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Executive Summary

Controlled Environment Agriculture (CEA) — food production in greenhouses — is recognized to be an
important strategy for meeting the growing food demand in the U.S. and worldwide. The controlled
environment of a greenhouse allows for production of crops in a variety of climates worldwide and year
round. Unfortunately, conventional greenhouses consume more fossil fuel energy in the operation of
mechanical systems than other similar sized buildings, and therefore have larger carbon footprints.
Greenhouse operation is challenging because the crops require control of CO;, and moisture as well as
temperature and because light-weighted construction makes the greenhouse environment susceptible
to climate and outdoor weather conditions. These challenges brand greenhouses as one of the most
energy intensive sectors of the agricultural industry, and thus, have become a great area of focus for
energy efficiency research. Thoughtful design and energy efficiency strategies for greenhouses can help

to mitigate large energy requirements.

This Report presents research on CEA beginning with a discussion of CEA as compared to open-field
agriculture and a literature review of environmental control technology in agricultural greenhouses.
This is used to inform and direct research on simulation of the greenhouse environment and the use of
EnergyPlus, a building simulation software, to accurately represent the greenhouse environment.
Finally, a specific case study is examined in which EnergyPlus is used to gage the potential of waste heat
utilization for greenhouse heating. This research identifies areas in which future research has the
potential to reduce greenhouse energy consumption and improve control operation in order to employ

greenhouse food production as a major component of the agriculture industry.
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Chapter 1 Introduction

Controlled Environment Agriculture (CEA) or the production of food in a space independent of external
climate and weather conditions [1], is recognized to be an important strategy for meeting the growing
food demand in the U.S. and worldwide. The controlled environment of a greenhouse allows for
production of crops in a variety of climates worldwide and year round. Unfortunately, conventional
greenhouses consume more fossil fuel energy in the operation of mechanical systems than other similar
sized buildings, and therefore have larger carbon footprints. Greenhouse operation is challenging
because the crops require control of CO,, and moisture as well as temperature and because light-
weighted construction makes the greenhouse environment susceptible to climate and outdoor weather
conditions. While these challenges make greenhouses one of the most energy intensive sectors of the
agricultural industry, there are also many advantages to CEA. Advantages include decreases in land,
water and pesticide use along with increased yield. Thus, greenhouses have become a great area of
focus for energy efficiency research. Thoughtful design and energy efficiency strategies for greenhouses
can help to mitigate large energy requirements.

It is important for research to examine specific engineering and cultural practices to reduce energy
consumption but, it is also practical to gage the sustainability of CEA in relation to the whole agricultural
industry. Only by taking a broad view of the system can research identify areas in which research can
have the largest environmental benefit. It is important to recognize that CEA will never fully replace
open field agriculture because there are many crops in many climates that grow very efficiently
outdoors. The future of CEA is not in attempting to replace these systems but rather identifying under
what circumstance open field agriculture is inefficient and attempting to fill those gaps with local,
sustainable markets.

This research begins by briefly comparing open field to CEA agriculture and identifying some of the
challenges associated with this process. It identifies sustainable energy operations and the incorporation
of renewable resources for greenhouse climate control as a tipping point that can make CEA feasible as
an alternative to open field production. A literature review examines existing technologies that have
been applied to this field and determines the need for a modeling tool that can accurately represent the
greenhouse environment. These two concepts, the need for an advanced modeling tool and
incorporation of energy efficiency strategies and renewables, are then considered through original
research.

The first component of original research is to compare the results from an EnergyPlus simulation of an
existing greenhouse on the University of Wyoming campus, to measurements gathered from the actual
space. EnergyPlus is an algorithm based software that allows the user to construct a building virtually
and calculate loads. Thousands of inputs are considered including building geometry, materials and
construction, mechanical systems, set point temperatures, and climate data. From this the energy
requirements for the building can be predicted over any time interval. This validation model attempts to
simulate the advanced nature of a greenhouse by utilizing several features of EnergyPlus. It is
determined that to accurately represent the full complexity of the greenhouse environment, much more



experimentation and a more in-depth understanding of the EnergyPlus features are needed. However,
the simulation was effective in predicting energy consumption and zone temperatures. These two
attainable aspects of simulation are applied in the second study.

EnergyPlus modeling is applied to determine the feasibility of a greenhouse heated by waste heat in
Lovell WY. Waste heat is defined as “heat that is either lost through the flue stack of an industrial
operation, or which is rejected from a power generation station to improve the thermodynamic
efficiency of the cycle” [2]. There is a great potential to save money and natural resources by harvesting
this heat for use in smaller facilities. Electrical energy consumption of a three acres greenhouse heated
with a traditional, electric variable air volume system, is compared to two systems which use waste
heat.

This study is not only instructional and demonstrates the great potential in waste heat utilization for
greenhouse heating, it encourages simulation to advance the field of greenhouse design. Many of the
studies regarding greenhouse HVAC design took place before the development of sophisticated
modeling tools such as EnergyPlus. As a result, research lacks a common standard by which to share and
build information. Reducing energy consumption is a key component to building sustainable agricultural
system along with understanding the benefits of controlled environment in agricultural application, its
limitations and its strengths.

Chapter 2 Literature Review

Controlled environment agriculture utilizes technology to enhance the environment in which crops are
grown. Technology can vary from simple hoop houses or screen covers to very advanced automated
systems that regulate all aspects of the environment including temperature, humidity, CO,
concentration and light. The goal of controlled environment agriculture (CEA) is to increase the yield or
health of the plants and thus make the systems more efficient. However, there are inputs associated
with controlling the environment. These inputs include additional materials, construction, energy of
operation such as heating and cooling, and continued maintenance. The energy consumption and
environmental impact of these inputs can be significant however, there are also many benefits
associated with CEA. The controlled environment allows crops to be grown closer to urban centers and
locations of consumption. CEA often increases yield, decreases water consumption, and reduces the
need for pesticides. On top of this, the demand for local food is growing rapidly. These advantages are
significant however, it is less obvious if these systems are truly more sustainable then open field
agriculture. It is difficult to compare the sustainability of the two agricultural systems because they
contain many different variables.

The controlled environment of a greenhouse allows for production of crops in climates and season
which would otherwise prohibit growth. This allows for crops to be grown closer to urban centers and
locations of consumption. CEA often increases yield, decreases water consumption, and reduces the
need for pesticides. On top of this, the demand for local food is growing rapidly. These advantages are
significant but, maintaining the environmental conditions necessary for plant growth involves regulation
of temperature, humidity, light availability and water use. Thus, greenhouses are one of the most energy
and water intensive sectors in the agricultural industry. Reducing high energy and water demand within
agricultural greenhouses, while increasing crop yield, becomes a key industry sustainable development
goal [3].



This literature review focuses on research related to greenhouse environmental control. It briefly
discusses architectural and material innovations in the greenhouse industry. The literature review
emphasizes different types of heating and cooling technology applied to greenhouses as well as the
integration of renewable resources. The review also covers energy saving measures in the form of
control strategies and their associated sensing and monitoring technology and algorithmic control.
Finally, it discusses available simulation software for greenhouses. The goal of this review is to
determine areas in which research needs to be further conducted and in which there is a potential to
cut down on greenhouse gas emissions through reducing agricultural greenhouse energy consumption.

2.0) Food Security and Controlled Environment Agriculture

Food security is one argument for controlled environment agriculture. Here we discuss some of the
major contributing factors towards food insecurity and the growing gap between the demand for food
and the availability of arable land. Many of these factors are exaggerated by the effects of climate
change but, it is unclear what the overall effects of global warming will be on our agricultural systems.
Many models suggest that a slightly warmer climate and higher concentrations of CO2 in the
atmosphere will benefit agriculture in the US. On the other hand, these models often do not account for
severe weather scenarios or pests and disease. Due to the unpredictable nature of the climate we are
facing uncertainty and thus insecurity in our agricultural systems. Controlled environment agriculture
provides security by eliminating uncertainty.

Food security means that all people in a population have access to sufficient food to lead healthy and
productive lives. There are three primary components to this [4]: availability, access, and utilization
meaning respectively that there is sufficient food for everyone, each person or household has adequate
income and recourses to obtain food, and that each person is able to eat and absorb nutrients from
food. Food security is an incredibly complex issue because of the its multifaceted nature. It is based not
only on the ability of the land and climate to support crops but also on trade, political atmosphere,
disease, pests, and even culture. The complexity of this issue is compound by uncertainty associated
with global warming and climate change.

The world population is expected to grow from 7 billion in 2011 to 9.2 billion in 2050 [5]. In order to
sustain the growing population, we need to produce more food, however, there are many factors that
limit our ability to meet this need. Some of these factors include soil quality degradation, limited
availability of water, climate change, competition for land, and cultural preference.

The first of these, soil degradation, can be due to erosion, salinization, organic matter and nutrient
depletion, and elemental imbalance. These are all common occurrences that can result in decreased
yield or render land un-farmable. Soil degradation is often a result of poor farming practices which
extract nutrients from the soil without sufficient time or crop rotation to replenish it.

Population growth and urbanization lead to competition over agricultural land. As cities expand
outward, agriculture is pushed further from city centers. This necessitates the conversion of natural
landscapes into agricultural fields and lengths the time from harvest to consumption. Vast quantities of
food are wasted before they leave the market. It is estimated that up to 30 percent of all produce is lost
in transportation and distribution. Furthermore, rich top soil top soil is also used for brick making,
production of biofuel, and other non-agricultural uses.



Another major cause of food insecurity is the trend towards animal over a plant based diet [5]. Studies
indicate that the production of one kilogram of beef requires 104 times the square area of land
compared to one kilogram of potatoes [6]. A similar study concluded that the energy intensity of beef
production is 40 MJ/kg while it is 1.8 MJ/kg for potatoes. To raise livestock, a large portion of land is
dedicated to growing feed rather than for direct human consumption. As much as 35 percent of cereal
crops are for animal feed [7]

Decreased availability of water is due to over use and to climate change. Aquifers are being depleted
and rain is less consistent and predictable. In many cases, intense drought is followed by heavy rains
with lead to excessive erosion, flooding and further destruction of crops. Global warming directly
influences precipitation. A hotter environment leads to greater evaporation which increases the
intensity and duration of drought. On the other hand, each 1°C warming, increases the water retention
capacity of air by about 7% [8]. Thus, storms of all kinds tend to be produce more accumulation and the
risk of flooding and related damage is increased

Billion tonnes

ha agricultural land per capita

B {emand food
Derrand animal feed

12E0  18eh WYL 195 1980 IMER 1596 1985 2000 2005 2010 ZSE

Figure 1: Agricultural demand vs. land per capita [9]

These factors have resulted in a large gap between agricultural demand and the amount of arable land
per capita as shown in figure 1. One practical solution to this issue is to increase yield on current
agricultural land. Increasing yield means that more food is produced per area of land. There are many
ways to achieve this but it is extremely difficult without using excessive amounts of fertilizers and
pesticides. Farmers must have specific knowledge of the microclimate, soil and crops where they are
growing. They must practice crop rotation, carefully select seeds, and balance the chemical balance of
their fields. There is no blanket equation for successfully managing all components. Best practices may
vary even between neighboring fields based on the history of the land. Because of this, it takes farmers



many years and sometimes generations to maximize yield. Even once best practices for a piece of land
have been determined, a low water year or hot spring can reduce yield.

Because farming is such a subtle art, climate change is likely to decrease yield unless we can accurately
and quickly adjust to the changes. Undoubtedly some areas of the country will become more difficult to
farm while others will improve. Modeling is one way that science has attempted to predict the future of
agriculture. Typically, these models consider variables such as temperature, accumulation or rainfall,
carbon content of the air and length of the growing season. Although there are many other factors that
influence our agricultural systems, these contribute directly to plant growth. Results from models
measuring yield have often been combined with models of potential markets or economic models to
gage the future of the agricultural industry.

Early economic assessments of the effects of climate change on agriculture include those by [10-15]
Results from these studies suggest that climate change is not a food security issue for the U.S. although
reductions in crop yields are shown to have economic consequences for some regions of the U.S [16].
These results are, in part, due to increased yield in an atmosphere with higher levels of carbon dioxide
and longer growing season in northern climates.

In a more recent study, Reilly et al, 2003, considered impacts on crops, grazing and pasture, livestock,
pesticide use, irrigation water supply and demand, and the sensitivity to international trade
assumptions. Findings suggest that the aggregate of these effects were positive for the U.S. consumer
but negative, due to declining crop prices, for producers [17]. Similarity, Tubiello et al., 2002, looked at
45 representative sites, using 2 scenarios of climate change, developed with the Hadley Centre Model
and the Canadian Centre Climate Model, and the DSSAT (Decision Support Systems for Agro-technology
Transfer) dynamic crop-growth models. These simulation results were aggregated nationally with the aid
of economic models to show an increase in overall US agricultural output under climate change [18].

Other models, which attempt to predict future scenarios for agriculture, focus largely on Europe with
only a few in Asia and other continents. [19] modeled future scenarios of European agricultural land and
estimated changes in crop productivity. [20] modeled climate impacts on European agriculture and
water management in the context of adaptation and mitigation. [21] looked at impacts of present and
future climate variability on agriculture and forestry in the temperate regions of Europe, [22] looked at
consequences of climate change for European agricultural productivity, land use and policy and [23]
investigated uncertainties in projected impacts of climate change on European agriculture and
terrestrial ecosystems based on scenarios from regional climate models. Finally [24] assessed the risk of
drought by modelling impacts of climate change on wheat yields in England and Wales. Other studies
include those by [25] and [26].

While results from these models vary, all suggest that it is difficult to predict the overall effects of
climate change on agriculture. Over the past thirty years, research in the form of modeling has
developed rapidly, however, challenges associates with such a complex issue still exist. The validity of
models depends on many layers of simulation. Even the most basic climatic prediction of future mean
temperatures is highly contested. More complex models which attempted to predicted precipitation or
microclimates are unreliable and in many cases, contradict each other. Because agriculture is so closely
tied to temperature and precipitation, regional distribution of the simulated crop yields largely depends
on the precipitation projected by the climate scenarios [18]. The variability of these models means that
there is an even larger degree of uncertainty associated with agricultural models.



While the models can be expected to be accurate to some degree when it comes to direct impacts of
climate change on agriculture, models fail to account for climate variability and extreme weather. These
factors such as extreme temperature, drought, heavy rainfall and flooding, tropical storms and pests and
diseases may play a large role in food security and the future of agriculture.

Controlled environment agriculture, growing within a controlled environment such as a greenhouse or
warehouse with grow lights, can increase yield and eliminate many of the variables that make open field
farming so unpredictable. These systems operate independently from outdoor conditions though
heating, cooling, controlled ventilation, lighting and in some cases CO2 enrichment. Each aspect of the
greenhouse environment can be regulated to optimize growth of the plants. Unfortunately, this is a
much more energy intensive process. As such, direct energy consumption of the facility must be
outweighed by indirect energy savings.

Besides eliminating the uncertainty associated with the outdoor environment, controlled environment
agriculture offers food security by increasing yield, reducing the environmental foot print, and allowing
food to be grown close to urban centers. One innovative agriculture tech company, Plenty, claims to get
350 times the crop yield per year over an outdoor field farm. Or, as Barnard, CEO and cofounder
described, “It is the most efficient in terms of the amount of productive capacity per dollar spent,
period.” [27]. These facilities can be located within an hour of hundreds of supermarkets and centers of
distribution. This cuts down on loss of produce, transportation energy and maintains nutritional quality.

Plenty is not the first company to attempt to localize and condense agricultural systems. A recent trend
has seen many of these companies spring up all over the world. Unfortunately, it is not an easy market
to crack. Produce is cheap and it is difficult to find the balance between maintaining these high-tech
facilities and making a profit. Many companies have failed after only a few short years. However, the
continued demand for local food and the need for a less land intensive system suggests that controlled
environment agriculture will play a role in the future of agriculture.



2.1 Energy Intensity of Agricultural Systems

To assess the environmental impact of controlled environmental agriculture compared to open field
agriculture, research is examined which attempts to quantitatively compare these systems. Two
methods that have been applied to this challenge are summarized. Results from these two methods, life
cycle analysis (LCA) and input-output analysis, are compared. These two methods were chosen because
they allow the inclusion of many variables such as water consumption and pesticide use as well as direct
energy use. The primary difference between these two methods is the definition of boundaries. While
input-output examines direct inputs to the agricultural system (such as water for irrigation, heating and
cooling energy exc.), LCA considers the system from allocation of natural resources all the way to
consumption or disposal. This provides a view of the bigger picture rather than agriculture as an isolated
system.

Many tools have been developed which attempt to take into consideration the full sophistication of the
the phenomenon. They all have advantages and disadvantages. Several tools have been used. These
include: Athena Impact Estimator for Buildings, CMCLA, COMPASS, eVerdEE , GaBi 4.4, Emissions Model
for Integrated Systems (GEMIS), openlLCA, 2.3 — Corporate Eco performance Software, Savvy Pack®,
Sustainable Minds®, Umberto and Life Cycle Assessment Tool Input Form are all tool that perform LCA.

When comparing the results obtained through these tools it is important to define a metric or
standardized unit. Based on the most common units found in the literature, energy use efficiency, also
called output energy to input energy ratios, is used. This metric assumes yield (amount of crop produced
per unit area) as the total measure of productivity. It is a calculation of how many units of produce can
be grown given a unit of energy. When applicable, water and fertilizer use will also be compared as
important indicators of sustainability. Unfortunate, there are many ways to define systems and many
variables to consider including climate, research period and methods. Because of this it is challenging to
directly compare results. Instead, this review will highlight important results and then qualitatively



discuss the implications and make inferences.
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Figure 2: Diagram Demonstrating the Relationship between Input-Output and Life Cycle Analysis

Life cycle analysis or life cycle assessment is an increasingly important tool for gaging sustainability
within industry and for environmental policy. This method is unique because it considers more than the
direct inputs of a process or product. It allows the user to define system boundaries that include many
variables and their associated inputs. To choose the most sustainable product or policy it is necessary to
consider its environmental impact from “cradle to grave”. This includes the future fate of the product as
well as indirect inputs to the production process and associated wastes and emissions [28]. Figure 1
shows how the system boundaries are different for LCA and input-output analysis. There are four linked
components of LCA [29]. The first task is to define the goal and scope so that system boundaries can be
defined. This is a definition of what is and what is not included in the study. The second step is to
quantify the energy and raw material inputs and environmental releases associated with each stage of



production. These can then be assessed in terms of impact on environment and human health. Finally,
opportunities to reduce environmental impact are evaluated.

2.1.1 Input-Output Models

Through input-output analysis Ozkan et al. [30], investigated the energy intensity of greenhouse
vegetable production in the Antalya region of Turkey. Energy intensities was calculated by dividing the
yield equivalent by the energy input equivalent. This means, how many crops were produced per unit of
energy. The ratios for greenhouse tomato, pepper, cucumber and eggplant were estimated to be 1.26,
0.99, 0.76 and 0.61, respectively. This indicates that intense use of inputs was not accompanied by
satisfying yield increase. When inputs where averaged between the four plants, diesel fuel was
determined to have the largest share of inputs. Nitrogen has the second largest impact while water for
irrigation was found to be very insignificant. Results from a previous study in the same area indicate
even lower energy output-input ration of 0.32, 0.19, 0.31, 0.23 for tomato, pepper, cucumber and
eggplant respectively.

The results of the study by Ozkan et al. [30] demonstrate a higher energy intensity for greenhouse crops
then studies on open-field crops using a similar method. Yaldiz et al. [31] performed and input-output
analysis for field grown sugar beets, corn, chickpeas, soybeans, sunflowers, barley, wheat, cotton, beans
and potatoes and found an average intensity of 3.3. Similarly, Singh [32] looked at mustard crop and
wheat in India and found an average intensity of 1.88. These values indicate that the greenhouses, as
studied by Ozkan et. al., had a higher environmental impact then similar studies on open field
agriculture. However, that a typical European greenhouse yields more than three times the same size
greenhouse in Turkey. This is due to more efficient use of inputs, more productive varieties, and better
environmental control [30].

A very similar study conducted by Heidari & Omid [33], gathered similar results for tomatoes and
cucumber greenhouse production in Iran. Data obtained through face-to-face interview returned energy
ratios of .69 and 1.48 for cucumbers and tomatoes respectively. They also found that diesel fuel and
fertilizers consumed the most energy (49% and 24% respectively). Additionally, they found that
renewable energy made up less than 5% of shares. This creates a great opportunity for renewable
resources such as green manure instead of chemical fertilizers and solar energy and natural gas instead
of diesel fuel to improve the situation.

Another input output analysis conducted by Yousefi et. al [34] compared greenhouse and open field
cucumber production in Iran. Through face-to-face questionnaires of 50 greenhouse farmers and 50
open-field farmers, they found that one acres of greenhouse consumes nearly 150 times the amount of
energy that one acres of field consumes. When the yield was considered, open-field cucumber
production was found to be 20 times more energy productive.

Table 1: Breakdown of yield, energy, and water use

Production Yield Water Use Energy Use
Method  (kg/m”2/y) (L/kgly)  (kl/kgly)
Conventional 3.9 250 1100
Hydroponics 41 20 90000




Barbosa et. al. [35] compared land, water and energy requirements of hydroponic vs conventionally
grown lettuce in Yuma, Arizona. Data regarding open field agriculture was sourced from crop budgets
and governmental agriculture statistics while hydroponic lettuce data were derived by using engineering
equations populated with literature values. Table 1 shows a breakdown of the results with yield: 3.9, 41;
water use: 250, 20; and energy use: 1100, 90000 for conventional and hydroponic respectively. The
authors note that although the hydroponic system is much more efficient in terms of yield and water
use, energy use is significantly higher. They discuss the fact that cooler climates or areas where
renewable energy can be incorporated the energy intensity of hydroponics would be significantly
reduced. One major limitation to this study was that the energy intensity of the open field did not
account for transportation energy.

2.1.2 Life Cycle Assessment

Life cycle analysis is one of the most effective ways to evaluate how a product will affect the
environment. This makes it beneficial in two primary ways [36]. A standardized and reliable way to
assess sustainability of a product allows consumers to make informed decisions. In turn, this drives
innovation by giving manufacturers and producers incentive to improve the sustainability of their
products. LCA also reveals areas in which improvement can be made and helps to target areas of the
system that are particularly inefficient. For example, through LCA a cement manufacturer might realize
that although he is getting a great price on aggregate from southern New Mexico, the energy associated
with shipping it to Washington is 30% of the total energy associate with his product. For a very slight
increase in price he can localize his source of aggregate and increase the energy efficiency of his product
by 25%.

Although LCA has been evolving for several decades, only more recently has it been applied to the
agriculture industry. While few studies cover the life cycle of greenhouse produce, a number of studies
have used LCA to examine the environmental impacts of the agricultural industry. These include studies
of milk: [37-43], soybeans: [44], vegetable oil crops: [45], grain [46,47], rice: [48-50] wine [51-56],
potatoes [57], carrots: [58], and fruit: [59-66]
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Previous LCA studies have also been used to analyses and evaluate the environmental impacts of
greenhouse vs open-field production, and different types of greenhouse structures, coverings and
technologies in different countries: soil vs hydroponics, conventional vs organic growing, integrated vs
chemical pest management, energy sources, artificial lighting, CO, enrichment, growing media,
fertirrigation system, recirculation of drain water, and farm size as cited in [67].

Application of life cycle analysis to controlled environment agriculture

One of the best examples of LCA applied to controlled environment agriculture was conducted by Esther
Sany’e-Mengual et. al. [68]. This study quantified and compared, through a life cycle assessment, the
environmental impact of a current linear produce supply system with a roof-top greenhouse system by
using a case study for the production of tomatoes in Barcelona. The linear system is assumed that fresh
tomatoes are imported from Almeria and locally distributed from MercaBarna, which is a food
distribution center situated in the same general region of Barcelona. Figures 2 and 3 show the inputs,
outputs, and boundaries of the roof-top greenhouse and linear system respectively. Results indicate that
the roof-top system could reduce the different impact categories in the range of 44.4—-75.5% per
kilogram of tomatoes. This would also result in up to 73.5% in energy reductions. These savings are
associated with re-utilization of packaging systems (55.4—85.2%), minimization of transport
requirements (7.6—-15.6%) and reduction of the loss of product during transportation and retail stages
(7.3-37%).

Bartzas et. al, [69] a life cycle assessment (LCA) study regarding barley and lettuce production in the
Barrax and Santomera regions of Spain and the Albenga region of Italy. LCA was conducted for both
open field and standard greenhouse cultivations in order to evaluate energy consumption and
environmental impacts. The analysis was performed through the GaBi 6 software package and specific
related databases and system boundaries included agricultural machinery manufacture, nursery
production, and waste management and raw materials transportation. Figure 4 shows a summary of the
impact category results for each system in each location. These impact categories are typical for a LCA
applied to agricultural systems. Most notably, the results for open-field agriculture are very different in
the two locations while the greenhouses in both locations have similar impacts. In Italy, except for the
cumulative energy demand, greenhouse production has a lower impact in all categories. In contrast,
greenhouse production in Spain is more intensive then open-field in all categories except ozone
depletion potential.

Table 2: Summary of impact category results for each system in each location

Impact Category Italy Spain

Open-field Greenhouse Open-field” Greenhouse’

(OF_IT) (GH_IT) (OF_ES) (GH_ES)
Acidification potential (AP) [kg SO;-eq FU | 1.20E-03 9.65E-04 6.63E-04 1.13E-03
Eutrophication potential (EP) [kg PO,-eq FU~!] 1.09E-03 8.54E-04 5.62E-04 1.01E-03
Global warming potential (GWP) [kg CO,-eq FU ] 2.43E-01 2.05E-01 1.71E-01 2.25E-01
Ozone depletion potential (ODP) [kg CFC-11-eq FU ] 242E-08 2.12E-08 7.17E-09 2.35E-08
Photochemical ozone creation potential (POCP) [kg C,Hs-eq FU™] 3.98E-04 3.01E-04 874E-05 3.58E-04
Cumulative energy demand (CED) [M] FU 7| 2 98E+00 3.15E+00 2.11E+00 3.47E+00

' Lettuce.
** Barley; FU: functional unit.

Mufioz et. al. [70] use a Life cycle assessment tool to compare the environmental impacts associated
with greenhouse as opposed to open-field production processes for a spring season tomato crop grown
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in the Maresme region near Barcelona. Subsystems including greenhouse structure, irrigation
equipment, fertilizers, pesticides, cultural tasks and irrigation were analyzed. The inputs for each
subsystem were traced back to primary resources and categorized based on impact. They found that
environmental impact per kg of tomato grown in open-field production was greater than that for
tomatoes produced in greenhouses with respect to factors such as the use of water, fertilizers and
pesticides. This combined with the high demand for greenhouse and local produce resulting in high
economic returns makes greenhouse production feasible.

Martine Dorais with Biosystems Engineering, IRTA in Barcelona, Spain collaborated with Doctors Anton
and Montero of Lavel University, Quebec to conduct a life cycle analysis of new sustainable greenhouse
growing systems. They found that high energy demand had the major contributions to all impact
categories when fossil energy is used. Biomass offered an efficient alternative and reducing the distance
from the farm to the biomass source reduced environmental impact related to energy. Greenhouse
structure made the second highest contributions to environmental impact categories [67].

2.1.3 Controlled Environment Agriculture with Integration of Renewable Energies

Dorais et al. went on to test their theory that incorporation of biofuels would increase sustainability and
thus feasibility of organic greenhouse. In one study, they compared an organic tomato growing system
which used wood biomass as a heating energy and artificial wetland to treat affluent to an open
conventional tomato growing system which used fossil fuel as heating energy. Both scenarios had the
same construction, location, irrigation systems, and environmental controls other than heating systems.
When wood biomass was incorporated the CO, footprint of 1 kg of tomatoes was 0.812 kg CO, eq kg-1,
while the impact of an open conventional growing system using fossil energy was 5.788 kg CO, eq kg-1.
Additionally, assessment of the fertilizer in the closed-loop organic crop had 12 times less environmental
burden on abiotic depletion and 6 times less acidification. The closed loop system also decreased
eutrophication by 136 times and global warming by 10 times compared to the open conventional
growing system [71].

One life cycle assessment study calculated that tomatoes grown in a greenhouse heated by bio-fuel
were found to be better in all studied life cycle impact categories compared to a field-grown tomato
transported over a long distance. However, a scenario in with fossil energy was used to heat the
greenhouse had a higher impact compared to the long distance transported tomatoes in most
categories studied [72]. This indicated the importance of efficiency strategies and a shift towards more
renewable energy systems.

Perspective

These two types of analysis make it clear that sustainability of agricultural systems is relative to
perspective. When considered as isolated units, open field farms were far less energy intensive per unit
of food produced, however, once transportation and other aspects such as water consumption and the
effects of fertilizer leach into the environment are considered, greenhouse start to look like a much
better alternative. This is an important and vastly complicated concept to consider. Innovation and
energy efficient design of greenhouse can help to reduce the foot print of the entire industry.

2.2 Classification of Greenhouses

Greenhouses can be classified by several criteria including construction, glazing, covering, and number
of spans. However, the most common and useful classification is based on greenhouse technology.
Three categories have been defined to help determine the most appropriate design based on need and
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budget. These are high, medium, and low technology greenhouses. The categories are used often
because greenhouses are technology based investments and are more likely to achieve a controlled
growing environment with a higher level of technology [73].

A low technology or low cost greenhouse has little control over ventilation and the greenhouse
environment. The structure is generally less than 3 meters tall with curved walls such as a tunnel house.
They are more prone to pests and to the spread of disease. Generally, low tech greenhouses have a
limited yield due to a suboptimal environment, however, the low initial and operational costs can make
these greenhouses cost effective.

A medium technology greenhouse is generally more spacious and has a higher roof than low tech
greenhouses. Structures are typically clad in single or double skin plastic or glass with vertical walls
between 2 and 4 meters, and roof heights of less than 5.5 meters. Roofs and walls are typically
ventilated with varying degrees of automation. The medium level of technology offers a balance
between cost and technology.

Greenhouses with a high level of technology are often expensive but are highly productive,
environmentally stable, and can significantly reduce the use of energy, water and pesticides. These
structures can have roof heights as tall as 8 meters and are clad with double or single plastic films,
polycarbonate sheeting, or glass. Environmental controls are almost always automated to ensure
constant conditions.

There are two unique greenhouse concepts based on technological classifications. The first is the closed
greenhouse concept which is a high technology greenhouse. The second is a screen house which is a low
technology greenhouse and can be as simple as screen or mesh placed over a frame.

2.2.1 Closed Greenhouses

A “closed greenhouse” is a greenhouse in which there is no natural ventilation. Instead, it is designed to
fully utilize solar energy through daily and seasonal storage [74]. These can generally be classified as
high tech greenhouse because of their high level of environmental regulation. The advantages of this
system as presented in the literature are improved energy efficiency, water conservation, production
rate, advanced control of environment, decreased use of pesticides, and reduced cost [75][76][77].
Middle range greenhouses, in terms of technology, can be semi-closed greenhouses. These greenhouses
utilize many of the same principals, but release some thermal energy by natural ventilation. Table 1
gives an overview of four closed and four semi-closed greenhouses studies. Each column of the chart
highlights the type, size, thermal management system, advantages and economic performance of eight
closed or partly-closed greenhouse studies. This table shows the large potential in multiple areas of
sustainable design, ranging from 75% water reduction to 50% energy efficiency improvement. It also
shows that the experiments are extremely different in terms of execution and results. This makes it
difficult to compare studies and come to a reasonable conclusion regarding the effect of closed
greenhouses.
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Table 3: An overview of different closed and partly closed scientific reports [74]

Name of
Greenhouse [Type Area Heating Cooling Energy Storage|Advantages Economical IssyCitation
Project
Investment
30-45% €02 can be covered||(
Aircokas Semi-closed 700 ha Heat Pump Active Cooling |ATES, Buffer |emission [53]
) by 20% extra |
reduction )
production
10% higher
Zero Fossil CHP. Boiler 2% higher cost compared [54]
Energy Semi-closed |1 ha ’ " |Active Cooling |ATES, Buffer o g ) with
Heat Pump production )
Greenhouse conventional
greenhouse
17% higher Cost
CHP, Boiler, AHU, Acti Production, titi
Themato Closed 1,4 ha oller, ! ctive ATES, Buffer roduc |(?n compe |.|ve [55]
AHU Cooling 30% fossil fuel |due to higher
reduction yeild
50% energy
efficient
Boiler. CHP Asorption, improvement,
ECOFYS Semi-closed 1400 sq. m Heat I; Chiller, Free ATES, Buffer |[20% more [56]
eat Pum
P Cooling production,
50% less water
consumption
Ener; Natural Gass, Minimum
gy. . u Active Cooling, 12% higher ! .u [57]
Producing Semi-closed 1 ha Geothermal, . ATES, Buffer X electrical
Free Cooling production
Greenhouse Heat Pump power cost
Natural 75% reduction
Nothing X Nothing . °
Watergy Closed 1ha . Convection, . in water [58]
Specified X Specified .
Shading consumption
6% high
Co-generation, °Nig 'er
. . production,
Boiler, Heating . .
GESKAS PSKW 160 & 240 sq. . Cooling Coil, 34% less
Closed coil, AHU ATES, Buffer . [59]
& PCH m . X AHU primary
cooling coil, ener
AHU &
consumption
Cost reduction
for electricity
Active Cooling, |Batte demand for
ENAS Closed 9000 ha Boiler, AHU & i [60]
AHU Storage forced
ventilation and
active cooling
[78-85]

2.2.2 Screen House

On the other end of the technology spectrum is the “screen-house”. Screen-house refers to the type of
greenhouse primarily covered in screen. These can often be considered low-tech because of their
susceptibility to the outdoor environment and variable conditions. Screen-houses attempt to maximize
ventilation while still providing shade and protection from wind and hail. These structures are effective
in saving water, improving temperature and humidity, and protecting crops from insects [86] but, are
still susceptible to environmental conditions. Due the lack of control, screen-houses are generally found
in mild climates, and house crops that are suitable for the season and environment. The optimal design
for implementation of screens with small mesh (0.4 mm or smaller hole size), needed to exclude small
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insects such as the tobacco whitefly, is a great challenge because the screens significantly reduce air
exchange, especially with natural ventilation, but also with mechanical ventilation [87]. Screens have
been found to reduce wind speed up to 75% or 95% compared to the outside air [88].

While tightly woven screens protect plants from potential damage, the reduction of airflow from natural
ventilation can be an issue. Air temperatures appear to rise significantly when ventilation rates are low
[86,89]. However, Fatnassi et al. [90] found that temperature and humidity increase, due to the use of
screens, can be alleviated by thoughtful orientation of roof vents and additional side openings. In this
study, the authors used computational fluid dynamics to study the dynamics and thermal and water
vapor transfer between the crop cover and the greenhouse air. Their results were validated using a
tracer gas technique in an experimental greenhouse to test the air exchange rate. These measurements
were compared with simulated decay data and found to be in agreement.

Tanny et al. [86] looked at airflow and turbulence in a banana screen-house. A good correlation was
found between inside air velocity and external wind speed. The inside air velocity was significantly lower
than outside wind speed and was found to have a simple mathematic relationship. Airflow directions
inside and outside were similar except for a few exceptions; notably, a southerly external wind created a
northerly internal flow.

Raya et al. [91] studied the influence of changes in cover and height on the climate of Canary Screen-
houses for tomato growth, finding that the average maximum and minimum air temperatures are more
extreme and persist longer in low screen houses (3.5 m high) than in higher ones (5.0 m high). They also
found that thermal inversion during clear nights is not unusual.

Screen-houses and closed greenhouses represent two categories of greenhouse technology. Most
greenhouses are somewhere in the middle, utilizing natural ventilation as well as mechanical
technology. Growers need to balance the cost of initial construction, operation and management with
the desired yield and required level of control to determine the greenhouse’s level of technology.

2.3 Greenhouse Design Criteria

In general practice, greenhouse design relies on rules-of-thumb and simplified calculations [92]. The
National Greenhouse Manufacturers Association (NGMA) publishes rudimentary guidelines for
determining greenhouse heat loss, but typical greenhouse projects embody many errors of design.
These often go undetected, are tolerated, or fixed in the operations phase by adding extra mechanical
systems. Criteria, such as heating, cooling, CO, regulation, moisture, lighting and construction, must be
considered to create efficient and effective greenhouses. Because of the unique program and schedules
for plant production, greenhouses have very different requirements from typical buildings. This creates
a unique challenge and opportunity for designers. A large-scale greenhouse represents a dynamic,
complex problem in forecasting multiple variables which interact with cascading effects. In terms of
thermodynamics and climate control, a greenhouse is much more complicated than a typical building.

Construction components, such as structure and envelope, are important factors to environmental
control because they effect heat gain and loss and radiation available for plant photosynthesis. The
construction, in turn, determines the heat and cooling loads associated with the controlled
environment. In sophisticated practice, greenhouse design procedures are based on proprietary
knowledge developed through experience. Industry leaders generally use spreadsheet-based modeling
tools which have been refined for many years. There is no single tool that has been widely used or
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adopted by multiple professionals. This has created a lack of standardization. There is no consistent way
to compare simulation results or coalesce the knowledge of these many professionals. Individually
created tools are also designed to recognize that different types of crops have different requirements,
and include cost estimating.

Typically, greenhouses are controlled through maintaining a specific set point, though these set points
are determined based on the culture and type of plant within the greenhouse. Essential parameters of
greenhouse climate include temperature, humidity, CO, concentration, irradiation, water, and nutrients
[93].

2.4 Construction

The shape, orientation, and construction of a greenhouse depends on many factors such as desired
produce, location, and the length of growing season [94]. Common construction structures of a
greenhouse include the gable, or A-frame roof, and the Quonset, or curved roof, style shapes [92]. Each
shape and orientation of greenhouse has its advantages and disadvantages. A series of freestanding
greenhouses offer individually controlled environments which allow for environments specifically
tailored to the type of plant that they house. The narrower foot print also allows for more efficient
natural ventilation. On the other hand, freestanding greenhouses have much more surface area then
gutter-connected greenhouses. This makes them more susceptible to heat loss. They require more
materials because of the extra walls, and do not use space as efficiently, resulting in less efficient labor
[95].

Typically, greenhouses are oriented with the long side running east to west. This maximizes winter sun
and heat gains through the south wall. However, this results in a mostly static gutter shadow. Plant
located in this shadow may not get as much light resulting in slower growth. This can be avoided by
locating walkways in the shaded area. Gutter connected greenhouse are typically oriented north to
south to avoid this shadow. With either orientation, rows of plants should run north-south to provide
equal light to all plants [96].

The glazing of a greenhouse is held in place by the structure, or frame, which is typically metal in
commercial applications. Aluminum is the most common framing material as steel and wood are not
durable due to their increased the rate of oxidation and rot in the presence of moisture. Some hoop
houses can be framed with PVC but these are typically more temporary structures.

Infiltration is one of the largest components of heat loss. Weather stripping and other insulation
materials should be added around doors and vents, between glazing panels and structure and where
ever there are gaps in the structure [96].

Another technique that can significantly reduce heating loads is the incorporation of wind blocks. Heat
loss from a greenhouse can double in winds of only 15 mph [96]. Wind breaks can be trees, other
buildings, fences or anything that reduces air velocity in the vicinity of the greenhouse. Wind breaks are
especially effective with old greenhouse with high infiltration [96]. The wind block should be located so
that it does not block morning or evening light.

Incorporating opaque walls, insulated foundations, weather stripping or thermal curtains with a high
value of insulation can be an effective way to reduce heat loss. In colder climates, a foundation wall,
built below the frost line, can help insulate soil within the greenhouse and help prevent surface freezing
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which could damage the greenhouse’s structure or glazing [97]. These low perimeter walls are typically
used along with raised benches to reduce the surface area of glazing material without effecting the
plants. Similarly, the north can be solid. This might have a slight effect on the light levels, but the
reduced heating load is likely more significant [95].

2.4.1 Cladding

Greenhouse cladding is an important aspect of material innovation. Not only is the exterior surface
responsible for insulating and protecting the environment, it also needs to allow sufficient solar
transition as to provide the plants with adequate light. There is a delicate balance when it comes to
greenhouse construction and energy efficiency. The goal is to clad the greenhouse in a way that
maximizes light to the plants without negatively impacting the greenhouse energy consumption. This
can be done by carefully selecting the best glazing (transparent light penetrating) material and
incorporating opaque walls in location that will not shade or effect light to the plants. Common glazing
materials include glass, acrylic, polyethylene fil, polycarbonate and fiberglass [95], [92]. The number of
material layers and the type of gas in the panel cavity effect their insulative properties. Double layer
glazing with at least a % inch of air or gas between material layers can reduce heat loss by up to 40%
[96]. A well-insulated type of glazing provides the advantage of less heat loss but also limits the amount
of solar radiation that reaches the plants. To most effectively design the greenhouse cladding, it is
important to understand the cultural requirements of the plants. For example, it would be beneficial to
know if the crop intended for the space can withstand colder night temperatures but need high intensity
light. In this case, it would be more beneficial to use a material with high transmission even if it means
sacrificing insulative value.

To achieve the highest efficiency through cladding material, it is important to carefully weigh the options
regarding needs of the plants. There are trade-offs with any type of cladding. Transmission of both light
and heat, insulative properties and the life expectance must be Plastic films and non-reflective glass
coatings have been found to scatter the light without reducing the transmittance of the surface. Recent
research on cucumber production [98] has shown that diffusing cover materials improve the uniformity
of vertical light distribution in a crop. This decreases the intensity of light on the uppermost crop layer
and allows light to penetrate to the underlying leaves. These properties lead to an increase in
production up to 10%. Films with colored pigment are also an area of study. These films reflect or
absorb the non-photosynthetic wavelength of solar radiation and transmit solar radiation for efficient
plant growth [87]. Similar technologies such as liquid radiation filters have been investigated since 1996
[99].

Thermal or infrared transmittance is also an important consideration. Heat is transferred into the space
at a different wavelength then visible light and thus does not necessarily have the same transmittance
value. In hot climates, it is beneficial to block infrared wave lengths to limit heat gain while in cold
climates the heat gain is typical beneficial during winter months.
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% Light % Thermal Life

Material U-value

Transmission Transmission Expectancy
Glass
Single 88-93 1.1 3 25+
Double 75-80 0.7 <3 25+
Acrylic
Single 90 1.1.3 <5 30+
Double 84 .49-.56 <3 30+
Polycarbonate
Singe 90 1.1 <3 10.0-15.0
Double 78-82 .53-.63 <3 10.0-20.0
Triple 74-76 42-53 <3 10.0-20.0
Polyethylene Film
Single 87 1.2 50 3.0-4.0
Double 78 0.7 50 3.0-4.0
Double wit 78 0.5 <20 3.0-4.0

Table 4: Comparison of Glazing Materials and their Properties (Source: Energy conservation of Commercial Greenhouses
(NRAES-3) and product literature: as cited in Stanford, 2011)

The final consideration is the life expectancy of the covering material. Typically, glass or acrylic panels
last between 25 and 30 years while Polyethylene films only last for 3 or 4 years. This has both economic
and environmental implications. Table 2 give a comparison of glazing materials and their properties.

Thermal curtains can be incorporated as a method for reducing the heat loss at night. These removable
devises retain heat by acting as barrier between the space occupied by the plants and the roof or walls
[95]. Thermal curtains can be controlled automatically or manually and can also serve as shading devises
during the summer months.

Screens have also been widely analyzed to optimize insect protection and natural ventilation. The use of
screens is a challenge because screens with a small mesh (.4 mm or smaller) are needed to protect from
small insects, but these also significantly reduce air flow [87]. Santos et al. [89] studied climatic
conditions in screen houses with tomatoes in Tenerife, Canary Islands and found that denser screens can
induce higher mean air temperatures and that dust deposition on the screens can alter light
transmission by as much as 17%. Oren-Shamir et al. [100] used colored screens, instead of the
conventional white or black screens, to manipulate the crop vegetative growth and improve the yield
and quality of the crop. They found that colored shade nets can improve the yield and quality of certain
species because with colored screens, the spectral manipulation is aimed at specifically promoting
desired photomorphogenic/physiological responses and light scattering improves penetration into inner
canopy. Romacho et al. [101] studied the growth and yield of cherry tomatoes in net-covered
greenhouses. They experimented with a variety of net colors and reported transmission values of 62%
for a clear and 58% for a green, 15 mesh screen house [22][147][147]. In a similar study, Castellano et al.
[102] researched the relationship between solidity ratio, color, and shading effect of agricultural nets.
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Figure 5: Growing area percentage in a 30 x 96 foot greenhouse: Longitudinal layout (left)-64%, Peninsular layout (middle)-70%,
Movable (right)- 84% (Source: Stanford, 2011)

2.4.2 Space Utilization

Increasing the number of plants in a space reduces the energy per unit [95]. The layout of a greenhouse
needs to maximize space utilization while still allowing for workers to more round effectively. This
reduces the volume of space that requires conditioning and increased efficiency. Figure 2 demonstrates
several different layouts and their associated efficiency. The layout on the right side represents
maximum efficiency. In this case, benches role on top of fixed supports, this allows benches to be places
directly side by side. Workers can role the benches over to access each one in turn.

In a high-tech greenhouse successfully controlling a greenhouse becomes an important part of
operation efficiency. Automated controls allow the greenhouse systems to react to outdoor conditions
automatically. For example, light sensors can automatically trigger supplementary lighting based on the
amount of natural light. Only recently has this field become a major part of greenhouse operation.
These systems are important because utilizing energy efficiency strategies in greenhouse design and
operation is the key to making them financially and environmentally beneficial.

As an example, Guterman Greenhouse, working with Cornell University Agricultural Experiment Station
retrofitted all greenhouse lighting and environmental controls throughout 47 greenhouses. New
dimmable high pressure sodium lighting replaced on/off metal halide and is controlled by a technical
environmental control system that also operate the heating and cooling systems. This retrofit resulted in
$337,000 and 386 tons of carbon per year [103].

One study by Van Beveren et al. [104] found that energy can be saved by relaxing temperature and
humidity bounds. In this study a dynamic optimization tool based on optimal control theory was used to
obtain tends in the transfer of energy that minimized the energy input. Although it seems obvious that
increasing acceptable temperature and humidity range reduced energy consumption, the quantification
of this measure is very valuable.
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2.5 Lighting

Supplemental light helps to produce healthier plants with higher yield and to shorten the time from
planting to market. Controllable lighting also makes it possible to induce flower and predict more
accurately when a crop will be ready for harvest. These are important aspects of greenhouse operation
because shortened growing time and reliable harvest helps to limit time spent heating, cooling and
ventilating and thus reduces the energy intensity per crop.

There are several types of supplementary lighting used in greenhouses. These include fluorescent lamps,
high-intensity discharge (HID) lamps and light emitting diodes (LED). Hight-intensity discharge lamps are
most commonly found in greenhouse operations. These can be categorized as either high-pressure
sodium (HPS) or pulse-start metal halide. Of these two types of HID lamp, HPS are more energy efficient.
Most recently LEDs have been applied to the greenhouse environment. LEDs are both more efficient
and offer a degree of control that is not possible with their predecessors. LEDs emit a much more
specific wave length of light. Plant growth can be manipulated by exposure to different wave lengths of
light.

As with other components of the greenhouse it is important to understand the lighting requirements of
the plants that are grown in the greenhouse to maximize the efficiency of the lighting system. Ideally,
plants are exposed to just enough light to keep them healthy and maximize yield.

Light-emitting diodes (LEDs), as potential source for greenhouse lighting, open up a range of new
possibilities. LEDs produce light in a very narrow wavelength range which emit very little heat radiation.
Any heat produced is due to the lights limited energy conversion efficiency and can be drawn away with
convective cooling. As a result, LEDs can be applied in areas of the greenhouse that do not receive
sufficient light, without increasing the cooling load significantly. In theory, this type of intercrop lighting
could significantly increase crop photosynthesis [105].

Another LED study, conducted by Singh et al. [106], focuses on the potential of LEDs to replace
traditional light sources in the greenhouse. They conducted an economic analysis of traditional vs. LED
lighting to show that the introduction of LEDs will reduce the production cost of vegetables after several
years. Benefits of LEDs include high energy efficiency, low maintenance cost, and longevity. The specific
plant response to different wavelengths is discussed below, but, more detailed scientific studies are
needed to understand the effect of different spectra on plants growth.

Nelson and Bugbee [107] reported on the “photosynthetic photon efficiency and photon distribution
pattern of two double-ended HPS fixtures, five mogul-base HPS fixtures, ten LED fixtures, three ceramic
metal halide fixtures, and two fluorescent fixtures.” The two most efficient LED and the two most
efficient double-ended HPS fixtures had nearly identical efficiencies at 1.66 to 1.70 micromoles per
joule. They found that the fixtures are an improvement over the 1.02 micromoles per joule efficiency of
the mogul-base HPS fixtures that are commonly used. The best ceramic metal halide had an efficiency of
1.46 and fluorescent fixtures of 0.95 micromoles per joule. This study calculated the initial capital cost of
fixtures per photon delivered and determined that LED fixtures cost five to ten times more than HPS
fixtures. After five years’ electricity plus fixture cost per mole of photons is thus 2.3 times higher for LED
fixtures due to high capital costs. They concluded that the cost per photon delivered is higher in these
systems, regardless of fixture category.
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The wavelength specificity of LEDs can have a dramatic effect on plant anatomy and morphology, as well
as nutrient uptake and pathogen development. This concept has been examined for many years by
researchers such as Caldwell [108] and his study of solar UV radiation and the growth and development
of higher plants. Designing a lighting system that provides sufficient light in wavelengths essential for
growth of specific crops has presented a significant challenge [109]. Much research has gone into finding
the proportion of blue light required for normal plant growth as well as the optimum wavelength of red
and the red/far-red ratio [110—113]. More recently, studies of the effects of greenlight have also found
their way into research, finding that greenlight can be effective at penetrating further into the canopy
but also a visual aid for workers [114,115]. The addition of greenlight makes the plants appear more
naturally to humans and helps with detection of issues or crop ripeness [115]. Geometry of light delivery
and timing of different wavelength applications has also become a relevant subject. Okamoto [116]
developed an apparatus specifically designed for plant growth which utilized combinations of red and
blue lights.

Even LEDs have their limitations. Compared to florescent or HID lights, LEDS convert a larger portion of
applied energy to light, but the majority is still rejected as heat. In a high-density situations, this heat
must be removed in order for the lights to perform at their peak efficiency and avoid burning out. One
forward looking company, Plenty Unlimited, has designed a fixture which circulates chilled water directly
through the manifold of the light. This has the combined effect of maintaining a high performance
temperature for the LEDs and reducing the cooling load for the HVAC system by preventing heat from
entering the space. As demonstrated by Plenty, LED technology continues to develop. As LEDs become
more prevalent and the cost declines, they become a more cost effective and viable option for
greenhouse growers.

2.6 Heating Systems

The horticultural industry had recently make an effort to reduce fossil fuel consumption and replace
traditional heating systems with renewable sources [85]. As demonstrated in Figure 1, there is a push
towards alternative energy and a quickly changing greenhouse industry. A few of these renewable
energy systems applied to greenhouse heating include the use of ground source heat pumps, fuel
combustion, solar heating, and waste heat technologies [117]. Research regarding these systems
demonstrates that there is great potential in the use of alternative heating strategies for reducing the
cost of energy and the fossil fuel emissions of greenhouses.
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2.6.1 Combustion Systems: Biomass
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Figure 6: Trend in greenhouse fuel used in Sweden, 1999-2008 (Vadiee et al. 2015)

Biofuel is quickly becoming one of the most commonly utilized renewable energy sources in greenhouse
applications. These combustion systems range from simple pellet stoves to large outdoor boilers with
forced air heat exchangers [118]. Biomass is considered greenhouse gas neutral when converted to heat
energy [119]. Figure 3 depicts the trend in green house fuel uses in Sweden from 1999-2008. It can be
seen that fuel oil has decreased by nearly 25% while biofuel has increased by 20% [3].

Biofuels as a viable energy source for green house heating has been researched and implemented on
many occasions. In Alabama, Fasina [120] determined that a biofuel pellet/furnace combination can
maintain the temperature of a standard 24 ft. by 96 ft. greenhouse at 65 F or higher with energy savings
up to 64% depending on biofuel type.

Besides acting as a sustainable heat source, the off-gassing from biofuel combustion can be used as CO;
enrichment. Unfortunately, this is still a challenging and expensive option. Biofuel produces higher
volumes of particulate matter and ashes than other fossil fuels and must be conditioned before it can be
utilized for enrichment [121].

2.6.2 Fuel Cell

Vadiee et al. [3] investigated the feasibility of integrating a proton exchange membrane fuel cell
(PEMFC) system into a commercial greenhouse. A PEMFC is an electrochemical energy conversion
device that converts the chemical energy of a reaction directly into electricity with byproduct of water
and heat. Their study assesses the mutual benefits on performance that the greenhouse and PEMFC
system had on each other. The main objectives were to recover the low-quality waste heat of the
PEMFC system to meet the thermal energy demand of the greenhouse. Energy analysis was conducted
to evaluate the energetic performance of the system. The system model was developed using TRNSYS,
and a sensitivity analysis varying the main influencing operating parameters was performed to evaluate
an optimal configuration of the system, testing the impacts of temperature and air stoichiometry on

23



performance of the system. This study found that a 3-kW fuel cell system is capable of providing 25%
electricity and 10% heat demand for a 1000 m? commercial greenhouse for a year.

2.6.3 Solar Heating Systems

Solar greenhouses are designed to make use of the sun. As solar radiation hits the exterior and interior
surfaces of the greenhouse, much of its energy is converted into thermal energy. This can be a positive
effect in cold climates but can also make it very easy to overheat the greenhouse in hot climates. There
are several systems that take advantage of the thermal solar energy and store it for colder parts of the
day when the greenhouse needs to be heated.
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Figure 7: V-Corrugated Solar Air Collector (Joudi and Farhan 2014)

Joudi and Farhan [122] studied the use of solar air heaters (SAH) on the roof of a single sloped
greenhouse in Baghdad, Irag. The SAHs used in this study were single pass air heaters with a “V”
corrugated plate absorber and a glass cover as shown in Figure 4. Solar air heaters can be used in two
ways: for direct supply of hot air to the greenhouse, or for supply of heat to a thermal energy storage
system for later use during the cooler nighttime. It was found that the SAH system could produce up to
146% of the daily heating need for the greenhouse in question. Excess heat on clear days can be
directed towards soil heat storage for use during the nighttime. Because of this excess of heat, it was
calculated that covering roughly 45% of a greenhouse’s roof with SAH could meet 100% of the heating
demand for the building in question. This study also emphasizes the importance of including soil surface
heat gains within calculations which allow theoretical and experimental values to align more closely.

Ghosal et al. [123] conducted an experiment comparing the effectiveness of a ground air solar collector
verses an earth air heat exchanger for greenhouse climate control in Delhi, India. In this study, a length
of air filled tubes was placed underground where the temperature remains relatively constant. As air
passed through the tubes, heat was exchanged between soil, tubes and air. The ground air collector
consisted of a solar, flat plate collector which transferred energy to pipes buried in the sub-surface of
the ground. A numerical model was developed and used to predict and compare thermal performance
of a greenhouse using each of the systems. The program results were validated through experimental
data collected on several clear and sunny days. Results show that the solar collector was more suitable
for the climate and that greenhouse temperatures were 2-3 degrees higher than with the earth heat
exchanger and the greenhouse experienced less temperature variation.
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2.6.4 Systems Utilizing Waste Heat

Other greenhouse heating systems include the use of waste heat in the form of air, water, or flue gases
from industries to keep a greenhouse warm in the cooler months [124]. Due to inherent inefficiency,
industrial processes and power generation lose a large percent of their productivity to waste heat.
Waste heat is “heat that is either lost through the flue stack of an industrial operation, or which is
rejected from a power generation station to improve the thermodynamic efficiency of the cycle” [2].
Although it is not technically and economically feasible to recover all waste heat, a gross estimate is that
waste-heat recovery could replace 9% of total energy used by US industry [125]. Instead, waste heat is
often discharged into nearby streams, rivers and other heat sinks, creating many ecological issues.
Utilization of this heat through greenhouse heating can offset the cost of cooling industrial equipment,
as well as have a beneficial environmental impact [126].

One feasibility study conducted by Rotz [127] for a potential greenhouse in Pennsylvania, used
simulation to compare the cost and energy consumption of five different heating systems. The computer
model used a combination of weather simulation and a greenhouse model to determine fuel and
electrical needs based on calculated heat losses and gains from convection, sensible and latent
ventilation and solar. Degelman [128] created the weather component of this simulation which
predicted temperature, dew point, solar insolation, wind velocity every hour for a year. In the
combination of weather and greenhouse model, the heat losses and gains were balanced to find the
excess or deficiency of heat in the greenhouse each hour. Using this model six systems where compared.
A traditional oil-fired boiler was the standard or baseline by which gage the energy improvement of five
nontraditional systems. The nontraditional systems were two hot water systems, and three warm water
systems as shown in Table 3. Table 3 gives an overview of the six systems that were analyzed and the
economic results. It is clear from the table that boiler assisted, warm water system had the greatest
savings at 51 percent. The boiler assisted hot water system had the lowest pay-off ratio of 4.8.

Table 5: Cost of heating a 13,000 square meter greenhouse with conventional and waste heat systems (Rotz, 1979)

S e Energy Costs Total Percent Pay-off
(S/sq. m/ yr) Savings | Ratio Year

Conventional
Oil-fired Boiler 1.04 10 11.04|- -
Hot Water (65 to 100 C)
Boiler Assisted 2 5.01 7.01 37 4.8
Heat Pump Assisted 4.13 9.35 13.48|- -
Warm Water (13 to 50 C)
Heat Pump Assisted 3.58 3.49 7.07 36 10.2
Two Stage Condenser 2.38 3.94 6.32 43 6.6
Boiler Assisted 2.38 3 5.38 51 5.5

Another instance of waste heat utilization is RWE's Horti-Therm project in which cooling water heats
greenhouses. The Horti-Therm technology, developed by German energy supplier RWE, has successfully
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delivered waste heat to greenhouses and asparagus fields for more than 30 years. Heating systems were
designed to cover a temperature difference of 30 degrees or +18 °C inside air temperature to -12 °C
outside air temperature. The worst observed weather conditions during monitoring period were —14.3
°C outside air temperature, low solar emission, relatively high wind speed and snow fall. The system
covered the heat demand under these conditions without any problem [129]. The early technology,
initially monitored in 1988, has recently been reconfigured based on the evolution of modern power
plants and the fact that they use waste heat to increase power. “Birgit and Michael Bong are testing its
successor, Horti-Therm Plus, in their greenhouse in NiederauBem, in collaboration with RWE engineers
and project partners” [130]. The new system needs a flow temperature of 20 to 30 degrees Celsius in
order to be sufficient [2]. The pilot project is designed as research into the intelligent use of cooling
water. Whether the new technique works is still undetermined since there is no heating load this time of
year [130].
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Figure 8: Schematic of industrial waste heat system (Andrews and Pearce 2011)

Walker [131] created an experimental greenhouse heated by power plant cooling water. The heating
system used nozzles to spray heated water on the outside of the greenhouse. Two experimental
greenhouses were constructed near the power plant. One was heated and one was used as a standard
by which to measure the effect of the surface heating system. The major benefits of the system included
low capital costs and no increase in greenhouse humidity because greenhouse air didn’t contact the
water. A flow rate of 0.094 L/s per m? of greenhouse area was found to be sufficient to heat the
greenhouse to 15 °C using 30 °C water.
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Waste heat greenhouse developmental work was conducted in Alabama on a pilot-scale greenhouse at
Muscle Shoals by Burns et al. [132]. This study used an electric boiler to simulate condenser cooling
water temperatures. The greenhouse studied was a conventional 7.3- by 30.5-meter glass-glazed
structure equipped with a waste heat environmental control system. A direct-contact evaporative pad
was used for heating by recirculating saturated air through the evaporative pad over which warm water
flowed. The system could also cool the space by venting greenhouse air to the atmosphere, and pulling
ambient air is through the pad system. The amount of heating or cooling was controlled by louvers
allowing either recirculation or venting of the greenhouse air and fin-tube heat exchanger to be
available for use in reducing greenhouse relative humidity.

In the research of Andrews and Pearce [2], the feasibility of using waste heat, or flue gas, produced from
the glass industry in heating greenhouses was tested. The system proposed by the study makes use of a
waste heat boiler connected indirectly to the glass furnace. Figure 5 shows a schematic of the industrial
waste heat system. It was concluded that not only are waste heat greenhouses feasible, they are less
expensive to heat and can offset thousands of tons of CO, annually when compared to conventional
natural gas heating systems. However, because waste heat is not consistently available, supplemental
fuel sources may be necessary, such as a natural gas boiler. The research presented is based on
calculations and not necessarily experimental values. For further advancement of the waste heating
system with greenhouses, an experimental study should be performed.

Utilizing waste heat from data centers is also becoming more common as a source of heat for
greenhouses. Pervila et al. [133] studied the possibility of using waste heat from a data center to heat a
small greenhouse attached to the building’s roof. A prototype greenhouse was built as a destination for
waste heat generated by the data center and was located on the roof of the building to avoid taking up
additional space in an urban environment. Because nearly all energy used by the data center’s servers is
converted to heat, hot air, or waste heat, this energy can be exhausted directly into the greenhouse.
Plants could be successfully grown in this greenhouse using this method. The main limitation to this
study is that the prototype’s small size only allowed it to be operational for part of the year. Larger data
centers and bigger greenhouses may have the potential to be used year-round.

Denzer et al. [124], used EnergyPlus to model the environment of a greenhouse and concluded that the
amount of waste heat available from a sugar processing plant in Lovel, WY is sufficient to provide annual
heating demands for a 3-acre greenhouse. A water to air heat pump system utilizing waste heat the
waste heat from this facility can save 74% of total annual site energy for the greenhouse heating.

2.7 Cooling Systems

In hot, humid climates, efficiently cooling greenhouses presents a significant challenge. Common
systems include variable air volume or chiller technologies, but this review looks at innovations that are
geared towards reducing energy consumption. Natural ventilation and evaporative cooling are systems
designed to draw thermal energy from the interior space, while liquid radiation filters attempt to limit
the amount of thermal energy that enters the greenhouse environment.

2.7.1 Natural Ventilation

Natural Ventilation is one of the most highly studied techniques for greenhouse cooling. Many different
window, vent, and opening configurations have been studied to find the optimal air circulation and flow
through a greenhouse based on different locations and climates.
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Ventilation directly impacts greenhouse air temperature and CO; levels, both of which are essential
parameters in successful growth of a greenhouse crop [94]. For many greenhouses, natural ventilation
is used as the primary method of cooling [134]. This method is efficient and uses very little, if any,
additional energy [135]. When vents are placed near the base of the greenhouse and near the roof,
natural ventilation is the process of releasing the hot air through the top vent of the greenhouse and
drawing in cooler air through the bottom vent.

Other ventilation systems are considered “forced ventilation” systems. These systems are similar to
natural ventilation, but make use of fans and blowers to increase the number of air changes through the
greenhouse [135]. Forced ventilation uses more energy, but has the potential to significantly reduce
greenhouse temperatures.

Many ventilation studies involve the use of computational fluid dynamics. Pefa et al. [136] performed a
computational fluid dynamic analysis to optimize the ventilation performance of an Almeria-type
greenhouse. They evaluated different parameters including width, span number, vent area, location,
type of vent openings, plant occurrence and presence of screens with different porosities using a
commercial program ANSYS/FLOTRAN v8.0. This study found that ventilation rate was reduced by 88
percent when span number was increased from one to five or the greenhouse width increased from
nine to forty-five feet and the use of insect screens decreased ventilation rate by 50 percent. The
presence of plants in the green house caused the air near the floor to reduce in speed.

Another computational fluid dynamics study tested the effect of structural modifications and the
orientation of a fixed open ridge in order to optimize ventilation for a Colombian multi-span greenhouse
[137]. The goal was to maximize the air exchange rate and improve the movement within the
greenhouse while maintaining the highest degree of temperate and moisture homogenization. Similarly,
Baeza et al. [138] studied the effect of ventilator size on natural ventilation in Parral greenhouses
through computational fluid dynamics. Esteban et al. [139] analyzed the role of sidewall vents on
buoyancy-driven natural ventilation in greenhouses with and without insect screens and Baeza et al.
[140] used computational fluid dynamics to study natural ventilation in relation to number of spans and
roof vent configuration.

Two general types of rooftop ventilation have been extensively studied. The first is windward ventilation
in which the stream of air enters directly into the space. The second is leeward ventilation in which air
climbs to the top of the roof and enters through an opening on the low-pressure back side.

Windward

While windward ventilation offers a more intense air exchange and ventilation rate [141], it has the
drawback of creating a circular air flow where entering air, travels along the roof and exits through the
second ridge before mixing with the internal air [142]. In hot climates, windward ventilation is
preferable when mixing can be achieved.

In an attempt to achieve optimal air flow in a space cooled by windward ventilation, Montero et al.
[143] studied the effect of deflectors and ventilator configurations in a crop protection structure for the
tropics. Their study proved the efficiency of an air deflector on a jack-roof ventilator to avoid the passing
of air through the roof vent.
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Nielson et al. [144] studied natural ventilation of a greenhouse with top screens, another method for
increasing the mixing of windward ventilated air. He utilized a method which directed the passing air at
the hinged ridge vents into the crop space using a 1-m high vertical screen mounted on the ridge. This
improved the air exchange in the plant zone by about 50% on average. He also found that increasing the
roof slope helps to direct the incoming air to the crop area. Another study on greenhouse roof slope
found that ventilation sharply increased with slope up to 25 degrees [138]. Steeper slopes did not have
great effect on the air exchange rate and internal flow.

Side wall ventilation is similar to windward ventilation since air enters directly rather than in the lee of
the wind [145]. However, in a comparison of windward verses side vents [136] found that the side vents
had higher air exchange rate while the windward had better temperature distribution. Kacira et al. [146]
performed computational fluid dynamic simulations to investigate the effect of side vents in relation to
the span number of a gothic greenhouse with a continuous roof vent on the leeward side of each ridge.
Results showed that when both sides were fully open the ventilation rate increased and the ventilation
rate decreased exponentially as the span number increased.

Leeward

For cooler climates where a slower exchange rate is acceptable, leeward ventilation offers a more
uniform air distribution [145]. Mistriotis et al. [147] performed a computational fluid dynamic
simulation of 32, 64, and 96 meter-long greenhouses. The behavior of the 96 m greenhouse was
different from the others, as a second outflow occurred at the back of the greenhouse. Similarly,
Reichrath and Davies [148] used CFD to model the internal climate of greenhouses for both leeward and
windward vents. They confirmed the occurrence of reverse flow in the windward part of the greenhouse
and of a dead zone with low velocity at approximately 60% of the total glasshouse length for a very large
Venlo type greenhouse of 60 spans.

2.7.2 Evaporative Cooling Systems

There are several types of evaporative cooling systems that work well for greenhouse applications.
Evaporative cooling is the reduction in temperature resulting from the evaporation of a liquid. When the
liquid (generally water) evaporates, it removes latent heat from the surface or media from which
evaporation takes place. These systems have limited potential in climates with high relative humidity.
The efficiency of the system is determined by the difference in wet and dry bulb temperatures;
therefore, humid air does not have as much capability to evaporate moisture.

The most common type of greenhouse evaporative cooling system is the fan and pad system. Fan-Pad
systems consist of a 4-6 inch-thick cellulose pad exposed to either natural or forced ventilation.
Overhead pipes supply water which evenly wet the pad. As the pad is exposed to ventilation,
evaporation occurs. In an experiment by Kittas et al. [149], Fan-Pads, along with the use of shading
devices, were found to achieve 80 percent efficiency and was able to maintain a temperature as much
as 10 degrees cooler than the outdoors. They also found that some condensation occurred on soil
surface early in the day. Their experimental data was compared to results from an analytic model which
described the greenhouse as a heat exchanger. The model also suggested that the shading could be
avoided in dry climates because of the increased potential of the evaporation. Sabeh et al. [150] studied
the water use of a fan and pad evaporation system for greenhouse cooling in arid climates. Other
studies examining fan-pad systems have been conducted by Bucklin et al. [151] and Jain and Tiwari
[152].
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Evaporative Fog cooling is a process in which water is sprayed in a very fine mist without wetting the
foliage. The evaporation of the tiny droplets lowers the temperature of the greenhouse environment
[153]. Ventilation plays a major role by helping to control humidity and evaporation rates. Abdel-Ghany
and Kozai [154] studied the environment of a naturally ventilated and fog-cooled greenhouse. Their
study involved a dynamic model which consisted of a system of equations solved numerically using
predictor-corrector technique and the iteration procedure for the algebraic equations. They included
parameters such as meteorological conditions and thermos-physical (plan, cover, air and soil)
properties. The results of this model were compared and found very close to the experimental values.
Abdel-Ghany and Kozai [154] was limited to one type of evaporative mechanism. They concluded that
more research should be done to assure that the fog evaporates during the fogging cycle to reduce
condensation on the plants.

Arbel [153] studied ventilation and evaporation flow rates necessary to achieve the desired
environment given the solar radiation and the ambient climate conditions. They created a mathematical
model which was later verified though data collected from experimental greenhouses. They found that
the fog system can provide a wide range of temperature and humidity more consistently than a pad and
fan system. What is more, they found that fog did not greatly affect the radiation inside the greenhouse.

Other studies have experimented in order to improve evaporation strategies. Giacomelli et al. [155]
experimented with a blanket mesh to replace the pad as an evaporation surface. The typical drip
wetting system was replaced with a misting spray which more evenly saturated the evaporation surface.
They found that the fog and blanket combination had greater evaporation rates and was able to
maintain a temperature up to 10 degrees cooler.

2.8 Systems with Heating and Cooling Capability

In climates with hot summers and cold winters, greenhouses need both heating and cooling systems to
provide acceptable environments for growing plants. In these locations, it makes sense to incorporate
an HVAC system that is capable of adding and removing heat from a space. Covered in this section are
liquid radiation filters, earth tubes, heat pumps, thermal energy storage, and in-floor radiant systems.

2.8.1 Liquid Radiation Filters

This advanced technology involves circulating a liquid radiation filter (LRF) through the cladding of a
greenhouse. The liquid filter removes infrared waves in the range of 700nm of solar radiation, while
photosynthetic radiation (400-700nm) is transmitted into the greenhouse [156]. This system is designed
to reduce the heat entering the greenhouse during the day and allow the heated liquid to recirculate,
cool, and maintain the temperature of the greenhouse through the night. Feuermann et al. [156]
conducted a simulation to study the relationship of design of the LRF system and the thermal
performance of the greenhouse. The simulation results were validated and found to be within one or
two degrees Celsius of performance data from a greenhouse in the Israel desert. The study determined
that the use of the liquid radiation filter allowed the greenhouse to remain closed about two thirds
longer during the summer months. This is beneficial in terms of reduced cooling load, limited
contamination and CO; fertilization. Feuermann et al. [157] followed up with a study of LRF for
greenhouse application in a desert environment.

Canham [158] performed experiments which showed that LRFs proved practical and could be
automatically controlled by a thermostat. He experimented with different emulsions to test the
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effective shading. LRFs have also been used in cultivation of plants in brackish water [159]. Many other
related research experimented with a similar idea of a “fluid-roof greenhouse”[99,160-165].

2.8.2 Earth Tubes

Ghosal et al. [123] modeled a greenhouse with an integrated earth to air heat exchanger. The model
was a MatLab representation of a greenhouse located in Delhi, India, utilizing a recirculation type earth
to air heat exchanger. Temperatures of the greenhouse were about six to seven degrees warmer in
winter and three to four degrees colder in summer. These results were validated with measured values.
They provided an excellent table that summarizes 16 studies analyzing the performance of heat
exchangers. The remarks column suggests how well the greenhouse performed in terms of heating, but
does not comment on the cooling benefits.

2.8.3 Ground Source Heat Pump

Many studies have been conducted regarding the use of ground source heat pumps as a method of
environmental regulation. The efficiency of a ground source heat pump can be influenced by many
factors such as depth of the ground loops, length of the tubes, and type of ground heat exchanger.
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Figure 9: Schematic of Ground-Coupled Multi-Heat Pump System (Choi et al. 2014)

Choi et al. [166] studied the performance of a ground-coupled multi-heat pump system in a greenhouse.
The system consisted of a closed-loop vertical ground loop heat exchanger and indoor and outdoor heat
pump units. A system schematic is shown in Figure 4. The authors of this study report that ground-
coupled multi-heat pump systems can be incorporated with many types of indoor heat pump units. This
paper is limited by the fact that only heating was explored in the study, though the author states that
both heating and cooling can be achieved with a GSHP. The authors also call for future studies to
explore creating a load calculation algorithm for greenhouses and an algorithm to control circulating air
flow rates within the greenhouse to maximize energy savings.

Ozgener and Hepbasli [167] conducted a study which attempted to relate the thermodynamic and
economic feasibility of ground source heat pumps for greenhouse application. They used exergoecomics
to search for the optimal design of a compressor condenser to be used in a conventional vapor-
compression heat pump [168].
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Figure 10: Schematic of GSHP-PCM System [20]

Benli [169] studied the use of a ground source heat pump with latent heat storage for use in
greenhouses. The system involves a heat pump and phase change material as key components, along
with other necessary components such as pumps, piping, control units, and water tanks. A schematic of
the system design is shown in Figure 7. The study concluded that the system could run quite efficiently
and distribute heat evenly. They also found that placing the heat pump inside the greenhouse rather
than outside would help prevent freezing. Still, additional heat sources may be necessary for sudden
temperature changes or extreme cold nights. The author also suggests that a combination of two
heating systems could be used to meet the heating load of a greenhouse in climates such as Turkey.

2.8.4 Thermal Energy Storage (TES)

Thermal energy storage (TES) is a technology that stores energy by heating a material so that the stored
heat can be used later. The energy storage of a material is based off the specific heat of the substance.
This means that materials with high specific heat can absorb much more heat without changing
temperature. This is useful in greenhouse and other applications because the TES material will absorb
heat during warm hours (removing it from the space) and release heat during cool hours (adding it to
the space). In greenhouses with very little insulation, thermal energy storage helps to maintain a
constant temperature.

TES technology is always found in conjunction with another type of heating or cooling because it is a
method of storing heat to be used later, and does not actually produce heat. Santamouris et al. [170]
discussed 5 types of solar greenhouses that make use of TES systems. These include water storage,
latent heat storage, rock bed storage, soil storage with buried pipes, and other types of heat storage.
They surveyed 95 solar greenhouses in an attempt to analyze the most effective thermal storage for a
passive solar greenhouse. Their paper, “Passive solar agricultural greenhouses: A worldwide
classification and evaluation of technologies and systems used for heating purposes,” published in Solar
Energy, provided three excellent tables that summarize greenhouses using rock bed, PCM, and water for
heat storage. These tables summarized the wide variety of studies conducted and the similarly large
variety in results. They found that water storage with ground tubes resulted in an air temperatures 2-
4°C higher than the minimum outdoor air temperature and water barrels could generally satisfy 70-75%
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of the annual heating needs, achieving an inside temperature 2-10°C higher than the ambient
temperature. The use of water tanks could bring the inside temperatures to 2-15°C higher than night
outdoor temperatures and cover 20- 50% of the annual heating requirements. Latent heat storage could
satisfy 20- 75% of the annual heating needs but, depends on the size of the greenhouse and the storage,
location, type of cover material, and the type of the cultivation. Buried pipes on average satisfy 30-60%
of the annual heating with temperatures 3-10°C higher than the minimum outdoor temperature. Rock
bed storage could satisfy 20-70% of the annual heating requirements and achieve inside temperatures
ranging 4-20°C higher than the minimum ambient air temperature, however, installation of the
underground heat storage, could be more expensive and difficult.

In another study, Santamouris et al. [171] monitored a passive solar greenhouse for two years to
determine the effect of a TES wall located on the north aspect and a network of earth to air heat
exchangers buried in the greenhouse. The goal of the two integrated passive elements was to reduce
heat loss and increase the usefulness of the solar gain. They found the passive systems reduced the
heating requirements of the 1,000-square meter prototype greenhouse by 35%.

2.8.5 Efficiency in distribution

The method of heat distribution can also drastically effect efficiency. Because heat rises, temperature
stratification will occur if the air is not sufficiently mixed. Energy for fans and mixers can be a major
detriment to greenhouse efficiency. One solution to this is to supple the heated or cooled air to the
immediate surroundings of the plants. This is known as root-zone heating and saves approximately as
much energy as turning down the thermostat 5 to 10 degrees [95].

There are several common types of root-zone heating: in-floor, under-bench and under-bench hydronic.
These systems are more efficient because they focus on conditioning only the necessary space. In-floor
heating systems most include plastic pipes embedded in concrete or sand through which warm water is
circulated. In applications using solar energy or waste heat, a flooded gravel layer under the concrete
floor has been used to store as well as deliver heat. Under-bench heating using various types of tubing
or plastic pipe circulate low temperature water [172].

In floor radiant heat has been used in greenhouses in combination with fossil-fuel-fired boilers, solar
collectors, or waste heat sources. Roberts et al. [173] conducted an experiment to test the feasibility of
in-floor heating utilizing plastic pipes covered by 7 centimeters of porous concrete. To accommodate for
the large thermal inertia of floor heating, [174] tested the effectiveness of feedforward logic, by creating
a prediction model and then an experiment using a controlled-environment chamber. Other models that
attempt to optimize in-floor heating systems include those by Puri [175,176].

2.9 Renewable Energy Integration for Greenhouse Application

2.9.1 Photovoltaics

Photovoltaic energy generation applied to greenhouses offers another opportunity to reduce energy
consumption. Many studies have been conducted regarding the optimal roof area that can be covered
with PV. Specialty technology such as transparent PV and Fresnel lens have also been researched. Many
studies include an economic component to their study to determine whether incorporating photovoltaic
solar is feasible.
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A recent study by Li et al. [177] looked at the economic and social performance of integrated
photovoltaic, agricultural greenhouses systems in China. In their case study of five greenhouses, they
found that the annual return on investment varies from about 9% to 20% with a discounted payback
period of 4 to 8 years depending on the different crops produced in PV greenhouses.

There is a delicate balance between providing enough photovoltaic area to produce sufficient electricity
and over-shading the plants. Cossu et al. [178] studied solar radiation distribution inside a greenhouse
with south-oriented photovoltaic roof and the effects that this had on crop productivity. The
experimental greenhouse roof was fifty percent covered with solar panels. This resulted in an eighty-
four percent reduction in light beneath the panels and a 46 percent reduction beneath the plastic cover
for an average reduction of sixty-four percent. This study concluded by providing suggestions for a
better agronomic sustainable greenhouse. Similarly, Yano et al. [179] investigated electrical production
and solar penetration for two geometric arrangements of photovoltaic arrays on a greenhouse roof.
Both configurations of solar panels covered 12.9 percent of the roof area. This study found that a
checker board arrangement of PV panels produced a more even distribution of light and only slightly
less electricity making it the preferable configuration over a straight- line arrangement.
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Figure 11: Schematic of the experimental system containing PV and EAHA (Yildiz et al., 2012)

Yildiz et al. [180] created An experimental system to test the performance of a solar photovoltaic
assisted earth-to-air heat exchanger (underground air tunnel) used for greenhouse cooling. Figure 8 is a
schematic of the experimental system containing PV and EAHA. This study found that 34.55% of this
energy demand was provided from photovoltaic cells while 65.45% of the electricity energy demand was
provided by the grid.

A study by Urefa-Sanchez et al. [181] examined the effect of flexible solar panels, mounted on top of a
greenhouse for electricity production, on yield and fruit quality of tomatoes. They found that solar
panels covering 9.8 % roof area of the greenhouse did not affect yield or price of tomatoes despite the
negative effect on fruit size and color.

Carlini et al. [182] used a TRNSYS simulation to compare the effects of PV panels on a greenhouse in
several locations in Italy; Turin, Rome and Ragusa. The results show energy savings for both heating and
cooling with the addition of PV panels. (TRNSYS section also)
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Also using simulation, Castellano [183] studied the effect of different configuration of PV panels on the
covering of greenhouses. In his study, He used an Autodesk Ecotect Analysis. The analysis was run for
three PV to clear panel ratios and three different PV configurations.

Hussain et al. [184] compared the thermal performance characteristics of linear and spot Fresnel lens
solar collectors for heating application in Chuncheon, South Korea. The two systems, with similar
storage capacities and surface areas, were tested under the same weather and operating conditions.
Both systems were equipped with a dual-axis solar tracker for tracking the sun position and a circulating
pump for forced convective heat transfer. Results indicate that the spot Fresnel lens performed about 7-
12 % higher than the linear lens.

One of the major challenges associated with photovoltaic installations on greenhouses is the adverse
effects of shading. Semi-transparent modules have been investigated for greenhouse application. Cossu
et al. [185] studied a prototype semi-transparent PV module (STM) integrated on various aspects of
greenhouse roofs. The modules were comprised of 4800 spherical micro-cells sandwiched between glass
plates. The opaque cells covered approximately 2.3% of roof but blocked 9.7% of the light when
including the metallic conductors. This study found that more traditional CPMs were 50 times more
efficient than the STM system. This means that only 2% of the greenhouse structure would need to be
covered by opaque CPM panels in order to produce the same amount of energy as an entire greenhouse
covered in semi-transparent modules. With this prototype technology the STMs do not seem practical
however, STMs had the advantage of equivalent energy production with any incident angle of sun due
to their spherical nature making them suitable for alternate orientations of roofs or walls. They may also
be practical for greenhouses that require shading or light diffusion regardless of the PV generation since
the semi-transparent modules provide a slight and uniform light reduction over the entire space.

Lamnatou and Chemisana [186] discussed solar radiation manipulations and their role in greenhouse
claddings. They looked at literature regarding passive and active Fresnel lenses, Near-infrared and
Ultraviolet blocking materials. In a second related review, they looked at claddings that modify Red/Far-
red, Blue/Red, Blue/Far-red ratios; fluorescence solar concentrators; passive optical means; desalination
roofs; anti-condensation materials; covers which diffuse sun light and others [187].

2.9.2 Photovoltaics and Solar-Thermal

Nayak and Tiwari [188] created a simplified model to evaluate the performance of a photovoltaic
coupled with thermal system for a greenhouse located at IIT Delhi, India. In a continuation of this study
an earth air heat exchanger was added to the model and a theoretical energy and exergy analysis was
conducted [189]. Final different climatic conditions were tested to determine where the system
performed best and a comparison of various energy metrics, such as energy payback time, electricity
production factor and life cycle conversion efficiency of the system was considering [190].

Sonneveld et al. [191] Studied the performance of a greenhouse with electrical generation using a
hybrid photovoltaic cell, thermal collector module combined with reflection of near infrared radiation.
greenhouse with linear Fresnel lenses in the cover performing as a concentrated photovoltaic (CPV)
system is presented. The CPV system retains all direct solar radiation, while diffuse solar radiation
passes through and enters the greenhouse. Fresnel lenses diffuse the light and reduce direct radiation
entering the greenhouse by up to 77%. This drastically reduces the need for cooling in the summer. The
direct radiation is concentrated by a factor of 25 on a photovoltaic/thermal (PV/T) module and
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converted to electrical and thermal (hot water) energy. The PV/T module is kept in position by a tracking
system based on two electric motors and steel cables. The results also show a promising system for the
lighting and temperature control of a greenhouse system, providing simultaneous electricity and heat. It
is shown that the energy contribution is sufficient to cover the heating demand. Previous studies were
conducted to prove the feasibility of the system [192], [193], [194].

Ganguly et al. [195] performed modeling and analysis of a greenhouse power system consisting of solar
photovoltaic panels, electrolyzer bank and Polymer Electrolyte Membrane (PEM) fuel cell stacks. After
meeting the requirements of the greenhouse, excess electrical energy generated by the photovoltaic
array is supplied to and electolyzer bank to generate hydrogen gas. The gas is consumed by the PEM fuel
call to supply power during energy deficit hours. They found that 51 solar photovoltaic modules each of
75W coupled with a 3.3kW electrolyzer and 2 PEM fuel cell stacks, each of 480 W, can support the
energy requirement of a 90m?2 floriculture greenhouse with fan-pad ventilated system.

2.10 Energy Efficiency in Greenhouse Operation

In northern latitudes and extreme climates, the cost of heating and cooling greenhouses can be 70 to 85
percent of the total operation cost [96]. Even in warmer areas such as the southwestern US these costs
can amount to 50 percent of the total. To reduce this energy consumption, efficient mechanical systems
are a crucial component of design, but there are also operational measures that can drastically effect
greenhouse efficiency. Temperature set points, relative humidity levels and CO, concentrations present
themselves differently when considering the needs of plants rather than human comfort. This section
outlines energy efficiency considerations for greenhouse operation. It covers the unique parameters of
environmental control and then discusses how these parameters might be altered to reduce energy
consumption while maintain yield. Additionally, sensor networks and control algorithms can be used to
optimize operation and improve efficiency.

2.10.1 Energy Saving Measures

Temperature, relative humidity and carbon dioxide concentrations are interconnected components of
the environment that have a significant effect on the growth and health of plants. These three elements
can be dynamical controlled to improve environmental and economic efficiency. Energy saving measure
include implementation of temperature regimes, reduced relative humidity using ventilation with
outside air, condensation on a cold surface, and absorption by a hygroscopic material and CO,
supplementation during critical times of the day. With each of these parameters, there is a balance
between economic viability and increased yield.

Since the environment is largely based on the composition of air entering and leaving the greenhouse
environment it is important to evaluate the rate of infiltration to properly manage the space. This can be
done by measuring air exchange capacity (fan cubic feet per minute), air distribution (inlet air speed)
and static pressure difference [196]. Ventilation is a system where these three features work together
for efficient performance. Sufficiently fast inlet air speeds of 700 to 1000 fpm encourage good air mixing
and distribution within the greenhouse [196]. An anemometer is used to measure air speed, with
various types such as hot wire, vane, and velocity pressure available for specific applications. Airflow
visualization can help to identify problem areas and guide changes in management, ventilation system
operation, or equipment [196]. This is an important part of temperature control because it indicates if
mechanical systems are operating at their full potential.
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Temperature Regimes

Temperature regimes are temperature schedules that are designed for a space over a period of time.
This can be as simple as a thermostat with a constant fixed temperature however, these can be
manipulated to increase the efficiency of a greenhouse without negatively effecting the health of plants
in several ways. Here is discussed the specific requirements of plants and how this allows temperature
regimes in the greenhouse to be treated very differently than a typical building. The concept of
temperature integration as an energy saving measure is introduced and several variations are explored
though existing literature.

Temperature is one of the most important factors in the health and morphology of plants. Each type of
plant, at each phase of its growth, has a different ideal environmental temperature. Fortunately, the
response of plants to temperature is mostly predictable and they each have a temperature range over
which there is an almost linear increase growth response [144]. What’s more, it is widely accepted that,
within a range, hourly variations in temperature does not drastically effect plant growth if a consistent
daily average temperature is maintained. The range is determined on the high end by temperatures at
which damage will occur and on the low end by temperatures at which no growth will occur [197]. With
day and nighttime set point temperatures within in this range, a simulated diurnal cycle can be used to
manipulate growth. As a general rule, daytime set points can be 8 to 10 degrees warmer then night set
points [144]. This concept is referred to as temperature integration (Tl) and aims to maintain the same
average temperature as optimal growth conditions while minimizing heating demand [198].

Much research has gone into the idea of temperature integration. Van Henten and Bontsema [199]
researched optimization of open-loop temperature control in greenhouses to minimize energy
consumption by maintaining an average temperature over one day instead of a rigid pre-defined set-
point. Similarly, Kérner and Challa [200] aimed was to improve the temperature integration concept by
introducing dynamic temperature constraints. Later Their concepts were utilized in a combined
greenhouse climate and control model by Kérner et al. [201] to study energy consumption in year-round
cut chrysanthemum greenhouse. Two techniques for temperature integration were tested and their
energy saving were calculated. The first method was temperature integration within 24 h using the
margin between heating and ventilation temperature as control. The second temperature integration
regime was restricted within 24 h by a set point for negative temperature difference between average
day and average night temperature to attain a temperature regime for stem length control. Energy
consumption was reduced by both regimes compared to a standard commercial practice. This study was
followed by another which used a similar climate and control model to create a decision support tool
with the purpose of determining which week of the year to use which climate control regime for the
optimal gain of sustainability and plant quality [202].

One study conducted on marijuana, rose, and sweet pepper plants experimented with temperature
variation. Integrated control on a 24-h basis with band widths of up to 8°C was compared with a
traditional control. The effects on energy consumption, plant growth and development were analyzed
over the course of a year. The study concluded that energy savings of 8% could be achieved at a band
width of 4°C, while at a band width of 8°C, the savings was 18%. Band widths of 4°C and less did not
show any effects of the integration control on yield and quality [203].

These temperature “bands” allow for both hotter and cooler temperatures but, the bands do not
guarantee that the average temperature stays the same. If temperatures are hotter during the day they
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must be balanced by cooler temperatures at night. An example of this was demonstrated by Pressman
et al. Pressman et al, 2006 in his study on the effect of day and night time temperature variations on
pepper plant growth. He found that plants exposed to low night time temperatures exhibited symptoms
such as retarded growth, reduced leaf number, and deformed fruit. These negative symptoms could be
avoided by closing the greenhouse during the day, exposing the peppers to hotter daytime
temperatures. This reduced the need for both night time heating and daytime cooling [204].

Another study [205] adapted a temperature control algorithm to fit local needs and climatic conditions
for a plastic greenhouse cultivated with gerbera. The algorithm allowed indoor temperatures to cycle in
phase with the external temperature by means of a solar clock instead of a computer clock and the
desired temperature was modulated as a function of global radiation. Hourly and daily corrections
maintained the short and long term temperature averages within the desired levels. It was found that,
using this control algorithm energy saving of 16% over the course of two years were achieved without
any reduction in yield. This was primarily achieved though elevated nightly temperature set point during
cold and windy weather and reduced set point during warmer and calm conditions.

It is important to note that the optimum temperature for a crop may not be the temperature that
produces the highest yield. The set point temperature is often the temperature at which the cost of
heating and the yield are balanced to maximize economic gain [197].Temperature can also be used to
control the plant form. Transitory or constantly high temperatures cause an array of morpho-
anatomical, physiological and biochemical changes in plants, which affect plant growth and
development [206]. Over the long term this can lead to dramatic reduction in economic yield but, if used
conscientiously at strategic intervals could be used as a sustainable alternative to chemical growth
regulators [197].

Humidity Management

Humidity is the second major criteria for environmental control and is closely tied to temperature
control. The negative effects of excessive humidity include reduced transpiration and ideal environment
for the spread of fungal infection and other diseases [197]. There are three primary methods used to
control humidity: ventilation with outside air, condensation on a cold surface, and absorption by a
hygroscopic material [207]. Unfortunately, temperature integration can result in fluctuating and often
high relative humidity (RH) levels in modern, highly insulated greenhouses with low infiltration [208]. Air
movement and knowledge of how humidity reacts to temperature can help to prevent condensation on
leaves and improve the homogeneity of the air.

A crucial component of humidity and moisture control is air movement. This aids evaporation and helps
to prevent stratification. Basket fans are the most efficient and common technology used to move air
[95]. They are mounted at about a quarter of the length of the greenhouse and directed in opposite
directions to create circular air movement [95]. Other common types include Paddle and Jet fans. All
ventilation fans require a substantial amount of electricity but, are crucial in regulating humidity and
temperature. As such, it is important to select fans carefully based on their efficiency and their required
function. The BESS Lab of the University of lllinois performs tests on the efficiency of ventilation fans to
help customers make energy efficient decisions (BESS Laboratory Website).

Campen [207] studied the economic efficiency of the three commonly used methods of
dehumidification. For condensation on a cold surface he concluded that less than half of the total heat
transfer is related to the heat released during condensation. The rest is sensible heat removed from the
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greenhouse air. This sensible heat needs to be returned through heating which consumes more energy

than necessary for the dehumidification only. Using a hygroscopic material to dehumidify a greenhouse
was found to be excessively expensive and impractical. Based on this he concluded that ventilation with
outside air and heat recovery is the most economical, practical, and energy-saving method.

Jolliet [209] created a model to predict humidity and transpiration directly as a function of the outside
climate, with the objective of developing optimal control strategies for humidity in greenhouses. This
model was straightforward but, included the processes of transpiration, condensation, ventilation and
humidification or dehumidification.

A process-based humidity control concept was developed by Kérner and Challa [208] for cut
chrysanthemum crop cultivated with temperature integration and regular temperature control. RH
control set points were generated as function of underlying processes. Greenhouse performance with
this humidity regime and different temperature regimes were simulated with respect to greenhouse
climate, energy consumption and photosynthesis. Compared with a fixed 80% RH set point, annual
energy consumption of a year-round greenhouse could be reduced by 18% for Tl with +2 °C temperature
bandwidth as well as for regular temperature control. For separate 12 week cultivations with planting
date 1 March, energy saving could increase up to 27 or 23% for Tl and regular temperature control,
respectively.

When considering humidity, it is important to predict the interaction between the dehumidification
technique and the temperature control system. While Campen [207] found that removal of moisture
through condensation worked against the temperature control system, in warmer climates where
cooling of the air is needed rather than heating, this system could be much more efficient.

Carbon Dioxide Control

CO; enrichment of the greenhouse atmosphere above external levels has been found to increase growth
rates and improve the health of plants [197]. Most plants show a net photosynthesis increases as

CO;, levels increase from 340-1,000 ppm (parts per million) [210]. CO; is generally found at about 400
ppm in the outdoor air however, it is often the case that levels of CO, within the greenhouse are lower
than outside air due to photosynthesis and the uptake of CO; by plants [211]. In these cases, the benefit
of CO; enrichment depends on the increase in yield and the improvement in crop quality as well as the
cost of enrichment. Efficiency of the greenhouse system can be increased by thoughtfully sourcing CO,
and utilizing it when it can be most effective.

Collecting CO, from a sustainable source is a key component system efficiency. There are several ways
to provide CO; to the greenhouse environment [212]. The oldest and most common strategy is a
propane burner which delivers CO; directly to the space [213]. Unfortunately, this method is not
environmentally friendly since it requires the combustion of fuel solely for the purpose of CO;
production. A more efficient method is to capture pure CO, from industrial processes and store it in a
tank for regulated use [214]. However, this method can be expensive and difficult to manage. CO; can
also be extracted from flue gases, fossil fuel furnaces and biomass or biogas furnaces [215-217]. Many
studies [120,218,219] have contributed to make the process more feasible and reduce costs. Of all of
these options there is no perfect solution and it is still difficult to procure pure CO,. As a result, research
as also gone towards determining the most effective use of CO; for plant growth.
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Klaring et al. [220] studied CO; supply strategies for efficient use of CO; and maximum yield. They found
an increase in yield of about 35% in a greenhouse supplied with CO, compared to the unsupplied
standard. The differences between supplied and not supplied greenhouses in CO, concentration and
photosynthesis, and thus the CO,-supply efficiency, were maximal at moderate radiation and decreased
with increasing outside air temperature due to required ventilation at high radiation and high outside air
temperature. This indicates that the most efficient use of CO, is to deliver it to the greenhouse during
the morning and late afternoon when the sun and internal temperatures are less intense.

The level of CO; enrichment and its control is closely tied to both temperature and humidity regulation.
It is important that these three components are jointly considered so that the chosen systems work
together rather than in opposition of each other.

2.10.2 Sensor Networks

Monitoring the greenhouse environment is an important part of making efficiency-conscious system
operation decisions. However, due to the complex nature of the greenhouse environment, control of
the greenhouse climate is a difficult task. Greenhouse climates are affected by many interactions
between various key parameters and are difficult to model mathematically [221]. There are ongoing
studies on monitoring environmental parameters such as CO, and the effect of CO, deprivation on yield
[220], soil evaluation [222][223], ventilation rate [224], estimation of light interception by plants [225],
and amount of solar energy entering a plant canopy.

Monitoring is most widely done through sensors and control algorithms that consider the key
parameters for the greenhouse’s success. One strategy for determining the effectiveness of the
greenhouse environment for plant growth is to monitor the status of the plants directly. This allows
growers to determine whether the conditions within the greenhouse are providing the resources
needed for the plants to flourish. It is generally more difficult to monitor the plants directly because of
the potentially large variation in health from plant to plant. Sensors are generally placed in only a limited
number of locations which can reduce the accuracy of the reading.

Plant status is directly measured in several ways. Variation of stem diameter in tomatoes plants can be
measured to indicate water stress [226]. Similarly, Vermeulen [227] conducted an experiment that
measured sap flow rate, stem diameter and leaf temperature as a result of drought stress. They found
that any of the three related symptoms could be used to predict when the plants were experience water
shortages

Another developing technology is the measure of volatile organic compounds produced with health or
metabolic changes in the plants. Jansen et al. [228] conducted an experiment to examine plant
emissions of VOCs of damaged plants compared to a baseline. He found that the most dominant
compounds for baseline emission were the monoterpenes B-phellandrene, 2-carene, limonene, a-
phellandrene and a-pinene. Directly after damage, these compounds showed an increase of up to 100
times compared to baseline level emission. The study shows that there is potential for this type of
sensing, however, more research needs to be done to determine if pests or pathogens will have the
same effect.

One such parameter essential to plant growth is light interception. Janssen et al. [225] proposes a way
of estimating light interception in a greenhouse using two sensors, one pointing directly upward, and
the other directly downward. These sensors measure incoming light and reflected light, respectively.
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The paper concludes that with application of various data filters, the data gives a good estimate of
reflection ratio, which could then be used to calculate light interception or leaf area index.

An even more complex system was developed to measure the greenhouse climate. Baek et al. [229]
developed a Greenhouse Control System (GCS) to take into account environmental and crop growth
parameters. Sensor measurements of environmental parameters (inside, outside, and soil) and crop
growth parameters (predicted) are gathered and stored in the Greenhouse Information Storage (GIS).
Information is then fed to the Greenhouse Control Agent, and various controls are adjusted, changing
the greenhouse environmental parameters, and thus the crop growth parameters.

Many studies make use of Wireless Sensor Networks to achieve the goals of greenhouse climate.
Wireless Sensor Networks (WSN) are becoming increasingly applicable to the agricultural industry as
they have the ability to monitor certain parameters key to a crop’s growth or a greenhouse’s climate.
WSNs typically consist of nodes (which include a processor), memory, sensors, wireless or Zigbee radio
communication, battery, and a base station [93]. The networks can provide real-time monitoring of key
parameters, allowing researchers to continuously collect measurements. Liu et al. [230] developed a
wireless sensor network where they measured temperature, light, and soil temperature. The system
contained two parts: the sensor network and the remote management center. The two parts were
connected through a GSM (global system for mobile communication) module. The system uses Short
Message Service communication to transfer information to the management center, which worked both
efficiently and economically for data transmission. In another study, a WSN, called A2S was developed
and tested [231]. A2S consists of WSNs, gateways, and a management sub-system. Two nodes were
developed: A-node, which collects data of the climate within the greenhouse, and C-node, which
controls the illumination within the greenhouse with melons. The sink node takes data from the A-
nodes and sends commands through the A- and C-nodes to control the environment. Finally, the node
sensing data is stored in a server, which can then be accessed by researchers or farmers.

2.10.3 Control Algorithms and Optimization

Generally, sensor networks and control algorithms work together to control greenhouse climate. There
are many methods for controlling greenhouse climate, some newer and evolving, as presented by
Lépez-Cruz et al. [221]. In all cases measured values from the environment are used to make decisions
regarding the mechanical action. The potential to improve this process exists both in the method of
measuring these values and in the decision-making process. This section expands on a few control
strategies, or decision making techniques that have been applied to the greenhouse environment.

Proportional-Integral-Derivative control (PID)

Proportional-Integral-Derivative (PID) control is commonly used in industrial and greenhouse control. A
PID controller continuously calculates the difference between the desired set point and the measured
variable. A correction is then applied based on the proportional (P), integral (1), and derivative (D) of the
difference or “error value”. The proportional accounts for the current value of the error, the integral
accounts for past values of error, and derivative accounts for future values of error based on the rate of
change. This relatively simple system is broadly applicable because it relies only on measured values and
not on knowledge of the underlying system however, this also limits its capabilities and makes it
susceptible to delays and errors [232].
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Model Predictive Control (MPC)

Model predictive control solves some of the issued experienced by PID systems by predicting future
events and taking control action accordingly. To achieve this a dynamic model of the system process is
required. This allows the MPC to optimize a finite time-horizon [233]. While this control method can be
very efficient if all goes as planned, it is susceptible to unexpected events that render the fixed control
choices obsolete.

Many studies have applied MPC to the greenhouse environment. El Ghoumari et al. [234] compared a
MPC scheme for greenhouse temperature regulation with an adaptive PID controller. The MPC
algorithm used in their study takes in account the constraints in both manipulated and controlled
variables using an on-line linearization with a very low computational burden.

Van Straten et al. [235] performed a review of control strategies on which they based the design for an
optimization system. In their system, the farmer can specify the set points and constraints for the
greenhouse climate while a model-based predictor calculates the effect of these set points/constraints
on the crops, and energy.

Aaslyng et al. [236] and Aaslyng et al. [237] developed mathematical model-based greenhouse climate
control system — IntelliGrow - to decrease energy consumption while maintaining or increasing plant
production. The mathematical model can estimate irradiance absorption, leaf photosynthesis, and
respiration. Based on the climate conditions, the control system calculates optimal set points and
communicate with environmental control computers (ECC) through BipsArch.

Pifion et al. [238] combined the advantages of a standard linear Model Predictive Control (MPC) with
Feedback Linearization (FL) and applied the resulting control scheme to the greenhouse environment.
The greenhouse in this study was considered a non-linear Single-Input—Single-Output process and
subject to strong external disturbances. Pifidn et al. [238] also discusses an alternative implementation
to reduce optimization problems that can occur as a result of the methodology used for solving the
MPC+ FL approaches. Two control techniques are compared, namely MPC+ FL and Non-linear Model
Predictive Control (NLMPC).

Blasco et al. [239] explored MPC as an alternative to classical climate control. Their control strategy is
based on two fundamental elements: an accurate non-linear model and a model-based predictive
control (MBPC) that incorporates energy and water consumption. Genetic algorithms play a key role as
solution functions are non-convex with local minima. Results for a plastic greenhouse with arched roofs
in the Mediterranean area indicate significant a reduction in energy and water use.

Although they did not specifically use an MPC algorithm, Chalabi et al. [240] predicted optimal heating
set points based on the weather forecast supplied by the meteorological office. The control program
analyzed the weather forecast and then communicated heating set points with the greenhouse
computer system.

Receding Horizon Optimal Control (RHOC)

Receding Horizon Optimal Control attempts to improve on MPC by addressing the idea of a “receding
horizon”. In this method only the first step of the resulting optimal control in implemented and the
measured state is used in the iterative process to predict the “future” state [241]. Tap et al. [242] tested
the applicability of a RHOC algorithm in a greenhouse to optimize climate control, which was found
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feasible. Later on, Van Straten et al. [243] separated long-term and short-term optimizations to create
an optimal control algorithm, and used a receding horizon optimal controller. The team concluded that
1) RHOC can be used to optimize the short-term economic control, 2) that using an RHOC for short-term
control is robust, 3) that with the two time scales, seasonal optimization can be done separately to
ensure information is provided to the short-term optimal control, and 4) that short-term controllers
cannot truly be optimal if the long-term behavior of the crop isn’t taken into account.

Adaptive Control

In contrast to RHOC and MPC, adaptive control is used for a system in which parameters vary or are
initially uncertain [244]. This control type seeks to deal with the uncertainties within a greenhouse
system by using multirate-output controllers [221]. Zeng et al. [245] combined proportional-integral-
derivative controllers and a Radial Basis Function (RBF) network to control greenhouse climate. The RBF
was used to tune and identify PID gain parameters. The control system was validated through
simulations and the team concluded that the strategy had good adaptability and robustness. Real-time
online control of MIMO systems is also attainable and the control strategy can be applied to a
greenhouse system.

Arvanitis et al. [246] proposed a new adaptive technique for the control of temperature in a greenhouse
where parameters vary with operating conditions. The proposed adaptive controllers are derived by
solving either the pole-placement or the linear quadratic regulation (LQR) problem and use multi-rate
controllers in which the greenhouse temperature is sampled many times over a fundamental sampling
period. Simulation indicate the effectiveness of the proposed scheme.

Feedback and Feedforward Control

A feedforward is a term which describes an element within a control system that passes a signal from a
source to a load elsewhere in its external environment. Feedbackward signals in reverse from the
external environment to address how a command will affect the load and how the load may vary.
Feedback and feedforward loops are used to minimize control error within the system, and are designed
for real-time applications to linear and non-linear systems. Pasgianos et al. [247] presented a feedback-
feedforward strategy for controlling a greenhouse’s complex climate. The strategy decouples a
nonlinear and coupled system to meet the climate demands of the greenhouse. The method, after
tuning, accurately tracks setpoints and reduces stability issues.

Multiobjective Control

The goal of multiobjective optimization is to minimize all aspects of the objective vector. Multiobjective
optimization has been used to optimize and control parameters within a greenhouse climate Lopez-Cruz
et al. [221]. Zhang [248] applied a multiobjective optimization immune algorithm within a greenhouse
climate. Additionally, Hu [249] used evolutionary algorithms to create multi-objective optimization
control in a greenhouse.

Fuzzy Control

Fuzzy logic is a mathematical system which analyzes variables that take on continuous values between 0
and 1. This is in contrast with digital logic which operates on discrete values of either 0 or 1. Fuzzy logic
has an advantage over digital logic in that it can be cast in terms more understandable to a human
operator. This makes it easier to mechanize tasks that are already successfully performed by humans
[250]. This is a practical alternative for the design of a great variety of control applications. Xu et al.
[251] designed a fuzzy control based system for greenhouses that controls CO, concentration. The
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control system, using fuzzy logic and a photosynthesis mechanism (based on light and temperature), can
adjust the CO, concentrations to appropriate levels with better accuracy. Lafont and Balmat [252]
created a basic and an optimized fuzzy controller and evaluated the two. The optimized fuzzy controller
had many advantages over the basic fuzzy controller.

Salgado and Cunha [253] developed and tested a new fuzzy modelling technique that automatically
organizes the sets of fuzzy IF-THEN rules in a Hierarchical Collaborative Structure. This organizational
structure makes the fuzzy model interpretable like a physical model. The new methodology was tested
by splitting the inside greenhouse air temperature and humidity flat fuzzy models into fuzzy sub-models,
which have similar counterpart on the physical sub-models.

Castafieda-Miranda et al. [254] developed an intelligent climate control system that uses a fuzzy
controller, based on a field programmable gate array. The proposed system can unload low-level tasks
such as monitoring of climate variables and operation of actuators from the main control system in
order to leave to the main controller high-level tasks as plant monitoring and irrigation system control,
which require high computational power.

Other research on fuzzy control for greenhouse application has been conducted by Trabelsi et al. [255]
and Lafont and Balmat [252].

Neural Control

Neural controls and networks are some of the most complicated forms of control and thus have some of
the greatest potential. These computing systems are made up of highly connected processing elements
which respond dynamically to external inputs. Neural networks are typically organized in layers of
interconnected nodes which contain a simple activation functions. Patterns are presented to the
network via an input layer which presents patterns to the network and signals deeper layers where
processing is done via a system of weighted connections. These deeper layers link to an output layer
where the command is generated. Fourati and Chrourou [256] used an Elman neural network to mimic
the greenhouse’s complex climate. The multilayer feedforward neural network has been tuned to
mimic the inverse dynamics of the greenhouse and was used as a nonlinear controller with feedback to
tell the system which actions to take. Simulations of the system show that the strategy works, but can
be improved. In a later study they attempted to improve control using generalized and specialized
learning [257]. Many other studies on the neural networks for greenhouse application have been
conducted [258-265].

Other Algorithms

Coelho et al. [266] utilized a particle swarm optimization algorithm as a new method to design a model-
based predictive greenhouse air temperature controller subject to restrictions. Its performance is
compared with those obtained through genetic and sequential quadratic programming algorithms to
solve the constrained optimization air temperature control problem. The results indicate a better
efficiency of the particle swarm optimization algorithm as compared with the efficiencies obtained with
a genetic algorithm and a sequential quadratic programming method.

Setiawan et al. [267] compared Pseudo-Derivative-Feedback (PDF) control to Pl control through
simulation using an approximated dynamic system thermal model of the greenhouse. Results indicate
that PDF control has a better load handling capability than PI control. PDF control particularly out
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preformed PI for systems without time delay but was also significantly better for systems with time
delay. The algorithm was then tested on a greenhouse section and showed satisfactory results.

2.11 Simulation

Modeling of greenhouses began more than fifty years ago and has continued to grow in complexity and
accuracy. Although simplification is necessary to create an applicable model, there are “parameters that
must be considered to achieve an accurate model. For a greenhouse these parameters include, but are
not limited to plant carbon balance, photosynthesis, respiration, and allometry” [268]. An increase of
greenhouse exploration and innovation occurred in the late 1970s when many studies sought
improvements in commercial greenhouses due to the oil crises [85]. One of the most notable early
models was created by Walker [269]. This model used thermal inputs from solar radiation, respiration
and equipment and balanced these with losses from convection, radiation, photosynthesis, conduction
and ventilation. Later, Price and Peart [270] combined Walker’s model [269] and a multiple reservoir
model to study the use of waste heat. Although not specifically related to greenhouses, Degelman [128]
created a notable weather simulation which calculated temperature, dew point, solar insolation, and
wind velocity every hour for a year. His model was later integrated into many studies and greenhouse
models. The increased computing power and speed of computers has allowed for a new generation of
simulation and processing tools that have been applied to greenhouse technology.

Although the technology needed to model the greenhouse environment now exists, much of the work
that has been done within this field is commercial and remains proprietary. This conclusion was drawn
based on a series of informal interviews conducted at the 2016 Canadian Greenhouse Conference held
on October 5-6 in Niagara, Canada. Academic institutions, researchers and commercial growers from
around the world were represented at this conference. Most of research presented at the conference
focused on the improvement of plant growth through individual aspects of the greenhouse
environment/plant interaction such as nutrient delivery systems or optimal lighting. These experiment-
based studies act on the principal of isolating variables and a complex model weighing many variables is
unnecessary. On the other hand, commercial companies that design greenhouses are forced to look at
the system, as a whole, on a daily basis. As a result, each company has created its own mathematical
representation of the greenhouse environment to facilitate design. A literature analysis supports the
conclusion drawn from informal interviews that the conference. Very little academic research has be
dedicated towards modeling of the complete greenhouse environment. Of the research that has been
conducted, the most notable are summarized below.

2.11.1 ENVOLVER

Chinese et al. [271] created simulation models with static energy balance equations to determine
heating and cooling requirements. The authors’ study serves to optimize a greenhouse heating system
and the economic costs of the system by exploring the feasibility of using a waste-to-energy plant for
greenhouse heating. In this study, a hot-water pipeline system was adopted and simulated with
ENVOLVER, a genetic algorithm based solver. The models created can be used to observe the technical
and economic optimization of systems with waste heat, and authors suggest that this approach to
modeling could be applied to other renewable energy sources as ideas are developed.

2.11.2 MATLAB
MATLAB has been used to solve heat and mass transfer equations for modeling dynamics of
greenhouses. Menghini et al. [272] used MATLAB in their evaluation of a solar cooling plant applied for
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greenhouse thermal control. Ghosal et al. [273] modeled a greenhouse integrated with earth to air heat
exchangers using MATLAB program. This model was also experimentally validated and found to be in
close agreement [273]. Ahamed et al. [274] created a pseudo dynamic thermal model for simulating the
heating/cooling energy requirement based on lumped estimation of heat flow parameters in
greenhouses. The developed model can simulate the hourly heating/cooling requirement of
greenhouses based on input information about desired indoor environment, dimension, and thermal
properties of constructional materials, characteristics of selected crop, and local weather data.

Vadiee and Martin [85] built a simulation model with three sub-models. One was used to formulate the
indoor climate and two were for analyzing the growing plants. This model is well-defined with a high
level of detail, but has been validated only for a tree seedling greenhouse. Hill [268] used the model by
Vadiee and Martin [85] as a spring board for his own model which was created as an aid to greenhouse
operators concerned about energy management. His model was called GUESS (Greenhouse Use of
Energy Seedling Simulator) and is a “lumped-parameter coupled dynamic simulation combining a
carbon-based process model of seedling growth with a heat/mass transfer model of the greenhouse
envelope”. The source code for GUESS was written using MATLAB and Simulink. In a lumped parameter
method, spatial variations are ignored and all internal fluxes through the control volume’s boundary are
assumed to have uniformed distribution. The process based model of the crop canopy allowed Hill to
simultaneously assess the cost of production alongside the impacts on the health and growth of the
crop, however, Hill's model is limited to a tree seedling nursery a should be modified for typical
commercial greenhouses.

2.11.3 The Watergy Greenhouse Model

Speetjens et al. [83] designed the Watergy Greenhouse model to assess innovation in temperature and
humidity control. The models represent a fully closed greenhouse cooled only by natural convection.
The model is valid for a special case and cannot be generalized.

2.11.4 INTKAM

The INTKAM model involves many sub modules for transmitted radiation into the greenhouse and the
crops respectively. Modules include photosynthesis phenomena, indoor climate condition, and yielding
issues. INTKAM has been validated for different conditions in a conventional greenhouse, but not
specifically for the closed greenhouse situation [80].

2.11.5 TRNSYS

TRNSYS was used to simulate the behavior of transient systems and can be applied to greenhouses
through a pre-defined building subroutine in the TRNSYS standard library. Fuller et al. [275] and
Hollmuller and Lachal [276] used TRNSYS in their respective studies. In their models, a new type was
defined through TRNSYS called “greenhouse.” This type is mostly based on a pre-defined building
subroutine in the TRNSYS standard library. Components are validated partially in different greenhouses.
These models concentrate more on the heat exchangers which are employed in the greenhouse. Hoes at
al. [84] coupled a plant/climate interaction model with TRNSYS to model closed greenhouse simulation
tool.

2.11.6 Dynamic Modeling and Simulation of Greenhouses: A Web-based Application
This software’s model includes climate data, a greenhouse structure database, and greenhouse crop
environmental data [277]. The model was programmed in ActionScript 2.0 with an interface in Flash MX.
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The user may select between available greenhouse options but, is limited by the minimal options.
Climate data is currently available for four locations and mechanical systems are limited to hot air
systems.

2.11.7 Computational Fluid Dynamics

Computational fluid dynamics has been used in many greenhouse studies. This simulation method is
particularly beneficial for modeling air flows and ventilation effects. Fatnassi et al. [90] worked on
optimization of greenhouse insect screening with Computational Fluid Dynamics, and Biosystems
engineering. Sase [142] looked at air movement and climate uniformity in ventilated greenhouses and
the effects of external air speed. Kacira et al. [146] investigated the effects of side vents and span
numbers on wind-induced natural ventilation of a gothic multi-span greenhouse. Mistriotis et al. [147]
analyzed the efficiency of greenhouse ventilation using computational fluid dynamics and studied the
effect of the greenhouse length on the inside flow pattern. Reichrath and Davies [148] used a CFD to
model the internal climate in Venlo type greenhouses. Villagran et al. [137] used CFD to optimize
ventilation and its effect on the microclimate of a Colombian multi span greenhouse.

2.11.8 EnergyPlus

McMorrow et al. McMorrow et al. (2015) conducted parametric study on sizing a greenhouse using
waste heat from a sugar plant in winter with a prestigious building simulation software—EnergyPlus.
Common types of greenhouse materials and common required temperature set-points from growing
tomatoes and cucumbers were set up for the simulation models. In this study, only heating and cooling
loads were predicted, and no mechanical systems were defined in the study.

2.11.9 Modeling in Industry

While many studies have been conducted regarded individual scenarios, there does not appear to be
much simulation within the greenhouse industry. It may because companies outsource energy modeling
to consulting firms such as MRIGlobal. MRIGlobal is an independent organization that performs contract
research for industry and government. MRI conducts programs in the areas of national security and
defense, life sciences, energy and the environment, agriculture and food safety, and engineering and
infrastructure, and has a department that is focused in greenhouse modeling and analysis.

2.12 Literature Synthesis

This literature review on greenhouse environmental control briefly covers construction, design criteria,
lighting, heating and cooling systems, energy efficiency measures, renewable energy integration and
greenhouse simulation. It is evident that there is extensive research on many facets of greenhouse
design. However, there are still large holes in our understanding of controlled environment agriculture.
This is, in part, due to the complex nature of the problem. While a traditional building has more luxury in
isolating the interior from the exterior environment, greenhouses are constrained by their need to
maximize natural light. This balance of light penetration and environmental isolation are vastly different
for each location, crop, and desired function of the controlled environment. As a result, there are few
standards for design that can accurately predict how a greenhouse will be effected by its local climate.

The review section on greenhouse construction primarily focused on greenhouse cladding, which
provides the barrier between the inside environment and the exterior conditions. Different cladding
types provide desired functions such as insulation or allow for ventilation while still permitting the
necessary amount of solar radiation to reach the pants. Benefits and limitations of intelligent
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construction materials such as thermoelectric materials and latent heat storage material have been
investigated and tested for new greenhouse construction however, there is plenty of room for further
investigation as new material continue to emerge. The new generation of construction materials are
active and responsive to the variation of weather conditions providing new opportunities for energy
savings.

In response to the challenges of construction, LED lighting offers a new wealth of possibilities for
greenhouse design and optimization. Among other possibilities they can light effectively between rows
so that facilities do not rely solely on overhead lighting, be used to manipulate the growth of plants, and
be optimized to the specific requirements of the plants so all emitted wavelengths are utilized. Because
this technology is still relatively new, research still needs to be done in this area. As the demand for
these more energy efficient and longer lasting lights grows, research will continue to provide more
insight into their most effective use. At this point, the major limiting factor to LED lighting for
greenhouse application is the relatively high upfront cost.

In the vast majority of greenhouses, basic and relatively inefficient heating and cooling systems have
been implemented. Thus, there is lack of academic understanding when it comes to more complex
systems. Several areas, such the effect of different material and construction methods on natural
ventilation have been widely explored but, this breadth of knowledge is limited to the simplest systems.
A minimal number of studies have covered the effects of renewable heating and cooling systems such as
biofuel, geothermal, water and air heat pumps, and solar thermal.

Similarly, the integration of renewable energy production such as photovoltaics has been minimally
studied for greenhouse application. There is some potential in this field however, it seems
counterproductive as the plants are then competing with the production system for solar energy. What
potential there is exists in filtering the wave lengths so that the plants receive 100 percent of their
required diet of light while the energy production system collects the rest and prevents it from entering
the space in the form of heat.

One of the most important aspects of greenhouse sustainability and efficiency are the use of energy
efficiency measures. An energy efficiency measure is a broad term that refers to any operational process
by which the greenhouse can reduce its energy consumption. This can be accomplished primarily by
monitoring or predicting the greenhouse environment and controlling the mechanical systems
accordingly. Temperature, relative humidity, and carbon dioxide are environmental parameters that
typically need to be maintained through mechanical processes. Energy use due to temperature control
can be minimized using temperature integration which allows for temperature ranges rather than strict
temperature set points. There are many algorithms and control strategies that have been developed to
dynamically control these parameters. However, each greenhouse offers unique challenges and there is
no established “best solution”.

As research continues and greenhouse design continues to evolve, it is trending towards larger and
more high tech facilities. These have a much larger upfront cost and are thus a much greater risk making
is very important to accurately predict and model greenhouses before they are built. Despite the
obvious need, there is no commonly used platform that supports greenhouse modeling. Many disjointed
models have been created over the years but, they each have their strengths and weaknesses and are
not generally comparable with one another. There is a great need for a readily available and technically
accessible modeling tool that can accurately represent the full sophistication of the greenhouse
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environment. This would not only be beneficial to individual projects but, would also serve as platform
on which research could communicate.

With growing energy and food demands, greenhouses have the potential to become a much larger
industry than they are today. If designed thoughtfully with efficiency in mind, greenhouses can fill the
market created by the growing trend toward local, year-round, viable, commercial scale farming. To
make this feasible, we need to think about the unique characteristics of greenhouses and conduct
research that aims to take advantage of the strengths such as the huge potential for thermal energy
sequestration and minimizes the effect of the disadvantages.
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Chapter 3 EnergyPlus Greenhouse Model Validation

Greenhouse modeling is seldom used in comparison to the modeling of a typical building. Because of
this, there is no standard for the modeling of greenhouses. Many forms of greenhouse modeling have
developed over the years but they are disjointed and, in most cases, the results are not comparable. This
makes it difficult to coalesce knowledge into a comprehensive understanding of greenhouses. This study
uses EnergyPlus to model a low-tech greenhouse on the University of Wyoming campus. Concurrently,

the greenhouse was monitored for energy use, light, temperature, relative humidity and carbon dioxide.
Results from the EnergyPlus simulation were then compared with the measured values to gage the
ability of EnergyPlus to accurately model the greenhouse environment. This type of research is
conducted with the goal of finding a commonly used, powerful software that can unify the greenhouse
modeling world and create a platform on which research can build. Additionally, as the level of
technology increases, the initial cost also increases. This makes it more important to accurately predict
the performance of the facility.

EnergyPlus is a whole building energy simulation program used by engineers, architects, and researchers
to model a buildings energy consumption for heating, cooling, ventilation, lighting and plug and process
loads. This software was chosen for its ability to produce integrated, simultaneous solution of thermal
zone conditions and HVAC system response without assuming that the HVAC system can meet zone
loads and its consideration of radiant and convective effects that produce surface temperatures thermal
comfort and condensation calculations. Most importantly for greenhouses, or other large open spaces,
EnergyPlus can account for air movement between zones. This allows for perimeter or overhead zones
to be examined separately to understand temperature distributions within a single space. Other
beneficial features include sub-hourly, user-definable time steps, advanced fenestration models,
illuminance and glare calculations, and component-based HVAC system design. EnergyPlus works with
OpenStudio, a graphical applications which include the OpenStudio SketchUp Plug-in. The OpenStudio
SketchUp Plug-in is an extension to Trimble’s popular SketchUp 3D modeling tool that allows geometry
to be quickly created and imported to EnergyPlus. The OpenStudio Application is a fully featured
graphical interface which includes envelope, loads, schedules, and HVAC.
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These programs were used to simulate a small, existing greenhouse in Laramie WY. Data was collected
from the greenhouse over the course of ten days from June 22" to July 3. These data were compared

to the simulation results to establish the ability of EnergyPlus to accurately model a controlled
agricultural environment.

3.1 Data Collection

D Light and Temp Hobo D Light, Temp, RH D co2

Figure 12: Zone and sensor layout of University of Wyoming greenhouse

Figure 13: Custom CO; sensor
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Data was collected by sensors arranged throughout the greenhouse and by monitoring the energy
consumption of the space using the university MetaSys data. Sensors included five Hobo meters
measuring light and temperature, two Hobo meters measuring light, temperate and relative humidity
and one carbon dioxide sensor. Sensors were arranged as shown in figure 11. These locations
correspond to the zone break down of the space used in the EnergyPlus model and allow for comparison
of individual zone temperatures. Because only two sensors measuring relative humidity and a single CO,
sensor was available, the largest, central zone was chosen as the most likely to return values that
represent and average of the space. Hobo meters were programed to collect data every fifteen minutes
continuously for ten days while the CO, sensor collected data every 2 seconds.

The CO; sensor was an original combination of CO2 sensor attached to Arduino circuit board These
components were housed in separate, semi-water tight containers and connected by short
communication wires. Figure 13 shows the two components in their transparent containers. The CO,
sensor was exposed to the environment by a fitted hole on the bottom of the casing. This was designed
to protect the system from humidity and water damage and prevent the loss of data.

Exhaust Fan

Circulation Fan

Exhaust Fan

—i Unit Heater

Evaporative cooler Air Terminal l

Circulation Fan

Figure 14: Mechanical system layout in the University of
Wyoming greenhouse

The University of Wyoming is monitored and controlled by Johnson Controls’ Metasys® Building
Automation System. This is an intelligent technology system which connects HVAC, lighting, security and
protection systems, enabling them to communicate on a single platform to deliver information. For
monitoring the greenhouse, this meant setting up a number of points that monitor when the mechanical
systems in the space are running. The location of mechanical systems is shown in figure 13. This diagram
shows that Zone 1 contains all vents which distribute air from the evaporative cooler, and zone 3
contains both exhaust fans. Zones 1 and 3 contain circulation fans at head height and the unit heater is
suspended above zones 4 and 5. All mechanical components in this space had simple on/off controls
which allowed for a simple calculation of the total power consumption.
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3.2 EnergyPlus Modeling

Figure 15: SketchUp geometry for EnergyPlus model

The OpenStudio plugin in SketchUp was used to create the geometry for the EnergyPlus validation
model. Figure xxx shows the geometry created in SketchUp. Materials and construction correspond to
the existing greenhouse. The greenhouse was split into five lower zones so that microclimates, created
by locations of the mechanical systems and exterior climate exposure, could be analyzed. A sixth zone
represents the unconditioned peak of the roof. Figure 14 shows the breakdown of zones and figure 15
shows the boundary conditions applied to the different surfaces. The north wall, shown in pink in figure
15, was modeled with adiabatic boundary conditions to represent the fact that the greenhouse has a
conditioned adjacent space on that side.

Figure 16: Boundary conditions applied through OpenStudio
SketchUp plugin

To model airflow between the interior zones, a Zone mixing and cross mixing was used. The air transfer
rates for this was based off of the circulation fans airflow rate of 450 cfm. This was important because
the zones are small and are not individual conditioned.

Several assumption regarding material and Zone were made. These are summarized in Table 6.
Assumptions associated with cladding material were based on specification for a similar material found
on the market today [278]. Infiltration rate was assumed based on rates measured in leaky, old buildings

53



using blower door tests [279]. Although the infiltration rate was assumed without supporting data from
the UW greenhouses, it was found that the rate of infiltration had very insignificant effect on the results.
Because of this the rough assumption was considered acceptable.

Table 6: List of Assumptions made in EnergyPlus model and their associated values

Assumption Parameter Value Units
Name 12IN Concrete HW
Roughness MediumRough
Thickness 0.3 m
Conductivity 1.7296 W/m-K
Low-Wall Density 2400 kg/m3
Specific Heat 7500 J/kg-K
Thermal Absorptance 0.9
Solar Absorptance 0.65
Visible Absorptance 0.65
Name Corrugated Plastic
Optical Data Type SpectralAverage
Thickness 0.003 m
Solar Transmittance at Normal Incidence 0.8
Front Side Solar Reflectance at Normal Incidence 0.08
. Back Side Solar Reflectance at Normal Incidence 0.06
Cladding — - -
o Visible Transmittance at Normal Incidence 0.8
Materia Infrared Transmittance at Normal Incidence 0.1
Front Side Infrared Hemispherical Emissivity 0.9
Back Side Infrared Hemispherical Emissivity 0.9
Conductivity 0.4 W/m-K
Dirt Correction Factor for Solar and Visible Transmit 1
Solar Diffusing Yes
Plant CO2 Absorption Max=.00075 m3/s
Zone Air Infiltration Rate 7 ACH50
Air Circulation Rate Max=.2 m3/s
CO2 Concentration of OA 406 ppm

Mechanical systems were represented as they appear in Figure 23 with an evaporative cooler feeding
into Zone 1 and exhaust leaving through Zone 3. Heating equipment was not included in the model as
there is no heating load at the time monitoring occurred. Mechanical systems were sized and configured
according to specifications from the University of Wyoming greenhouse mechanical systems. Table 7
shows the systems used. For specifications and images of greenhouse mechanical units see appendix A.
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Table 7: University of Wyoming greenhouse mechanical systems

Component Company Model Number Capacity Volts Amps
Exhaust Fan Windmaster M689830-DC-Hort 24| 5436 cfm 230 3.2
Evaporator Pump|Champion Coolers [60-120 115 1.2
Evaporator Fan |Champion Coolers |7500/8500 SD 4592 cfm 115 13.8
Unit Fan Schaefer VK8 450 cfm 115 1.31

There are several additional components of the greenhouse environment that are considered in a
different way than in typical buildings. While high levels of CO; are bad for the health of humans, they
are desirable for the growth of plants. Similarly, most buildings do not have large containers of standing
water, dirt, and dense vegetation, all of which effect the air quality and moisture content. Several
options were explored for modeling relative humidity and carbon dioxide.

In EnergyPlus relative humidity in each zone is calculated and returned but adding the output variable:
zone mean relative humidity, however there is no object that represents the evaporation and
respiration of interior plant. In an effort to represent this indirectly, two features of energy plus were
explored. The first feature is an object Material:RoofVegetation which provides a model for green roofs.
This model accounts for long wave and short wave radiative exchange within the plant canopy, plant
canopy effects on convective heat transfer, evapotranspiration from the soil and plants, and heat
conduction and storage in the soil layer. Unfortunately, this object has not been adapted as an interior
material and was ineffective when specified as internal geometry. Similarly, an IndoorSwimmingPool
object was explored as way to represent the additional thermal mass of the soil and plants and the
evaporation from wet surfaces that would occur in a greenhouse or off the surface of a swimming pool.
This material was found to have no effect on the relative humidity results. The material was effective as
a thermal mass but this only increased the average temperature difference between actual and
predicted values.

The final important component the model used in this study, was the weather file data. EnergyPlus uses
weather data in the form of location specific EWP files to inform the simulation. An original EWP file for
Laramie WY containing weather data for 2002 was updated to correlate the model with the weather
over the monitoring period. The data for June 22, 2017 to July 3, 2017 was retrieved from NOAA's
department National Centers for Environmental Information (NCEI). The NCEI collects and provides
public access to climate and historical weather data and information. From this database, hourly
temperature, dew point, relative humidity, wind speed and wind direction for Laramie Wyoming were
gathered. This data was inserted into the original weather file to create an accurate simulation over the
monitoring period.

3.3 Results

Data from the greenhouse was compared with results from the simulation in several ways. Zone
temperatures were compared directly, the averages of all zone temperatures were compared and the
temperature variation between the zones in the real and the zones in the theoretical greenhouse were
compared. Relative Humidity was treated in a similar fashion although this parameter was limited by the
small number of sensors. Finally, the energy consumption of the facility was estimated and compared to
the predicted energy consumption.
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The HOBO meters returned data on 15 min intervals from their specific location in the greenhouse over
the time period of June 22, 6:00 PM to July 3, 11:30 AM. This data was combined using MatlLab into
hourly averages that were then compared with the simulation results.

3.3.1 Temperature

Despite a pre-experiment calibration, the temperature data indicated that HOBO meters were not
accurately measuring temperature. The sensors indicated that temperatures within the greenhouse
climbed as high as 56 degrees Celsius in some zones. At these temperatures many of the plants would
have wilted or died. To discover where the error occurred, and attempt to correct the data, the sensor
went through a post experiment calibration process. After calibration, the temperatures more closely
resembled those returned by the EnergyPlus model, but there was still a margin of error. The model was
particularly inaccurate during mid-day and late evening.

Calibration

A high accuracy sensor was used to gage the error of the HOBO sensors. Based on cooling set-point
temperatures and reasonable margins of error, it was predicted that the HOBO meters were inaccurate
when exposed to high temperatures and direct sunlight. Figure 16 shows an example of the inaccurate
temperature data collected by the HOBO meters. While nighttime, morning and evening temperatures
seem reasonable, the spikes that occur around mid-day do not.
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Figure 17: Temperature in Zone 2 measured using a HOBO meter

Temperature measurements were collected with all five HOBO meters and a high accuracy temperature
sensor located within a one foot radius. These were placed on the dashboard of car with the doors and
windows open. The dashboard method was utilized rather than the actual greenhouse because
temperatures on the day of calibration were expected to be much cooler than the hottest days during
the monitoring period. It was crucial that the sensors be exposed to both high temperatures and
sunlight. Additionally, the dashboard was effective because the glass filtered some light, mimicking the
greenhouse cladding. During the calibration period, sensors collected data every five minutes for seven
hours from 12:00PM to 7:00PM.
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It was found that the simple HOBO meters (the ones that do not collect relative humidity data)
experienced a large amount of error at temperatures above 24 degrees Celsius. Figure 17 shows data
from each meter and average light measurements over the 7 hour period. Several things are evident.
The most obvious is the large discrepancy between the high accuracy meter and the simple HOBO
meters (labeled: Zone 1-5). The relative humidity HOBOs (labeled: Zone 1,5 RH) did not perform as
poorly. The second is that the high accuracy sensor adjusts much more quickly to changing
temperatures and thus has more angular and variable temperature line. The Hobo meters adjust more
slowly. Because of this, the largest differences between high accuracy and HOBO measurements occur
when light levels drop or increase and temperature changes rapidly. Finally, as light levels and
temperature drop, the difference between HOBO meters and high accuracy measurements decreases to
zero.
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Figure 18: Results of calibration measurements

These observations were used to remove several outliers. Once outliers were removed, a trend for each
sensor and its associated temperature and light readings was created. Figure 18 shows the data points
that were removed. Six points where removed as the beginning of the monitoring period as sensor
adjusted to their environment and eight other points were removed over the course of the remaining 6
hours and 30 minutes.
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Figure 19: Out-liers removed form data analysis
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light intensity and difference between the high accuracy and HOBO meters. One trend was established
between the light levels of 0 and 2000 fc and another was established for light levels above 2000. Each

sensor was treated independently, and the calibration equations for that sensor was applied to data

over the experimental monitoring period (June 22 to July 3). The process for zone 3 is shown here as an

example that was followed for each meter. Figure 19 shows a scatter plot of the temperate difference
between the HOBO and high accuracy sensor as a function of light intensity. The change that occurs

around 2000 fc can be clearly seen.
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Figure 20: Zone 3 calibration data collected from 12:00 PM to 7:00 PM
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Figure 21: Zone 3 Calibration data graphed as function of light intensity < 2000 fc
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Figure 22: Zone 3 Calibration data graphed as function of light intensity > 2000 fc

Figure 20 and 21 show the piece-wise trend that was established. This was applied first to the calibration

data to confirm that the correction was effective and then to the ten-day experimental data. Figure 22

shows the correction applied to the calibration data with original data for a comparison. As you can see
from figures 20 and 21, the data was scattered and the R?values were large. While this allowed for the

data to be analyzed, it represents a very significant degree of uncertainty in the results.
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Figure 23: Data collected by the zone 3 HOBO meter before and after calibration compared to the high accuracy sensor data

Similar results were achieved by applying the individual correction formulas for each meter to the
calibration data. Table 10 shows the unique equation for each meter. Note that equations and
temperature corrections are in degrees Fahrenheit and were converted after application for the sake of
consistency throughout the report.

Table 8: Calibration equation for each meter

Resulting IF / THEN equation
Meter > 2000 fc <2000 fc
Zonel  |IF(LL>2000,HT-(0.0002*LL+14.4),HT-(0.0092*LL-.62))
Zone2  [IF(LL>2000,HT-(0.0001*LL+16.4),HT-(0.0078*LL))
Zone3  |IF(LL>2000,HT-(0.0003*LL+13.6),HT-(0.0075*LL))
Zone4  [IF(LL>2000,HT-(0.0009*LL+12.0),HT-(0.0094*LL-1.8))
Zone 5 IF(LL>2000,HT-(0.0005*LL+11.2),HT-(0.0065*LL-0.6))
*LL = Light Level, HT = HOBO Temperature

The five figures below show the experimental data after calibration (Actual Temp) compared to the
EnergyPlus results (Predicted Temp). Measured and predicted results follow similar trends although
some differences do occur. In some instances, the difference between predicted and measured
temperatures are larger than 10 degrees C. One obvious pattern is that the predicted temperature
decreases more slowly during the night and in some cases, increases very slightly before dropping to the
set-point of 15 degrees Celsius. This occurs consistently in every zone.
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Figure 24: Zone 1 actual and predicted temperature comparison
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Figure 25: Zone 2 actual and predicted temperature comparison
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Figure 26: Zone 3 actual and predicted temperature comparison
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Figure 27: Zone 4 actual and predicted temperature comparison
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Figure 28: Zone 5 actual and predicted temperature comparison

3.3.2 Relative Humidity

Two sensors collected relative humidity data over the measurement period. Figures 28 show the

comparison of relative humidity prediction using EnergyPlus to actual relative humidity collected from
zone 1 of the greenhouse. Figure 29 shows a similar graph for zone 5. Results from both the simulation

and the measurements show that relative humidity spikes in the middle of the night and falls as low as

10 percent during the middle of the day, but the actual relative humidity reaches much higher levels

than the predicted RH.
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Figure 29: Zone 1 actual and predicted relative humidity comparison
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Zone 5 Relative Humidity
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Figure 31: Zone 5 comparison of actual and predicted relative humidity

3.3.3 Energy

Energy results from the EnergyPlus model are within 5% of those estimated from the Greenhouse data.
Energy estimations for the University of Wyoming greenhouse was calculated using the MetaSystem
data. Since all equipment influencing the greenhouse environment is controlled by on/ off commands,
the MetaSystem data for each component was simply the date and time of each command. This data
was separated into hourly intervals with status indicated by 0 (on) or 1 (off). This allowed the status of
the equipment to be plotted against other data that occurred in the experiment. Finally, specifications
for each component were obtained and energy consumption of each component was multiplied by its
hourly status. Hourly component energy consumptions were combined for a total greenhouse energy
consumption.

Figure 30 shows when mechanical systems are running compared the energy totals from EnergyPlus.
Although the EnergyPlus simulation did not exactly replicated the action of the mechanical systems, it
shows many critical similarities such as dips when mechanical systems switched off.
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Figure 33: Measured operation of mechanical systems and energy intensity output calculated from EnergyPlus model
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Figure 34: Predicted and actual energy consumption over the simulation period June 22 to July 3, 2017

Total electrical energy consumption was represented to within 5% by EnergyPlus, as shown in Figure 31.
Although the EnergyPlus model calculated a slightly lower energy consumption this was coupled with
more consistent climate control.

3.4 Discussion
This study found that EnergyPlus was able to predict temperature trends within the greenhouse.
However, relative humidity was not accurately represented by EnergyPlus. Plant transpiration, exposed
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soil and open water containers contribute to high humidity levels in greenhouses. This model was not
able to capture this phenomenon. Despite the attempt to incorporate some of the EnergyPlus features
intended to represent water within a space, predicted relative humidity was consistently lower then
actually relative humidity levels. During the night hours, the difference between predicted and
measured grew as large as 30 percent. This difference demonstrates that the EnergyPlus strategies used
in this study do not effectively capture some aspects of the greenhouse environment. Not only does
relative humidity play a large role in plant health and growth, it also has a large effect on latent heating
a cooling loads. It is likely that this contributes to the difference found when comparing measured and
predicted temperatures.

There are also many limitations to this study. The experiment took place over a short measurement and
simulation period which only represented summer performance of the greenhouse. This is a major
limitation because winter performance was not considered. Ideally, the greenhouse would be
monitored and the simulation would be run over the course of an entire year to determine how well the
simulation was correlated to the greenhouse under all conditions. An infiltration of 7 ACH50 was
assumed without conducting a blower door. In an old and poorly regulated structure such as the
University of Wyoming greenhouse, it is possible that infiltration could be twice the assumed value.
Although this study found that infiltration did not have a large effect on the results, the infiltration
would be a much more important factor when the outdoor air is very cold. At the time of monitoring,
the temperature difference between the outdoor and interior air was less than twenty degrees. During
the winter the temperature in Laramie WY can drop as low as -30 Celsius with a significant wind chill
factor. Infiltration of air 40 degrees colder would have a very different effect. A blower door test is
highly suggested for future research.

Additionally, many assumptions were made concerning performance of materials, construction and
mechanical equipment. One of the largest factors contributing to the cooling load in the space was the
transmittance and reflective properties of the glazing material. Assuming that the old, dirty siding acts
like a new material is not likely accurate. Similarly, the mechanical equipment was based off of the
original specifications and does not take into account inefficiencies due to ware. To draw final
conclusions, further experimentation is needed. It is possible that a newly constructed, high tech
greenhouse would be more accurately represented by EnergyPlus. The University of Wyoming
greenhouse has a gravel floor, old siding, and many other factors that contribute to its unpredictability.
It would be very beneficial to test EnergyPlus on a high-tech facility that is constructed more closely to
the standards of a traditional building.

Another potential inaccuracy is the comparison of mechanical system energy consumption using only
hours of operation and technical specifications. It is very likely that after many years of use the
equipment is much less efficient. Because the University of Wyoming does not have power metering on
its individual space let alone individual equipment, determining the true energy use of the greenhouse
was not possible.

Finally, a major limitation was the inaccuracy of the HOBO meters. Although the HOBO sensors which
measured relative humidity seemed to performed to an acceptable degree, their accuracy should be
verified again before future use. The simple HOBO meters are not recommended for use at
temperatures above 26 degrees Celsius and in direct light.
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In conclusion, much more research needs to be conducted before approving or disapproving EnergyPlus
as a platform for greenhouse research. Although this experiment found that EnergyPlus can simulate
temperature and energy consumption, there are many other parameters that determine the

functionality of greenhouses.
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Chapter 4 Energy Savings Analysis: a Greenhouse Heated by Waste Heat

Due to inherent inefficiency, industrial processes lose a large percent of their productivity to waste heat.
Waste heat is “heat that is either lost through the flue stack of an industrial operation, or which is
rejected from a power generation station to improve the thermodynamic efficiency of the cycle” [2].
Although it is not technically and economically feasible to recover all waste heat, a gross estimate is that
waste-heat recovery could replace 9% of total energy used by US industry [125]. Instead, waste heat is
often discharged into nearby streams, rivers and other heat sinks, creating many ecological issues.
Utilization of this heat through greenhouse heating can offset the cost of cooling industrial equipment
as well as have a beneficial environmental impact [126].

In this study, EnergyPlus is used to simulate the indoor environmental conditions and predict energy use
of a 3-acre greenhouse located in Lovell, Wyoming. Large amount of waste heat is available from a local
sugar plant. We first conducted a feasibility study on utilizing waste heat for the greenhouse and then
designed mechanical systems for the greenhouse to evaluate the overall system efficiency for the
greenhouse.

4.1 Simulation

During the winter beet processing campaign, the sugar plant discharges hot water at an average
temperature of 115°F (46°C) and an average flow rate of two million gallons per day. Currently, the
water must be cooled to below 80°F (26.7 °C) before it is discharged into the river. The waste heat
represents a significant opportunity to save energy and money.

Available heating energy was calculated for the winter months based on monthly flow
rates. Temperature difference and specific heat remained the same while mass flow rate varied. Table 9
shows the resulting available heat energy.

Table 9: Monthly Available Heat Energy from Western Sugar

Month \Volumetric Flow Rate Mass Flow Rate  |Resulting Heat Energy [Resulting Heat Energy
[Mgal/day] [kg/hr] [GJ/hr] [MBtu/hr]
September [2.95 462,085.5 32.19 30.51
October [3.54 554,502.6 38.62 36.61
November (1.74 272,552.1 18.98 19.99
December [1.32 206,763.7 14.40 13.65
Uanuary 1.62 253,755.4 17.68 16.75
February [1.75 274,118.5 19.09 18.10

EnergyPlus was employed for the feasibility study. In an initial parametric study of greenhouse sizes (1,
2, and 3 acres), a greenhouse was used to determine if the available waste heat was sufficient to cover
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annual heating loads [124]. Springing off of this model, a more complex model was created and
mechanical systems simulated in EnergyPlus.

4.2 Geometry
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Figure 35: Typical A-frame greenhouse geometry

Modern greenhouses are made of a variety of materials, each with a range of advantages and
disadvantages. In addition, there are a variety of forms a greenhouse can take, including an A-frame
shape to a Quonset style. In an A-frame greenhouse, there are four components in its construction to
consider: the roof, gable, wall, and curtain wall [92]. For the purposes of this engineering study, it was
assumed that the greenhouse would be A-frame. It was also assumed that the greenhouse, would have
a series of pitches, or gables, forming 15 bays. These gables are located at the top of the 20 foot wall,
are 30 feet wide and 10 feet tall. Figure 32 shows the geometry of the A-frame bays.

Figure 36: the SketchUp geometry and zone division

The 3-acre, 15 bay greenhouse was modelled in SketchUp using the OpenStudio plug in. The occupied
space was divided into five thermal zones; four perimeters and one large central zone. The
unconditioned bays were considered a sixth zone. Figure 33 shows how the SketchUp geometry and
zone division. In order to simulate realistic air mixing, operable windows were created on all surfaces
between zones and an airflow network was created in EnergyPlus.

4.3 Mechanical Systems

An ideal air load model was used to estimate the heating energy consumption and as a consistent
starting point for mechanical system implementation. All construction modifications, material updates,
and airflow networks, were made prior to mechanical system design. Once the basic model was
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completed, mechanical systems were added. Two models with variable air volume systems and one
model with water to air heat pumps were created. Model 1 had a VAV system with electrical
components. This model was used as an example of standard practice with which to compare innovative
systems which utilize waste heat. Model 2 had a VAV system with hot water heating coil and reheat
coils. This model represented a greenhouse with VAV in which the waste heat water was utilized. The
third system, Model 3, was designed with five water to air heat pumps. In Model 2 and 3, the waste heat
water was modelled as a gas fired boiler.

“ Air Loop

T T

u l ] i i

~ sl lel(lgl1g]!]%
G 5 S & S

J-LW rl ~N vl r9.| ~N

O
O
O

HP1 HP2 HP3 HP4 HP5

Water Loop I

Figure 37: Schematic system diagram for water to air heat pump using waste heat

Water to air heat pumps were selected as the best option for several reasons. Most importantly, the
heat pump system can efficiently transfer heat to the air. This is due to the high coefficient of
performance. Additionally, the heat pumps offer flexibility and the potential for water stored during the
day to be used at night. Even if the temperature of the water drops significantly in storage, the heat
pumps can raise the temperature of the air without the use of backup electric coils. This would be
practical for actual application. A simplified diagram of the waste heat system is shown in figure 34.

In the simulation, the waste heat source (gas-fired boiler) provided 46°C (114.8°F) water to the VAV and
water to air heat pumps in Models 2 and 3 respectively. Nominal heating coefficient of performance
(COP) for the water to air heat pump is 4.2. A year-long energy simulation was conducted for Cody,
Wyoming with TMY (Typical Meteorological Year) weather data. Temperature set point were 70.0°F
(21.1°C) at night and 80.0°F (26.7°C) during the day.

4.4 Results
Simulation results support initial calculations suggesting that available waste heat will provide a large
percent of the required heating. Furthermore, results indicate that heating energy consumption in the 3-

acre greenhouse could be reduced by 67% through the utilization of waste heat and water to air heat
pumps.

The demand for waste heat varies throughout a typical day based on the outdoor temperature and
temperature set points for the greenhouse space. Figure 4 shows the heating demand for the
greenhouse space in comparison with available waste heat from industry for a typical winter day. In this
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graph the heating demand represents joules of heat energy transferred from the waste heat water to
the space. The hourly heating demand is well below the available waste heat at any point during the
day.
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Figure 38: Comparison of hourly heating demand and available waste heat in a typical winter day (Jan. 3.)

A comparison of the total annual energy consumption of the three systems shows a large energy
improvement of both waste heat systems over the electric VAV system. Figure 35 shows the annual
heating electrical consumption for the three models. Additionally, the heat pumps system was found to
be more efficient then the VAV system with waste heat source. This was because the VAV system
required the fans and pumps to work much harder. The heat pump system used approximately 1200 GJ
of electricity per year for fans and pumps while the VAV system used over 8000 GJ. Including all electric
components such as compressors, reheat coils, fans and pumps, electricity consumption was 13780 GJ
for the electric VAV system, 9057 GJ for the VAV system with waste heat utilization and 5983 GJ for the
heat pump, waste heat system.

4.4.1 Comparison of Electric VAV and Heat Pump Systems

A 67% reduction in electrical consumption from the electric VAV system (System 1) to the WAHP system
coupled with waste heat source (System 3) was calculated by comparing the total electrical energy
required to maintain the heating set points for both systems over the course of a year. This comparison
could be made because all components of both systems were specified as electrical. The total electrical
energy for the water to air heat pump system includes power for pumps, fans and supplementary
electric heating coils. The quantity of energy provided by the waste heat (gas fired boiler) is not included
in the total energy consumption calculation because it is considered free heat. Figure 36 shows the
yearly electrical heating energy consumption of the electric variable air volume system and the water to
air heat pump system. It is clear from figure 37 that there is a significant reduction in both electrical
heating energy and energy consumption variability with the heat pump system.
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Annually, the electric VAV system consumes 13,780.02 GJ of heating energy while the WAHP system
only consumes 5982.99 GJ. Figure38 shows the hourly electrical consumption of the WAHP system vs.
the electrical VAV system over the course of a typical winter day.

Hourly Electrical Consumption for a Typical
Winter Day
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Figure 41: WAHP vs. VAV Hourly Electrical Consumption for Jan. 3

A closer look at the simulation results show that the heat pump model is able to maintain temperature
set points. Figure 39 shows the outdoor temperature as compared to the interior zone temperature as
regulated by the VAV and WAHP waste heat system. The line representing VAV zone temperature
overlaps with the line for WAHP zone air temperature.
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Figure 42: Outdoor Vs. Controlled Indoor Air Temperature for VAV and WAHP Systems on a typical winter day

Based on these results, the waste heat source provides more than enough heat to maintain the
greenhouse temperature, but there are still challenges associated with transfer of the heat from the
water to the interior space. This model utilized a water to air heat pump with a COP of 4.2 and was able
to achieve an electricity reduction of 67% over a VAV system with electrical heating components.

4.5 Discussion

The results show a significant potential for greenhouses to save energy through waste heat utilization.
The 67 % reduction in annual heating energy, as show in figure 40, could make greenhouse feasible in
many more locations and cold climate urban areas.
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Figure 43: Annual Electricity Consumption for heating of electric VAV vs. WAHP, Waste Heat System

Advances like waste heat utilization in greenhouse technology are crucial for several reasons. As our
environment continues to change, food security in urban and rural areas particularly in cold or harsh
climates becomes a growing concern. The demand for food is expected to double in the next fifty years.
As this demand grows the amount of land available for agriculture decreases. Greenhouses offer greater
yield per area, decreased water consumption and protection from pests and disease. However,
greenhouses are only feasible if we can decrease the amount of energy necessary for operation. Waste
heat is one possible solution. This feasibility study demonstrates the great potential of this technology
and opens the door for a more main stream form of greenhouse energy modelling.

There are several limitations to this study what will be the focus of future simulations. First the
interaction between crops and greenhouse controlled environment were not an integral part of this
study. Furthermore, control operation for the mechanical systems of the greenhouse should be
optimized and other types of mechanical systems should be considered in future study. Most
importantly, further validation is needed to confirm the results of simulations. If this project is complete,
the results from the simulation can be compared and the accuracy determined.
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Chapter 5 Summary of Research and Conclusions

Controlled environment agriculture is a promising field in terms of both worldwide energy use reduction
and food security. However, there are many hurdles that must be overcome if CEA is to be more
sustainable then open field agriculture. A comparison of these two systems through life cycle analysis
and input-output analysis suggests that the incorporation of renewable resources can help to offset the
increased energy consumption of greenhouses and make them feasible. Ideally, the technology of the
greenhouse can improve the yield and increase profit more than the upfront and operational cost. This
is, however, a delicate balance.

As technology evolves and more options are available, the benefits of technological upgrades can only
be weighed against the costs if designers can predict how a structure will perform and effect the plants
before it is built. This is a crucial step along the road to sustainable agriculture and is currently
understudied and difficult. Modeling of the greenhouse environment is one way to approach prediction
but, literature review suggests that there are several things that significantly limit the exchange of
information using greenhouse modeling. The first is the lack of consistency in the type of model used.
Each model returns different, parameters, units, time steps and levels of accuracy. Similar the models
vary in reliability. While some use complex geometry or advanced computational fluid dynamics, other
are as simple as a series of heat transfer equations. Additionally, each study makes different
assumptions and realize on a variety of human inputs that are not often consistent. Finally, many of the
most commonly used modeling tools are not adapted to take into consideration the unique parameters
of greenhouses. For example, effects of high levels of moisture and air velocity on plants are difficult to
predict.

Advanced energy modeling is a very complex field that requires a good deal of specialized knowledge
and practice. The cultural requirements of specific plants and an understanding of the growing
environment, is an equally specialized branch of science. Thus, accurately predicting the greenhouse
environment is a multi-disciplinary challenge that requires communication between both parties. The
path along which building science, modeling, and biology meet is rarely walked outside the field of
controlled environment agriculture and leads to a desert where building information modeling is rarely
applied. As such, greenhouse modeling is limited to a handful of academic studies and isolated tools
created by industry.

In this study, an energy plus model was created and compared with an existing greenhouse to validate
that the model results were an accurate representation of a greenhouse environment. Results showed
that there was a good agreement between the EnergyPlus model and the university of Wyoming
greenhouse for both indoor temperature and energy use. However more research needs to be
conducted when calibrating relative humidity and carbon dioxide results. Additionally, EnergyPlus was
used to determine the energy savings that could be achieved by using waste heat from industrial
processes to heat a greenhouse. A three acres greenhouse in Lovell Wyoming was modeled with
mechanical systems designed to harvest heat from Western sugar, an on-site sugar processing plant. It
was determined that over 60 percent of electrical energy for heating could be could be reduced through
the utilization of waste heat.
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It can be concluded that to accurately represent the greenhouse environment using EnergyPlus,
advanced modeling techniques and many cases of validation will be necessary. However, based on this
research it is likely that a set of general techniques could be established and used as instruction for
future models. This would be greatly beneficial to the field of controlled environment agriculture
because it would help to establish a widely accessible and commonly used platform on which to conduct
research.

It is recommended that future research make significant efforts to contact architects, engineers and
commercial entities to understand other modeling techniques applied to the field of controlled
environment agriculture. Although the industry leader contacted during this research were unwilling or
did not have sufficient time to contribute information, it expected that a wealth of knowledge exists
within these sources. If knowledge that has been gained over years of experience could be collected,
bought together and made public through academia, it would encourage future research and advance
the field.

Open field agriculture is one of the most environmentally devastating sectors of society. Between, direct
energy use for planting, harvesting and transportation, fertilization and pesticide leaching, water
consumption, genetic modified species, and the vast areas of land that have been deforested or
converted from their original ecosystems into farm lands, the effects are immense. Today the availability
of arable land is decreasing due to over farming while the demand for food is rapidly increasing. This
imbalance indicates the need for a dramatic change in agricultural systems worldwide. Greenhouse food
production has the potential to lesson or eliminate many of these devastating effects by reducing water
consumption and the need for pesticides and fertilizers. Most importantly, the yield per square area of
greenhouse can be many times that of open field agriculture. This could cut the area needed to produce
the same amount of food to a fraction of what it is now and make it feasible to support a larger
population.
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