
g 7.1 Cover PVC - Orientation 0
5-1 Cover PVC - Orientation 90
6-1 Cover PVC - Orientation 0
22-2 Cover PVC - Orientation 0
22-1 Cover PVC - Orientation 0
38000 38500 39000 39500 40000 40500

The sum of overheating degree hours and overcooling degree hours

Figure 2- 8: Top 10 greenhouses among all scenarios’

! Structures include two numbers. According to Table 2-1, the first number is the number of shapes, and the second
number is the number of gutter heights.
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A total of 224 out of 1408 scenarios can be built on the OSCC land. The orientation of all
these 224 greenhouses has been defined as 0 degrees. Figure 2-9 shows the top 10 energy-
efficient greenhouses among these 224 scenarios. The best structure is Quonset with an area of
500 square meters, a total height of 8.5 meters, an orientation of west-east or 0 degrees, and the
cover material of PVC. The total overheating degree hours and overcooling degree hours for this
structure is 38732.7. This amount is 939.4, 1009.9, 1143.2, 1336.1, 1488.3, 1571.7, 1785.9,
2087.5, and 2518.7 less than the second to the tenth most efficient greenhouse design on OSCC

land, respectively.
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Figure 2- 9: Top 10 greenhouses among OSCC scenarios’

According to the results of the simulation for 224 scenarios, the Quonset shape with a
total height of 8.5 meters is the first-most energy-efficient greenhouse on OSCC land among all

44 different structures and all cover materials, except woven film. However, Quonset is a single-

! Structures include two numbers. According to Table 2-1, the first number is the number of shapes, and the second
number is the number of gutter heights.

24



span greenhouse with a minimum area between all the scenarios. As can be seen in Figure 2-8
and Figure 2-9, the best structures among multi-spans are Even-Span, Gothic, and Modified
Arch, respectively. This finding aligns with the results of previous studies (Ahamed et al. 2018c;
Mobtaker et al. 2019).

Figures 2-10(a) to 2-10(e) show the geometry of five most energy- efficient greenhouse
structures on OSCC land. On the other hand, PVC cover material works the best in all different

structures. The second-best cover material is PC in all structures.

() (b)

)

(e

Figure 2- 10: Geometry of the (a): 1%, (b): 3™, (¢): 4, (d): 5, and (e): 7™ most energy-efficient greenhouses on
OSCC land
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Figure 2-11 shows the variation of daily zone air temperature and how it changes during
one year for the most energy-efficient status of the 5 structures mentioned above. An optimum
temperature range of 7 to 28 can be seen in this graph as well. As can be seen, all five structures
have a higher temperature compared to the outside temperature. The indoor temperature appears
to fall below the minimum optimum growing temperature from late October to the middle of
March. During the rest of the year, the indoor temperature is almost in the desired range except
for some short periods, mostly during May and July. Overheating degree hours are low in
comparison to overcooling degree hours during the cold seasons. This means that there is a
higher demand for heating systems for the greenhouses in OSCC locations than for cooling

systems.
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Figure 2- 11: Variation of daily zone air temperature for the 1%, 379, 4™ 5% and 7™ most energy-efficient
greenhouses on OSCC land

Figure 2-12 shows how the monthly zone air temperature is changing during one year for
these 5 structures. The annual temperature range increased in Quonset, Gothic, Modified Arch,
Even-Span with two spans, and Even-Span with five spans, respectively. Considering monthly

zone air temperature and variation in temperature range, Gothic has the minimum temperature
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range between multi spans greenhouse. However, daily indoor temperature variation shows Even-

Span with two spans and 5 spans, has less number of days with temperatures outside the optimum

temperature range than Gothic, although these two have a wider range of temperature range

during the year.
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Figure 2- 12: Variation of monthly zone air temperature for the 1%, 379, 4" 5% and 7™ most energy-efficient

greenhouses on OSCC land

2.3.3. Overall comparison of all defined scenarios

As shown in Figure 2-13 around 630 greenhouses out of 1408 defined greenhouses have a

total of overheating degree hours and overcooling degree hours between 44000 and 46000. This

means that around 45% of the defined scenarios have a total temperature deviation somewhere

between 44000 and 46000.
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Figure 2- 13: Frequency of greenhouses deviating from desired temperatures (All scenarios)
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In Table 2-4 the effect of varying covering materials, orientation, and gutter height on the
thermal performance of each greenhouse shape can be seen. The most energy-efficient scenario
of each greenhouse shape has been considered as the base-model. Obviously, PVC is the most
energy-efficient covering material, followed by PC, PE, and PMMA. However, shape is a factor
which should be considered in using PO film, HG, ETFE, and Woven film. According to the
shape, one can work better than the other between the latter covering materials. The best
orientation of the greenhouse is dependent on the shape of the greenhouse as well. For example,
in the most energy-efficient structure of a Gothic shape greenhouse (regarding the size, span,
covering material, and height), the best orientation is 90 degrees, followed by 60,30, and 0
degrees. However, this order is different from other greenhouse shapes. Also, the best gutter
height is 5.5 meters in all shapes in Table 2-4, although the effect of changing the height on the
thermal performance of a greenhouse is different. The maximum difference is in Modified Arch
and the minimum is in Uneven-Span. This table illustrates how these parameters affect each other
and the thermal performance of a greenhouse.

In Figure 2-14, the optimal orientation and cover material is identified if the shape of the
greenhouse is kept fixed. In all cases, the best cover material is PVC. However, as mentioned
above, it is not possible to decide which orientation works better. According to the results, it is
obvious that for different shapes or cover materials, different orientations need to be considered

to achieve an optimum result.
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Figure 2- 14: The best orientation or cover material when the shape of the greenhouse is not changing (All
scenarios)
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Figure 2-15 indicates the opposite of Figure 2-14. Figure 2-15 demonstrates which shape
works better, among all 1408 defined scenarios, if orientation and cover are kept fixed. For
example, the structure of Gothic with 12 spans, an area of 4500 square meters, and a gutter height
of 5.5 meters has the minimum total of overheating degree hours and overcooling degree hours
for both orientations of 90 and 60 degrees, and each of the 8 cover materials. If the orientation
and cover material do not change, except in three scenarios, the shape of the Gothic with 12
spans, an area of 4500 square meters, and a gutter height of 5.5 meters as well as the shape of
Quonset with 1 span, the area of 500 square meters and the total height of 8.5 meters, works the
best in comparison to the other structures. Also, it can be observed that in all the best cases, the
gutter height is 5.5 meters, so it can be concluded that a gutter height of 5.5 meters results in a

more efficient greenhouse.
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Figure 2- 15: The best shape of the greenhouse when orientation and cover are not changing (All scenarios)!.

In this chapter, the amounts of total overheating and overcooling degree hours for 1408

(Gothic, Even-Span, Uneven-Span, Modified Arch, vinery, and Quonset type) in 2 different

the year 2020. Based on the results of the simulation, the following conclusions were drawn:
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defined scenarios were calculated. For this purpose, the six most common shapes of greenhouses

gutter heights, a variety of spans, 4 different orientations, and 8 different cover materials were

compared. EnergyPlus™ was used to predict the internal temperatures of defined greenhouses for

IStructures include two numbers. According to Table 2-1, the first number is the number of shapes, and the second
number is the number of gutter heights.



The single-span Quonset shape greenhouse at east-west orientation, a total height of 8.5
meters, and PVC cover material has the minimum energy demand. However, this
greenhouse has the minimum contact area with surrounding environment among all
defined scenarios.

Among the scenarios with an area of 750 m? and 787.5 m? designed for the OSCC land,
Even-Span shape with two spans and a gutter height of 5.5 meters in an east-west
direction, Even-Span shape with five spans and a gutter height of 5.5 meters in a north-
south direction, Gothic shape with seven spans and a gutter height of 7.5 meters in a
north-south direction, and Modified Arch shape with five spans and a gutter height of 5.5
meters in a north-south direction are the most energy-efficient greenhouses.

Considering all 1408 scenarios and multi-span greenhouses, the most energy-efficient
greenhouse after the Even-Span shape with two spans and a gutter height of 5.5 meters in
an east-west direction, is the Gothic shape with twelve spans and a gutter height of 5.5
meters in a north-south direction. This scenario is a large commercial greenhouse with a
4500 m? area which is more energy-efficient than other options at high northern latitudes.
PVC is the most energy-efficient cover material in all scenarios. PC is the second-best
cover material.

The result of the study corroborated the result of previous studies.

The result of the study can be used as a reference to find the basic design of an energy-
efficient greenhouse for any project’s location in a cold climate like Southern Alberta.
The restriction on the greenhouse area of the case study land can affect the economic
efficiency of the greenhouse as it restricts greenhouse production. According to the results

of the study, some of the large commercial greenhouses showed good thermal
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performance. Considering the larger space to grow a larger yield in these greenhouses,

they can be considered as energy-efficient structures with higher production profits.

Although one of the main goals of the project was to consider different options and values
for the design parameters, because of EnergyPlus™ graphical limitations, it was not possible to
consider a range of values for the angle of greenhouse roofs. The shapes considered in this
chapter are all the common structures of conventional greenhouses. In future studies, it would be
valuable if uncommon greenhouse structures such as Chinese Style Greenhouses, were compared
with common greenhouse structures with respect to energy efficiency. However, economic

criteria would need to be considered in such a study.
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Chapter 3: Comparison of Thermal Performance, Energy Demand, and Costs of
Conventional Greenhouses, Chinese Style Greenhouses, and Plant Factories: A Case Study
in Southern Alberta

3.1. Introduction and background

The world’s population reached 8 billion on 15 November 2022. The United Nations
predicts that by mid-century, the global population could grow to around 9.7 billion, followed by
an increase to 10.4 billion during the 2080s and remaining at that level until 2100 (UN 2022). In
addition to population growth, the world faces numerous constraints such as climate change, the
depletion of fossil fuels, beside the steady increase in energy demand (Ouazzani ChahiD] and
Mechaqrane 2021). Hence, ensuring a supply of food, using energy-efficient systems which can
produce fresh food locally, is of paramount importance. Greenhouse agriculture seems to be one
of the most practical techniques for providing sustainable, locally produced, high-quality
products. By protecting plants against harsh ambient conditions, these structures can secure local
harvests even in regions with the most challenging climates. It should be considered that reliably
producing high-quality high-yields in greenhouses consumes significantly more energy in
comparison to free land (outdoor) cultivation (Vadiee and Martin 2014). A report from the
Institute for International Energy Studies (IIES) showed that the high-energy consumption in
greenhouse agriculture is primarily due to heating demands (Chaysaz et al. 2019). The heating
energy requirements for northern regions greenhouses have been reported to be 90% to 95% of
the total energy demand for greenhouse production (Ahmed et al. 2018c; Lristinsson 2006).
These high energy needs increase production costs with consequent increases in the market price.
Excess energy use (if from fossil sources) also has detrimental effects on the environment by
contributing to climate change through greenhouse gas emissions. It seems that high energy
demands in greenhouse construction and operation are thus contradictory to the main goal behind

utilizing them in the first place; therefore, a reliable framework for planning, designing,
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implementing, and managing greenhouses is required to control the energy requirements in this
sector.

The greenhouse is complex, multiparametric, non-linear and depends on a set of external
and internal factors (Escamilla-Garcia et al. 2020). Designing a greenhouse requires scrupulous
planning for each of its many components, including shape, orientation, covering materials,
construction material, thermal control equipment, heating and cooling systems (particularly in
cold and hot climates), water usage, irrigation equipment, light supplementations, growing media,
fertilizers, chemical or biological pesticides, CO> demand, and emissions. Each of these factors
can have a significant impact on the energy efficiency of the greenhouse. Most of these factors
are interdependent, thus their influence on energy efficiency must be considered in situ (Belkadi
et al. 2019). Accordingly, it will be necessary to optimize these factors to decrease total energy
demand. Of note, is that the design parameters of a greenhouse that results in energy efficiency
under a study situation might not be applicable to every other greenhouse and the optimal value
can vary with the location of the greenhouse (Lebre ef al. 2021).

Greenhouse facilities can be categorized based on their main light energy source for
plants, which fall into three types: (1) greenhouses using only sunlight, (2) greenhouses that
supplement sunlight with artificial lighting, and (3) closed-growth rooms with fully artificial
lighting (Brandon ef al. 2016; Kim ef al. 2022).

The first type of greenhouse facility, a greenhouse using only sunlight, might be covered
in a transparent medium. In this case, the incident short wavelength radiation through the medium
and solar irradiance provides sufficient light for plant growth (Chaob ef al. 2019). The rate of
thermal energy consumption by this type of greenhouse depends on the amount of solar radiation
entering the greenhouse (Mobtaker et al. 2019). The optimal design of solar greenhouses leads to

the best use of solar energy and reduces the energy consumption in the greenhouse (Karambasti
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et al. 2022). Belkadi et al. (2019) developed a new approach to optimize the energy consumption
of a greenhouse based on an energy balance equation. The influence of four different shapes
(elliptic, even-span, uneven-span, and rectangular) and five different cover materials (Acrylic,
Polycarbonate, Polyethylene film, Glass, and Low-E Glass) was discussed. When adopting an
uneven-span form and using polyethylene film as cover material they demonstrated significant
improvement in energy efficiency. Cakir and Sahin (2015) developed a model to optimize design
parameters including orientation, roof shape, floor area, and the ratio of the greenhouse’s length
to width (K number) to maximize energy input from the sun. With this model, they were able to
find the optimal K numbers and orientations for any greenhouse type. They concluded that the
roof shape had the predominant influence on efficiency. The Elliptic shape was the optimal form
in their site of study.

An efficient greenhouse design with the lowest heat load in winter and lowest cooling
load in summer was sought by Karambasti ef al. (2022), using solar radiation distribution model
integrated into a multi-parameter optimization. The optimal physical parameters (floor area size,
inclined surfaces of roof, and orientation) were investigated for three types of greenhouses (Even-
Span, Modified Arch, and Quonset). They showed the best direction of placement is east-west
orientation while length-to-width ratio is maximized. With regards to optimal solar radiation
capture and total solar friction, the Quonset greenhouse exhibited the best performance,
improving on the Even-Span and Modified Arch types. Ahmed ef al. (2019) presented a
comprehensive review of the potential techniques causing reduction in the heating requirement
and cost of conventional-style winter greenhouses. Finding the best shape, orientation, and cover
material, using opaque north walls and thermal screens, and insulating the greenhouse, especially
the perimeter and the side wall near the ground, are some of the techniques that can result in

decreased energy requirement. They showed that at high northern latitudes, the east-west
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orientation of the greenhouse is more energy efficient during the winter, demonstrating that by
using any thermal screen in winter greenhouses can save 20% of energy, as they reduce the loss
of thermal radiation to the sky during the winter nights.

The second type of greenhouse employs supplemental lighting when sunlight is
suboptimal (Brandon et al. 2016). For instance, opaque walls on the north side, used to reduce
thermal energy demand, often require supplemental lighting in nearby shaded areas. Mobtaker et
al. (2019) investigated the amount of total solar radiation that can be captured by the six different
shapes of greenhouses including uneven-span, even-span, single-span, vinery, quonset, and arch
type. They also developed a dynamic thermal model for estimating temperatures of the inside air,
soil surface, and the inner surface of the north wall of a single-span greenhouse. They showed
that a single-span-shaped greenhouse with an east-west orientation receives the maximum solar
radiation during the cold season and that the temperature on the inner surface of the north wall
plays a significant role in raising greenhouse air temperature; thus by erecting a brick wall on the
northern side energy loss is reduced by an average of 68%.

The most common structure of the second type of greenhouse is known as Chinese Style
Greenhouse (CSG). Generally, CSGs have three opaque walls on the north, east, and west sides
of the structure. These walls are typically made of brick containing heat-absorbing material on
the inside and insulating material on the outside (Ma ef al. 2022). The south side of the building
has a transparent cover material that allows for the maximum sun exposure. The energy captured
during the day is thus stored in the thermal mass of the walls and subsequently released at night.
As the walls are opaque, supplemental lighting will be required at certain times during the day
(Ahmed ef al. 2019). CSGs also make use of an insulation sheet, or heating blanket, that is rolled
out over the south side to slow the rate of heat loss. By considering the combination of factors

such as solar exposure, thermal energy storage, and the minimization of thermal losses, it is
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possible to maintain the indoor temperature of a CSG above the outdoor temperature during cold
periods in northern latitudes.

Ma et al. (2019) used EnergyPlus™ to evaluate the thermal performance and energy
consumption of a double-slope greenhouse with a wall in the middle of the greenhouse (double-
side CSG). EnergyPlus™ is a whole building energy simulation software that uses heat and mass
transfer models, heating and air conditioning variables, and simulation of interactions of thermal
zones within the building and environment to model energy consumption (NREL 2015). Their
objective was to design a new roof for the side of the greenhouse oriented away from the sun,
known as shade room of the greenhouse, by selecting the best inner surface, insulation, and outer
surface materials and calculating the minimum required insulation thickness for the designed
roof. They concluded that the new roof increased the indoor temperature, resulting in reduced
energy consumption. Ahamed et al. (2020) modelled the transient heating load of a fully
environmental controlled CSG for the year-round production at high northern latitudes using
TRNSYS (Transient System Simulation Tool), which is an energy systems simulation software
package (TRNSYS 2017). They showed that minimized heating costs during production can be
achieved for CSGs at high northern latitudes with appropriate adaptations.

Thermal performance for typical CSGs was evaluated by Ma ef al. (2022) using
EnergyPlus™. They showed that acceptable heat conservation of all components inside the CSG
on cold weather days was achievable, while maintaining acceptable air temperatures during the
night. Deiana ef al. (2014) assessed the energy performance of three different CSGs, varying in
the use of glazed surfaces, opaque walls, and thermal blankets, as well as ventilation rate of the
structure, using EnergyPlus™. Improvements in solar greenhouse construction by changing the
simple characteristics of the structure and defining a more complex design can cause an increase

in energy efficiency. This means a higher minimum internal temperature during the cold periods
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can be achieved which may obviate the need for auxiliary heating systems, or allow the switch to
the cultivation of different types of crops with higher market values. This design has the potential
to be economical, if higher costs of construction can be recovered with the improved market
value and production volume of the crops.

The third type of facility is completely isolated from the outside environment (i.e. a
closed system) thus necessitating artificial lighting (Brandon et al. 2016). Maximizing fertility,
production volume, and efficient resource usage are some of the features of this closed system
(Graamans et al. 2018). Vertical farming and hydroponics are the most common methods
employed in such facilities. Although vegetable production is possible in most climates and
locations using such plant factories, providing the desired indoor condition and artificial lighting
will lead to higher electrical energy requirements (Weidner et al. 2021). Graamans et al. (2018)
compared the energy requirements for lettuce production in plant factories with greenhouses in
three different climate regions. They confirmed higher energy demand for plant factories due to
artificial lighting; however, showed that they confer other advantages such as improved
efficiency in resource utilization, uniformity of interior climate, and higher quantity and quality
of production. Using a new model, Weidner et al. (2021) optimized and compared the energy
consumption of three types of controlled-environment agriculture (CEA) systems including a
plant factory, a non-ventilated greenhouse, and a ventilated greenhouse for a variety of climate
zones. He also conducted a sensitivity analysis to determine the most influential operational and
design parameters. They predicted that the specific energy consumption of ventilated
greenhouses was significantly lower than the other systems for the location of their study.

The greenhouse industry is adaptable to the application of sustainable agricultural
practices (Karambasti ef al. 2022). As a result, food security can be ensured virtually anywhere,

especially in the north and under conditions of seasonal temperature fluctuations and limited
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light. However, reducing energy demand within agricultural greenhouses should be a key goal in
order to advance sustainable development in this sector (Iddio ez al. 2020). Therefore, this
chapter seeks to find the most energy-efficient greenhouse facility located in the continental
climate of Southern Alberta, and in particular at the Old Sun Community College in Siksika First

Nation of the Blackfoot Confederacy (east of Calgary, AB, Canada).

3.1.1. Objective
The objectives of this study are as follows:

- To make a comparison between three different proposed greenhouse facilities
(Conventional Greenhouses, Chinese Style Greenhouses, and Plant Factories), located in
Southern Alberta during the year 2020, regarding their thermal performance and energy
requirement using the EnergyPlus™ simulation model.

- To validate the simulation model based on measured data from an existing greenhouse
located in Olds, Alberta, Canada during two time periods (from the 5 to the 10" of
February 2020 and from the 25" to the 30" of July 2020).

- To adapt EnergyPlus™ to consider the effect of plants evapotranspiration latent heat

- To investigate the effect of increasing volume (increasing height) and two different
opaque wall construction materials on the energy efficiency of each greenhouse facility,
by type.

- To perform an energy and capital investment cost analysis to assess the potential

profitability of these facilities.

3.2. Methodology
The focus of this study is on modelling a Conventional Greenhouse (CG), a Chinese Style

Greenhouse (CSG), and a Plant Factory (PF) located in Southern Alberta. The decision-making
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on the efficiency of each greenhouse facility requires both consideration of the energy
consumption and an economic analysis. The energy consumption of each facility is derived from
the combination of HVAC (Heating, Ventilation, and Air Conditioning) and artificial lighting
loads, which are calculated using EnergyPlus™. Furthermore, an economic analysis was
performed to identify the most cost-effective and energy-efficient design for a greenhouse facility
in the region of study. In this study, it has been assumed that the greenhouse is operational all
year round, and that HVAC systems are used when the greenhouse indoor temperature is outside
the desired range of 16°C and 27°C. These assumptions are just for the sake of comparison

between the defined cases.

3.2.1. Description of the existing greenhouse for EnergyPlus™ validation

A Chinese Style Greenhouse located in Olds, Alberta, Canada is considered as the case
study to validate the model used in this study (Figure 3-1). Figure 3-2 details the supporting
structure of the existing greenhouse model and its dimensions. Table 3-1 summarizes the

greenhouse's geometrical and structural parameters.
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Figure 3- 2: The geometry of the experimental greenhouse model developed in SketchUp

The north wall, a composite structure, is 6 meters tall. The outside is a 1-m-thick layer of
clay, covered with a tarp. The inside layer is made of a black colour metal sheet for the first 4 m
from the ground and followed by an insulation blanket for the last 2 m. There is a 2-metre space
between the first and second layer of covering material on the south roof. The first layer is at 4
metres above the ground and the second layer is two metres above it. The covering material is
made of Poly film on the south roof. There is an insulation blanket on top of the first layer of

covering material.
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Table 3- 1: Detailed existing greenhouse structural specifications used to make the model

Latitude 51.76697
Longitude -113.97065
Greenhouse Type Passive solar
widthofspn
Length 100 m

Ridge height 6 m

Gutter Height 4m
Orientation South

Flooring Material Soil

Covering material 2 layers of Poly film plastic

Outside layer: tarp
Middle layer: 1-meter-thick clay
Inner layer: Black color Metal Sheet for 4 m —
Insulation blanket on top

North Side wall materials

Insulation material (Heating Blanket) fabric on top of the first layer of cover material

To validate the model in predicting the average temperature inside the greenhouse, the
simulated temperature was compared with the actual temperature between the 5™ and 10" of
February 2020 as the winter duration and between the 25™ and 30" of July 2020 as the summer
duration. For the duration of the study, the insulation blanket has been closed all day during
winter and open during summer. Natural ventilation has been utilized during summer. An

infiltration rate of 1.5 ACH has been defined for the model.

3.2.2. Dynamic energy simulation model

Energy simulation models aid in developing energy-efficient designs with lowered energy
costs, increased natural energy resources (e.g., solar energy) usage, and reduced negative impacts
of fossil fuel on the surrounding environment (Al Ka’bi 2020; Azhar et al. 2009; Liao and Teo
2018). In this study, the simulation of the greenhouse energy consumption and thermal

performance was carried out using EnergyPlus™.
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3.2.2.1. EnergyPlus™

EnergyPlus is a whole-building energy simulation model, developed by the U.S.
Department of Energy and the Lawrence Berkeley National Laboratory. EnergyPlus™ can
simulate both the heat transfer process with a non-uniform temperature field, the heating and
cooling load of buildings, the annual dynamic energy consumption, and output detailed real-time
data, such as the average indoor hourly temperature, humidity, and the system’s hourly heating
and cooling power (Ma et al. 2019; Crawley et al. 2001). In recent years, EnergyPlus™ has been
used in several studies to analyse the thermal performance and energy consumption of

greenhouses (Ma ef al. 2022; Ma et al. 2019; Chen et al. 2018; Deiana et al. 2014).

3.2.2.1.1. Energy balance in EnergyPlus™

EnergyPlus™ is a heat balance-based simulation program based on the principle of
energy conservation. The rate of change of air temperature inside the greenhouse can be proposed
as the result of heat exchange between the inside and outside of the greenhouse. By assuming that
air is well mixed inside the greenhouse so that there is not any spatial temperature variation
(thermal equilibrium), the energy balance for a greenhouse can generally be elucidated as the
following differential equation for temperature (Esmaeili and Roshandel 2020; Shen et al. 2018;

Alinejad et al. 2020; Van Beveren et al. 2015):

darT;
maircp,air == qun + Qlight+Qpeople+QheatSys - QcoolSys - Qlong - Qloss - Qvent -
dt

chop + Qstore t Qsoil t Qinf
(3-1)

This study considers energy balance that is influenced by the aforementioned thermal
fluxes as shown in Figure 3-3. A description of each of the variables in the equation above can be

found in Table 3-2.
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Figure 3- 3: The schematic illustration of the thermal fluxes inside a greenhouse

Table 3- 2: Explanation of different greenhouse energy fluxes

Different greenhouse energy fluxes and related arrows’ colors

1 Heat gains due to absorbed solar radiation
through greenhouse cover (Shortwave)
2 Heat gains due to artificial lighting

3 Heat gains due to students/workers

4 Heat gains due to the auxiliary heating

system

5 Heat loss due to the auxiliary cooling
system

6 Heat loss due to transferring thermal

radiation (Longwave)

qun

Quignt
Qpeople

QheatSys
QcoolSys

Qlong

7

8
9

10 Heat exchange via convection between

11 Heat exchange via conduction between

12

Heat loss due to conduction and
convection
Heat loss due to natural ventilation
Heat loss due to crop
evapotranspiration

the heat storage wall and inside air
indoor air and soil

Heat exchange between outdoor and
indoor air due to infiltration

Qloss

Qvent
chop

Qstore
Qsoil

Qins

EnergyPlus™ uses different models to calculate greenhouse energy fluxes mentioned

above such as the Perez sky model, TARP (Thermal Analysis Research Program) model, and

Kiva (ground heat transfer) model to calculate Q1. Qoss»> @soir> respectively. One of the main

limitations of EnergyPlus™ is that it does not account for indoor plant environments (Fabrizio

2012; Harbick and Albright 2016).
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Crop evapotranspiration results in a cooling effect on the surroundings (Arenghi ef al.
2021). In order to modify the EnergyPlus™ deficiency, the energy loss from greenhouse air due

to this process, Qcrop, can be expressed by:

chop = ET X I X AcuitivatedGround

(3-2)
ET (gry,o-day~'.m™?) is the amount of water entering the greenhouse by
evapotranspiration and [ (Cal. gry, o ~1) is the latent heat of the vaporization of water. ET can be

calculated as follows:

ET = ETrqte X p
(3-3)

ETrate = ETo X K.
(3-4)

ET,qte (cm.day™1) is the evapotranspiration rate, p (gr.cm™3) density of water, and K,
is the dimensionless crop coefficient representing the crop type and the development of the crop
over the growth period (Alinejad et al. 2020; Arenghi ef al. 2021; Kumar ef al. 2016). The value
for K, is between 0.15 and 0.30 for vegetables (Ponce 1989), which has been considered 0.25. In
this study, Priestley and Taylor’s formula which is the radiation part of the Penman equation
(Allen et al. 1998) has been used for the calculation of ET, (cm.day 1) (Priestley and Taylor

1972):

Ry,
 126AGD

ET, 6 =
0 A+y

(3-5)

R,, (Cal.cm™2.day™?) is the net radiation at the crop surface, y (mb.°C™1)is a

psychrometric constant that is equal to 0.66 mb.°C™1, and A (mb.°C™1) is the slope vapour
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pressure curve which is a function of the air temperature and can be calculated as follows
(Linsley et al. 1982):

A= (0.00815T, + 0.8912)7
(3-6)

T, (°C) is the overlaying air temperature. The hourly latent heat flux due to
evapotranspiration was calculated using Equations 3-1 to 3-6 and integrated into the general
energy balance of EnergyPlus™ using its advanced settings (“OtherEquipment” object and

“EnergyManagementSystem” objects).

3.2.3. Model description
3.2.3.1. Location of the models

The land south of Old Sun Community College (OSCC) in Siksika Indian Reserve,
Calgary Region, Alberta, Canada, will be the location for a greenhouse to be used for educational
purposes. This land is 55 metres long and 15 metres wide. Latitude and longitude of the land are
50.93 and -112.94, respectively.

The hourly weather data used for the simulation are representative of long-term weather
data compiled from 2007 to 2021 for the location of the study and were retrieved from (Lawrie
and Crawley 2022). The calculation time specified for the simulation was between 1 January

2020 and 31 December 2020.

3.2.3.2. Description of model key design parameters

A total of 16 cases have been defined for the three facilities (CG, CSG, and PF) by
determining different shapes, heights, and construction materials. Six cases have been considered
as “base model case”. The geometry of these base model cases can be seen in Figures 3-4(a) to 3-

4(f). Table 3-3 shows defined cases and model inputs.
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(@) (e) ®

Figure 3- 4: The geometry of 6 base models of the study developed by SketchUp. (a) Even-Span with 2 spans;
(b) Even-Span with 7 spans; (¢) Gothic with 2 spans; (d) Gothic with 7 spans; (e) CSG; (f) PF

3.2.3.2.1. Cover/Wall/Heating blanket construction

Two layers of Polycarbonate (PC) have been considered for covering CGs and the south
roof and wall of CSGs. PC is the most common covering material used by the greenhouse
industry in Canada. PFs contain opaque walls on all sides and CSGs have opaque walls on the
North, East, and West sides. Construction materials with the lowest possible U-value (coefficient
of heat transmission) and high insulation characteristics have been considered for these opaque
facades. A heating blanket has been considered for CGs and CSGs during the nights and when
the indoor temperature is less than 20°C. The construction materials, and materials used to make

them can be seen in Tables 3-4 and 3-5.
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3.2.3.2.2. Production layer
PFs with a height of 7.7 meters and 9.7 meters have 3 and 5 production layers,
respectively and that for the CGs and CSGs is just one. The area of each production layer is 252

m?.

3.2.3.2.3. Lighting

In this study, CGs have been illuminated completely with natural light. A lighting period
of 16 hours has been considered for both CSGs and PFs cases. In CSGs, artificial lights have
been used between 4:00 and 20:00, before sunrise and after sunset. In PFs, only artificial lights

have been scheduled to turn off from 09:00 to 17:00 and are on during the rest of the day.

3.2.3.2.4. HVAC equipment

The only contribution of the total energy demand in GCs is heating during the cold
periods of the year and cooling during the warm periods of the year. Both are considered when
the heat management through layers and insulation covers are insufficient. In CSGs and PFs
energy demand is related to both lighting systems as well as heating and cooling systems.

To cope with heating and cooling loads, an ideal HVAC system has been defined for the
model using “HVACTemplate: Thermostat” and “HVACTemplate:Zone:IdealLoadsAirSystem”
objects of EnergyPlus™. This HVAC system can provide the plant comfort limit temperature
setpoints. Typical setpoints for HVAC in different greenhouses facilities vary (Jans-Singh et al.
2021). In this study, cooling is activated if internal temperatures surpass 27°C for one scenario.
Also, a heating setpoint of 16°C was considered. The setpoints work for most of the vegetables
including tomato, cucumber, eggplant, green bean, melon, and pepper (Mostafavi & Rezaei
2019). HVAC-required energy depends on how much the temperature of the greenhouse deviates

from the plant comfort limit (Baglivo et al. 2020).

56



3.2.4. Economic analysis

A brief cost analysis has been done in this study. The initial cost of greenhouse
construction and energy cost for one year have been calculated for each case. The profit from
selling greenhouse production for one year has been considered and subtracted from the sum of
the initial cost and energy cost to find the net total cost of the first year of operation:

Net total cost = Initial Cost + Energy Cost — Profit of Selling productions
(3-7)

Prices related to construction materials are based on market prices on January 2022 and
includes all materials, labour to install, transportation, and equipment costs (Rsmeans 2022). In
this study, natural gas has been considered to provide heating and cooling demands. Lighting
equipment uses electricity.

It has been assumed that half of the cultivated area is planted with tomatoes and the other
half with sweet bell peppers with 6 plants in one square metre while they are being replanted
annually. The target yield for tomato is 55 kg/m? and for sweet bell pepper is 23 kg/m? (Statistics
Canada). The production cycle for both vegetables has been considered for one year. Table 3-6

demonstrates the prices for different components considered in economic analysis.

Table 3- 6: Price list for different items used in economic analysis

Component Name Price in § Component Name Price in $
fg&ggﬁf:}iiﬁ; o) 415 per m? Natural Gas 4.26 per GJ
CG Wall 16 per m Electricity 0.30 per kWh
PF-CSG Fagade (Sandwich Panel) 370 per m? Tomato plant 2.5 per each
PF-CSG Roof 40 per m? Sweet Bell plant 4.75 per each
CG-CSG Covering material 42 per m? Tomato 4.87 per Kg
Heating Blanket 80 per m? Sweet Bell Pepper 9.39 per Kg
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3.3. Results and discussion
3.3.1. Model validation — Comparison of measured data with predicated data

Figures 3-5(a) and 3-5(b) show the simulation result and measured data on the variation
of the inside and outside air temperature of the experimental greenhouse located in Olds, Alberta,
obtained on the 5" to 10" of February (winter duration) and 25" to 30™ of July (summer
duration).
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Figure 3- 5: Comparison of simulation results and measured data of the inside and outside air temperature of
the experimental greenhouse located in Olds. (a) Winter duration between the 5™ and the 10" of February; (b)
Summer duration between the 25" and the 30™ of July
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The trend of the indoor air temperature is similar in both simulated and real data. In the
winter period, the simulated data is mostly below the measured data while it is the opposite in the
summer period.

Both heating blanket and natural ventilation are controlled manually in the experimental
greenhouse. This can be the main reason for the difference between measured and predicted data.
Also, finding the accurate thermal conductivity of construction materials is impossible and that
can be the other reason for this difference. Overall, the comparison results demonstrate a
reasonable prediction of the indoor environment's average temperature of the greenhouse using

EnergyPlus™.

3.3.2. General comparison of base models
The annual solar radiation and outside air dry bulb temperature variation curves in the

proposed greenhouse location is shown in Figures 3-6.
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Figure 3- 6: The case study location annual solar radiation [W/m2] and outside air drybulb temperature [°C]

The annual average temperature of the base models indoor environment can be seen in
Figures 3-7(a) to 3-7(e). The cooling and heating setpoints defined for the models can be seen in

this figure as well.
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Figure 3- 7: The annual average temperature [°C] of the base models indoor environment and heating and
cooling setpoints, which are 16°C and 27°C, respectively

Temperature is below the desired temperature during winter in CGs and CSG base
models. During summer, the temperature for these models is mostly within the desired
temperature range but there are some hours in which the temperature is out of range. The
temperature exceeded the desired temperature during summer in PF’s base model. Although PF’s
temperature is mostly within the range during the winter, there are a few days the temperature
goes below 16°C.

As expected, for crops to survive in this location, both heating and cooling loads are
required inside the greenhouse facilities. This energy demand has been defined to better evaluate
the thermal performance of different proposed scenario cases. Figure 3-8 demonstrates the base

models’ cooling, heating, and artificial lighting electricity annual load simulated using
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EnergyPlus™. The total annual energy demand is obtained by the sum of every heating/cooling

rate for every time step defined for the model in the simulation period.
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Figure 3- 8: Cooling, heating, and artificial lighting electricity annual load of the Conventional Greenhouse
(CG) in different scenarios, Chinese Style Greenhouse (CSG), and Plant Factory (PF)

The maximum cooling load is for CSG, and it is 94.42 GJ. The maximum heating load is
for the Gothic greenhouse with 5 spans, and it is 1418.54 GJ. Natural ventilation through the
south side of the facility is not enough and it can cause a higher cooling energy demand in
comparison to other base models.

CGs’ energy consumption (in all four different shapes) in comparison to CSG clearly
shows the positive impact of existing an insulated wall on the north, east, and west sides of this
type of greenhouse facility regarding the heating demand (Figure 3-8).

The minimum heating load is related to PF which is 1.33 GJ. The minimum cooling load
is for PF as well and it is 10.62 GJ (Figure 3-8). Obviously, being totally insulated has caused a
lower cooling and heating load in PF. Although, plant evapotranspiration can be the main reason
for the cooling load being less than the other base models. As mentioned before, the cultivated
area in the PF base model is three times more than the other base models.

The other energy demand is related to artificial lighting energy consumption (Figure 3-8).

Electricity load related to PF’s lighting is around 11 times more than CSG as it uses the sunlight
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and lights are turning on just before sunrise and after sunset between 4 am to 8 pm. No lighting
system has been defined for CGs and the lighting energy usage is zero. Figure 3-8 clearly
demonstrates that PF is more energy efficient than the other greenhouse facilities followed by

CSG as the second most energy-efficient facility.

3.3.3. Comparison of models with different height

The energy consumption of each base model (7.7 meters in height) has been compared
with a similar case with a greater height (9.7 meters in height) in Figures 3-9(a) and 3-9(b). As
could be expected, more energy is needed to heat the greenhouse with greater height in all cases
except in PF’s models. This can be the result of gaining extra heat by using more artificial
lighting in five layers of the cultivated area instead of three layers. Subsequently, this causes a
higher difference between the cooling loads of two PF cases with different heights and lighting

system electricity usage.
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case with a greater height (9.7 meters in height)

3.3.4. Comparison of models with different construction materials
In Figure 3-10, the energy demand of CSG and PF base models using sandwich panels as
opaque wall construction material has been compared with similar cases using spray foam-

concrete as opaque wall construction material.
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Figure 3- 10: The effect of using Sandwich Panels and Spray Foam-Concrete on the energy consumption of
CSGs and PFs
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As can be observed, there is not a big difference between heating and cooling loads
between each of the construction materials for each of the facility cases. This is because the
thermal roughness of these two construction materials is almost the same. The lighting energy

demand is not being affected by changing opaque wall construction material.

3.3.5. Comparison of models considering economic aspects

The price of construction materials, artificial lighting equipment, annual electricity/
natural gas usage, the annual total cost of each defined case, and profit from selling greenhouse
yield in this study can be seen in Table 3-7.

The minimum total cost is $28,932 per year for Even-Span with 2 spans and 7.7 metres in
height. The maximum net total cost is $121,939 per year for Plant Factory constructed with Spray
Foam-Concrete and 9.7 metres in height. This difference is related to both the electricity usage of
lighting equipment and the upfront cost of the plant factories.

Although the upfront cost of a plant factory is around 2.5 times more than Even-Span, this
greenhouse saves money by not requiring energy to provide heat. The annual costs for plant
factory cases are more than for the other cases. Without considering the amount of production,
plant factories are the least economic options. However, the profit of plant factories can make up
for the higher annual cost and energy when there is vertical production in them. The highest
projected profit is $192,472 which is for a plant factory with 9.7 metres in height, sandwich panel

as construction material, and 5 cultivated layers.
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3.4. Conclusion

This study compares the thermal performance and energy consumption of three
greenhouse facilities including Conventional Greenhouses (CGs), Chinese Style Greenhouses
(CSGs), and Plant Factories (PFs). Different cases have been defined for each facility to better
evaluate the effect of shape, height, and construction materials. An economic analysis has also
been done to determine the approximate cost of each case total cost and compare the cases
considering economic aspects. It was assumed that the greenhouses are under production status
throughout the year.

The results of the study can be summarised as follows:

- As it has been assumed that the greenhouse has production all year round and the
temperature is kept between 16°C and 27°C, there are annual heating and cooling loads in
all cases.

- Considering an ideal HVAC system, the highest amount of heating and cooling loads is
for CGs. This can be the result of using a transparent construction material with low
thermal resistance.

- The lowest heating and cooling energy consumption is for PFs. This is mainly the result
of insulated walls and ceilings as well as being fully enclosed (no infiltration). In reality,
it is impossible to build a building with 0 infiltration rate but O infiltration rate was an
assumption used in this study to better understand the effect of infiltration on thermal
load.

- The highest usage of electricity for lighting purposes can be seen in PFs. This is obviously
the result of using artificial lighting as the only source of light for production.

- The impact of greater height is the same in all cases except in PFs. Higher greenhouse

facilities have higher cooling and heating demand. As there are more cultivated layers in
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taller PFs, the heating energy coming from lighting equipment decreases the heating loads
and increases cooling loads approximately four times more in comparison to the increase
in the other cases.

Using sandwich panels and spray foam-concrete as opaque walls’ construction materials
results in approximately the same amount of energy loads in PFs and CSGs.

The upfront cost to build the most expensive PF is around 2.5 times more than the
cheapest case of CG facilities. There is a better quantity and quality of yield, though, from
PF facilities, especially when plants are growing in several vertical layers. If not grown
this way, the huge electricity usage for lighting purposes and the upfront costs of
construction makes PFs the least economical greenhouse facility to operate one.
According to the assumptions and related results of this study, PFs, CSGs, and CGs are
the most energy-efficient facilities for the location of this study, respectively. However,
some cases of CGs are more economical than CSGs. The upfront cost is higher in CSGs
in comparison to CGs but by considering a cheaper construction material that has a
similar thermal resistance to what is considered in this study, CSGs can be made both
economical and energy-efficient.

The quality and quantity of yield is dependent on the amount of sunlight during the year.
It is suggested that some artificial lighting be provided in CGs to prevent any production
problems when sunlight is not sufficient during the year, although this will increase the
annual cost of CGs.

Consideration of the effects of other environment-controlling equipment and greenhouse
facility frames on energy demand and the final total cost was out of the scope of this
study. For a more accurate comparison, these should be taken into account in future

studies.
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Chapter 4: A Feasibility Study on Designing a Hybrid Renewable Energy System to
Provide Greenhouse Facility Energy Demand Using EnergyPlus™ and HOMER: A Case
Study in South of Alberta, Canada

4.1. Introduction and background

Conventional local food production may not only meet the future’s food market needs,
but it also cannot provide for today’s demand. The greenhouse industry is the fastest-growing
agriculture sector worldwide (Manonmani ef al. 2016) and it represents an effective strategy to
meet the growing demand for food (Esmaeili and Roshandel 2020). Greenhouses are widely used
across the world to supply fresh vegetables and fruits during the off-season period (Chen et al.
2019) by providing favourable climate conditions for crops to protect them from outdoor weather
conditions. However, using different systems to provide a well-controlled micro-environment
within the greenhouse to obtain good quality and quantity of crop yields can increase the energy
demand of this sector and, subsequently, the operational costs (Rasheed et al. 2018). In the severe
climate conditions of the northern latitudes, using heating systems to achieve the desired
temperature conditions inside the greenhouse for optimal crop growth for one year can be the
main part of energy consumption. In Canada greenhouses approximately one-fifth to one-third of
the total production costs are related to heating (Ahmed et al. 2019; Yang et al. 2012). Apart
from a higher production cost, this can lead to a negative impact on the global environment,
especially when energy is sourced from fossil fuels. Finding ways to manage, to save, to produce,
and to store energy in the greenhouse sector has gained a lot recent attention (Rasheed et al.
2018). Using hybrid renewable energy systems helps to significantly reduce the energy footprint
of greenhouses. Accordingly, by predicting the energy consumption in design process of
greenhouses, it is possible to design the optimal energy system, which is economically,

environmentally, and technically feasible.
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Several of the studies listed below have tried to find the best method of providing
greenhouses energy demand. Cuce ef al. (2016) in their outstanding study introduced the
possibility of using semi-transparent PV modules as a facade and roof material, seasonal thermal
energy storage via vertical ground heat exchangers, and solar-assisted heat pump systems to
minimize the cost of cultivation and thus, maximize profits. The result showed up to 80% energy
saving can be achieved through appropriate retrofitting of conventional greenhouses. Zhuang et
al. (2019) have developed a comprehensive mathematical model to propose an energy
management scheme for a greenhouse with the integration of renewable energy sources to
minimize the cost of greenhouse operations. Vourdoubas (2015) reviewed applications of solar
energy, geothermal energy, and biomass (olive kernel wood which is a COz-neutral fuel) as
renewable energy sources in a commercial flower greenhouse. The result showed lower CO»
emissions in flower cultivation greenhouse because of using solid biomass for heating and solar-
PV cells for electricity generation. By developing a mathematical model, Mirzamohammadi ef al.
(2020) determined an energy supply planning for greenhouses in both micro-grid and grid-
connected modes using mathematical programming and optimized the exploitation of renewable
energy units along with energy storage units. Ronay and Dumitru (2015) demonstrated the
advantages of a renewable energy-based hydroponic tomato greenhouse instead of a conventional
greenhouse, which uses grid power and conventional gas heating systems. The result showed
how using this kind of technologies can contribute to have self-sustained and economical
greenhouses. Ntinas et al. (2020) demonstrated that the establishment of renewable energy
systems in a solar collector greenhouse and transferring the excess energy to other buildings can
result in sustainable production and optimum growth conditions for greenhouse crops with
negative carbon footprint, a potential of financial profit and saving energy, water, and fertilizer as

well as CO2 emissions. They considered cumulative energy demand, carbon footprint, and water
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use efficiency as climate change indicators. By developing a mathematical model in
Matlab/Simulink platform, Kiyan et al. (2013) analyzed the effect of integrating a solar collector
heating system (consisting of evacuated tube solar collectors with thermal storage, control, and
piping units) as a hybrid solar heating system to a greenhouse which already has a fossil fuel
heating system. Results showed that although combining the existing fossil fuel system with the
proposed hybrid system requires a slightly longer payback period than expected, it is
economically feasible. Furthermore, such integration can lower CO; and other harmful
greenhouse gas emissions, significantly, which will contribute to the protection of the
environment and the preservation of natural resources.

The aim of this study is to optimize a hybrid renewable energy system to provide the
energy load of an educational greenhouse located in Southern Alberta which has cold winters and
hot summers. Meanwhile, the feasibility of combining this greenhouse crop production with solar

and wind electricity generation within the same building will be assessed.

4.1.1. Objectives
The objective of this study is as follows:

- Predicting the annual heating, cooling, and electricity loads of an educational greenhouse
located in Old Sun Community College in Siksika First Nation of the Blackfoot
Confederacy (east of Calgary, Alberta, Canada) using EnergyPlus™.

- Defining different scenarios of off-grid and on-grid energy systems considering the
different combinations of the energy system components including the grid, generator, PV
panels, wind turbine, and battery.

- Determining the optimum hybrid renewable energy system by considering economic,

technical, and environmental criteria among defined scenarios using HOMER results
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- Performing a sensitivity analysis on grid power price and sellback rate for the most

optimum hybrid renewable energy system

4.2. Materials and methods
4.2.1. Study area

The educational greenhouse is located in the South of Old Sun Community College

(OSCCO) in Siksika Indian Reserve, Calgary Region, Alberta, Canada. The location of the Siksika

Indian Reserve in Alberta can be seen in Figure 4-1. The potential of using wind turbines and

photovoltaic panels according to the amount of solar radiation and wind speed can be seen in this

figure as well.
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Figure 4- 1: The location of the study area in the South of Alberta and the status of Global Horizontal

Irradiance (GHI) (kWh/m?/day) (Sengupta et al. 2018) and wind Speed (m/s) (Draxl et al. 2015a and b; King et
al. 2014; Lieberman-Cribbin ef al. 2014)
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Average monthly wind speed (m/s) at 50 meters above the surface was obtained from
NASA’s prediction of worldwide energy resource database for 30 years (January 1984 to
December 2013) and entered as input data to HOMER. Other input data was monthly average
Solar Global Horizontal Irradiance (GHI) (kWh/m?/day) obtained also from NASA’s
prediction of worldwide energy resource database for 22 years (July 1983 to June 2005). Figures

4-2 and 4-3 show the profile of wind speed and solar radiation data, respectively.
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Figure 4- 2: Wind speed data at S0 meters above the surface for the location of the study
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Figure 4- 3: Solar Global Horizontal Irradiance (GHI) and clearance index! data for the location of the study

! Clearance index is the ratio of the measured global solar radiation at the Earth's surface to the extra-terrestrial solar

Aug Sep Oct

radiation at the top of the atmosphere and was entered to HOMER Pro as one of the input data.
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4.2.2. Greenhouse model’s characteristics

Figure 4-4 shows the geometry of the greenhouse considered in this study. Table 4-1
summarizes the greenhouse's geometrical and structural parameters. The greenhouse is a Chinese
Style Greenhouse (CSG). The production layer consists of 6 separate rows of growing surfaces
located 1.5 metres far from the floor surface and 1 metre far from each other. In total, 252 m? of
growing area has been considered for this greenhouse. A lighting period of 16 hours has been
considered for the greenhouse during the day. Artificial lights are used between 4:00 and 20:00
(before sunrise and after sunset). The heating blanket opens when the indoor temperature goes
below 20°C.

It should be noted that the assumptions regarding the Chinese Style Greenhouses
characteristics, operation and schedules in this study had to be made to fit into the EnergyPlus™

simulation capabilities.

Table 4- 1: Geometrical and structural
properties of the greenhouse

Latitude 50.85

Longitude -113.06

Width of span (m) 15

Length (m) 52.5

Back Wall Height (m) = 7.7

Orientation East-West

Flooring Material Soil

Covering material 2 layers of Polycarbonate

- Outside layer: 8cm of
polyurethane foam
medium density closed
cell

- Middle layer: 30cm of
concrete wall

- Inner layer: 9cm of
Polyurethane foam low-
density open cell

North Side wall
materials

\/

Figure 4- 4: The geometry of the Chinese Style
Greenhouse
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4.2.3. Greenhouse load estimation using EnergyPlus™

Energy consumption of the education greenhouse was calculated using EnergyPlus™, a
whole building energy simulation software/platform (EnergyPlus 2021). EnergyPlus™ can
simulate the heating and cooling load of buildings, the annual dynamic energy consumption, and
the system’s hourly heating and cooling power (Ma et al. 2019; Crawley et al. 2001). Energy
demand is related to both lighting systems whenever the lights are on as well as heating and
cooling systems. An ideal HVAC system has been defined for the greenhouse model to provide
the plants' comfort temperature limits.! These temperatures for heating and cooling have been
considered at 13°C and 27°C, respectively, which is an optimum temperature range for most
vegetables (Mostafavi and Rezaei 2019).

Figures 4-5 and 4-6 show the monthly and annual load profiles for the greenhouse,
respectively. Greenhouse’s average daily energy consumption is 225.33 kWh/day and the peak of

the load is 207.87 kW. The annual energy load is 82194 kWh.
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Figure 4- 5: Monthly load graph of the greenhouse

I “HVACTemplate: Thermostat” and “HVACTemplate:Zone:IdealLoadsAirSystem” objects of EnergyPlus™ have
been used to define an ideal HVAC system.
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Figure 4- 6: Annual load graph of the greenhouse

4.2.4. Power system design

Hybrid Optimization of Multiple Electric Renewables (HOMER) software developed by
the National Renewable Energy Laboratory (NREL) was used in this study to simulate and size
the scenario’s power systems. Using several possible combinations of input variables, HOMER
can optimize the power system (Hoarca ef al. 2023). Figure 4-7 demonstrates a general view of
the methodology used in this study to find the most optimum power system. The simulation-
optimization approach was done for the year 2020. The economic, technical, and environmental
criteria considered in this study were 1) providing the greenhouse energy demand; 2) minimizing
NPC; 3) minimizing LCOE; 4) minimizing environmental impact.

In this study, different combinations of the power systems’ components including grid,
generator, PV array, wind turbine, and battery were considered to define scenarios. The

schematic of these scenarios and the description of each scenario has been shown in Table 4-2.
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Figure 4- 7: General view of the methodology used in this study

Table 4- 2: Defined scenarios for different combinations of the grid, generator, PV array, wind turbine, and

battery
Scenario . . Description on
Schematic Scenario’s Name . ,p
Number scenarios’ components
_ AC pe The components of this
Grid Load BSTPV . .
£ scenario include:
1 D, PV-Gr 1= 1Py
Converter 2' Grld
cd o O The cqmponents of this
%_, scenario include:
2 ) PV-Gr-B - PV
Converter | 10-kW Bat 2- Grid

B 3- Battery
AC

The components of this
scenario include:

3 2775 0N peak WT-Gr 1- Wind Turbine
St 2- Grid
The components of this
scenario include:
4 WT-Gr-B 1- Wind Turbine
2- Grid
3- Battery
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AC DC

Gig | tow | psTRV The components of this
[:::}-—{z | || scenario include:
5 I PV-WT-Gr 1- PV
™I e 2- Wind Turbine
E A 3- Grid
o bc The components of this
R ﬁm L:’ scenario include:
6 Eaypt A e d PV-WT-Gr-B I- PV
3-kW WT Zotr:;uﬁt‘:k 10-kW Bat 2- Wind Turbine
AP -EE 3- Grid
4- Battery
Ac e The components of this
I~ — scenario include:
=L o :
7 &y PV-WT-Ge-B I- PV
3-kW WT Zné;ﬁ::k 10-kW Bat 2- Wind Turbine
A1) 3- Generator
4- Battery

In this study, the size of the converter and the number of batteries were optimized by
HOMER in all on-grid scenarios. According to the explanation in sections 4.2.5.3 and 4.2.5.4, the
search space for the optimum PV panel produced energy and the number of wind turbines has
been limited. In all 7 scenarios, the search space for PV is between 0 kW and 77 kW energy
production, and for the number of wind turbines is between 0 and 12. The PV-WT-Ge-B scenario
has been defined as a hybrid renewable energy system that uses a generator as a backup. The
search space for the number of batteries was set between 0 and 20 in this scenario (peak load is

around 200 kW).

4.2.5. Describing the components of the scenarios
4.2.5.1. Grid

It has been assumed that the greenhouse relies on grid electricity, except in the PV-WT-

Ge-B scenario. In this study, grid power price and grid sell-back price have been considered at $

0.3 CAD/kW and $ 0.05 CAD/kW', respectively.

! Sell-back rate is a fraction of the power price.
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4.2.5.2. Diesel generator

PV-WT-Ge-B scenario is an off-grid power system and it has been assumed that it uses a
diesel generator as a backup. HOMER calculates the rate of diesel generator fuel consumption
concerning power output using Equation 4-1 (Chisale et al. 2023).

F(t) = FoPratea + Flpgen(t)

(4-1)
Where, F, is intercept coefficient, F; is the slope of the fuel curve, P,4¢04 1s rated output
power of diesel generator, and F.p,(t) is the real power output power of a diesel generator. The
cost of a 10-kW generator is around $ 5000 CAD in Canada. Considering the shipping costs, $
600 CAD/kW and $ 540 CAD/kW have been used as the initial and replacement cost of the

generator, respectively.

4.2.5.3. PV panels
HOMER calculates the electrical power produced by PV panels using the following

equation [Homerenergy]:

G
Fov = Ypofp <T;c> [1+ ap(Te = Tesrc)]
(4-2)

Where, B,,, (kW) is the PV array power produced, Y,,,, (kW) is the rated capacity of the
PV array, fp,, (%) is the PV derating factor, Gr (kW /m?) is the solar radiation incident on the
PV array in the current time step, Gy src (kW /m?) is the incident radiation at standard test
conditions, ap (%/°C) is the temperature coefficient of power, T, (°C) is the PV cell temperature
in the current time step, and T s7¢ (25°C) is the PV cell temperature under standard test

conditions. PV power depends on incident radiation and the temperature of the cell (Cristian et

al. 2017).
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The Bifacial Semi-Transparent Photovoltaic (BSTPV) module has been considered in this
study as a component that can improve the daylight performance and energy efficiency of a
greenhouse covering material and produce renewable energy (Mun et al. 2020). This module can
serve as both a PV and covering material on the roof of the greenhouse. BSTPV panels with 0.44
kW capacity and an area of 2.234 m? have been used in this study. The price of each panel is $
435 CAD, on average. A replacement cost of $ 391.5 CAD and a lifetime of 25 years have also
been considered. Considering the area of the greenhouse roof, which is 782.68 m?, a maximum
number of 175 BSTPV panels can be mounted on the greenhouse roof if a checkerboard pattern

is used!. This results in a maximum of 77 kW of electricity production using BSTPV panels.

4.2.5.4. Wind Turbine

HOMER calculates the power production of wind turbines using Equation 4-3 (Cristian et

al. 2017).
16
Prax = ﬁ X Py
(4-3)
P, (W) is the power on the upstream section and can be calculated as follows:
1 3
Py = 2 X Procat X Ar X Vipcal
(4-4)

Where, Py, (W) is the wind turbine power produced, p, ., (kg/ m3) is the local density

of air at rotor height, Az (m?) is the swept area of the rotor, and V.4, (m/s) is the local wind
speed at the location of the system. The performance of these systems is obviously dependent on

local wind conditions as there is a cubic relationship between the wind speed and the power

!'It has been assumed that during the daytime, enough light for growing plants goes through the bifacial panels when
they are installed in a checkerboard pattern.
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produced by a wind turbine. Theoretically, according to Equation 4-3, wind turbines can produce
60% power generated by the wind but this amount decreases to 40% in reality (Hoarca et al.

2023).

3 kW wind turbines (3-kW WT) with 3.3 metres blades were considered to be installed on
the edge of the greenhouse roof through the length. Assuming 4.3 metres of space between wind
turbines, a maximum of 12 wind turbines can be installed. A roof height of 7.7 metres, and hub
height of 12 metres were considered for the wind turbine. The average price of a 3-kW wind
turbine is § 6000 CAD plus installation. The replacement cost and useful lifetime have been set

as $ 5400CAD and 20 years, respectively.

4.2.5.5. Battery

HOMER calculated the capacity of the battery using Equation 4-5 (Hoarca et al. 2023).

C= (E X Nday)/(r]converter X Nbattery X DOD)

(4-5)
Where, E (volt) is the charging voltage, Ngq, is the number of days without charging,
Nconverter 18 the convertor efficiency, Npqirery 18 the battery efficiency, and DOD is the depth of
discharge. A 9.32 kWh 48-volt battery with a lifetime of 18 years was used in this study. The

price of a battery with these properties is around $ 6500 CAD. The replacement cost was

considered $ 5850 CAD.

4.2.5.6. Power converter
As any system that contains both AC and DC elements needs a converter
(HOMERERnergy), a converter was considered in scenarios that have PV, Battery, or both.

HOMER uses Equation 4-6 to calculate the converter capacity (Chisale ef al. 2023).
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EL,max

Pconverter -
Nbpc/ac

(4-6)

Where, Peonperter 1S the capacity of a power converter, E} 1,4, (Wh) is the maximum

energy demand required by the load, and n,, . JAC is conversion efficiency. The price of a 10-kW

converter is around $10,000 CAD in Canada which has been used in this study with 15 years

lifetime and $ 9,000 CAD/kW of replacement cost.

4.2.6. Economic, technical, and environmental criteria
Net Present Cost (NPC) is considered as one of the economic criteria. It is defined as

follows (HOMEREnergy):

NPC = Present value of installing and operating component costs — Present value of the revenues

(4-7)

HOMER calculates NPC for each of the components over the project lifetime to find the
NPC of the whole system. HOMER’s optimization objective is to minimize the NPC. This is
considered as a disadvantage as it is not able to do a multi-objective optimization (Hoarca et al.
2023; Bukar et al. 2019; Carroquino et al. 2018).

The other economic criterion is the Levelized Cost of Electricity (LCOE) which is the
average cost per kWh of useful electrical energy produced by the system (HOMEREnergy).
LCOE can be calculated as follows (Jacobson 2020):

n ACapital + AO&M,t + AFuel,t + ADecomm

t=1 1 it

LCOE = ( ;5“)
n t

=171 + 1)t

(4-8)
Where, Acqpitar 18 the annualized upfront capital cost over the project's lifetime, Apgpm,¢ 18

the annual operation and maintenance cost in year t, Agy¢; ¢ 1S the annual fuel cost in year ¢,
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Apecomm 18 the annualized decommissioning cost at the end of the project, n is the time between
financing and the end of decommissioning of the power system, I is the discount rate which is
assumed to be constant over n years!, and E; is the energy production by the power system.
Renewable energy fraction is generally the share of the energy supplying the demand
which has been produced by renewable energy sources. HOMER calculates the renewable energy

fraction using Equation 4-8 (HOMEREnergy).

f;.en — 1 _ i'nonren
served
(4-8)

Where, E, onren (KWh/yr.) is the non-renewable energy production, and
Eservea(KWh/yr.) is the total electrical load. Renewable energy fraction is considered a
technical criterion for comparison.

The emission of Carbon Dioxide (CO2) has been considered as the environmental
criterion. It has been assumed that there is 632 g of Carbon Dioxide emissions to produce 1.0

kWh of grid power. Also, by using 1.0 L of diesel fuel to run the generator in the PV-WT-Ge-B

scenario, there is 2.618 kg Carbon Dioxide emissions (HOMEREnergy).

4.2.7. Sensitivity analysis

A sensitivity analysis has been done on the cost of grid power and the rate of sellback for a kWh
electricity production by BSTPV and 3-kW wind Turbine to see how the optimal system changes
with these variations in cost. A range of $ 0.3 to $ 4.5 has been considered for the price of the

energy purchased from the grid. $ 0.05 to $ 1.5 is the range defined for the sellback price of the

! A discount rate of 5% has been considered in this study.
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generated electricity by renewable energy systems to the grid. These ranges have been defined for

the sake of doing a complete and inclusive sensitivity analysis.

4.3. Results and discussion
4.3.1. HOMER optimization results

The results of the power system simulation in each scenario including optimized
size/quantity of each component, Net present value (NPC), levelized cost of electricity (LCOE),
Initial Capital or Capital Expenditure (CapEx), Operation cost (OC), Energy Production (EP),
Excess Electricity (EE), payback time and Carbon Dioxide (CO2) emissions for each scenario can
be seen in Table 4-3. As mentioned before, HOMER’s optimization objective in finding the best

combination is minimizing NPC.

Table 4- 3: The optimized size and quantity of each scenario’s components using the HOMER simulation

PV-Gr PV-Gr-B  WT-Gr WT-Gr-B PV-WT-Gr PV-WT-Gr-B PV-WT-Ge-B

BSTPV (kW) 77 77 - = s
(Quantity) (175 panels) (175 panels) (175 panels) (175 panels) (175 panels)
BSTPV Energy
Production (kWh/yr.) 131,380 131,380 131,380 131,380 131,380
3-kW WT 12 12 1 1 12
3-kW WT Energy
Production (kWh/yr.) 41,609 41,609 3,467 3,467 41,609
10-kW Bat 1 1 1 20
Converter (kW) 51 50.4 0.0251 51.8 52 61.9
Generator (kW) 230
Generator Energy
Production (kWh/yr.) 37,496
Grid Energy
Purchased (kWh/yr.) 55,916 55,954 71,409 71,409 55,062 55,054
Grid Energy Sold
(KWh/yr.) 94,516 94,116 30,772 30,772 97,619 97,713
Renewable Energy 68.4 68.3 36.9 36.9 69.4 69.4 54.4
Fraction (%)
NPC ($) 203,764 212,221 372,068 380,554 204,947 213,425 1.28M
LCOE ($/kW) 0.0580 0.0605 0.166 0.169 0.0573 0.0596 0.784
CapEx (9) 127,144 132,988 72,000 78,525 133,947 140,625 477,993
OC ($/yr.) 3,553 3,984 15,088 15,186 3,570 3,660 40,462
Simple Payback (yr.) 5.76 6.03 6.99 7.62 5.97 6.26 2.65
D““"““g‘: )P ayback 6.14 6.46 7.55 8.29 6.38 6.71 2.75
COz (kg/yr.) 35,339 35,363 45,130 45,130 34,799 34,794 31,748
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4.3.2. Comparing on-grid scenario

The amount of NPC for each scenario is shown in Figure 4-8. The results show that the
hybrid system, which is a combination of BSPV, and Grid (PV-Gr) has the lowest NPC of $
203,764 CAD.

The LCOE for each scenario can be seen in Figure 4-9. PV-WT-Gr scenario’s LCOE is $

0.0573 per 1 kW energy production, which is the lowest amount of the scenarios.

. 400,000 2 0.2
v
+ 300,000 = 0,15
2 < - ™~ n g g - &
G 200,000 | m= 2 _ 8w o ~ a
B ST L0 0 n n
¢ 100,000 ‘g. = 0.05
£

i o &5 o
g ¢ P & £ & FS

¥ 2 : T FE

Q ‘g >

Q "‘\ 4‘“ 4"§ 4‘“ 3 é‘ & é‘
Scenarios Scenarios

Figure 4- 8: Net Present Cost (NPC) of scenarios Figure 4- 9: Levelized Cost of Energy (LCOE) of scenarios

Figure 4-10 shows the share of renewable energy sources in each scenario. PV-WT-Gr

and PV-WT-Gr-B have the maximum renewable energy fraction in the system (69.4%).
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Figure 4- 10: Renewable energy fraction of scenarios Figure 4- 11: Carbon Dioxide (CO:z) emissions of scenarios
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The amount of CO; emission in each scenario can be seen in Figure 4-11. PV-WT-Gr-B
has the minimum CO» emission, which is 34,794 kg for each kW of energy production by the
grid. PV-WT-Gr COz emission is close to PV-WT-Gr-B, and it is just 5 kg more per year.

The hybrid system, which is a combination of BSPV, Wind Turbine and Grid (PV-WT-
Gr) has the minimum Levelized Cost of Energy (LCOE). The Net Present Costs (NPC) for PV-
WT-Gris $ 1,183 CAD more than the system using BSPV and Grid (PV-Gr), which is not a
significant difference over the lifetime of a project. There is less energy purchased from the grid
in the hybrid system, which is a combination of BSPV, Wind Turbine, Battery, and Grid (PV-
WT-Gr-B) and more energy sold to the grid. Using a battery would result in a higher NPC, and
LCOE. As the amount of CO; emissions is almost the same between PV-WT-Gr and PV-WT-Gr-
B scenarios, and they both have the highest fraction of renewable energy sources, PV-WT-Gr is
considered the optimum on-grid combination.

BSTPV has the greatest annual energy production contribution in the PV-WT-Gr
scenario, 131,380 kWh. Considering the annual energy demand of 82194 kWh, BSTPV produces
more than enough to supply the energy load. The extra energy produced by BSTPV and 3-kW
WT is sold back to the grid. There are some hours in which there is no energy production by
BSTPV and 3-kW WT so the energy is provided through the grid during those hours. The
payback time for this scenario is 5.93 years.

The profile of load, BSTPV, and 3-kW WT output power, energy purchased from the grid
and sold to the grid, for a summer and winter duration with the highest energy demand during

2020 can be seen in Figures 4-12 and 4-13.
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Figure 4- 12: The profile of load, BSTPV, and 3-kW WT output power, energy purchased from the grid and
sold to the grid for the winter duration, of 2020
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Figure 4- 13: The profile of load, BSTPV, and 3-kW WT output power, energy purchased from the grid and
sold to the grid for the summer duration of 2020

Figure 4-14 depicts the monthly value of the load, BSTPV, and 3-kW WT output power,
energy purchased from the grid and sold to the grid, and the amount of energy provided to the
greenhouse using the PV-WT-Gr combination. Figures 4-15 and 4-16 demonstrate the annual
output power of BSTPV and 3-kW WT. Obviously, BSTPV produces more energy annually than

3-kW WT.
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Figure 4- 14: Monthly value of the load, BSTPV and 3-kW WT output power, energy purchased from the grid
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Figure 4- 16: The annual output power of 3-kW WT
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4.3.3. Comparison of the optimal on-grid scenario with the off-grid scenario

According to Table 4-3, the hybrid system, which is a combination of BSPV, Wind

Turbine and Generator (PV-WT-Ge-B) has NPC around 5 times more than the hybrid system,

which is a combination of BSPV, Wind Turbine and Grid (PV-WT-Gr). Also, the LCOE of the

off-grid scenario, which is $ 0.784 CAD/kW, is far higher than the on-grid scenario ($ 0.0573

CAD/kW). One reason for the higher LCOE is the higher price of diesel in comparison to buying

electricity from the grid. Additionally, the off-grid scenario has 11 more wind turbines and 20

storage batteries which can result in higher NPC. Figures 4-17 and 4-18 depict the share of each

of the components of PV-WT-Gr and PV-WT-Ge-B'! power systems in supplying energy

demand. Figures 4-19 and 4-20 show the renewable energy fraction and CO> emissions for each

of the scenarios. PV-WT-Ge-B has less renewable energy fraction. The energy supplied by the

generator is 37,496 kW per year and this amount is less than energy purchased from the grid

(55,916 kW/yr.). This result in reduced CO» emissions in this scenario.

BSTPV Energy
Production (kWh/yr.)
H 3-kW WT Energy
Production (kWh/yr.)
Grid Energy Purchased
2% (kWh/yr.)

69%’
Figure 4- 17: Energy production share of each
component of the PV-WT-Gr system

! 10-kW Bat annual throughput (kW/yr.) was 27,365.
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55%

Figure 4- 18: Energy production share of each
component of the PV-WT-Ge-B system
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4.3.4. Sensitivity analysis results

The results of the sensitivity analysis can be seen in Figures 4-21 and 4-22 for the total
NPC and Renewable Energy Fraction. As can be seen in both figures, increasing the rate of
sellback would result in a lower NPC as well as higher Renewable Energy Fraction. Obviously,
increasing the price of purchasing power from the grid would moderate the affect of the higher

sellback rate.

Total Net Present Cost ($)
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Figure 4- 21: Sensitivity analysis results — Total Net Present Costs (S)
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4.4. Conclusion
This chapter aims to find an optimal hybrid renewable power system to supply the energy
demand of an educational greenhouse. EnergyPlus™ has been used to find the annual energy
consumption of the greenhouse in 2020. HOMER has been used to simulate and optimize power
systems components. Six on-grid scenarios and one off-grid scenario were defined for the
comparison between combinations of different system’s components. Components include PV,
wind turbine, battery, grid, generator, and converter. To compare the scenarios, consideration was
given to minimizing the Net Present Cost (NPC) and Levelized Cost of Energy (LCOE) as
economic criteria, maximizing the Renewable Energy Fraction as technical criteria, and
minimizing CO> emissions as environmental criteria. A sensitivity analysis was conducted to find
the effect of changing the cost of grid power and the rate of sellback on NPC and renewable
energy fraction of optimum system. The results are as follows:
- Among on-grid scenarios, the minimum NPC is related to the system combining the grid
power and 175 panels of PV.
- Among on-grid scenarios, the minimum LCOE and maximum renewable energy fraction

are related to the system combining the grid, 175 panels of PV, and one wind turbine.
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This system has roughly the minimum CO; emissions. Adding one battery to this
combination can decrease the amount of CO> by about 5 kg per year.

The off-grid scenario, which is a combination of 175 panels of PV, 12 wind turbines, 20
batteries, and a 230 kW generator, has a lower CO> emission than the optimal on-grid
combination. The NPC and LCOE are around 5 and 13 times more, respectively.

The system combining the grid, 175 panels of PV, and one wind turbine meets the defined

criteria of the study and is selected as the most optimal on-grid power system.

According to the results of sensitivity analysis for the optimum system, increasing the
price of sellback would result in a better NPC as well as higher Renewable Energy
Fraction. Increasing the price of grid power would moderate the effect of increasing
sellback rate.

Future studies should develop a multi-objective optimization algorithm and link it with
HOMER to find the best combination of the power system. Other objectives, such as:
minimizing CO; emissions, LCOE, operation costs, initial costs and maximizing
Renewable Energy Fraction affect the sizing process of a power system. These objectives
are inter-connected, and their effect should be considered together.

The approximate cost of components, without considering the installation cost has been

considered in this study for the sake of comparison between different energy systems.
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Chapter 5: Summary and conclusion

The feasibility of designing a year-round energy-efficient greenhouse in Southern Alberta
has been investigated in this study. Through comparison of various scenarios, the effect of shape,
size, height, orientation, and covering materials on the thermal performance of conventional
greenhouses has been assessed. Also, the energy consumption of the most energy-efficient
scenarios has been compared with Chinese Style Greenhouses and Plant factories. The
components of an optimal hybrid renewable energy system have been found to supply the energy
demand of the efficient greenhouse using economical, technical, and environmental criteria.
EnergyPlus™ and HOMER have been used and developed for this study.

The results of the study can be summarised as follows:

- The Quonset greenhouse has the minimum contact area with the surrounding environment
which results in minimum temperature deviation from the desired temperature range.
Even-Span and Gothic are the optimum shapes of the greenhouse after Quonset,
respectively.

- For the location of study, when the length of the greenhouse is in the east-west direction,
better thermal performance is achieved. Shorter structures, those between 5.5 metres and
7.5 metres of gutter height, results in a more energy-efficient greenhouse. Also, PVC is

the best covering material, followed by PC.

- Conventional greenhouses have the highest heating and cooling loads in comparison to
Chinese- style greenhouses and plant factories. The heating and cooling loads are lowest
for plant factories because of the use of insulated walls and ceilings, as well as the
structure being fully enclosed. Plant factories are economical if plants are grown in

several vertical layers. If plants are not grown vertically, plant factories are the least
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economical greenhouse, as a result of the high electricity usage for lighting and the high
upfront costs. Chinese style greenhouses can be considered as the facility that is both
energy-efficient and can be economical if using cheap construction materials.
- The system combining the grid, 175 PV panels, and one wind turbine can be considered
the most optimal on-grid power system for the OSCC’s educational greenhouse as it has
minimum Net Present Costs and Levelized Cost of Energy, the lowest CO> emissions, and
the highest Renewable Energy Fraction. Although the off-grid power system had a lower
CO> emission, the high Net Present Costs, and Levelized Cost of Energy makes it a sub-
optimum system. Also, by increasing the price of sellback to the grid, it is possible to
witness an increase in the Renewable Energy Fraction as well as a better NPC for the
optimum system.
5.1. Recommendation for future research

The greenhouse footprint for this case study was of limited size and this can affect the
economic efficiency of the greenhouse by restricting greenhouse production. According to the
results of the study, some of the large commercial greenhouses showed good thermal
performance. Having a larger space, leads to a higher yield, and accordingly, larger greenhouses
can be considered efficient with higher production profits. Choice of crop produced is a
parameter that affects the efficiency of greenhouses and should be considered in the design
procedure.

Environmental-control equipment and greenhouse facility frame are the two most
important factors that impact the energy load as well as determining the final total cost. Future

studies should take into consideration more precise calculations for greenhouse efficiency.
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A multi-objective optimization algorithm should be developed and linked with HOMER
to find the best combination of the power system in future studies. Objectives such as minimizing
CO; emissions, LCOE, operation costs, initial costs and maximizing Renewable Energy Fraction
affect the sizing process of a power system are inter-connected and their effect needs to be

considered together.
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