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Preface

In the face of unprecedented challenges posed by climate change, the world of 
agriculture stands at a critical juncture. As global temperatures rise, weather patterns 
shift, and extreme events become more frequent, traditional farming methods are 
increasingly vulnerable. Recognizing the urgency of the situation, this book, Climate 
Smart Greenhouses – Innovations and Impacts, emerges as a timely exploration of 
cutting-edge technologies and sustainable practices that promise to revolutionize 
greenhouse agriculture.

The introductory chapter lays the groundwork, painting a vivid picture of the impact 
of climate change on agriculture. It sets the stage for a deep dive into the concept of 
climate-smart greenhouses, innovative solutions designed to adapt to and mitigate the 
challenges posed by a changing climate.

Hydroponic production systems take center stage in Chapter 2, revealing how this 
soilless cultivation method holds the key to resource-efficient and sustainable crop 
production within the confines of a greenhouse. Through practical examples and case 
studies, readers will gain insights into the transformative potential of hydroponics.

Chapter 3 addresses the environmental footprint of agriculture, focusing on nitrous 
oxide (N2O) emissions. The discussion not only highlights the role of agriculture in 
greenhouse gas emissions but also provides feasible mitigation strategies. This chapter 
underscores the importance of adopting climate-smart practices to achieve a balance 
between food production and environmental stewardship.

Transitioning to the economic and environmental dimensions, Chapter 4 explores 
innovative greenhouse technologies. From energy-efficient designs to advanced moni-
toring systems, this chapter showcases how forward-thinking approaches can not only 
improve economic viability but also contribute to environmental sustainability.

Chapter 5 takes us to the African continent, providing a comprehensive review of 
Controlled Environment Agriculture (CEA) for vegetable production. With a spot-
light on tomatoes, onions, and cabbage, this chapter explores how CEA practices can 
transform agriculture, addressing food security challenges and fostering economic 
development in Africa.

In Chapter 6, readers are introduced to a simulation of a novel cooling system tailored 
for closed greenhouse environments. The discussion goes beyond theory, presenting 
practical insights into the potential impact of such innovations on energy consumption 
and overall sustainability in greenhouse farming.

The final chapter conducts a life cycle assessment of a natural gas power plant, calcu-
lating impact potentials and emphasizing the delicate balance between energy produc-
tion and greenhouse gas emissions. By addressing the environmental implications of 



IV

energy choices in greenhouse operations, this chapter encourages readers to reflect on 
the interconnectedness of agriculture and broader environmental issues.

As we embark on this journey through Climate Smart Greenhouses – Innovations and 
Impacts, we hope that the diverse perspectives, innovative solutions, and practical 
insights contained within these pages will inspire a collective commitment to sustain-
able agriculture. This book is not just a compilation of chapters; it is a testament to 
the shared responsibility we all bear in nurturing our planet and securing a resilient 
future for generations to come.

May these pages catalyze change, spark conversations, foster collaboration, and pave 
the way for a greener, more sustainable future in greenhouse agriculture.

Warm regards!

Ahmed A. Abdelhafez
Faculty of Agriculture,

Department of Soils and Water,
New Valley University,

Egypt

National Committee of Soil Science,
Academy of Scientific Research and Technology,

Egypt

Mohamed H.H. Abbas
Faculty of Agriculture,

Department of Soils and Water,
Benha University,

Banha, Egypt
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Chapter 1

Introductory Chapter: Climate 
Change and Climate-Smart 
Greenhouses
Ahmed A. Abdelhafez, Mohamed H.H. Abbas,  
Shawky M. Metwally, Hassan H. Abbas, Amera Sh. Metwally, 
Khaled M. Ibrahim, Aya Sh. Metwally, Rasha R.M. Mansour 
and Xu Zhang

1. Introduction

World is, nowadays, facing one of its most pressing ecological challenges — climate 
change. This phenomenon is characterized by significant and enduring shifts in weather 
patterns. It is mainly attributed to anthropogenic activities that increase the emissions 
of greenhouse gases [1] such as CO2, CH4, N2O, O3, chlorofluorocarbons (CFCs), CCl4 
[2], and H2O [3]. Probably, CO2 is the most important heat-trapping greenhouse gas 
(GHG) [4]. These gases absorb outgoing thermal (infrared) radiation, which is emitted 
by the surface of the Earth [5] and trap it within the atmosphere [6], thus increases 
the temperature of Earth’s surface [7]. These gases also increase the temperature of 
troposphere while decreased stratosphere temperature [8]. In addition to GHGs, 5–15% 
of the organic carbon is found as aerosols that persist in the atmosphere for long time 
periods [9] and serve as cloud condensation nuclei (CCN) [10], which absorbs visible 
solar radiation (approximately 20% of total absorbed light) [11]. This is known by 
brown carbon, which are particulate matters containing chromophores that increase 
global warming threats [10]. The repercussions of climate change span a vast spectrum 
from altering weather patterns to impact human health and exacerbating disparities. 
This chapter delves into the intricate relationship between climate change and agri-
culture while spotlighting the innovative concept of climate-smart greenhouses as a 
promising solution.

2. Climate change: causes, impacts, and effects on human health

Climate change, a lasting alteration in weather patterns spanning decades to 
millions of years [6], results mainly from escalating greenhouse gas (GHG) emis-
sions linked to activities such as fossil fuel combustion, deforestation, and industrial 
processes [12]. Carbon dioxide stands as the primary GHG from human activities 
[13], with methane and nitrous oxide trailing closely [14]. These gases trap heat in 
the Earth’s atmosphere, elevating average global temperatures by 1–2% [15, 16]. 
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These GHGs hasten the Earth’s water cycle [8], leading to amplified evaporation 
from water surfaces [16], resulting in heightened drought frequency and intensity 
in various regions [17]. In contrast, other areas experience increased precipitation 
[16], leading to rising sea levels [12], expanding regional tides, and intensifying 
extreme events, such as hurricanes and floods [12]. Climate change exerts profound 
impacts on food and water supplies, human habitation, public health, and economic 
activities [18, 19]. The World Health Organization predicts that climate change may 
contribute to roughly 250,000 additional annual deaths by 2050, primarily due 
to malnutrition, malaria, diarrhea, and heat stress [20]. Vulnerable populations, 
including children, the elderly, low-income communities, and individuals with 
chronic illnesses, bear a disproportionate burden [19]. Heatwaves pose risks of heat 
exhaustion and heat stroke, exacerbating cardiovascular and respiratory diseases. 
Altered temperature and precipitation patterns also affect disease-carrying insects, 
increasing the transmission of illnesses, such as malaria and dengue fever [20]. 
Furthermore, climate change exerts adverse effects on mental health. The growing 
frequency and severity of extreme weather events and natural disasters contribute to 
post-traumatic stress disorder (PTSD), anxiety, depression, and other mental health 
issues [21]. Health disparities worsen with climate change, particularly impacting 
vulnerable populations with limited resources to adapt [22]. Addressing climate 
change necessitates a concerted global effort to reduce GHG emissions and adapt to 
ongoing changes [6].

3. The impact of climate change on agriculture

Climate change poses significant challenges to global agriculture and food security 
[12]. Rising temperatures, driven by the Industrial Revolution, have increased by 
0.9°C since the nineteenth century and are projected to reach 2°C by 2100 [23, 24]. 
This warming can accelerate crop respiration and evapotranspiration [7], alter pest 
and disease distribution, and shorten the reproductive period in crops, such as wheat 
and rice [24, 25]. Wheat yields may decrease by 20–45%, and rice yields by 20–30% by 
2100 [24]. Heat stress can cause post-heading carbon deficits in wheat [26]. Irregular 
precipitation patterns also impact agriculture [24], with some regions experiencing 
increased rainfall and others facing more frequent and severe droughts [7]. Both 
flooding and drought have adverse effects on crop yields, limiting growth, causing 
damage, and influencing the prevalence of pests and diseases [27, 28].

Climate change further challenges natural resource management in agriculture. 
Higher temperatures lead to increased evaporation rates, depleting water resources, 
and particularly affecting irrigation-dependent agriculture. Rising sea levels and 
increased salinity can degrade arable land, especially in coastal and delta regions [29]. 
To ensure agricultural sustainability in a changing climate, it is crucial to develop and 
implement adaptive strategies, including climate-resilient crop varieties, improved 
pest and disease management, and efficient water resource utilization [12].

4. Adaptation and mitigation strategies for climate change

Climate change presents significant challenges that require a comprehensive 
response. In 2015, an agreement was held in Paris to lessen the rise in global tem-
perature by 2°C in 2100 [30]. Two primary strategies were adapted to attain this 
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aim, which are adaptation and mitigation [31]. While mitigation focuses on reduc-
ing the causes of climate change, adaptation involves adjusting to its impacts [12]. 
Adaptation, therefore, is essential to manage unavoidable impacts, while mitigation 
is needed to limit the long-term changes in climate. The optimal mix of adaptation 
and mitigation measures will depend on local and regional factors, including climate 
change impacts, economic structures, and societal values.

5. Adaptation

Adaptation strategies mitigate global warming impacts [32] for future food 
security [33]. They involve altering processes, practices, and structures to reduce 
potential damage and capitalize on climate change opportunities [34]. Adaptation 
spans individual actions to institutional policies and includes financial adjustments 
[35]. In agriculture, strategies encompass crop enhancements, food waste reduction 
[33], water conservation policies [36], adjusted planting schedules to avoid extreme 
weather, and adopting resilient crop varieties [37]. Biodiversity enhancement can also 
aid climate mitigation [38]. Organic extracts, such as humic and fulvic acids or com-
post tea, promote plant growth, sequestering more CO2 in plant tissues [39–41]. In the 
health sector, adaptation focuses on enhancing public health infrastructure to manage 
heatwaves and disease outbreaks, incorporating early warning systems, and improv-
ing air and water quality [42]. Urban areas should adapt by bolstering infrastructure 
resilience, implementing heat-wave action plans, creating cooling urban green spaces, 
and efficient water resource management [43].

Despite adaptation’s importance in mitigating global warming’s negative effects, 
maladaptation can occur [44]:

a. Infrastructural Maladaptation: For instance, sea walls in Fiji designed to combat 
rising sea levels hindered stormwater drainage. In Bangladesh, flood control 
measures reduced soil fertility and livelihood security.

b. Institutional Maladaptation: Farmers alter land use planning by growing cash 
crops, intercropping, and adopting moisture conservation techniques to address 
climate risks.

c. Behavioral Maladaptation: In northern Ghana, farmers migrate in search of 
employment, causing labor shortages.

6. Mitigation

Mitigation involves strategies to lessen or even stabilize emission of greenhouse 
gases in the atmosphere via adopting three strategies mentioned by Fawzy et al. [30] 
which are:

1. Switch to clean energy (renewable energy and nuclear power) or low carbon fuel 
to generate electricity and get heat rather than the burning of fossil fuels (con-
ventional mitigation efforts). According to this approach, emissions of GHGs 
should be reduced by 45% in 2030 versus their levels in 2010 levels then reach 
finally to net-zero emissions by 2050.
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2. Increasing the capability of sinks (oceans, soil, and forests) to capture and se-
quester GHGs gases (negative emissions technology).

3. Applying new techniques to managing solar and terrestrial radiation such as 
“stratospheric aerosol injection, marine sky brightening, cirrus cloud thinning, 
space-based mirrors and surface-based”; yet these methods are still theoretical.

Probably, energy production is the major source of greenhouse gas emissions, so 
applying new technologies to improve energy efficiency in buildings, transportations, 
and industrial processes might reduce effectively GHGs emissions [45]. In the agricul-
tural sector, mitigation strategies include improving crop and livestock management 
practices to reduce methane and nitrous oxide emissions, protecting and restoring 
forests to sequester carbon, and managing soils to increase their carbon storage 
 capacity [46, 47].

7. Climate-smart greenhouses: a sustainable approach to agriculture

The global agricultural sector faces climate change challenges, impacting crop 
yields and food security [12]. Climate-smart greenhouses, part of controlled environ-
ment agriculture (CEA), use advanced technologies to optimize plant growth and 
reduce environmental impact. They prioritize increasing productivity, adapting to 
climate change, and minimizing emissions [48, 49]. These greenhouses employ preci-
sion irrigation to conserve water and ensure ideal moisture levels, automated climate 
control to optimize growth and energy use, and energy-efficient lighting, such as LED, 
with minimal energy and water consumption [50–52]. Integrated pest management 
reduces reliance on chemical pesticides, benefiting crop health and sustainability [48].

Renewable energy sources, such as solar and wind power, further reduce environ-
mental impact, and water conservation practices are employed [48]. Climate-smart 
greenhouses offer a promising solution to climate-related agricultural challenges, 
integrating technology and sustainable practices for increased productivity and 
reduced environmental impact [49].

8. Design and structure

Climate-smart greenhouses are designed to optimize the use of natural resources 
and energy. Sensors and devices (Internet of Things, IOT) can be used to monitor 
precisely, and then efficiently control all indoor parameters [52]. Greenhouses are 
often constructed with materials that maximize light transmission while provide 
insulation to reduce energy use for heating or cooling. Their structure and orientation 
allow maximizing natural light and regulating temperature [48]. Roofs and/or sides 
may be covered by an impermeable transparent plastic film to allow natural ventila-
tion [53]. Android mobile applications are sometimes used to monitor and send 
warning messages about the state of plants.

9. Climate control systems

One of the key features of climate-smart greenhouses is to lessen energy con-
sumption while increasing plant productivity [54]. This may take place via applying 
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automated climate control systems that use different sensors to collect data con-
tinuously [50] and then use mathematical models for calculating solar irradiation, 
photosynthesis, and evapotranspiration [55]. These schemes can, therefore, regulate 
temperature, humidity, and light levels to create optimal growing conditions needed 
for plants at each growth stage to get high-yield production [56]. Ventilation and 
shading can also be adjusted to control the internal climate and reduce the need for 
artificial heating or cooling. In tropical and subtropical climates, covering materials 
are used for shading and cooling in greenhouses [56]. Some systems even include CO2 
enrichment to enhance plant growth [48].

10. Water and nutrient management

Climate-smart greenhouses often incorporate precision irrigation and fertigation 
(fertilizer + irrigation) systems [57] using a combination of sensors and nutrient 
delivery schemes [58]. These systems deliver water and nutrients directly to the plant 
roots, reducing wastes, and ensuring that plants receive the optimal amount of mois-
ture and nutrients. Some greenhouses also capture and reuse water through rainwater 
harvesting or condensation capture systems, contributing to water conservation 
efforts [48]. The emission of N gases from high-tech greenhouses that follow efficient 
recirculation systems is thought to be very low [59].

11. Energy efficiency and renewable energy

Energy efficiency is the key aspect of climate-smart greenhouses. Many 
climate-smart greenhouses use renewable energy sources, such as solar or wind 
power [48]. Using photovoltaic-thermal collectors of solar energy can produce 
both heat and electricity, with less shading [60]. Also, using energy-efficient light-
ing, such as LED lights, provides specific light spectrum needed for photosynthesis 
while using less electricity (40%) than traditional lighting systems and also less 
heat (9–49%) [61]. In cold regions, minimizing heating cost is another challenge. 
Thus, isolating greenhouses and/or using geothermal energy may help to lessen 
these costs [62].

12. Integrated pest management

Climate-smart greenhouses often use integrated pest management strategies 
to reduce the need for chemical pesticides. These strategies include the use of 
beneficial insects to control pests, use of physical barriers or traps, and the careful 
monitoring of pest populations to determine when control measures are needed 
[63, 64]. Microbial pesticides can also be used if natural enemies are not sufficient 
for pest control [65]. Moreover, solar ultraviolet-B lamps can provide a physical 
control for spider mites [66]. Climate-smart greenhouses represent a promising 
solution to the challenges posed by climate change in the agricultural sector. By 
integrating advanced technologies and sustainable practices, these greenhouses 
increase agricultural productivity, adapt to changing climate conditions, and reduce 
environmental impacts.
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13. The role of greenhouse cultivation in climate change mitigation

Greenhouse cultivation, particularly when implemented with climate-smart 
practices, can play significant roles in mitigating climate change. This can be 
achieved via applying more efficient techniques in resource management, reduc-
ing wastes, and carbon sequestration. Generally, there are two methods to control 
greenhouse conditions (i) a passive method that depends on a natural phenomenon 
“hot air rises and cold air sinks,” so it requires minimum energy while (ii) the active 
method needs fans for and heaters to control the environment inside greenhouses 
[67]. By means of thermal energy storage (TES) systems, heat can be successfully 
stabilized within greenhouses for plants [68]. These systems analyze the complex 
thermal processes within this indoor microclimate area and contribute toward 
efficient usage of this energy [69]. On the other hand, CO2 enrichment environ-
ment inside greenhouses can boost plant growth by approximately 35% [69, 70] via 
sequestrating CO2 from ambient air rather than being emitted to the atmosphere to 
increase the emissions of GHGs [71].

14. Efficient use of resources

Managing agricultural resources to meet rising food demands due to population 
growth is crucial [69], but natural resource limitations challenge food production 
[72]. Agricultural activities also contribute significantly to greenhouse gas (GHG) 
emissions [68], emphasizing the need for ecological considerations. Controlled 
environment agriculture (CEA), such as greenhouses, offers year-round food 
production possibilities [67]. Utilizing intelligent shading systems, smart glass, 
sensors, IoT, and AI [68], greenhouses precisely control conditions such as tem-
perature, light, and humidity [73], increasing yield per unit area compared to 
traditional methods and conserving water through precision irrigation [48]. Some 
greenhouses capture and reuse water, further reducing water use [48]. Bioagents 
in greenhouses enhance horticultural yields and environmentally friendly pest 
and disease control, reducing GHG emissions related to agrochemicals [64, 74]. 
Greenhouses, by growing crops near consumption points, reduce transportation-
related carbon emissions, especially in urban agriculture [75].

15. Carbon sequestration

Greenhouse gases can be reduced via a process known by phytosequestration [6]. 
In this method, plants absorb carbon dioxide gas from the atmosphere, change it to 
organic forms via Calvin cycle then sequester large amounts of C in their biomasses 
[76]. Herbaceous plants, which have relatively low planting-environment require-
ments, exhibit more capability to sequester C in their tissues than woody plants[77]. 
Surprisingly, sequestration of CO2 by microalgae is deemed as a net zero GHG 
emissions [78]. On the other hand, amounts of carbon sequestered via this process 
are relatively slow versus CO2 release due to anthropogenic activities [79]. Also, this 
process lasts for relatively short time periods because when plants decay and seques-
tered C returns back to air [6]. Weighing up pros and cons of phytosequestration, 
reforesting, and managing ecosystems are still effective ways to mitigate the global 
warming threat [79].
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16. Reduced waste and emissions

The terrestrial carbon pool is four times larger than the atmospheric carbon pool 
[4]. Recycling agricultural waste can significantly reduce greenhouse gas emissions, 
with over 5.6 billion mega grams of carbon potentially sequestered from the 18 billion 
wasted annually worldwide [80]. This can be achieved by converting organic residues 
into biochar, produced under limited oxygen conditions [81–86]. Biochar reduces 
easily oxidized carbon content, decreasing microbial metabolic activity by 47% [87], 
leading to longer soil retention when used as a soil amendment [88–90] or organic 
fertilizer [91, 92]. Its porous structure enhances soil CO2 adsorption via physisorp-
tion and chemisorption [93], sequestering carbon instead of releasing it into the 
atmosphere [87]. Scientists have devised a method to capture smoke emissions during 
biochar pyrolysis, using them for soil injection to improve seed germination and 
potentially achieve net-zero greenhouse gas emissions [94, 95]. Using biochar as a soil 
amendment can reduce CO2 emissions by about 1/8 [95], while converting residues 
to charcoal may cut GHG emissions by 80% within 8.5 years [96]. The potential for 
carbon sequestration in greenhouses remains an ongoing research topic, with out-
comes depending on various factors, including greenhouse type, crop varieties, and 
management practice.

In conclusion, climate-smart greenhouse can contribute to climate change miti-
gation through more efficient use of resources, reduced waste and emissions, and 
potentially through carbon sequestration. However, it is important to note that not all 
greenhouses are the same, and the climate impact will depend on the specific design 
and management practices used.
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Abstract

Hydroponic production means the growing of vegetables, herbs and ornamental 
plants and fruits in a nutrient solution (a solution of water and macro- and  
micronutrients) with or without the use of a substrate that gives the mechanical sup-
port to plant. The most important advantages of hydroponics are as follows: continu-
ous cultivation of one crop, better control and supply of plants with water and plant 
nutrients, reduced occurrence of plant pests and minimized environmental impact 
and increased water use efficiency. The main hydroponic cultivation technique of fruit 
vegetables is cultivation on substrates, often called soilless system. Growing substrate 
(organic, inorganic or synthetic) provides an aseptic environment, good oxygenation 
and an adequate nutrient solution flow, so the most important substrate properties are 
biological and chemical inert, porosity and capillarity. Its choice depends on climatic 
conditions, the type of equipment in the greenhouse and the plant requirements. 
Hydroponics is also suitable for growing crops with a shorter growing period such 
as leafy vegetables and herbs. Plants are grown by different growing techniques in a 
nutrient solution without a substrate (nutrient film technique, floating hydroponics, 
ebb and flow and aeroponics). These are closed hydroponic systems, which means that 
drainage nutrient solution is collected, sterilized and reused.

Keywords: soilless culture, nutrient solution, inert substrates, water culture,  
open and closed systems, aeroponics, floating hydroponics fruit vegetables,  
leafy vegetables

1. Introduction

Human population increasing and market demands require major adjustments in 
the way food is produced, and turning from previous traditional forms of cultivation 
to new and sustainable ones. One way to increase the food production sustainability is 
to grow plants in different hydroponic production systems. Hydroponics represents a 
climate-smart production method, due to environmental concerns, resource sustain-
ability and efficient use as well as climate changes [1, 2]. This mean, when compared 
to the open field production, which is often exposed to biotic and abiotic stress factors 
that hinder production, hydroponics use less resources such as land space, pesticide, 
and water. As in the most cases hydroponics are placed in the greenhouses, the control 
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of production factors such as temperature, relative humidity, light and carbon diox-
ide, as well as extension of the growing season is possible. These production systems 
also make the supply and distribution of nutrients to crops easier and more uniform 
to enhance crop growth and yield [3].

Hydroponically grown plants in greenhouses are optimally supplied with water 
and nutrients and have optimal growth and development conditions due to climate 
control. Production mostly takes place in heated greenhouses, which allows the 
production and supply of the market throughout or most of the year, depending on 
the culture grown. Vegetables, herbs and ornamental plants and fruits are grown in a 
nutrient solution (solution of water and macro- and micronutrients) with or without 
the use of substrate that gives the mechanical support to plant. Plant nutrients are 
in optimal relation, and concentration determined by the electrical conductivity 
(EC-value) and the pH value.

Mentioned above results are with the advantages of hydroponics [2, 4]:

• plant cultivation in locations and areas where there is no soil or the soil is unsuit-
able for growing,

• continuous cultivation of one crop in the same production area (no crop rotation 
required),

• better control and supply of plants with water regarding time and amount,

• better control and supply of plants with plant nutrients (during the growing 
season, the concentration, composition, time and amount of nutrient solution 
are changed as needed, depending on the plant development phase and on the 
microclimatic conditions of the greenhouse),

• reduced occurrence of plant pests (diseases, pests, nematodes and weeds) that 
need greenhouse soil for their development and overwintering,

• minimized environmental impact and increased water use efficiency with closed 
hydroponic systems.

These advantages result in higher production of biomass in the time and area unit 
in hydroponic cultivation compared to the soil cultivation, and thus earlier harvest-
ing (faster entry into technological maturity), more harvests in crops that multiple 
harvested and higher total yields. Besides that, hydroponics represents an appropriate 
and sustainable growing technology for urban and peri-urban areas, where higher 
yield could be achieved by using vertical space (vertical farming systems) to meet 
food demands in densely populated areas [5].

Disadvantages of hydroponic cultivation techniques are high initial invest-
ments, that is, higher costs of installing hydroponic systems in relation to conven-
tional soil cultivation. Successful hydroponic production requires a high degree of 
knowledge and expertise in the field of agronomy and technical skills and knowl-
edge to manage the equipment applied. If diseases and pests occur, the infection 
spreads rapidly due to optimal conditions for their development in a greenhouse. 
Due to significantly higher costs, the successful application of hydroponic technol-
ogy is limited to species of high economic value, in some regions often to a certain 
part of the year. An additional problem of hydroponic cultivation techniques on 
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substrates is also a disposal and recycling of inorganic and synthetic substrates 
after use [2, 4].

Hydroponic production systems include both cultivation on different inert sub-
strates or growing media (soilless culture) and water culture with nutrient solution as 
root environment (without substrate). Regarding drainage solution usage hydroponic 
systems could be divided to open or closed. In open systems, the drainage solution is 
discharged, while in closed systems the drainage solution is collected, sterilized and 
reused [6]. Velasquez-Gonzales et al. [2] stated that choose of hydroponic growing 
technique depends on the plant species, local climate and budget, among other factors.

Despite some disadvantages mentioned above, hydroponic production is a rapidly 
growing sector that has seen tremendous growth in recent years. According to various 
statistics, the global hydroponic system market is projected to reach 16.03 billion USD 
by 2028 and Europe represents the largest market for this industry, accounting for 41% 
of its share. The compound annual growth rate of the hydroponics between 2022 and 
2028 is estimated at 11.3%. Hydroponic greenhouse vegetable production is growing at 
a rate of 5–10% annually worldwide, and tomato is the most popular crop in the com-
mercial hydroponics, accounting for over 30% of hydroponic production. When using 
hydroponic production systems, producers could achieve up to 2–4 times higher yield 
with approximately 90% less water consumed than traditional soil-based agriculture. 
At the same time, environmental pollution is decreased by nearly 70% [7].

To reach positive financial results, hydroponic production systems should be 
placed in a well-equipped, high-tech greenhouses where soilless culture equipment 
represents only a small fraction of the total investment of about 200 €·m–2. However, 
low- or mid-tech greenhouses may sometimes be modernized and used for hydropon-
ics, depending on the economic and technical conditions, such as region, farm char-
acteristics, type of greenhouse, soil problems, water resources, market requirements, 
establishment costs and, last but not least, restrictions on environment pollution. 
Low-cost alternatives are suitable for growers with limited capital or in regions with a 
fluctuating demand. In low-tech hydroponics, the heart of the system is the growing 
medium or water, while a simple system controls and distributes the nutrient solution 
or a drip irrigation system can be used [8].

This chapter will discuss about growing technology and substrates used in soilless 
culture and about water culture growing techniques.

2. Soilless culture

2.1 Growing substrate

There is no material or mixture that would be universal for growing all crops in all 
growing conditions. Growing substrate properties should match the requirements of 
the crop and the growing technology. Substrate should provide an aseptic environ-
ment, good oxygenation and an adequate nutrient solution flow, so the most impor-
tant substrate properties are biological and chemical inert, porosity and capillarity. 
Biologically inert substrate means the absence of pathogens of plant diseases, pests 
and weed seeds. The chemical inert substrate does not contain any nutrients and does 
not affect, and they do not change the composition of the applied nutrient solution. In 
last years, life cycle and substrate sustainability (economic, social and environmental 
viability) becomes more and more important properties. For sustainable production of 
vegetables in growing media, priority should be given to locally available and not very 
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expensive or locally manufactured and standardized products. The choice of substrate 
as a growing medium depends on climatic conditions, the type of equipment in the 
greenhouse and the requirements of the plants that need to be met [2–6, 8].

Figure 1. 
Inorganic growing substrates (A: rockwool; B: perlite; C: expanded clay).
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Hydroponic growing substrates are divided into organic (peat, coconut fiber, 
sawdust, corn, straw), inorganic (rockwool, perlite, sand, expanded clay, pumice, 
vermiculite, zeolite) and synthetic derived from petroleum (polystyrene, poly-
urethane and urea-formaldehyde foam). Also, they are divided into fibrous and 
granular. Fibrous are characterized by a high fiber content of different dimensions 
giving the substrate high water capacity and low for air. Retained water is easily 
accessible to the plant, and the volume is significantly reduced and varies from 2 
to 7 liters per plant. Granulated substrates (sand, perlite) as opposed to fibrous 
ones have increased air capacity and reduced water by 10 to 40%. Retained water 
is more difficult to access to the plant, and the volume of substrate for one plant 
must be much higher than the fibrous substrates and amounts to between 10 and 
40 liters [9].

2.1.1 Rockwool

Rockwool is a natural material obtained by heat treatment of volcanic rocks 
(bazalt and diabaz), which, with the addition of coke and limestone, are talent 
and refined to the final product, which, under the influence of high temperatures, 
acquires a fibrous structure. These fibers are then pressed into blocks or cubes 
(Figure 1) of light volume weight (80–90 kg·m−3) [6]. It absorbs water very well 
and has good drainage properties. Total porosity is from 95 to 97%. Of these, 75 to 
80% are water micropores and 10 to 15% are air macropores (Table 1). One of the 
most significant features of rockwool is its sterility, that is, the complete absence 
of pathogenic microorganisms and everything else that could contaminate soilless 
cultivation. It has mild alkaline reaction (pH value from 7 to 8.5). Because rock-
wool is an inert pH value can be easily reduced to optimal in hydroponic cultiva-
tion (from 6 to 6.5) using a slightly acidic nutrient solution. After use, it  
can be thermally sterilized and reused for one or 2 years, which reduces environ-
mental pollution. However, after each use, the fiber structure worsens and reduces 
the proportion of air pores. In areas with colder climates, less density rockwool 
with vertical threads is most used, while for warmer appetizers, higher-density 
stone wool with horizontal threads is recommended to allow for better water 
retention [9, 10].

Substrate Volume weight, 
kg/m3

Total porosity, 
vol. %

Water porosity, 
vol. %

Air porosity, 
vol. %

pH 
value

Sand 1400-1600 40–50 20–40 10–20 6.4–7.2

Pumice 570–630 80–90 2–5 75–85 7.0–8.0

Expanded 
clay

300–700 40–50 5–10 30–40 4.5–9.0

Perlite 90–130 50–75 15–35 30–60 6.5–7.5

Rockwool 55–90 95–97 75–80 10–15 7.0–7.5

Peat 60–400 55–97 52–88 6–42 3.0–7.3

Coconut 
fiber

65–110 94–96 80–85 10–12 5.0–6.8

Table 1. 
Physical and chemical characteristics of some growing substrates [9, 10].
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2.1.2 Perlite

Perlite (Figure 1) is an aluminum silicate of volcanic origin containing 75% SiO2 
and 13% Al2O3. It is a sterile material, neutral in pH (6.5–7.5) and no decay, with light 
volume weight (90–130 kg·m−3) [6]. Its porosity (50–75%) ensures good breathabil-
ity important for the growth of the root system (Table 1). Several different perlite 
granulations are produced (<3 mm, <5 mm, etc.). It can be purchased on the market 
packed in bags of volume 10 to 15 L on which the plants are planted or in large bags 
of volume about 100 L when filled into breeding vessels. It can be used alone or in 
a mixture with other substrates. If it is represented in a higher ratio in the mixture, 
attention should be paid to the pH value, which should not be lower than 5. It is often 
mixed with organic materials (peat) that improve its elasticity, permeability and 
other physical characteristics [9, 10].

Figure 2. 
Organic substrates: coconut fibers (a), and peat (b).
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The main disadvantage of rockwool and perlite is high energy consumption during 
production and their high price [6].

2.1.3 Expanded clay

Expanded clay (Figure 1) is obtained by roasting natural clay at 1200°C over 3 
hours, giving a porous medium in the form of balls with a diameter of 4 to 20 mm, 
depending on the purpose. It is an inert substrate without a nourishing, neutral pH 
reaction. Capillarity on the surface of the ball provides a nutrient solution near the 
roots of the system. The balls dry easily and do not contain excess water that provides 
enough oxygen near the roots The lack of expanded clay is a fairly large volume 
mass, making it difficult to manipulate and very low water porosity (Table 1), which 
requires frequent and short fertigation [9, 10].

2.1.4 Coconut fiber

Coconut fiber (Figure 2) is increasingly used in hydroponic cultivation,  
and can be found on the market under different names, most often in the form of 
pressed blocks (plate). This substrate combines high water capacity of vermiculite 
and air capacity of perlite. However, it is completely organic in origin obtained by 
peeling coconuts. By its physical properties (Table 1), it is most similar to rock-
wool. Coconut fiber has physical stability [6], light weight (65–110 kg·m−3), good 
air content, high total pore space between 94 and 96%, and water holding capacity, 
subacid-neutral pH (5–6.8). It is rich in hormones and sterilized by pressurized 
water vapor, which ensures ideal conditions for rooting and protects against the 
causes of plant diseases. Also, unlike peat, coconut fiber is a completely renewable 
resource. The lack of coconut fiber as a substrate can be the content of NaCl  
[6], which affects the ion concentration in the root zone and has a detrimental 
effect on its development. Pressed blocks require soaking in aqueous solution 
before use. During soaking, the substrate rehydration and swelling occur up to 
six times the initial size. It is very often mixed with perlite or vermiculite in equal 
proportions [9, 10].

2.1.5 Peat

Peat is the most important material of organic origin and is obtained from the 
remains of Sphagnum moss (Figure 2). It is characterized by good drainage and struc-
ture, that is, physical stability, good air and water holding capacity with total pore 
space ranging 85–97%, low microbial activity, light volume weight (60–200 kg m−3), 
low and easily to adjusted pH, and low nutrient content [6]. According to the degree 
of decay, the amount of hinges is divided into white, brown and black peat. White 
peat has great absorption power and high acidity, and pH values between 3.5 and 
4.2 (Table 1). It contains very few nutrients so it improves the water regime and air 
capacity. Black peat contains larger amounts of minerals that are suitable for plant 
growth. The reaction varies from 6.5 to 7.2 so that it is suitable for growing plants to 
suit a neutral or weakly alkaline reaction [9, 10].

Disadvantages of peat are that it is finite resource, environmental concerns and 
contribution to CO2 release due to peatlands use, increasing cost due to energy crisis. 
It may be strongly acidic; shrinking may lead to substrate hydro-repellence [6].
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2.2 Soilless growing technology

The main form of fruit vegetables production is cultivation on substrates. The sub-
strate is a medium whose role is to strengthen the root system, maintain water in the 
form of accessible plants, runoff of excess nutrients, and ensure air exchange. Soilless 
culture of fruit vegetables on substrates is technologically similar to soil cultivation in 
the greenhouse.

2.2.1 Greenhouse preparation

Before planting, it is necessary to prepare a greenhouse. In the greenhouse, 
equipment for nutrient solution preparation and a drip irrigation system should be 
installed. Substrate plates are placed in rows or double-row strips. The substrate is 
placed on hanging gutters, which serve to runoff an excess nutrient solution. The dis-
tance between the rows is 120 to 150 cm. If planted in double-row strips, the distance 
between the rows in the strip is 70 to 80 cm, and between the strips 100 to 120 cm. If 
cubes with two prickled plants are planted, two rows of plants are obtained from one 
row of substrate. After the substrate is placed, the planting sites are cut at the polyeth-
ylene foil into which the substrate is packaged. The distance between the plants in the 
row is 33 to 50 cm. Capillary carriers are inserted vertically into the cut openings so 
the substrate could be soaked with a nutrient solution before planting.

2.2.2 Sowing and planting

The seed sowing is most often done in rockwool plugs and planting on a selected 
inert substrate. Another possibility is sowing in rockwool blocks, 2.5-cm brides and 

Figure 3. 
Tomato plants in rockwool plugs ready for pricking.
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4 cm high. Fifty to sixty blocks are connected by an upper edge so that they form 
a larger sowing unit. The plugs are placed in polystyrene containers with 240 pots. 
Sowing is most often done in late November or early December. After sowing in 

Figure 4. 
Tomato seedlings in rockwool cubes.

Figure 5. 
Cucumber planted in peat bags.
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rockwool plugs, seeds are covered with vermiculite, which keeps constant tempera-
ture and retains moisture needed for emergence.

Emerged plants are pricked at the phase of developed cotyledon leaves and the 
first true leaf (Figure 3) into the rockwool cubes. The cube size depends on the 
culture and the number of plants being prickled into one cube. If one plant is prickled 
per cube, 7.5-cm edge cubes and 6.5 cm high or 10-cm edge cubes and 7.5 cm high are 
used, and if two plants are pricked per cube, cubes with 10- or 12-cm edge are used. 
Since seedlings are produced during a short day, supplemental lighting should be used 
in order to shorten the growing period.

Seedlings are grown in rockwool cubes until planting. During cultivation, they are 
fertigated with a nutrient solution of reduced concentration every day or every other 
day. If necessary, after watering with the solution, the leaves are rinsed with tap water 
to wash out the remains of nutrient salts. When the plants begin to touch each other, 
the cubes need to be spaced apart to prevent the seedling elongation. The cube is sepa-
rated once and twice during the cultivation of seedlings (Figure 4). The seedlings are 
ready for planting when the root grows through the volume of the cube, that is, in late 
January or in the first half of February. Tomatoes are planted in the developing phase 
of 7 to 8 leaves and with a visible the first bloom, peppers in the phase of 10 to 12 
leaves and a visible branching and the first flower, and cucumbers with 3 to 4 leaves.

The volume of inert substrate per package is most often between 10 and 20 liters. 
These bags (plates) are 1 m long, 15 to 20 cm wide and 7.5 to 10 cm high. Granular 
substrates such as perlite and expanded clay can be filled into pots or bags (Figure 5). 
The volume of substrate per plant is most often between 2.5 and 5 liters. Due to the 
small volume of substrate per plant, frequent fertigation is required, and the number 
and duration of a single ration depend on the substrate capacity for water (nutrient 
solution), the development stage of plant microclimatic conditions in the greenhouse.

Planting is done by placing the cube with the seedling/s on the openings provided 
on the substrate plates. When planting, it is necessary to remove the capillary carrier 
from the plate and insert it into the cube. Due to favorable temperature and humidity 

Figure 6. 
Tomato plants at the beginning of harvest.
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conditions, the rooting lasts for 2 to 3 days and plants continue their growth. Because 
the substrate is soaked with a nutrient solution before planting, only a few rations of 
fertigation are needed daily after planting. A few days after planting, the substrate 
plate is cut into two places, about 2 cm from the bottom of the plate, to allow the 
runoff of the excess nutrient solution.

2.2.3 Plant care measures and harvest

After rooting, plants are wrapped to prevent the stem breaking. It is necessary to 
maintain the plants by training them up a vertical supporting twine, removing older 
leaves as the lower fruit clusters are harvested, and by lowering the main plant stem to 
keep the whole plant within easy reach of workers.

During vegetation, the daily number and duration of the fertigation rations 
gradually increases. It is needed to control pH and EC values of nutrient solution 
in root zone, and ant to perform periodic laboratory analysis of nutrient solu-
tion composition. At the same time, in a greenhouse it is necessary to maintain 
the microclimatic conditions as close as possible to the optimal ones. Harvesting 
of fruit vegetables in soilless culture is performed at technological maturity, and 
begins 70 to 90 days after planting for tomato (Figure 6) and pepper, and about 
30 to 40 days for cucumber. Pepper fruits could be also harvested at physiological 
maturity. The frequency of harvest depends on the time of harvest and species 
grown: every 2 to 3 days in cucumbers, every 3 to 5 days in tomatoes and every 10 to 
14 days in peppers.

Forty to fifty days before the planned end of the harvest, plants are topped to 
improve the maturation of formed fruits. A few days before the harvest end, fertiga-
tion is stopped.

After the harvest end, plant residues, substrate and parts of the drip irrigation 
system are moved out from the greenhouse, the greenhouse is cleaned and disinfected 

Figure 7. 
NFT channel with tomato plants.
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Figure 8. 
A-frame aeroponics.

and preparations for the next season begin. If the substrate is planned to be reused, it 
should be stored in a greenhouse to prevent freezing and disrupting the structure.

3. Water culture

Hydroponic techniques for growing plants in a closed system in a nutrient solution 
without substrate (water culture) are appropriate for growing crops of shorter vegeta-
tion, such as leafy vegetables (lettuce, arugula, lamb’s lettuce, spinach, Swiss chard, 
chicory, endive and cress salad) and herbs (parsley, basil, oregano, marjoram, thyme, 
sage and dill). As the most commonly used in growing leafy vegetables, nutrient film 
technique, floating hydroponics, ebb and flow and aeroponics could be pointed out.

3.1 Nutrient film technique (NFT)

The nutrient film technique is based on maintaining a thin layer (up to 1 cm) 
of aerated nutrient solution that continuously flows over the plants root in shallow 
channels laid under a slope from 0.3 to 2%, which allows the solution to be circulated 
with a free fall (Figure 7). As stated by Velasquez-Gonzales et al. [2], nutrient solu-
tion flow can be periodic also. The nutrient solution is supplied by the pump from the 
container to the channel with the plants, and the solution not used by the plants is 
collected in the storage tank, analyzed and returned to the system. It is precisely the 
recirculation of the nutrient solution that is the main advantage of this hydroponic 
technique. Depending on the culture grown, the channel width varies from 10 to 
20 cm, while the maximum length is 20 m.

The channels can be located on the ground or gutters, and are most often made 
of polymer materials (polyethylene, polyvinyl chloride). The channels contain 
openings in which seedlings or pots with plants are placed and their root is continu-
ously supplied with water and nutrients, with an ideal solution flow rate of 3 to 8 L/
m2 per hour for crops such as chrysanthemums and salad. The disadvantages of 
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this technique are the risk of interrupting the flow of a nutrient solution that very 
quickly causes root drying, stress and excessive channel warming in the summer due 
to which young plants may suffer in the initial growth phase. Contrary to grow-
ing on substrates, the ion concentration in the root zone does not increase due to 
continuous solution flow [11].

3.2 Aeroponics

3.2.1 System work out

In aeroponics, the plant root is in the air of dark space, and the nutrient solu-
tion is supplied by spraying every 3 to 4 minutes for 15 to 20 seconds in the form 
of an aerosol, which ensures high humidity (> 95%) in the root zone [11]. The 
optimum EC and pH values of nutrient solution in aeroponics system lie between 
1.5 to 2.5 dS/m and 5.5 to 7.0, sprayed in different intervals, depending on species 
grown. Nutrient-rich solution is used as a growing medium and provides essential 
nutrient for sustain plant growth [12]. Velasquez-Gonzales et al. [2] pointed that 
there is no need for aeration system as oxygen is delivered to root with the sprayed 
nutrient solution.

In aeroponics, Styrofoam plates with plants are attached to a structure that can 
be horizontal, or at an angle of 45 to 60 degrees (A-frames). The pump distributes a 
nutrient solution from the tank to the spray pipe, which is located inside the structure 
and supply the root of the plant. The nutrient solution is returned to the tank by 
free fall [11]. The nursery plants might be either raised as seedlings using specially 
designed lattice pots or cuttings could be placed directly into the system for rapid 
root formation. Lattice pots allow the root system to develop down into the growth 
chamber where it is regularly misted with nutrient under controlled conditions [12].

Figure 9. 
Stinging nettle in ebb and flow system.
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3.2.2 Advantages and disadvantages

The aeroponics provides numerous advantages including a free extension of the 
root system, direct and sufficient oxygen uptake, and rapid and provision of uniform 
nutrient spray mist with best root growth environment. Aeroponics uses less water 
and nutrients because the plant roots are sprayed at intervals using a precise droplet 
size that could utilize most efficiently by osmosis to nourish the plant [12]. Using 
A-frames aeroponics (Figure 8) results in good utilization of the greenhouse volume 
because the number of plants has doubled, but due to the variation of light intensity, 
uneven plant growth may occur.

High initial investments and the application of complex electronic devices justify 
the application of this hydroponic technique only to high-income cultures [11]. 
Lakhiar et al. [12] stated that the main problem in aeroponics is related to water nutri-
ent droplet size. The larger droplets permit the less supply of the oxygen availability in 
the root zone, while the smaller droplets produce too much root hair without develop-
ing a lateral root system for sustainable growth. The main potential challenge and 
drawback of the system is constant power supply throughout the plant growth. Any 
prolonged rupture of power energy shuts down the nutrient supply and contributes to 
permanent plant damage.

3.3 Ebb and flow

3.3.1 System workout

The ebb and flow technique is also called “flood and drain” because of its principle 
of time intervals between dry and wet periods. Nutrient solution is available periodi-
cally by soaking the benches filled with plants in containers (Figure 9), or with pot 
plants. After a certain time interval that is programed according to plant species and 
development stage, the nutrient solution is drained from the bench. The system is 
closed and the solution is recycled [11, 13].

Benches are covered with an impermeable rigid plastic profile that directs all water 
to the lowest point at one end of the bench where a siphon device (unpowered) drains 
nutrient water from the bench surface to a gutter below to return the water to the 
nutrient storage tank. The supply water is pumped from the water and nutrient man-
agement storage tank to each bench or group of benches, filling to a depth of 1–2 cm 
within 5 min and draining within 10 min for a total water cycle per bay of 15 min. 
Water and nutrient management system includes freshwater filter and disinfection, 
nutrient dosing device, storage tank with pump, sensors and controls to distribute 
irrigation water and nutrients. Mechanical filtering devices are required to remove 
particulates from the drainage water [14].

3.3.2 Advantages and disadvantages

Ebb and flow has many advantages such as root moisture optimization, water 
saving and fertilizer saving as compared to top sprinkler irrigation. The nutrient 
solution concentration may be reduced by up to 50% when compared to nutrient 
solutions for top sprinkle irrigation, with no detrimental effects on plant growth and 
quality. Subirrigation systems improve the uniformity and quality of bell pepper and 
tomato if grown with minimal nutrient and drought stress. When used for potted 
plants grown on concrete floor, some specific advantages of ebb and flow include: 
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elimination of manual watering, flexibility in design of internal transport of potted 
plants, heating the root zone with low temperature water, and reducing bacterial and 
fungal diseases because of cultivation surfaces that were easy to clean and disinfect 
between cultivation cycles [14].

3.4 Floating hydroponics

The floating hydroponics was first applied in the production of tobacco seedlings, 
and today they are used efficiently in the production of vegetable seedlings and in 
the cultivation of leafy vegetables and herbs. It is important to emphasize that in 

Figure 10. 
Seed sown in Styrofoam plates filled with perlite.

Figure 11. 
Floating hydroponics.
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the cultivation of seedlings, the solution is not aerated to prevent the root growth of 
plants outside the container pot [4].

In floating hydroponics plants are grown in a nutrient solution. The basic advan-
tage of this system is that plants provide access to water, and macro- and micronu-
trients in the form of ions and oxygen over 24 hours, which they can optimally use 
during all stages of growth. This results in faster growth and earlier harvesting, which 
provides more production cycles throughout the year and higher yields [11, 13].

This hydroponic system consists of shallow pools filled with a nutrient solution on 
which Styrofoam plates or containers with plants float. The nutrient solution is raised 
capillary through the openings of the pot of containers or the slit of the plates to the 
substrate in them, that is, to the root of the plant. Styrofoam containers can have a 
different number of pots, and the plates can be of different dimensions, depending on 
the type of vegetables and the purpose of cultivation, respectively, whether leafy veg-
etables are grown due to young leaves for cutting or due to rosette or head. Container 
pots or slots on plates are filled with perlite or some other substrate into which the 
seeds of vegetables or herbs are sown (Figure 10).

3.4.1 Greenhouse preparation and pool construction

The most demanding part of the work in floating hydroponics growing is prepar-
ing the terrain for pool construction, and includes precise straightening, with mini-
mal drop along the greenhouse to keep the water level in all parts of the pool uniform. 
To allow a simpler pool emptying, it is sufficient to ensure a pool drop of 0.1%. If the 
surface of the terrain is rough, it is recommended to apply the sand in a layer of 2.5 to 
5 cm before rolling and final straightening. Due to the good drainage under the pool, 
the level of terrain subjected for floating hydroponics construction should be raised 
10 to 15 cm above the level of the surrounding terrain. The production surface of the 

Figure 12. 
Growing lettuce in floating hydroponics.
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pool, that is, its width and length, depends on the dimensions of the greenhouse and 
floating Styrofoam plates or containers for growing leafy vegetables. It is very impor-
tant that the surface of the entire pool is completely covered with Styrofoam plates to 
prevent the development of algae that cannot develop without light, and which pol-
lute the nutrient solution and create unfavorable conditions for growing vegetables. 
The pool frame height should ensure a nutrient solution depth of 20–25 cm and the 
floating of Styrofoam plates with plants (Figure 11).

Agrotextile is first laid on the aligned soil, followed by PE-film of 0.5 mm thick, 
with complete frame coverage. At the pool bottom, a pipe system for occasional 
replenishment and daily circulation of the nutrient solution (to enrich the solution 
with oxygen) is placed. The nutrient solution is gradually added to the pool depend-
ing on its consumption, and the transpiration of the plants, respectively. For the 
entire production of leafy vegetables, it is also recommended to set up a pipe system 
to maintain the required nutrient temperature [4].

3.4.2 Growing technology

Leafy vegetables (Figure 12) harvested by cutting in the developed phase of 5 to 6 
leaves (baby leaf) sown in Styrofoam plates (96 × 60 × 2.7 cm), with narrow conical 
slits filled with perlite of coarse granulation (0 to 6 mm). Sown plates are covered 
with finer perlite, moistened with water and stacked on each other until seed germi-
nation, when the plates are laid in pools filled with aerated nutrient solution. Optimal 
conditions for germination (temperature from 18 to 20°C and relative humidity 
around 95%) are provided in the germination chamber [4].

If leafy vegetables is grown for harvest of rosettes or heads, seeds are sown into 
rockwool plugs (cubes) 3 × 3 cm. Cubes with seedlings are placed in lattice pots, in 
holes (planting sites) distanced 20 × 20 cm in Styrofoam plates [11]. The plates with 
seedlings are laid in pools filled with a nutrient solution of a certain chemical compo-
sition and optimal temperature.

In this hydroponic technique, plants are constantly absorbing a nutrient solution, 
especially at higher air temperatures when transpiration is more intense, so the level 
of the solution decreases and it is necessary to ensure a pool supplement. The pH and 
EC values, the amount of dissolved oxygen and the nutrient solution temperature 
should be measured daily, and the nutrient solution composition by chemical analysis 
should be done every 2 weeks. The optimal pH value of the solution is from 5.8 to 6.2, 
while the EC value in leafy vegetable cultivation should be in the range between 2.5 
(lettuce, lamb’s lettuce) and 3.2 dS/m (arugula). The availability of nutrients for plant 
is affected by the pH value and temperature of the nutrient solution and the amount 
of dissolved oxygen in the solution. The recommended temperature of the leafy 
vegetable growing solution should be from 21 to 23°C, while the optimal amount of 
dissolved oxygen is 4 to 9 mg/L [13, 15]. If the solution temperature is higher, the abil-
ity of the solution to retain oxygen decreases and the breathing of the roots is more 
intense and oxygen consumption is higher. Lack of oxygen in the nutrient solution 
(below 3 mg/L) results in less root permeability to the water so the plant cannot adopt 
nutrients in the required amount, and toxin accumulation can occur. Plant growth 
is slower and plant damage and leaf chlorosis are possible. Lowering the solution 
temperatures too high will ensure that larger amounts of oxygen are retained and root 
respiratory is reduced [16].

The length of the vegetation from sowing to harvest depends on the type of leafy 
vegetables and growing conditions, and the equipment of the protected area (side and 
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roof ventilation, heating and shading equipment and supplemental lighting, nutrient 
solution heating and cooling system). Lettuce, lamb’s lettuce, endive and chicory are 
harvested once, while arugula and herbs can be harvested repeatedly. However, the 
vegetation tip should not be damaged during the first harvest, so the plants could grow 
again. The annual yield of arugula and lamb’s lettuce in floating hydroponics may be 
40 to 50% higher than the yield in the case of soil grown in greenhouse [17, 18].

After a year-round production period, the pools are cleaned from the rest of the 
nutrient solution, perlite particles and organic matter, than disinfected and prepared 
for a new year-round cycle with the preparation of a nutrient solution, filling the pool 
and continuous sowing and harvesting.

4. Water and nutrient solution

4.1 Water quality

Water is the basis of any nutrient solution and therefore, it is necessary to provide 
sufficient amounts of quality water. High water quality is determined by the low 
concentration of dissolved substances, especially salts. The higher the water quality, 
the easier it is for producers to formulate an optimal nutrient solution. If the water 
quality is lower, more water is needed to dissolve the nutrient salts in open systems, 
that is, to remove excess salt from closed systems. Low quality can be supplemented 
by more water [4].

The quality of water should be taken into account at each beginning of the 
production season in the greenhouse since low-quality water is not usable and 
is expensive to “process” by filtration and/or reverse osmosis. Quality primarily 
depends on the available water source (rainwater, surface water-treated waste 
water and ground water). Rainwater is one of the best sources regarding quality. 
Before water can be used, it must be analyzed to determine the basic level of all 
minerals and ions (Ca2+, Mg2+, SO4

2−, HCO3
−, Na+, Cl−,) present and the pH and 

alkalinity. Without this information, it will be difficult to prepare the optimal 
nutrient solution [19, 20]. Water quality depends on the concentration of dissolved 
substances, and the presence of microorganisms such as algae, fungi and bacteria, 
and certain sediments. The overall analysis should show anions and cations, and 
special attention should be paid to salinity, alkalinity, and excessive concentrations 
of sodium, sulfate, and chloride. When using a drip irrigation system, high water 
quality is required to avoid possible interference by clogging the droppers with iron 
and manganese [20].

The required amount of water is mainly determined by microclimatic conditions 
and a leaf surface [4], which also affects the optimal composition of a nutrient 
solution [6] and EC value [19]. Under conditions of high humidity, low light and 
low temperature, water consumption can be very low. It is very important to know 
how to estimate the maximum amount of water used when the irrigation system 
is constructed and installed. The amount of water that plants consume is caused 
by the degree of growth of the plant, solar radiation, relative humidity and air 
movement.

Salinity is the amount of all dissolved salts quantified as water electrical conduc-
tivity (EC value), and is expressed in mS/cm or dS/m. An important assumption is 
that the EC value of the spring water should be below 1 dS/m. In some cases, the use 
of water with higher EC value is possible for so long while ions, which cause high 
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EC-value, are used as plant nutrients. Even then, the concentration of these ions 
should not be excessive. Water with EC value 0.75–2.25 dS/m has slight to moderate 
restriction in use, while with >2.25 it has severe restrictions. The use of salted water in 
hydroponic cultivation in arid areas results in a slightly lower yield of cultivated crops, 
but therefore of excellent quality. Harmful effects on plant growth are caused by water 
and salinity stress. The maximum acceptable level of Na+ in the nutrient solution var-
ies between 1 and 8 mmol/l, while the maximum acceptable Cl− level in the root zone is 
0.2–0.5 mmol/l higher than the maximum acceptable level for Na+ [19–21].

4.2 Nutrient solution preparation and distribution

In addition to water, nutrient salts or water-soluble complex fertilizers and acids 
are necessary to prepare a nutrient solution. The advantage of nutrient salts is that 
they represent high-purity chemical compounds composed of two to three nutrients. 
Complex water-soluble fertilizers most often contain nitrogen phosphorus, potas-
sium and magnesium with the addition of microelements, which means that when 
correcting the composition of the nutrient solution, it is not possible to change 
the concentration of only one nutrient than to change all the concentrations of all 
nutrients found in the fertilizer [4]. Acid (nitric or phosphoric) needs to be added 
to the nutrient solution to lower the pH value of water (7.2 to 7.5) to optimal for 
hydroponic cultivation, which is between 5.5 and 6.8 [8, 17, 19, 21], although values 
between 5.0–5.5 and 6.5–7.0 may not cause problems in most crops [22, 23]. The EC 
value measured in fresh nutrient solution ranges from 1.5 to 3 dS/m [1, 8]. Lieth and 
Oki [24] stated that EC in soilless production may vary between 0 and 5 dS/m. It has 
been advised to maintain the EC below 3 dS/m to assure rapid plant growth, but this 
is impossible if the water is high in dissolved salts, and the addition of nutrients will 
raise EC to higher value than 3 dS/m.

Figure 13. 
Fertigation unit.
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The preparation of fresh nutrient solution is performed using a dosatron, mixer 
or fertigation unit (Figure 13) depending on the greenhouse. Regardless of the 
hydroponic cultivation technique, the finished nutrient solution is prepared from 
100-fold concentrated solutions in relation to the concentration of the solution that 
is brought to plants by the system. Therefore, in each hydroponic production there 
are at least three tanks for concentrated solution [11]. Two tanks are filled with 
different stock solutions to separate calcium from sulfate and phosphate fertilizers, 
thereby avoiding precipitation of low-soluble compounds. The third tank contains 
a solution of nitric or phosphoric acid, which serves to regulate the solution pH 
value, by neutralization of HCO3

− ion [19]. An equal volume of stock solutions used 
for fresh solution preparation is necessary in order to avoid nutrient misbalance. 
The volume of acid used depends on the water pH and the desired pH value of the 
nutrient solution [4].

In modern hydroponic growing systems, the nutrient solution parameters 
(oxygen concentration, temperature, pH and EC) are automatically controlled by 
a computer system that uses special sensors. The software sets the target values, 
and the fertigation unit measures water parameters and compares them with target 
values to add proper volumes of concentrated solutions and acid until the target 
values are reached. Additionally, probes are immersed in the growing substrate or 
in nutrient solution to collect data in root zone. The data is transmitted in real time 
to the cloud, from where it can be read at any time via a mobile app or computer. In 
this way, a faster response is possible when the parameters of the nutrient solution 

Tomato Pepper Cucumber Lettuce* Strawberry Seedlings

Macronutrients, mmol/L

NO3
− 13.75–16.00 15.50–16.00 16.00 16.00–19.00 11.25–12.00 15.00–16.75

H2PO4
− 1.25–1.50 1.25–1.75 1.25–1.50 1.50–2.00 1.00–1.25 1.50–2.50

SO4
2− 3.75–4.40 1.75 1.375–1.50 1.125–2.00 1.50 2.50–3.00

NH4
+ 1.20–1.25 0.75–1.25 1.25 1.00–1.25 1.00 1.25–2.00

K+ 8.75–9.50 6.50–7.00 8.00 9.50–11.00 4.80–5.50 6.00–8.00

Ca2+ 4.25–5.40 5.00 4.00 4.50 3.50–3.60 4.00–5.00

Mg2+ 2.00–2.40 1.50 1.375–1.50 1.00 1.35–1.50 3.00–3.50

Micronutrients, μmol/L

Fe3+ 15.00 15.00 15.00 40.00 20.00–30.00 25.00

Mn2+ 10.00 10.00 10.00 5.00–7.00 10.00 10.00–15.00

B3+ 30.00 30.00–35.00 25.00 30.00–40.00 10.00–15.00 35.00

Zn2+ 5.00 5.00 5.00 4.00–7.00 7.00 5.00

Cu2+ 0.75 0.75–1.00 0.75 0.75–1.00 0.75 1.00

Mo6+ 0.50 0.50 0.50 0.50–1.00 0.50 0.50

EC, dS/m 2.30–2.60 2.20 2.20 2.20–3.20 1.60 2.20–2.60

pH 5.5–6.2 5.5–6.2 5.5–6.2 5.8–6.2 5.5–6.2 5.5–6.2
*Lettuce and leafy vegetables.

Table 2. 
Nutrient solution composition in tank for greenhouse crops according to different authors [9, 19, 21–23].
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need to be corrected, which undoubtedly has a positive effect on the success of the 
cultivation [25].

Lieth and Oki [24] stated that nutrient solution in hydroponic growing systems 
could be delivered to plants by overhead, surface or subsurface irrigation. However, 
the dominant way of irrigation is surface, particularly drip irrigation in substrate 
grown crops. Nutrient solution is delivered by drippers, pinned or laid on the upper 
side of substrate. One of the most significant problems of drip irrigation is dripper 
clogging, mechanically or chemically, directly related to the quality of irrigation water 
and its physical, chemical and microbiological properties. Therefore, a water quality 
analysis should be performed before installing the drip irrigation system. The filtering 
site must certainly be an integral part of the drip irrigation system [4].

4.3 Nutrient solution composition

Although there are no significant differences in the nutrient solution composition 
among crops, crops can vary significantly in the absorption of individual nutrients, 
especially in certain parts of the vegetation. Nutrient absorption is affected by many 
abiotic (air and substrate temperature and humidity, light intensity and CO2 concen-
tration) and biotic (growth and development phase, fruit load and pest presence) 
factors. However, for more or less standardized growing conditions on substrates, a 
strong correlation between fresh fruit yield and nutrient absorption has been estab-
lished [4, 23]. Contrarily, Sonneveld and Voogt [19] and Savvas et al. [26] quote that 
specialized nutrient solution for each greenhouse crop or even for developmental 
stage is available. Use of this kind of solution is optimal when nutrient uptake ratios 
are similar with the relative proportions between the same nutrients in fresh solu-
tion. This principle should be strictly followed in closed hydroponic systems to avoid 

Figure 14. 
UV-sterilization unit.
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nutrient accumulation and/or depletion. Vox et al. [27] stated that the more concen-
trated nutrient solutions are used for fast-growing crops, such as vegetables, while for 
ornamental plants and strawberry lower nutrient concentrations are normally used. 
Plenty of different nutrient solution formulas have been published and some of them 
are summarized in Table 2.

4.4 Nutrient solution sterilization and recirculation

According to the use of a nutrient solution, hydroponic systems are divided into 
the following: open ones where once used nutrient solution is not used again in the 
system but is drained into evaporation channels or used to fertilize soil-produced 
crop; and closed ones where drained nutrient solution is passed through a sterilization 
system, supplemented with a fresh nutrient solution and reused [6]. If the hydroponic 
system is open, the irrigation system should ensure the amount of nutrient solution 
or water, which will maintain or reduce the salt concentration. Due to that, the part 
of supplied nutrient solution should be drained from the substrate. In practice, the 
drained solution volume varies between 10 and 30%, depending on the quality of the 
water and/or on the crop sensitivity to salinity [4, 6, 23, 27]. In closed systems, salt 
accumulation in the root zone is more common, resulting in reduced yields. To avoid 
this kind of problem, the nutrient concentrations and injection rates of fresh and 
recycled nutrient solution should be monitored and regulated. Also, irrigation with 
freshwater, which washes away excess nutrients, could be applied.

Root’s zone in hydroponic systems needs to be pathogen free to efficiently produce 
good-quality products [2]. Due to hydration, there is a high potential for the rapid 
spread of root diseases [28], especially in closed hydroponic systems. Closed hydro-
ponic systems reduce or limit the runoff of drained nutrient solution into the environ-
ment [3], so in closed systems the drained solution should be filtered and disinfected 
before it is recycled, to avoid spread of pathogens [29]. There are five main methods 
of pathogen control in these systems: heat, filtration, chemical, radiation and biologi-
cal control. Sterilization (heat, oxidizing chemicals and UV-radiation) and membrane 
filtration methods are generally very effective, but may adversely affect beneficial 
microorganisms in the recirculated solution (Figure 14). Slow filtration and micro-
bial inoculation methods are less disruptive of the microflora, but effectiveness may 
vary with the pathogen. Microbial inoculation is perspective in targeted disease 
suppression, but still just a few products are commercially available [28, 29].

From a sustainability perspective, it is important to recirculate the nutrient 
solution to minimize water consumption and residuals to dispose into environment. 
However, it is not always possible to implement systems that balance the consump-
tion of natural resources, energy and financial costs [2]. Besides the environmental 
benefits, closed hydroponic systems can provide higher economic profits, since they 
reduce the quantity of water and fertilizers used during production, and they are 
more efficient in using water and nutrients than open systems, respectively [30]. 
In their research, De la Rosa-Rodríguez et al. [30] achieved 26.9% (13.5 kg) higher 
tomato yield per liter of water in closed than in the open system.

5. Conclusions

Hydroponic growing systems include plant growing techniques without soil, 
on inert substrate (soilless culture), or without substrate (water culture). Inert 
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substrates used are mainly of inorganic or organic origin. The advantage of organic 
substrate use is their sustainability with no or minimal impact to the environment, 
so they could be recommended. Water culture techniques represent closed hydro-
ponic systems, which are more efficient in water and fertilizer use compared to open 
systems (mostly on substrates), and especially compared to soil production. Due to 
high-quality yield regardless of grown crop, hydroponic systems could be a way to 
increase the food production sustainability in the future, characterized by population 
growth, climate changes and the reduction of natural resources.

Future development of hydroponics through research and particularly through 
application should be focused on vertical farming and plant factories, which will 
ensure continuous production increase with sustainable use of resources by controlled 
environment agriculture.
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Chapter 3

Agriculture’s Contribution to 
the Emission of Greenhouse 
Gas Nitrous Oxide (N2O) and Its 
Feasible Mitigation Strategies
Raushan Kumar and Nirmali Bordoloi

Abstract

Climate change and agriculture have a dual mode of relationship. Agriculture is an 
important sector of the country’s economy and it significantly contributes to climate 
change by releasing greenhouse gases (GHGs) to the atmosphere. On the other hand, 
climate change is a global threat to food security and it can affect agriculture through 
variation of weather parameters. Reducing GHGs emission mainly methane (CH4) 
and nitrous oxide (N2O) from the agriculture could play a significant role in climate 
change mitigation. N2O is a potent greenhouse gas mainly emitted from rice-wheat 
cropping system. Agricultural lands are considered as one of the important anthropo-
genic sources of N2O emissions and it account almost 69% of the annual atmospheric 
N2O emission and application of commercial fertilizers is considered as a major con-
tributor to the N2O emission. This book chapter focuses on the feasible soil and crop 
management practices to reduce the N2O emission from agriculture without compro-
mising the productivity. Different environmental factors that have a major impact on 
N2O production are also discussed in this chapter. On urgent basis, the world needs to 
reduce the anthropogenic N2O emissions from agriculture and adapt its sustainable 
cropping system and food-production system to survive with climate change.

Keywords: climate change, food security, fertilizer, nitrous oxide, management 
practices

1. Introduction

Global climate change is caused by the increasing concentration of many climate 
pollutants like carbon dioxide (CO2), methane (CH4) and nitrous oxide (N2O) etc. The 
agriculture and food production is connected with emissions of all these three gases 
but emissions of CH4 and N2O are directly dominated by agricultural activities [1] and 
10–12% of the total GHGs produced globally by anthropogenic activities [2]. Among 
the non-CO2 greenhouse gases (GHGs), N2O is an important long lived GHG and 
agriculture represents its largest source worldwide. N2O is a major driver of climate 
change and considered as a very reactive gas and potent ozone-depleting substance 
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in the stratosphere [3]. Moreover, it exerts adverse impacts on crop production and 
human health [4]. The emission of N2O can lead to an indirect health impact, namely 
the depletion of the stratospheric ozone layer. This depletion results in higher levels 
of UV radiation reaching the earth’s surface, leading to an increased incidence of skin 
cancers [5]. Additionally, regions with elevated N2O concentrations may experience 
air pollution due to its contribution. When N2O combines with other pollutants, it can 
form ground-level ozone and fine particulate matter, which can worsen respiratory 
issues, particularly in individuals who already have asthma and chronic obstructive 
pulmonary disease (COPD) [5]. The rising earth’s temperature due to the increasing 
N2O concentration can have also detrimental effects on precipitation patterns and 
lead to more extreme temperatures, adversely impacting plant growth and productiv-
ity. Additionally, increased N2O levels in the atmosphere can cause higher nitrogen 
deposition in soils. While nitrogen is vital for plant growth but excessive amounts can 
disrupt the nutrient balance, depleting essential nutrients and compromising plant 
health [5]. Furthermore, the depletion of the ozone layer due to the emission of N2O 
allows harmful UV radiation to reach the earth’s surface, potentially harming plants 
and hindering the process of photosynthesis.

Since 1750, concentrations of GHGs have been increasing due to anthropogenic 
activities. The anthropogenic N2O is increasing annually, which has risen from a pre-
industrial value of 270 ppb to a value of 324 ppb in 2011 and 332 ppb in 2019 [6].

Agriculture is the major primary anthropogenic source of N2O emission, globally 
contributing around 3.8 (2.5–5.8) Tg N yr−1 or 22% to the atmospheric N2O budget 
[7]. The use of synthetic fertilizer, manure and increase in agricultural lands are the 
main reason of N2O emissions from soil (Figure 1). When plant roots cannot uptake 
all the applied fertilizer due to their growth stages, some of it runs off or leached out 
and remaining amount is consumed by the soil microbes and convert the ammonia to 
nitrate and finally back to N2 gas (Figure 2).

N2O is emitted as a byproduct during the conversion of ammonia/ammonium 
to nitrate and nitrate to N2 by microbial process of nitrification and denitrifica-
tion respectively [8]. The excess nitrogen in the soil also leads to lower nitrogen use 
efficiency (NUE) by plants. Although the global agricultural food system depends 
of application of synthetic fertilizers to increase the crop productivity however; the 

Figure 1. 
Contribution of different sources to N2O emission from soil (source: Gupta et al. [8]).
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abundance use of synthetic fertilizer is unsustainable due emission of N2O from soil 
and pollutes waterways through nitrate leaching. The global food system is respon-
sible for ∼21–37% of annual emissions [9]. Further, N2O emissions are expected to 
increase over to coming decades due to projected increases in food demand for over 
increasing population, agricultural land and fertilizer use. However, active manage-
ment of agroecosystems through managing soil and plants can offer a sustainable 
opportunity for N2O mitigation without jeopardizing crop growth and food produc-
tion. In this chapter, we have tried to address all the factors associated with agricul-
tural N2O emission and their feasible management practices to reduce the production 
and emission of N2O.

2. Role of rice-wheat cultivation in N2O production and emission

The primary sources of N2O in rice-wheat soil is the transformation of reactive 
N by soil microbes [10]. When N enters the soil in the form of NH4

+ and NO3
− via 

organic or mineral fertilizers, various reactions might occur, resulting in N2O produc-
tion. Three main processes, namely nitrification, denitrification and nitrifier deni-
trification, are considered the main contributors to N2O emissions [11]. Nitrification 
(NF) is regarded as the primary process involved in the global N cycle. The majority 
of N transformation during nitrification is mediated by autotrophic microorgan-
isms. The initial stage in NF is NH3 oxidation to hydroxylamine. This mechanism is 
mediated by ammonia-oxidizing archaea (AOA) and ammonia-oxidizing bacteria 
(AOB). Denitrification (DNF) is a reduction process involving the conversion of NO3 
to N2, mediated by facultative anaerobic bacteria [12]. This process can be completed 
up to N2 production, but if it is not completed, N is released as NO and N2O. 70% of 
worldwide N2O emissions are attributed to NF and DNF microbial activities [13]. 
Nitrifier denitrification is the reduction of NO2− to NO, then to N2O and finally to 
N2 [14]. The soil gets submerged or saturated with water during rice cultivation. 
This reduces the amount of oxygen available to nitrifying microorganisms, halting 

Figure 2. 
Use of excess nitrogen and N2O emission from the soil.



Climate Smart Greenhouses – Innovations and Impacts

48

the nitrification process. In such soils NH4-N is the major form of N. The drying of 
the soil at the harvest of rice crop and aerobic condition of soil in wheat cultivation 
favors nitrification and accumulation of NO3-N, which is prone to losses by denitri-
fication and leaching during flooding in subsequent rice cultivation. Moreover, the 
fluctuating soil moisture conditions and the intermittent drying and flash flooding 
in rice cultivation, cause large N losses to occur. Therefore, though continuously 
flooded rice paddies are not considered to be an important source of atmospheric N2O 
because N2O, an intermediary product of denitrification, would be rapidly reduced 
to N2 under the intensive anaerobic conditions and rice-wheat systems may produce 
considerable amount of N2O. Each process’s contribution to N2O emission is affected 
by soil texture, organic C, soil pH, microbial activity, and environmental factors such 
as precipitation and temperature [15], as discussed in next section.

3. Factor affecting N2O emission from rice wheat soil

N2O production and emissions from rice wheat soil are regularly governed by 
different microbial-mediated activity and also depends on several pathways of gas 
transport, such as: plant-mediated transport (through the aerenchyma). N2O emis-
sion from the rice wheat soil are also mediated through biologically, therefore, its 
emission from the soil is affected by different climatic as well as agricultural manage-
ment factor which are depicted in Figure 3.

Figure 3. 
Factors affecting N2O emission from rice wheat ecosystem.
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4. Sustainable mitigation strategies of N2O emissions

There are a number of mitigation strategies that can be applied to rice and wheat 
grown soil that would increase productivity while lowering N2O emissions and strength-
ening agriculture’s ability to withstand climate change. In this section, briefly we draw 
attention to some recent research advances in mitigation strategies and technology tools 
to expand our understanding about soil and crop management for enhanced nitrogen 
use efficiency (NUE) and N2O emission mitigation (Figure 4). All mitigation strategies 
focus on site-specific management practices and the use of technologies that will assist 
limit N losses via ammonia volatilization and nitrate runoff, leaching and drainage 
pathways. The importance of site-specific agricultural management practices to improve 
crop and soil recovery of applied N (efficiency), crop productivity per unit of N applied 
(efficacy), and N2O per unit of crop production has been stressed.

4.1 Agricultural management practices

4.1.1 Irrigation pattern management

Flood irrigation (FI) is the most widely used irrigation method in developing 
countries such as India, Pakistan, Bangladesh, and most part of Africa. High volumes 
of water are given to crops in FI, resulting in fertilizers dilution and easily absorbed 
[16]. Large irrigation volumes, on the other hand, influence the anaerobic condi-
tions permissive to N2O generation and nitrate leaching [17]. To avoid this, a precise 
water application strategy, such as alternate wetting and drying (AWD), could save 
water while also lowering N2O emissions. This is because low water content requires 
more time for oxygen penetration into the soil, which leads to inhibition of microbial 
activity in the soil responsible for N2O formation [18]. Similarly, intermittent irriga-
tion, which means the field is alternately watered and drained, has a high potential 
to reduce N2O production from soil because this irrigation method has the advantage 
of improving soil oxidative conditions by increasing root activity, soil bearing capac-
ity, and ultimately minimizing water inputs that create anaerobic conditions. This 

Figure 4. 
Key principles of climate smart agriculture and associated mitigation strategies of N2O emissions.
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promotes the penetration of oxygen into the paddy soils and, as a result, reduces 
N2O emissions. Another modified irrigation strategy is sprinkler-irrigated field (SI), 
the surface layer in a SI is comparatively loose than FI. As a result, in such soils, the 
NO3-N and NH4-N are less leached and remain more concentrated in the root zone, 
making them more easily absorbed by plant roots and hence less likely to be converted 
to N2O [19]. Different irrigation pattern and N2O mitigation potential from rice-
wheat fields are showed in Table 1.

4.1.2 Tillage practices

Soil tillage has a significant impact on N2O emissions during rice-wheat cultiva-
tion because it alters soil physiochemical and biological characteristics, stimulating 
microbial N2O generation [26]. Traditional plowing or rotational tillage, which is 
extensively employed today, exposes the surface, which increases soil depletion 
and lowers the quality of cultivated land as well as the soil’s ability to continually 
feed fertilizer. The usage of conservation tillage (CT) techniques, such as no-tillage 
(NT) and reduced tillage (RT), is progressively increasing, owing to the reduction of 
greenhouse gases, improvement of soil and water quality and enhanced water effi-
ciency. Six et al. [27] proposed that preserving NT throughout time could lower N2O 
emissions. These findings are also corroborated by van Kessel [28]. The researchers 
conducted a meta-analysis on 239 direct comparisons of CT, NT and RT and found 
that, on average, neither NT nor RT emit more N2O than CT. Long-term research 
(>10 years) using NT and RT procedures, primarily in dry regions, revealed a con-
siderable reduction in N2O emissions. Different tillage practices and N2O mitigation 
potential from rice-wheat fields are showed in Table 1.

4.1.3 Crop residue management

Crop residue (CR) return regulates N2O emissions by regulating microbial activity 
and C/N availability and it is predicted that CR return produces 0.4 million metric 
tons of N2O-N yr−1 globally [29]. Several authors have noted that returning CR can 
increase N2O emissions by increasing C and N availability for microbial activities and 
modifying soil aeration by improving soil aggregation and microbial demand, which 
is thought to be a major factor mediating soil NF and DNF for N2O production [29]. 
Other authors, on the other hand, reported that adding CR had an inhibitory effect 
on N2O emission, depending on soil conditions and crop residue C/N ratio [30]. The 

Crops Agricultural management practices N2O mitigation potential References

Rice AWDI + RS 15 t ha−1, AWDI + RS 30 t ha−1 18.68%, 31.55% [20]

Wheat Sub-surface drip irrigation 56.16% [21]

Wheat Straw incorporation 19.4% [21]

Rice Reduce tillage 3–6% [22]

Rice Zero tillage 22% [23]

Rice Optimizing N rate with RT 6% [24]

Wheat Zero tilled with rice residue application 11–12.8% [25]

Table 1. 
Different agricultural management practices and N2O mitigation potential from rice-wheat fields.
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return of CR can act as a carbon source for microbial development, promoting N 
uptake by microorganisms. This activity can result in a fierce competition for NH4+ 
between heterotrophic microorganisms and autotrophic nitrifiers, which results in 
N2O production [31]. However, in CR management, it is believed that no unambigu-
ous behavior with regard to N2O emission can be detected. To improve smart CR 
management and its contribution to reduced N2O emissions, several factors must be 
considered, including CR properties and ambient circumstances.

4.2 Inorganic fertilizer management

Mitigating N2O emissions requires increased NUE through improved temporal 
synchrony between N supply and plant demand. This requires efficient N manage-
ment strategies, such as selection of the right source (enhanced efficiency fertilizers), 
right quantity, right time and right application method.

4.2.1 Altering fertilizer dose and matching N supply with crop demand

Appropriate fertilizer management can significantly reduce N2O emissions from 
rice-wheat fields. It has been reported that the application of N fertilizers in soil is not 
totally consumed by the crop; consequently, it is more vital to enhance fertilizer usage 
efficiency, which can significantly reduce N2O emissions [8]. A potential technique 
for reducing N2O emissions is to reduce the amount of N input into the soil [32]. This 
is due to lesser N input in soil causing competition between plants and soil microor-
ganisms, which favors soil N uptake by plants, resulting in lower N2O emission than 
with high N fertilizer application. Bordoloi et al. [24] observed that reducing fertilizer 
rates by 25% (from 60 to 45 kg N ha−1) significantly reduced N2O emissions from fer-
tilized rice fields. The N application method can also have an impact on N2O produc-
tion. In fact, placing N near the roots boosted NUE and lowered N2O emissions [33]. 
Furthermore, optimizing N fertilizer application to better match nutrient availability 
with crop demand considerably reduced soil residual N, lowering N2O emissions [34]. 
Split fertilizer applications at different crop stages ensure continuous N availability, 
which enhances NUE and decreases N2O emissions [35].

4.2.2 Right time of fertilizer application

The right time implies applying fertilizer when the plant will benefit the most and 
avoiding times when fertilizer will be lost to the environment. In terms of lowering 
N2O emissions, the time of fertilizer application is closely related to the amount of 
fertilizer used. Fertilizer application weeks after planting rather than before sowing 
enhances the likelihood that applied N will end up in crop tissues rather than being 
lost to the atmosphere and ground water.

4.2.3 Improving N fertilizer placement

Improved N placement strategies, such as urea deep placement (UDP) at a soil 
depth of 7 ± 10 cm, boost NUE and crop yields while lowering emissions when 
compared to broadcast application [36]. In flooded rice fields, UDP keeps N in the 
root zone as NH4

+-N for a longer period of time, ensuring a constant supply of N to 
plants throughout the growing season. It has been observed that UDP boosts rice 
yields by 20%, NUE by 30%, and decreases N2O emissions by 84% when compared 
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to broadcast urea treatment [37]. Deep placement of N fertilizers in lowland rice 
resulted in an 80% reduced N2O emission than traditional surface spreading [37]. 
This is because a substantial part of N was maintained in the soil for a longer period 
of time. The positioning of N closer to the plants reduces N2O emissions significantly, 
as in the case of urea band application rather than broadcasting.

4.2.4 Selection of suitable fertilizers

Different fertilizers influence N2O emissions due to varying levels of NH4
+, NO3

−, 
and organic carbon. The higher the level of N application, the greater the increase 
in N2O emissions [38]. Higher quantities of N application significantly enhance the 
DNF, which increases N2O emissions. Furthermore, types of fertilizers also influ-
ence NF and DNF process which ultimately affect the production of N2O emissions. 
The use of anhydrous ammonia, for example, considerably enhanced N2O emissions 
[39]. Grave et al. [40] investigated how different N sources affected N2O emission in 
a maize-wheat rotation. They reported that, in comparison to the control plots, the 
application of urea and slurry increased N2O emission by 33% and 46%, respectively. 
Bordoloi et al. [41] investigated the effects of various urea concentrations on N2O 
emissions in a wheat cropping system and discovered that N2O emissions rose concur-
rently with urea concentration, reaching a maximum of +174% with 100 kg N ha−1 
from urea. Furthermore, Lebender et al. [42] examined the effect of the N source 
calcium-ammonium-nitrate (200, 400 kg ha−1) on N2O emission from the wheat 
crop. They observed that 400 kg N ha−1 consistently produced considerably more N2O 
emissions than 200 kg N ha−1 over time. Higher N2O emissions result with the applica-
tion of calcium ammonium nitrate, particularly in moist soils with high OM [43]. In 
another study, Nayak et al. [44] discovered that substituting ammonium sulphate for 
urea enhances N2O emissions. However, changes in N2O emission from N fertilizers 
can be attributed to soil parameters including as texture, bulk density, pH, organic 
carbon, N, and microbial population [45]. Overall, the most important domain of 
intervention to reduce N2O emissions is the selection and management of appropriate 
fertilizers.

4.2.5 Use of nitrification inhibitors or slow-release fertilizers

Enhanced-efficiency fertilizers including nitrification inhibitors (NIs), urease 
inhibitors (UIs), and control release fertilizers (CRF) have been developed to 
increased NUE. The use of NIs, such as dicyandiamide (DCD), in conjunction 
with urea or ammonium-based fertilizers (at the optimal N rate), could boost NUE 
while decreasing N2O emissions in a variety of agricultural systems [46]. The NI 
decreases N2O emissions directly by inhibiting NF, as well as indirectly by reducing 
NO3

− availability for DNF without compromising yield [47]. The chemical com-
ponents in the NI inhibit the enzymes involved for the first step of NF (ammonia 
mono-oxygenase; AMO), allowing NH4

+ to remain in soils for extended periods of 
time [48]. As a result, the NI reduces the rates of NF and the availability of sub-
strates for denitrifiers, lowering N2O emissions from fertilizers [49]. Various authors 
observed a considerable reduction in N2O emission with the application of various 
NI, including dicyandiamide, hydroquinol, nitropyrimidine, and benzoic acid [50]. 
Plant-derived products, such as neem oil, neem cakes, and karanja seed extract, can 
also be used to inhibit NF. CRF should be used in places where the sensitivity to N 
losses is significant [51]. CRF treatment reduced N2O losses and N application rate in 
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paddy rice by 26–50% without impacting yield [52]. However, CRF can be used as a 
sustainable strategy to minimize N losses in conjunction or as an alternative to urea 
[53]. Different inorganic fertilizers management and N2O mitigation potential from 
rice-wheat fields are showed in Table 2.

4.3 Organic fertilizer management

Organic fertilizers (OFs) such as biochar, manure, compost etc., offer soil bacteria 
with a variety of C compounds with diverse chemical compositions, ranging from 
labile to recalcitrant, that they can use to improve their growth rates and biomass 
during the mineralization process. OFs have dramatic, short- and long-term effects 
on the soil microbiome and are critical for soil health by increasing microbial activity, 
microbial interactions, and nutrient cycling [61]. Application and potential of dif-
ferent organic based fertilizers for mitigating N2O emission from rice wheat soil have 
been discussed below as well as shown in Table 3.

4.3.1 Biochar application

Recently, the use of biochar has been regarded as an effective method for improv-
ing soil fertility, agricultural productivity, and mitigating GHG emissions from soil 
[19]. Biochar contains unique properties such as a highly porous structure, C-rich fine 
grain and enhanced surface area [70], which can draw attention to an effective GHG 
mitigation technique [71]. Several research have been reported by various authors 
relating to the amendment of biochar and its impact on GHG generation [72]. Biochar 
has been shown to minimize N2O emissions by inhibiting NF and DNF processes or 
by promoting N2O reduction in soil. Recent meta-analyses have revealed that biochar 
reduces N2O emissions after application by an average of 20% [39]. Another study 
found that using biochar reduced N2O and NH3 emissions by 16.10% and 89.60%, 
respectively, as compared to a control treatment in rice crops [65]. Zhang et al. [69] 
reported that amendment of biochar at the rate of 10 t ha−1 and 40 t ha−1 significantly 
reduced the N2O emission by 58% and 74%, respectively when compared to field 
without biochar application. The use of biochar raises soil pH and causes N2O to be 

Crops Inorganic fertilizers management N2O mitigation potential References

Wheat Controlled-release fertilizers 29–66% [54]

Wheat Polymer-coated urea, sulfur-coated urea and 
urea-formaldehyde

39.45%, 30.74%, 11.68% [55]

Rice Carbon-based slow-release fertilizer 36.69% [56]

Rice Dicyandiamide nitrification inhibitor, Urea 
deep placement

95%, 73% [57]

Rice 25% reduction in fertilizer rate (30 kg N ha−1) 
over normal rate (40 kg N ha−1)

6.90–7.59% [58]

Wheat Urease inhibitor + urea 56.4% [59]

Wheat Rescheduled fertilizer N topdressings with 
moderate N (25 kg ha−1) at sowing and 

remaining N dose in two equal splits

32.4% [60]

Table 2. 
Different inorganic fertilizers management and N2O mitigation potential from rice-wheat fields.
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completely converted to N2, lowering N2O emissions [73]. However, the effect of 
biochar on N2O emissions varies depending on the amount of biochar used and soil 
parameters such as pH, C:N ratio, organic carbon, water status and microbial and 
enzymatic activity [74].

4.3.2 Use of organic amendments

Organic amendments (OA), which include compost, vermicompost, green 
manure, animal wastes (i.e., manures and slurries), etc., have been widely employed 
to reduce N fertilizer application, improve soil fertility and mitigate environmental 
deterioration [75]. Some studies have shown that OA increases N2O emissions through 
DNF by acting as an energy source for denitrifiers and promoting the establish-
ment of anaerobic micro-sites within soil aggregates [76]. Other researchers, on the 
other hand, found that OA reduces N2O emissions by boosting N microbial absorp-
tion, reducing the availability of N substrates for N2O synthesis via NF and DNF 
[77]. A long-term study found that the amount of OA is crucial for organic carbon 
accumulation and the consequent impact on N2O emissions [78]. Furthermore, it is 
considered that the synthetic fertilizer substitution ratio by OA is a significant aspect 
in regulating N2O emissions [78]. Application of fermented manures a type of OA can 
minimize GHG emissions due to the rapid depletion of OM pools during fermentation 
[79]. Nayak et al. [44] exposed that using composted manure reduced N2O emissions 
considerably. In paddy soil, application of compost reduced N2O emissions by more 
than 50% when compared to urea [80]. When compared to fresh straw, the use of 
organic material produced by aerobic composting of rice straw significantly reduced 
N2O emissions [81], indicating that this strategy is environmentally favorable. Type 
of OA i.e., vermicomposting is a promising method that involves converting organic 
waste into compost in the presence of earthworms [82]. Because of the abundance of 
suitable resources, the material created as a result of their action has good structure 
and microbiological activity. In a rice study, the use of vermicompost reduced the 
transfer of NH4

+ and NO3
− to water [83]. In contrast, the combined application of 

biochar and vermicompost impacted soil characteristics by increasing the abundance 
of nosZ genes and decreasing N2O emission [84]. As a result, combining biochar with 
vermicompost may be a potential way to reducing N2O emissions. Compost or manure 

Crops Organic fertilizer management N2O mitigation potential References

Wheat Organic manure alone 39.4% [62]

Rice wheat Straw return + earthworm addition 19% [63]

Wheat Reduce N (140.3 kg ha−1) + 10 t ha−1 biochar 7.57–12.93% [64]

Rice-wheat Straw biochar application 16.10% [65]

Rice Urea with organic amendments (poultry 
manure, crop residues, green manure)

11–24% [66]

Rice Sugarcane bagasse 31% [67]

Rice Rice straw + green manure 38% [68]

Rice Biochar at the rate of 40 t ha−1 21.5% [19]

Rice Biochar at the rate of 10 t ha−1, 40 t ha−1 58, 74 [69]

Table 3. 
Different organic fertilizers management and N2O mitigation potential from rice-wheat fields.
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which is another type of OA, can help to enhance soil structure and nutrient availabil-
ity to growing crops, reducing the demand for mineral fertilizer and thereby lowering 
GHG emissions [85]. Green manure crops such as Cowpea, Sesbania, Azzola, and 
Mungbean had a high ability to reduce N2O in rice fields [86]. Because of the gradual 
release of nitrogen from decaying green manure residue, plant uptake efficiency 
and crop production can be better aligned, while N leaching losses are decreased. 
Different organic fertilizers management and N2O mitigation potential from rice-
wheat fields are showed in Table 3.

4.4 Crop management practices

4.4.1 Selection of plant cultivars

The selection of suitable crop cultivars with improved resource use efficiency 
appears to be an auspicious and environmentally acceptable technique for minimiz-
ing N2O emissions from soil. Before selecting suitable crop cultivars, it is more 
important to investigate the mechanism of exudate and aerenchyma effects under 
field conditions, because variations among different types of crop cultivars have been 
linked to deviations in N2O emission production, oxidation, and transport capacities 
[87]. According to Baruah et al. [88], different rice cultivars have varying capacities 
for transporting N2O from paddy soil to the atmosphere, and these approaches are 
suitable for lowering GHG emissions. The physiological and anatomical properties of 
different rice cultivars may influence N2O emission. Rice plant shape and physiology 
regulate GHG emissions by giving energy sources to microorganisms via sloughed-off 
root cap [89]. Another study found that lower N2O emissions were associated with 
a plant strategy defined by more effectively N absorption [90]. Plant cultivars with 
higher N uptake were demonstrated to be able to reduce the N pool, particularly 
NO3

−, resulting in lesser substrate availability for denitrifiers and, as a result, lower 
N2O emission. Variation in N2O emission among cultivars has also been documented 
in grain and legume intercropping [91]. In another study, researchers observed that 
plants contribute significantly to N2O emissions and proposed that N2O emission is 
significantly controlled by plant characteristics in the soil-crop system [92].

4.4.2 Modifying cropping schemes

In paddy field, switching from conventional puddled transplanted rice (TPR) sys-
tem to directly seeded rice (DSR) may contribute to reducing GHG emissions. Under 
the DSR method rice seeds are sown directly in the soil where they will grow instead 
of transplanting seedlings. DSR methods are classified as wet (pre-germinated seeds) 
or dry seeding. Wet sowing method involves broadcasting pre-germinated seeds into 
a puddled and leveled field that is free of standing water. However, standing water 
on the soil surface in conventional rice fields hinders the passage of oxygen from 
the atmosphere into the soil and microbial activities render the water-saturated soil 
practically devoid of oxygen, resulting in anaerobic conditions. Denitrification is the 
primary mechanism for N2O emission in TPR, because of the anaerobic conditions. In 
DSR, the main mechanism for N2O emission is nitrification, which takes place under 
aerobic condition. In fact, it was noticed that DSR increased N2O emission when the 
redox potential (RP) crossed 250 mV [93]. Therefore, in DSR water should be applied 
in such a way that RP be kept at a range of 100–200 mV to reduce N2O emissions. 
Furthermore, it was noted that the GWP of DSR can be further reduced by converting 
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to no-tillage farming [94]. DSR’s lower GWP and higher production rate imply that it 
would reduce N2O emissions. More extensive research involving GHG measurements 
under the concurrent effects of elements like as water, tillage, fertilizers, and biochar 
are, however, desperately needed to validate DSR as a feasible method that also 
minimizes the environmental impact.

4.5 Integrated nutrient management

Integrated nutrient management (INM) is the application of OA and inorganic 
fertilizers together to promote NUE and reduce N losses by coordinating crop 
demand with soil nutrient availability [36, 75]. Different components of INM are 
given in Figure 5. Some researchers compared the effects of NPK fertilizer, compost, 
and their combination on N2O emissions [36, 95]. They exposed that combining 
NPK and compost lowered N2O emissions when compared to using only compost 
or NPK. Furthermore, they proposed that applying composted material with a C:N 
ratio less than 20 considerably reduced N2O emissions due to the release of less N 
during soil decomposition. The longer breakdown of C and N, as well as the slower 
release of mineralized N, resulted in decreased N2O emissions when OA was used 
[96]. Huang et al. [97] observed a reduction in N2O emission with increasing C:N 
ratio plant amendments and observed that this relationship grows stronger with the 
addition of inorganic N. In line with the previous findings, study found that applying 
OA with a lower C:N ratio alone or OA with a higher C:N ratio in combination with 

Figure 5. 
Different components of INM practices.

Crops INM practices N2O mitigation potential References

Rice Biochar (50 t ha−1) + fertilizer 18% [99]

Wheat Chemical fertilizer reduction + organic 
manure

42% [62]

Rice Inorganic fertilizer + green manuring 
(mungbean)

17% [86]

Rice 50% urea +50% poultry manure 11–14% [66]

Rice 60 kg urea +30 kg Azolla 27.13% [100]

Table 4. 
Different INM practices and N2O mitigation potential from rice-wheat fields.
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inorganic fertilizers reduces N2O emissions without affecting crop productivity [98]. 
Application and potential of INM practices for mitigating N2O emission from rice 
wheat soil are shown in Table 4.

5.  Recent technological advancements and innovations in mitigation 
strategies of N2O emissions

Several technological advancements and innovations have shown promise in 
further reducing N2O emissions in agriculture. While there might have been addi-
tional developments beyond that date, here are some of the notable advancements up 
to that point: (a) Precision agriculture technologies, such as GPS-guided equipment 
and sensor-based systems, enable farmers to apply fertilizers more efficiently and 
accurately. By precisely matching nutrient application to crop needs, these technolo-
gies can reduce nitrogen losses and subsequent N2O emissions. (b) Efficient irrigation 
systems, such as drip irrigation and sensor-based watering, can optimize water and 
nutrient application, reducing excess nitrogen leaching and subsequent N2O emis-
sions. (c) Advancements in data analytics, remote sensing, and artificial intelligence 
can provide farmers with valuable insights into soil health, crop performance, and 
weather patterns. Access to real-time data can help optimize nitrogen management, 
leading to reduced N2O emissions. It is essential to note that while these technological 
advancements hold promise in mitigating N2O emissions, their effectiveness can vary 
depending on local conditions, farming practices, and the scale of implementation.

6. Adoption of greenhouse technology for climate control

The greenhouse cultivation for field crops comprises basis climate control 
parameters which depend on their design and complexity. It provides more or less 
climate control condition for plant growth and productivity [101]. This technology is 
beneficial in increasing crop production with limited resources and in harsh climate. 
Elimination of heat load is the main concern for greenhouse climate management 
basically in arid and semi-arid region and this can be done by reducing incoming solar 
radiation; removal of extra heat through air exchange; and increasing the fraction of 
energy partitioned into latent heat [102]. Considering shortage of resources, climate 
change, urbanization and population growth, the active smart greenhouse technol-
ogy can support the countries food security while meeting the sustainability [103]. 
The current technology like fertigation, closed hydroponics, climate control systems 
(natural and forced ventilation, heating and fog systems and fan and pad systems) 
are used in greenhouses for sustainable production.

7. N2O measurement techniques from soil

N2O emissions from soil are largely affected by environmental variables such as 
substrate availability, redox potential and temperature etc., across various temporal 
and spatial scales. Therefore, it is necessary to understand the environmental variabil-
ity of N2O emissions, to further quantify the scale of soil–atmosphere N2O exchange 
and create statistically viable measurement programmes to establish emission 
rates from plot to regional levels. The optimal method should be selected from the 
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viewpoint of cost, required accuracy, time consumption, and so on. Here we describe 
different N2O emission measurement techniques used by different researchers.

7.1 Closed chamber technique

The closed chamber technique is now the most extensively used measurement 
technique for estimating soil N2O emissions. This is simple to use, inexpensive and 
allows us to study treatment effects as well as to carry out specific process studies. The 
closed chamber is made of 6 mm thick acrylic transparent sheets (50 cm length, 30 cm 
width and 70/90/120 cm height) used for gas sampling [24]. In each sampling plot, 
U-shaped aluminum channels (50 cm × 30 cm) is inserted into soil to a depth of 15 cm 
well in advance to accommodate the chambers. The chamber is placed on the U-shaped 
channels at the time of sampling. During gas sampling the aluminum channel is filled 
with water, which acted as air seal when the chamber is placed on the channel. Air 
inside the chamber is thoroughly mixed or homogenized with a battery-operated fan 
before sampling. Air temperature inside the chamber and soil temperature at 5 cm 
depth is measured by using mercury thermometers while taking gas samples. Gas 
samples are collected from the chambers by airtight syringe (50 ml volume) fitted with 
a three-way stop cork at an interval of 15 min (0, 15, 30 and 45 min). Gas samples are 
brought to the laboratory immediately after sampling and analyzed for N2O concentra-
tions using gas chromatograph (GC). However, there are several advantages to using a 
closed chamber technique, such as shortcomings related to environmental conditions 
(e.g., temperature effects, soil compaction, plant damage, disturbance of diffusion 
gradients [104], limited coverage of soil surfaces (usually less than 1 m2), which means 
that spatial heterogeneity is often not adequately addressed, collar insertion in the soil 
and root cutting, or temporal coverage of measurements [105].

7.2 Fast-box method

The fast-box approach is a new method that will be used to investigate spatial vari-
ability of trace gas fluxes [106]. An N2O analyzer (e.g. Tunable Diode Laser (TDL)) is 
coupled to a chamber in this setup. This allows for a large reduction in closure times, 
allowing chamber positions to be altered in minutes and spatial variability to be 
investigated. Closure durations of 30–60 min are usual with standard GC procedures.

7.3 Micrometeorological measurements

Micrometeorological measurement of N2O with TDL detection is based on the princi-
ple of diode laser absorption spectroscopy. It offers a non-intrusive, continuous spatially 
integrated measurement technique for detecting and quantifying baseline and episodic 
N2O emissions at the paddock scale. Pattey et al. [107], analyzed the wide variety of con-
ceivable micrometeorolgical applications of TDL technology. The TDL measurements 
were made using the TGA-100A (Campbell Scientific Inc.). They were reported that 
dried air was sampled from the two heights at 3 s intervals, raw N2O measurements were 
taken at 10 Hz, and concentration data were averaged over 20 min. Micrometeorological 
approaches require homogeneous areas with a considerable fetch (>1 hectare) that are 
unaffected by structures, trees, hills, and other factors. For the straight fetch area, land 
use, land management, vegetation, and soil qualities should be uniform. These methods 
are most commonly used in flat terrain with vast, homogeneous land uses, such as 
pasture, grassland, maize, or wheat monocrops, woods, or tree plantations.
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7.4 Modeling based approaches

Over the last few decades, a wide variety of process models for modeling soil N2O 
emissions have been created, each of which is suitable to one or more specific ecosys-
tem types (e.g., arable, grassland, forest) [108]. Models can be classified depending 
on their degree of complexity of the biogeochemical N cycle such as mineralization, 
nitrification, denitrification as well as trace gas production, consumption and emis-
sion processes.

8.  Role of policies and economic incentives in promoting N2O mitigation 
strategies

Policy formulation should aim to encourage farmers to adopt mitigation meth-
ods that do not compromise their productivity and profitability. To promote the 
use of mitigation technology in agriculture, three main paths should be pursued: 
investments, incentives, and information. Agricultural output as a GHG source is 
unique due to its small-scale, dispersed nature, and often inadequate physical and 
institutional infrastructure. Policy initiatives should consider these variations and 
implement cost-effective payment schemes to incentivize and support agricultural 
mitigation efforts. Establish an extension system to assist farmers in adopting climate 
change mitigation practices. This support can include facilitating access to new mar-
kets, especially carbon markets, providing information on new regulatory systems, 
and informing farmers about government goals and policies related to climate change. 
Increase research funding to enhance our understanding of how climate change 
impacts agriculture. This includes studying the interactions between climate change 
and agricultural practices, which can lead to better forecasts and informed policies 
for long-term sustainable growth, particularly with a focus on pro-poor development. 
By implementing these policy approaches, the government can effectively encourage 
farmers to adopt mitigation methods that contribute to climate change mitigation 
while ensuring their agricultural productivity and economic well-being.

9.  Co-benefits and potential trade-offs associated with N2O mitigation 
strategies

N2O mitigation strategies in agriculture can offer both co-benefits and potential 
trade-offs. These strategies aim to reduce nitrous oxide emissions from agricultural 
practices, thereby addressing its negative impact on climate change and the environ-
ment. However, the effectiveness of these strategies may vary, and they can have 
additional implications for agricultural productivity, soil health, and economic 
aspects. There are several co-benefits associated with N2O mitigation strategies. 
By implementing N2O mitigation strategies, such as better nitrogen management 
practices, farmers can help reduce greenhouse gas emissions and contribute to global 
efforts to combat climate change. Some N2O mitigation strategies, such as using cover 
crops, reduced tillage, and organic farming practices, can enhance soil health. These 
practices can increase soil organic matter, improve nutrient cycling, and enhance soil 
structure, leading to better water retention and reduced erosion. Implementing N2O 
mitigation measures often involves optimizing nitrogen use on farms. This can lead to 
better nitrogen use efficiency, which benefits farmers economically by reducing input 
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costs and minimizing nitrogen losses to the environment. N2O is not the only nitrogen 
compound emitted from agricultural practices. Nitrogen runoff and leaching can 
lead to water pollution, affecting aquatic ecosystems and human water supplies. 
N2O mitigation strategies can also reduce other forms of nitrogen pollution, thereby 
improving water quality. Beside these co-benefits there are also some potential 
trade-offs associated with N2O mitigation strategies. Some N2O mitigation strategies, 
particularly those that involve reducing synthetic nitrogen fertilizers, can lead to 
decreased crop yields if not managed properly. Balancing nitrogen inputs to optimize 
both yield and environmental benefits can be challenging. Implementing certain N2O 
mitigation strategies may involve initial investments in new technologies or changes 
in farm management practices, which can impose additional costs on farmers. While 
some practices may have long-term economic benefits, short-term financial con-
straints can be a trade-off. Agricultural systems are complex, and the effectiveness 
of N2O mitigation strategies can vary depending on factors such as soil type, climate, 
and local management practices. The uncertainty associated with their outcomes can 
be a trade-off.

10.  Knowledge and capacity building in promoting N2O mitigation 
strategies

The adoption of N2O mitigation strategies in agriculture requires more than just the 
availability of technologies and practices. Awareness campaigns, training programs, 
and knowledge-sharing platforms play a critical role in promoting the understanding 
and adoption of these strategies among farmers and stakeholders. These initiatives can 
address barriers to adoption, disseminate valuable information, and foster behavioral 
change toward sustainable agricultural practices. Many farmers might not be aware 
of the environmental impact of N2O emissions or the available mitigation strategies. 
Awareness campaigns can help disseminate knowledge about the link between agricul-
tural practices, GHGs emissions, and climate change, thus creating a sense of urgency 
and responsibility among farmers. Training programs provide farmers and agricultural 
stakeholders with the necessary skills and knowledge to implement N2O mitigation 
strategies effectively. These programs can cover various topics, such as precision 
agriculture, improved fertilizer management, and soil health practices. Farmers might 
be hesitant to adopt new technologies due to unfamiliarity or uncertainty about their 
benefits. Knowledge-sharing platforms can showcase successful case studies, demon-
strations, and testimonials from other farmers who have successfully implemented N2O 
mitigation practices. Different regions and farming systems have varying challenges 
and opportunities for N2O mitigation. Awareness campaigns and knowledge-sharing 
platforms can tailor information and strategies to suit specific contexts, making it more 
relevant and applicable for farmers. Overall, fostering awareness, providing relevant 
training, and establishing knowledge-sharing platforms are essential components of 
promoting the adoption of N2O mitigation strategies in agriculture.

11. Conclusions

It is becoming obvious that no single management strategies can result in increased 
crop yields and lower N2O emissions across the wide geographical areas. While site-to-
site variability and climate influences on N2O emissions are significant, site-specific 
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adjustments in agricultural management strategies can provide remedies and should 
be given more attention. Understanding the mechanisms of N2O formation in rice-
wheat fields has led to the development of various mitigation techniques to reduce N2O 
emissions. Site-specific fertilizer management, modifying irrigation strategies such as 
AMD, intermittent irrigation and the use of DSR all help to reduce N2O emissions. N2O 
emissions can be reduced by using fermented manures, altering N fertilizer sources, 
timing, placement methods, applying NI, or using slow-release fertilizers. Similarly, 
biochar, compost, straw ash inclusion, and INM have the ability to significantly reduce 
N2O emissions while maintaining crop production. On the other hand, farmers will only 
accept mitigation techniques that do not reduce grain yield. More agricultural focus may 
be drawn to site-specific management adjustments and the use of technologies that will 
assist limit N losses via ammonia volatilization and nitrate runoff, leaching, and drainage 
pathways. The mitigation measures outlined above are scientific discoveries, but effec-
tive implementation of these options alone or in combination at the farmer level requires 
a deliberate policy and strong government backing. The policy to reduce or eliminate 
N2O emissions into the atmosphere will differ depending on the region or country and 
it will be heavily reliant on government financial assistance. However, in order for such 
techniques to be effective and fruitful in reducing GHG emissions and maintaining crop 
output in a changing environment, all social, economic, educational, and political barri-
ers must be addressed. More research on climate-smart agriculture is needed to validate 
at the agricultural system level and to inform policymakers about the projected implica-
tions of climate change and the effectiveness of mitigation strategies.
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Chapter 4

Innovative Greenhouse to Improve
Economic and Environmental
Conditions
Zainab Abdel Mo’ez Mansour Embaby

Abstract

Together with the World Bank and the Food and Agriculture Organization (FAO),
a number of international organizations are promoting innovation in agricultural
systems to combat natural disasters like extreme weather, drought, floods, rising sea
levels, increased snowmelt, and changes in the amount and timing of water used for
irrigation. The impacts of climate change on food security are undeniably significant,
and they are expected to get worse over the coming years as a result of population
growth, economic development, urbanization, and the recurrence of natural
disasters. In today’s agribusiness, particularly horticultural agribusinesses such as
vegetables and decorative plants, climate-smart greenhouse is not a novel concept. In
terms of GHG (greenhouse gas) emissions, CSA (Climate Smart Agriculture) can
contribute. These days, climate-smart greenhouse (CSG) can actually connect adap-
tation and mitigation at all scales and helps farmers take the lead in combating
climate change. The research on CSG emphasizes the need for innovative thinking to
harmonize policy and practices in a way that is complementary. Additionally, CSG
has to have a better grasp of how well-equipped the consultants or extension
services are in each nation to assist with training farmers in climate-smart practices.
Additionally, new financial tools are required to enable global, national, and local
transformations.

Keywords: greenhouse, climate change, food security, adaptation, mitigation,
innovative thinking, climate smart emissions, climate smart agriculture

1. Introduction

The world is currently dealing with a difficult, complex, but solvable set of issues as
part of its ambitious attempt to achieve self-sufficiency in food production. Climate
change modifies agricultural production and food systems, posing hazards of vulnerabil-
ity and unpredictability to farmers and those who create policy. Planning for adaptation
can take into account scientific data from both assessments of adaptable capability and
estimates of climatic consequences, Figure 1 ([1], pp. 8537-8362) clarified Impact
approaches ([2], pp. 2775-2789; [3], pp. 607-610; [4], pp. 4422-4443). In view of analyz-
ing global climate forcings and circulation models, they suggested that the main factors
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influencing crop yield are the connections between simulation and real-world adaptation
to comprehend and predict climate change.

Climate change is harmful. The studies [5, 6] affirmed that climate change and
variability (CCV) affect crop harvesting, including decreased rainy days, prolonged
dry spell, sea-level rise, drought frequency and severity, heat stress, wind, pest, and
disease outbreaks activities resulting in changes in rainfall patterns around the world
with increasing flood. According to United Nations Environmental Protection Agency
[7], climate forcing refers to a change in the Earth’s energy balance, and a variety of
natural and human variables can affect the Earth’s energy balance and contribute to
climate change. Burning fossil fuels, destroying forests, and preparing land for towns,
roads, and farmland are all examples of human activity. It was concluded that all of
these actions contribute to the atmospheric emissions of greenhouse. However, the
Intergovernmental Panel on Climate Change [8] predicts that global warming will
exceed the 1.5C upper limit this century, without rapid and significant cuts in green-
house gas emissions. Figure 2 clarifies adaptation plans and actions that keep global
warming to 1.5 degrees Celsius with little to no overshoot ([8], pp. 13-14).

A chart (Figure 2) shows GHG emission reduction needed to keep 1.5 degrees C
within reach. (IPCC AR6). Since fossil fuels are the primary source of GHG emissions and
one of the causes of global warming, the phase-out of these fuels must be accelerated
throughout society. Climate change impacts on agriculture will make it difficult to meet
the key Sustainable Development Goals (SDGs) of ending hunger, achieving food secu-
rity, and ensuring sustainable food production systems by 2030. In the longer term,
facing the challenges to the quantity and quality of foods, urgent action is urgently
needed to achieve food security. Agriculture is the affected sector of food security in all
dimensions, especially food availability, through extreme weather events. On the other

Figure 1.
Impact and capacity approaches to adaptation planning. Source: https://www.researchgate.net/figure/impact-
and-capacity-approach.2013.
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hand, climate extremes are considered one of the challenges to the quantity and quality of
foods people can access. Food Agriculture Organization ([10]; [11], pp. 521-546) released
agriculture is a sector contributing both carbon emissions and capture uniquely suscepti-
ble to climate and extreme weather. In addition, agricultural innovations can combat
climate change through both mitigation and adaptation (World Bank group [12]). To
accommodate climatic conditions, agricultural activities will need to be modified to
reduce greenhouse gas (GHG). Climate change is the only one of the major forces which
will affect the future of agriculture. Others include population growth and increases in
income as well as changes in human capital, knowledge, and infrastructure. Much of the
changes in agriculture will stem from new innovations. The previous studies [13, 14]
affirmed the role of Climate Smart Agriculture (CSA) in response to climate change. CSA
plays a prominent role in facing increased demand for food. The CSA approach has been
considered an essential mechanism for achieving the Sustainable Development Goals.

2. The significance of the chapter

With a share of 560m3 of water per person, Egypt has become one of themost water-
scarce nations in theworld (UnitedNations International Children’s Emergency Fund [15].
Additionally, Egypt may soon run out of water, with climate change being the primary
cause. CSG contributes significantly to the community’s revenue in rural areas, even in the
absence of population growth and the race to enhance agricultural productivity. As a result,
the emphasis of this analysis is on the significance of climate-smart greenhouse (CSG) as a
cutting-edge remedy for food insecurity both globally and in Egypt.

3. Methodology

The current review study focused on numerous data found in English-language
peer-reviewed papers worldwide with searches using terms relevant to CSA practices

Figure 2.
GHG emission reductions consistent with 1.5°C from 2019 emissions to 2040 emissions. Source: [9].
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and CSA outcomes. The objective of this ongoing review is to give a first appraisal of
the evidence for CSG as an innovative one contributing to improving economic and
environmental conditions. This review highlighted Egypt, aiming to offer effective
supporting information to decision-makers and policy makers as well as overall pro-
fessionals and end-users in introducing new techniques, artificial intelligence, and
communication infrastructure in agriculture sector. Then it focuses on:

• factors contributing to development of greenhouses and technologies worldwide
(Section 1).

• overview of the climate-smart agriculture worldwide (Section 2).

• overview of the severe effects of climate change on the agriculture sector in
Egypt (Section 3).

• CSA and GHG emissions (Section 4).

• economic and environmental benefits of application CSG (Section 5).

• application of CSG (Section 6).

• factors affecting traditional agriculture (Section 7).

3.1 Development of greenhouses and technologies worldwide

A number of significant factors, including population growth; urbanization;
wealth development; changes in human capital, knowledge, and infrastructure; as
well as climate change, have resulted in the introduction of novel characteristics to
traditional agricultural farming methods [16]. The study conducted to release in Qatar
to boost the local food and achieve its National Vision 2030, particularly the food
security, environmental, and sustainability challenges, focused on differentiating
innovations based on their forms, such as technological, managerial, and institutional
innovations, in line with the economic growth hypothesis. It also clarified that tech-
nical innovation takes the form of new tools, mechanical innovations (like tractors),
biological innovations (like seeds), chemical innovations (like fertilizers), better
practices like Integrated Pest Management, enhanced pruning methods, and crop
rotation serve as better practices’ equivalents to managerial innovations, which are
not physically represented in capital. Institutional innovations can refer to novel
organizational structures, like cooperatives, and trading agreements, like futures
markets and contract farming [17]. Due to the variety and irrationality of the effects
of climate change, there are many different sorts of innovations. Sapkota et al. [18]
propose that a way forward to address food security, climate change adaptation, and
mitigation challenges faced by current agriculture is to widely promote suitable con-
servation agriculture (CA) practices by integrating them into national agriculture
development strategies. The benefits of CA in terms of food security, climate change
adaptation, and mitigation have been demonstrated in the Indo-Gangetic Plains (IGP)
based on the findings of numerous farm and station trials. Due to greater accessibility
and availability of food, there will be an increase in farm productivity and income for
household food security. Similar improvements in crop yield; higher energy, water,
and nutrient usage efficiency; as well as the least amount of heat stress show
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adaptability to climate change and unpredictability. It’s still early to adopt and inte-
grate new CSA technologies, like drones, and big data applications, including artificial
intelligence and machine learning. Although multidisciplinary CSA research in Africa
has advanced significantly, there is still a vacuum in the application of policies. Barasa
et al. [19] made it clear that in order for the sub-Saharan region to achieve benefits
from CSA, concrete steps must be taken to, among other things, encourage farmers to
implement context-specific CSA technologies, make funds available to them, encour-
age investments, and create policy frameworks that support CSA.

3.2 Overview of effects of climate change on agriculture in Egypt

Along with others, [20] stated in light of the severe effects of climate change on the
agricultural sector in Egypt, it was made clear that climate adaptation is a major
national priority to preserve food security. In order to address the dispersion of
funding schemes, it was further underlined that the Ministry of Environment should
create a specific Climate Financing and Resource Mobilization Unit for adaptation in
agriculture. International Monetary Fund (IMF) [21] clarified that as a result of
climate change, the nations in the Middle East and Central Asia (ME&CA) have
similar macroeconomic policy problems. The past economic effects of the region’s
main climate stressors—lower growth, shifting GDP and employment shares, and
larger fiscal and external imbalances—will likely get worse with the predicted inten-
sification of the region’s climate stressors, especially where current weaknesses in
climate resilience persist. Therefore, even under the assumption of mild global
warming and ambitious global mitigation measures, regional policymakers must
acknowledge that climate change would have an influence in the past three decades:
variations in temperature and precipitation patterns have decreased per capita earn-
ings and changed the sectoral composition of the economy, as econometric study
claims. However, climate adaptation is an urgent priority for the region and requires
significant additional spending and hence financing.

3.3 CSG and emissions reductions

The studies [6, 19] agreed upon empirically identifying factors that affect the
intensity of participation in emission practices in Ghana and determining if adopting
climate-smart agriculture practices decreases participation in emission practices. The
study used inverse-probability-weighted regression adjustment (IPWRA) to achieve
its goals, and empirical findings indicated that CSA can be applied as a method to
lower GHG emissions from agricultural sources. Additionally, the government should
take into account CSA technology installation as part of its policy. Also, it confirmed
that the methodological approach is regarded as a robust one because it produces
estimates that are nearly uniform across the IPWRA, the generalized Poisson model,
and both Poisson and Poisson models. On the other hand, the studies affirmed that
CSA increases profit, and minimizes vulnerability by reducing greenhouse gas emis-
sions, by smart and advanced technological knowledge.

3.4 Economic and environmental benefits of application CSG

A case of Villages Around Songe-Bokwa Forest, Kilindi District, Tanzania [22]
revealed that there was rainfall variability, shift in rainfall patterns, and increase in
temperature in the study area. Figure 3 shows impacts of climate change on household
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livelihoods, showing that 38.7, 18.6, and 12.8% of households perceived that climate
change variability (CCV) resulted in food shortage, decreased income, increased
disease outbreaks, youth emigration, and rise of food price.

A notable increase in crop harvest after farmers engaged in CSA was recorded in
Table 1. The findings show farmers were food secured and gained more income
through sales of their crops, and they used part of their income for paying school fees,
buying production tools, supporting medical services, purchasing livestock, and pay-
ing for house construction. Consequently, CSA farmers became more resilient to
negative climate effects. The study used random and purposive sampling designs to
collect quantitative and qualitative data. Data in this study on the contribution of CSA
to farmers livelihoods. Data in this study, on the contribution of CSA to farmers
livelihoods, was subjected to analysis of variance(ANAVO) using the SPSS software
package for Windows. Were more food secured and gained more income. In response
to the decline in crop productivity and deforestation, the findings showed that
farmers engaged in CSA practices such as agroforestry (i.e. agrisiliviculture), conser-
vation agriculture, integrated nutrient management, and agronomic techniques such
as cover crops, improved crop varieties, drought-resistant crops, intercropping, and
crop rotation. Also, the production of crops after the introduction of CSA was higher
than before the practice (α = 0.05, df = 5, p = 0.028).

Figure 3.
Impacts of climate change on households. Source: The results of the study Nkumulwa & Pauline [22].

Crop type No. of responses Before CSA practice After CSA practice

Maize 56 5.21 11.02

Beans 56 2.86 6.41

Pigeon pea 47 2.52 4.43

Tobacco 36 12.34 17.05

Mango 53 57.23 74.15

Cassava 42 41.22 64.82

CSA, climate-smart agriculture. Source: From the results of the study Nkumbula & Pauline [22].

Table 1.
Comparison of crop harvest per acre in a bag of 90 kg for climate-smart farmers before and after engaging in CSA
interventions.
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Benefits of CSG include scheduling productions so as to maximize output, improve
quality, and minimize waste. Figure 4 shows the tremendous benefits of smart agri-
culture compared to traditional agriculture. ([23], pp. 1-45) concise the benefits of
CSA as water conservation; optimization of the use of fertilizers and pesticides mak-
ing products are more toxin-free and nutrient-rich. In addition to, the benefits include
increased crop production efficiency; reduction of operational costs; opening up of
unconventional farming area in cities, deserts; lower greenhouse gas emissions;
reduced soil erosion; real time data availability to farmer. Also, production and distri-
bution of food will be in economically efficient way as never before.

The automation of greenhouses has advanced significantly in recent years, largely
due to environmental sensors that are essential to its programmed operation. In fact,
modern sensor technologies integrated into smart greenhouse solutions are now fre-
quently utilized to track the environment for crop growth. Using DHT 11 sensors to
collect temperature and humidity data, it is possible to compare the conditions inside
and outside a smart greenhouse for fruitful crops. While assuring effectiveness and
sustainability, the integration of smart systems can decrease reliance on labor and
boost profitability.

4. Application of climate-smart greenhouse and challenges

According to a survey, the majority of studies concurred on the key attributes of
the smart greenhouse. It is [2, 16, 23] clarified a climate-controlled indoor space

Figure 4.
Smart agriculture benefits over traditional agriculture. Source: https://www.researchgate.net/publication/35782463
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designed specifically for plants. It is a self-contained farm monitoring environment
with IoT, AI, and ML technologies integrated. The farm is shielded from wind, storms,
and floods. It boosts productivity effectiveness without requiring manual labor. For
humans to have access to sustainable food sources, the smart greenhouse is crucial.
The climate-smart greenhouse (CSG) application is a structural system used to
develop a range of fruits, vegetables, flowers, and other plants that need particular
temperature and humidity conditions to thrive. This is required so that the smart
greenhouse can adjust the environment to meet the needs of its plants. To track the
movement of dangerous insects that have entered the greenhouse farm, we employ a
motion sensor. We can reduce insecticide waste by using insecticides just where they
are identified, avoiding unnecessary spraying in other areas. Nkumulwa and Pauline,
[22]; Sapkota et al. [18] highlighted the main factors: high population growth, and
limited support from the government that drive farmers to practice unsustainable
farming practices. Food security represents one of the agricultural productivity chal-
lenges. It is the greatest risks that requires implementing CSA as a proposed solution.
On the other hand, to address triple challenges of present agriculture: food security,
climate change adaptation, and GHG mitigation, wide-scale promotion of CA-based
production system could be an important government strategy. Contrasting views
about implementation indicate that CSA’s focus on the “triple win” (adaptation, miti-
gation, and food security) needs to be assessed in terms of science-based practices [24].

5. Implications of climate-smart greenhouse research

CSG focuses especially on agriculture. It refers to an approach that sustainability
increases productivity, enhances resilience (adaptation), reduces GHGs (mitigation)
where possible, and enhances achievement of food security and development goals.
CSA approach assessment is based on science-based practices. CSG can only be
achieved in the long term after understanding and mitigating any challenges as the
new paradigm shifts. Innovative thinking is required in order to reconcile policy and
practices along complementary lines. CSG implementation also faces a better under-
standing of the capacity of extension services or consultants in each country to help
train farmers on climate-smart practices. It is well-known that innovative technolo-
gies require specific extension support, sometimes not readily available. It’s also
important to comprehend the attitudes and behaviors of farmers regarding CSA
activities. It all boils down to whether or not individual farmers are prepared to make
the necessary adjustments or have the skills and knowledge to do so. Additionally,
new financial tools are required to facilitate changes at all scales, including local,
national, and global [20]. Along with the UNFCCC negotiations and the COP27 -
Agriculture & Climate Change, new funding mechanisms are being developed for
both climate change and agriculture. The recently concluded COP27 (November 23)
of the United Nations Framework Convention on Climate Change (UNFCCC) offers a
chance to start the shift to regenerative agriculture, under a whole food systems
approach, which can bring various benefits for climate, health, resilience, biodiver-
sity, and social justice. It concentrated on the need to see a 10-fold increase in climate
finance to change agriculture and food systems for food and economic security by
2030. Innovative finance has a significant role to play in this.

Egypt performed a super job encouraging climate-smart agriculture to respond to
the region’s urgent agri-food and climate change requirements. It focused on the
necessity of a 10-fold increase in climate finance to transform the food and
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agricultural systems for both economic and food security by 2030. Innovative finance
can play a big part in this. Also, it can reduce food loss and waste and deal with the
deterioration of irreplaceable natural like soil and water, and use ways to deal with
heat, drought, and water scarcity under forecasted climate change scenarios. FAO
Egypt at COP27 Hybrid Event, Sharm El-Sheikh (Egypt), 6–18 November, 2022. FAO
Egypt at COP27 FAO in Egypt Food and Agriculture Organization of the United
Nations.

6. Conclusions

In this chapter, we have seen how CSG is both a technical and a political concept
that requires multidisciplinary work. We have also demonstrated how difficult it is to
simultaneously implement the three pillars of CSG. We have discussed the main
obstacles to CSA’s adoption as well as its major policy and decision-making ramifica-
tions. Globally, rising temperature trends, an increase in the frequency of weather
extremes, and an increase in seasonal variability have all been identified as new
dangers to agriculture. Due to direct greenhouse gas emissions, agriculture has now
been identified as one of the causes of climate change. Due to its potential involve-
ment in GHG mitigation, agriculture is now starting to be seen as a way to combat
climate change. A climate-smart greenhouse can aid in the creation of land-use plans
that make the connectivity of adaptation and mitigation possible at all scales, thereby
assisting farmers in taking the lead in the fight against climate change. The main
takeaways from this chapter are as follows: (1) CSG meets sustainability, productivity,
mitigation, food security, and development goals; (2) creative thinking is necessary;
(3) a deeper comprehension of farmers’ perspectives is also necessary; (4) additional
financial instruments are required; and (5) a deeper comprehension is required of how
well-equipped extension services or consultants are in each nation to assist in educat-
ing farmers about climate-smart practices. There is still room for improvement in
policy implementation at the level of small farmers. To benefit from CSG, concrete
steps must be taken to encourage farmers to use CSG technologies, provide them with
the right funding, and encourage investment.

Acronyms and abbreviations

AI artificial intelligence
ANOVA analysis of variance
CA conservative agriculture
CCV climate change and variability
CSA climate smart agriculture
CSG climate smart greenhouse
EPA United States environmental protection agency
GDP gross domestic product
HGs green house gases
GHG green house gas
IMF international monetary fund
IGP Indo-Gangetic plain
IoT internet of things
IPCC intergovernmental panel on climate change
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IPWRA inverse-probability-weighted regression adjustment
ME&CA middle east and central Asia
ML machine learning
SDGs sustainable development goals
UNCIF United Nation children international fund
UNFCCC United Nations framework convention on climate change
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Chapter 5

A Review of Controlled 
Environment Agriculture (CEA) 
Vegetable Production in Africa with 
Emphasis on Tomatoes, Onions  
and Cabbage
Taiwo Bintu Ayinde, Charles Fredrick Nicholson  
and Benjamin Ahmed

Abstract

This chapter reviews the available information about performance indicators for 
controlled environment agriculture (CEA) and conventional production systems in 
Africa with an emphasis on those arising from tomatoes, onions and cabbage produc-
tion. We identified a small number of studies that reported, yields per land area, costs, 
cumulative energy demand (CED), global warming potential (GWP) and water use for 
either CEA or field-based production systems. The available information does not allow 
robust comparisons of CEA and field-based production for any of these indicators, which 
suggests the need for expanded and improved crop-specific data collection from existing 
operations and the usefulness of alternative approaches such as economic engineering.

Keywords: controlled environment agriculture, economic analysis, GHG emissions, 
vegetable production, Africa

1. Introduction

More than 25% of the world’s population suffers from micronutrient deficiencies 
and related health problems [1, 2]. Increased vegetable consumption has been pro-
posed as a mechanism to reduce the prevalence of non-communicable diseases (NCD) 
in low and middle-income countries [1]. However, increasing vegetable consumption 
faces the challenge of increasing availability (production) at affordable costs [2, 3]. 
Total conventional (field-based) vegetable production increased in Africa from 2001 
to 2021, with both tomatoes (Solanum lycospersicum L.) and onions (Allium cepa L.) 
production increasing by 59%, and cabbage (Brassica oleracea var. capitata L.) by 65% 
[4]. Field-based vegetable production in Africa is often practiced close to water supply 
points, in swampy areas or along the littoral band with easy access to water. In such 
areas, farmers operate within an informal economy and cultivate plots generally less 
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than 1 hectare in size [3]. Production practices are characterized by the use of limited 
machinery and other inputs and hand-powered technology such as the use of cutlass, 
hoe and irrigation boxes [3]. African vegetable farmers generally have access to limited 
information about technical recommendations [4, 5]. This contributes to a wide range 
of negative impacts on the environment that include reduction in crop yield and sub-
sequently income and revenue, biodiversity loss, deterioration of water catchments, 
declining plot sizes, land degradation and greenhouse gas (GHG) emissions [5, 6].

The increased demand for affordable and nutritious food in urban areas has 
resulted in more demand for land and high migration from rural to urban areas, 
with workers willing to carry out conventional vegetable farming. Supply chains for 
vegetables produced in the open fields of rural are usually informal with low levels 
of coordination [1]. Disruptions in international food supply chains due to COVID-
19 and economic and political instability in the region have also compounded the 
inability to attain regional self-sufficiency in vegetable consumption.

Recent years have seen increased discussion about whether alternatives to field-
based vegetable production such as controlled environment agriculture (CEA) 
provide a mechanism to increase supply in urban areas. CEA comprises multiple types 
of approaches at alternative scales, including the production of plants, fish, insects, 
or animals using in- (home production or indoor gardens), medium- (e.g., com-
munity gardens), or larger-scale commercial operations, e.g., rooftop greenhouses, 
plant factories (PF) or vertical farms (VF) often using hydroponics, aquaponics or 
aeroponics, and growth chambers. These technologies control to varying degrees 
environmental parameters such as humidity, light, temperature and CO2 to create 
optimal growing conditions [6–16]. CEA technologies are classified according to the 
type of facility and growing systems [16]. Soil-based CEA systems use regular soil or 
compost as the plant growth medium and the predominant type of greenhouses in 
Africa [5, 7, 12–16]. In contrast, hydroponic systems are soilless culture in which solu-
tions containing nutrients are applied directly to the roots of the plants. Aquaponic 
systems combine fish cultivation and hydroponics plant production. In aquaculture, 
microbial activity converts fish excreta into nutrients. The nutrient-rich wastewater 
is then pumped through the hydroponic area for use as the plant nutrient. The plants 
take up the nutrients and clean the water, which is then cycled back into the fish tank.

There has been significant rise in global CEA production for over the past two 
decades; the primary crops in CEA production focus on vegetables that form part of 
the local diet across all income groups (e.g., tomatoes, peppers, spinach, cabbage, 
and other leafy greens). Whether sold on local markets or to ‘niche’ markets such as 
hotels, the price is the same as for soil-grown produce [17]. The global–defined here 
as including vegetables that are important in diets across all income groups (e.g., 
tomatoes, peppers, spinach, cabbage, and other leafy greens)—has increased by 
∼80% from $ 0.4 billion in 2013 to $8.5 billion in 2022, and it is projected to reach 
about $20 billion in 2026. The main production regions in 2022 were North America 
($1.4 billion), Europe ($1.4 billion) and Asia-Pacific ($1.3 billion). Africa and the 
rest of the world contributed about 14% of the global total, $665 million [17, 18]. CEA 
operations can often use fewer pesticides, land and water per unit of product [1], and 
reduce susceptibility to pests, diseases and adverse weather conditions. CEA has the 
potential to produce year-round yields of high-quality produce with yields as much 
as 20 times higher [7, 8, 17]. Depending on the technologies compared, CEA can use 
considerably less water and with the use of renewable energy sources could reduce 
GHG emissions per kg of product [1, 8]. CEA has received particular attention for 
production in urban areas where demand is large, but land is limited. CEA may play 
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a beneficial role in the production of vegetables, for which Africa’s per capita con-
sumption is the lowest in the world although demand is increasing. Africa’s vegetable 
imports amounted to US$ 1.9 billion in 2013. Most of the vegetables imported 
(tomato, lettuce, and onion) can be produced in the region [17].

In addition to the potential impacts on the supply of vegetables, peri-urban CEA 
development in low-income counties could provide opportunities for young people 
migrating to cities from rural areas who are in search of more profitable and less 
physically demanding work than traditional farming or because rural livelihoods 
are now less viable [16]. Growers in Kenya, Nigeria and India who provide training 
in hydroponics or aquaponics identified four common categories of people who are 
interested in starting commercial CEA ventures: young people looking to start their 
own business; conventional farmers wanting to try a new approach or boost insuffi-
cient income; people in other professions seeking additional income; and white-collar 
workers who are close to retirement.

Despite the advantages of higher yields and lower use of some inputs [8–11] some 
CEA production systems (e.g., plant factories or vertical farms) do not appear to be 
particularly “climate-smart” in the sense that they can have high production costs, 
and use more energy and emit more GHG per unit product [8–11]. CEA activity based 
primarily on soil-based greenhouses is growing in parts of Africa [16]. Egypt and 
South Africa have seen development of large-scale greenhouse projects in coopera-
tion with Dutch businesses, greenhouses have a ‘considerable’ presence in Kenya, 
and a few cases in other countries exists (Nigeria, Namibia, and Somaliland). Efforts 
to promote increased production of fruits and vegetables with CEA on small farms 
in low-income countries have achieved limited success. The uptake of CEA technol-
ogy particularly has been limited in low and middle-income countries, particularly 
in Africa, with high costs for installation and maintenance cited as constraints 
[1, 11, 12]. However, distance to market, having government support and access to 
social media, additional information are key positive determinants of awareness that 
would help inform the potential role for CEA in Africa (e.g., [19–22]). To date, there 
are few empirical studies that carry significant ecological impacts, food insecurity, 
nutrition-related problems, farmer livelihood challenges, and persistent food system-
related inequities on CEA production in Africa [16, 17].

The objective of this chapter is to review the available evidence about the costs 
and selected environmental performance indicators for CEA and field-based irrigated 
production systems in Africa with an emphasis on tomatoes (20.7 million tonnes) and 
onions (15.50 million tonnes) for being some of the predominant vegetables grown 
in 2021 [4]. Literature search showed up no public data to demonstrate the economic 
and environmental viability of large-scale CEA production of cabbages and other 
crops of the cabbage family (4.00 million tonnes) [2, 17].

The evidence is derived from previous studies that reported information about the 
costs per unit, yields per land area, cumulative energy per unit, GHG emissions an 
global warming potential (GWP) and water use for CEA and conventional vegetable 
production. This will provide more information on the potential role for CEA produc-
tion systems in Africa and highlight the priority needs for additional research.

2. Materials and methods

This review considers six performance indicators per unit of product: cost of out-
put, yields per land area, cumulative energy, GHG and GWP and water use for three 
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crops (cabbage, onions, and tomato) in Africa. The information derives from studies 
with a Life Cycle Inventory (LCI) and Life Cycle Assessment (LCA) perspectives. 
LCI and LCA are related in the sense of providing accounting of comprehensive and 
systematic documentation of the impacts, processes and material flows of produc-
tion but LCI focuses on current operational inputs and impacts (like energy use in 
a greenhouse) whereas LCA includes the inputs and impacts of ‘embedded inputs’ 
(for example, the energy to manufacture and dispose of steel used in a greenhouse). 
Previous reviews (e.g., [23, 24]) have adopted a similar approach to synthesis of the 
available information.

We developed a database with information about the six performance indicators 
using two approaches. For the first approach, we identified literature published from 
January 2000 to January 2023 using Scopus and Web of Science with search terms 
‘life cycle inventory’ AND (‘greenhouse’ OR ‘CEA’) AND (‘tomatoes’) and evaluated 
which studies had information on production systems in Africa. Fifty-four articles were 
obtained from the initial search for tomato production. An additional three studies 
were identified from the literature cited by the articles identified through the database 
searches. The second approach employed a search in Google scholar for ‘Africa’ AND 
(‘onions’ OR ‘cabbage’ OR ‘tomatoes’) AND ‘irrigated’ and ‘CEA production’. This search 
resulted in seven studies on irrigated and CEA production, of which three [15, 16, 25] 
contained multiple data points (for either for different crops or production systems).

Although 64 studies were reviewed, the number of observations for which specific 
values of the six indicators per unit of the product were reported or could be calcu-
lated was considerably smaller. Many studies reported ranges of values for aggrega-
tions of multiple crops (e.g., [15, 25]), which we deemed insufficiently specific for 
this review. We thus excluded the observations derived from these studies. Our review 
identified four observations for unit costs per (2 for tomatoes from [26] and two for 
general vegetables [5, 15]), and two values for each of Cumulative Energy Demand 
(CED; MJ/kg [26]), Global Warming Potential (GWP; kg CO2eq/kg [26]) and water 
use (lts/kg [7, 16, 26]).

One possible reason for the limited number of studies with information for 
specific crops is the predominance and importance of “mixed vegetable” production 
systems with multiple crops grown throughout the year. In some sense, it is the overall 
performance of these systems that is important for the farms producing them, which 
are often of smaller scale. Thus, studies of the overall performance metrics of costs, 
yields and water use [15, 26] are more common than studies reporting that infor-
mation for individual crops. In addition, most studies did not report all metrics of 
costs, yields, CED, GWP and water use; production indicators were more commonly 
reported than estimates of energy or GWP. In some cases, we made conversions of 
available data to estimate appropriate metrics. For example, water use was sometimes 
reported in units of liters per m2 per day, which required an estimate of the length of 
the growing season in addition to the conversion of yields to kg/m2.

The functional unit for our analysis (a measurement that is normalized across 
all systems for comparative purposes) was 1 kg of product (multiple vegetables or 
tomato) grown each year. We undertook conversion calculations (e.g., total yields 
to yields/ha or total GHG to GHG/kg or total water per ha to water/kg product) that 
were specific to each study. Yields were estimated in kg/m2 [7] were converted to 
hectare by multiplying by 10,000 kg ha−1. We converted values in local currencies to 
USD using exchange rates at the time data were collected in previous studies.

Revenues ($/ha) were calculated based on product yield (kg/ha) and output 
price, when available. Total costs of production include both variable and field costs, 
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converted to $/kg when needed using information on yields per hectare and costs per 
ha. The value of water used was converted to water per kg using volume and yield fac-
tors in [26]. Cold greenhouse vegetable was 20.0 kg/m3 yield/water use, where 1 m3 
was equivalent to 1000 liters.

Quantities of energy in the standard unit of energy were expressed based on the 
International System of Units (SI), the joule (symbol J), is equal to 3600 kilojoules or 
3.6 MJ. It was converted to megajoules (MJ) based on specific energy density for fuel 
(36 MJ l_1 in [26]) and later MJ/kg and was adapted for this review.

3. Results and discussion

As noted above, the number of observations with sufficient information for inclu-
sion in this review is small (Table 1). Thus, it is difficult to make direct comparisons 
of revenues and profitability between operators who are cultivating the same crop 
in different systems and countries. Some studies [15, 26] provide insights about the 
impacts on the profitability of alternative irrigation systems for vegetable products, 
but do not allow comparisons of field and CEA production. More evidence is needed 
to understand the economic feasibility of CEA vegetable production in low-income 
countries and the extent to which experience from high-income countries is relevant 
for low-income countries. That is, no analyzes comparable to [11] have been con-
ducted yet for low- and middle-income countries. Differences in costs and profitabil-
ity for CEA and conventionally-grown produce may narrow as the initial investment 
is amortized, productivity increases, and new, cost-effective technologies become 
available [21, 22, 25, 26] but it is difficult to predict when this might occur.

There is anecdotal evidence that hydroponic systems may be more economi-
cally viable for vegetable production, including in dry land climates due to their 
minimal water use [https://bicfarmsconcepts.com]. In these systems, inexpensive, 
locally-available materials were used as substrates [23, 25, 26]. Where electricity was 
expensive or its supply irregular, pumps that do not need to lift or spray water on 
to the roots, such as the gravity-driven Kratky or ebb and flow technologies may be 

Products, 
production 
system

Production 
cost

Cumulative energy 
demand (CED; 

kWh/kg)

Global warming 
potential (GWP; kg 

CO2eq/kg)

Water 
usage

Total

Tomatoes

Greenhouse 1 1 1 1 4

Open field 1 1 1 1 4

Multiple 
vegetables

Greenhouse 0 0 0 0 0

Open field 2 0 0 1 3

Total

Greenhouse 1 1 1 1 4

Open field 3 1 1 2 7

Table 1. 
Summary of observations from review.
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preferred. Where there is sufficient water and reliable electricity, aquaponics can be 
a viable form because it has two outputs—vegetables and fish—that provide comple-
mentary sources of income [26].

There was some evidence that enclosed structures using shipping containers and 
re-purposed buildings can house financially, socially and environmentally viable. 
CEA operations, partly because they have enabled entrepreneurs to set up in built-up 
urban locations where there is no space for greenhouses [16]. The higher operating 
costs compared to greenhouses, due to the need for LED lighting and air conditioning, 
could be offset by reduced fuel costs to transport produce to market. The risk of losing 
crops due to occasional electricity outages can be less than the risk of losing crops in 
transport from rural areas to urban markets due to fuel shortages or absence of ade-
quate cold storage. Another reason why completely enclosed structures could viable 
is that parameters can be set to provide optimum conditions year-round, enabling the 
higher running costs to be offset by higher, and more consistent yields [16].

We identified only two values from one specific study that provided estimates 
of energy consumption and GWP per kg [26] (Table 2). In this case, more energy 
(0.01/0.46 MJ/kg) are required during the dry season for irrigation than the seasonal 
systems for cold greenhouse and open field vegetables, respectively. The difference in 
the values of energy consumption is much less for the cold greenhouse than the open 
field because Beninese have no access to electricity for irrigation and use generators 
fueled with oil with a higher GWP [26]. This is in contrast to [11] who found that both 
energy and GWP were higher for heated greenhouses. The higher mineral and organic 
nitrogen fertilizer rate as well as irrigation efficiency were reported to have contrib-
uted to the difference of GWP due to both production of fertilizers and field emissions 
of 0.37 CO2eq/kg in cold greenhouse and open field (0.11 kg CO2eq/kg) vegetable 
production. The more water supplied, the higher the leaching rate and soil moisture 
content. The higher the maximal soil moisture, the higher the denitrification rate. The 
more nitrogen supplied, the more Nr emitted and soil pH that will increase the rate 
of volatilization. Overall, the nature and amount of energy consumed per volume of 
irrigation water applied were critical to the climate change potential.

The maintenance of water pumps would limit the quantities of energy consumed 
as well as the irrigation efficiency. Second, it could also enhance crop yields at the 
edge of rivers where soils present a greater water retention capacity, lowering the need 
for irrigation water. Better irrigation management taking soil properties and local 
climate (evapo-transpiration) into account could improve the water use efficiency 
and also reduce (water losses by drainage).

Water use per kg product was based on ranges of water use per m2 per day for 
tomatoes [26] and multiple vegetables [15, 25] (Table 3). These estimates are for 
vegetable production in Ghana where water is conveyed in 15-liter watering cans to 
irrigate. The range of values is large, 153–840 lts/kg, but it is consistent with estimates 

Parameters Greenhouse Open field

Yield (kg/ha) 119,808 41,582

CED; MJ/kg 0.01 0.46

GWP; kg CO2eq/kg 0.37 0.11

Source: Perrin et al. [26].

Table 2. 
Yield, cumulative energy demand and global warming potential for tomatoes, greenhouse and open field.
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for field-based lettuce production in the USA of 201 lts/kg [11]. Both values are 
considerably larger than the 21 lts/kg reported by [11] for CEA leaf lettuce. The GWP 
of urban garden tomatoes in Benin were reported to be 4–23 times larger than the 
impacts of tomatoes grown in European cropping systems, due to low and variable 
crop yields (high fuel consumption for irrigation, large nutrient flows and use of 
insecticides [26]).

Given the very limited information on costs in most reviewed studies  
(e.g., [14–16, 18, 21]), improvements in data collection and reporting would be 
helpful to improve our understanding of the potential for CEA compared to field-
based production systems. First, it is relevant to collect and report data for specific 
crops to facilitate comparison between production systems. CEA operations often 
focus on one or a few crops, so crop-specific data (i.e., not ‘vegetables’) is needed 
for adequate comparisons. Reporting of both yield per crop and yield per year when 
those are different would better represent total production for the purposes of cal-
culating costs, revenue and input requirements per unit of product. CEA operations 
typically produce multiple crops per year, but this can also be true for field products 
(e.g., cabbage entries that have multiple cropping periods per year). Reasonably 
accurate cost data are also needed to make relevant comparisons. Future studies can 
usefully distinguish better between costs (both variable and fixed) and revenues. 
For example, some studies (e.g., [15, 16, 21]) report only price information (which 
can be used to calculate revenues) or total revenue information, but not cost data. 
Most of the studies reviewed reported no specific costs, either in aggregate (for a ha 
or for a cropping season) or per unit. It would also be helpful if additional disag-
gregation of cost categories (especially for energy inputs like fuel and electricity) 
were reported because they would facilitate improved estimates of environmental 
impact. In general, it would be helpful if future studies were also more comprehen-
sive, reporting information on all performance metrics we considered: yields, costs, 
and input use for energy and water.

More studies of CEA are needed for Africa, especially for sub-Saharan Africa. This 
can include both less technologically advanced systems (e.g., greenhouses without 
full temperature or humidity control), and more advanced (and expensive) systems 
such as greenhouses with more environmental controls—and similar systems such as 
plant factories and vertical farms. Generally, greenhouses and polytunnel structures 
were readily obtained locally [16], except in Nigeria, where greenhouses are not yet 
popular (they are imported and relatively expensive [6, 16, 20–23, 25–28]). Variations 

Parameters Open field

Maximum water usage Minimum water usage

Yield, kg/ha 29,440 20,000

Yield, kg/m2 2.944 2.000

Water, lts/m2/day 5.0 14.0

Growing days 90 120

Water, lts/m2 450 1680

Water, lts/kg 152.9 840.0

Sources: Perrin et al. [26]; Obuobie et al. [15]; Drechsel and Keraita [25].

Table 3. 
Estimated water use for open field [tomatoes and multiple vegetables].
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the combine different characteristics may be relevant. For example, hydroponic units 
have been installed outside of greenhouses in Nigeria, influenced by crop varieties 
and space constraints. In Kenya, suppliers offer hydroponic units that can be installed 
in a variety of enclosed or open settings, including a small unit that can be mounted 
on the wall of a building for those with no land.

4. Conclusions

The uptake of CEA production technology has been limited in low and middle-
income countries, particularly Africa. This means that we have very limited informa-
tion to evaluate the potential of CEA and to make comparisons to field production. 
That is, until we have more examples—and data—to evaluate it will be difficult to 
understand the potential role for, and impacts of, different types of CEA production 
systems in the region. One requirement is expanded and improved data collection 
from existing operations. Improved data collection would include a broad range of 
relevant indicators collected in a consistent manner across farms and studies. Another 
approach is to develop more ‘synthetic’ approaches based on economic engineering 
approaches used for other food production technologies [28]. This approach can sug-
gest the conditions under which CEA operations may be successful even in locations 
where they do not currently exist. The long-term success and economic viability of 
CEA in Africa will also depend on future trends in consumer preferences and market 
demand for vegetables (e.g., [25, 28]), so studies on the costs would be complemented 
by consumer preference studies. Together, this information will inform decisions 
about private investors and governments.

Authors contributions

All authors contributed to the study conception and design. Material preparation, 
data collection and analysis were performed by [Taiwo Ayinde], [Charles Fredrick 
Nicholson] and [Benjamin Ahmed]. The first draft of the manuscript was written by 
[Taiwo Ayinde] and all authors commented on previous versions of the manuscript. 
All authors read and approved the final manuscript.

Conflict of interest

The authors declare no conflict of interest.

Ethical approval

All due consents have been sought.

Consent to participate

All due consents have been sought.



A Review of Controlled Environment Agriculture (CEA) Vegetable Production in Africa…
DOI: http://dx.doi.org/10.5772/intechopen.113249

95

Author details

Taiwo Bintu Ayinde1*, Charles Fredrick Nicholson2 and Benjamin Ahmed3

1 Samaru College of Agriculture, Ahmadu Bello University (ABU), Zaria, Nigeria

2 Departments of Animal and Dairy Sciences and Agricultural and Applied 
Economics, University of Wisconsin-Madison, Madison, Wisconsin, USA

3 Department of Agricultural Economics, Ahmadu Bello University (ABU),  
Zaria, Nigeria

*Address all correspondence to: taiyeayinde2006@yahoo.com

Consent to publish

All due consents have been sought.

© 2023 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 



Climate Smart Greenhouses – Innovations and Impacts

96

References

[1] Pinstrup-Andersen P. Is it time to 
take vertical indoor farming seriously? 
Global Food Security. 2018;17(September 
2017):233-235. DOI: 10.1016/j.
gfs.2017.09.002

[2] Nicholson CF, Monterrosa E. 
Application of participatory systems 
modeling to identify intervention 
priorities for vegetable consumption in 
Nairobi Kenya. In: Revision for Public 
Health Nutrition. 2023

[3] Mondédji AD, Silvie P, Nyamador WS, 
Martin P, Agboyi LK, Amévoin K, et al. 
Cabbage production in West Africa and 
IPM with a focus on plant-based extracts 
and a complementary worldwide vision. 
Plants. 2021;10(3):1-36. DOI: 10.3390/
plants10030529

[4] FAOSTAT. Crops and Livestock 
Products [Internet]. 2021. Available 
from: https://www.fao.org/faostat/
en/#data/QCL [Accessed: May 4, 2023]

[5] Robert K, Kara HA, Adamu MM, 
Muhammad B. Analysis of dry season 
vegetable production among Kiri dam 
users in Adamawa state, Nigeria. Journal 
of Agripreneurship and Sustainable 
Development (JASD). 2021;4(4):173-179

[6] Dorr E, Sanyé-mengual E, 
Gabrielle B, Grard BJ, Aubry C. 
Proper selection of substrates and 
crops enhances the sustainability of 
Paris rooftop garden. Agronomy for 
Sustainable Development. 2017;37:51. 
DOI: 10.1007/s13593-017-0459-1

[7] Wachira JM, Mshenga PM, Saidi M. 
Comparison of the profitability of small-
scale greenhouse and open-field tomato 
production systems in Nakuru-North 
district, Kenya. Asian Journal of 
Agricultural Sciences. 2014;6(2):54-61

[8] Dorais M, Antón A, Montero JI, 
Torrellas M. Environmental assessment 
of demarcated bed-grown organic 
greenhouse tomatoes using renewable 
energy. Acta Horticulturae. 
2014;1041:291-298. DOI: 10.17660/
ActaHortic.2014.1041.35

[9] Fan Y, Luo Z, Hao X, Li S, 
Kang S. Potential pathways to reduce 
environmental impact in a greenhouse 
tomato production: Life cycle assessment 
for different irrigation and fertilization 
treatments. Scientia Horticulturae. 
2022;305(March):111411. DOI: 10.1016/j.
scienta.2022.111411

[10] Fisher S. A Case Study of Urban 
Agriculture: A Life Cycle Assessment 
of Vegetable Production. Faculty of the 
Graduate School of the University of 
Colorado, ProQuest LLC; 2014

[11] Nicholson CF, Harbick K, 
Gómez MI, Mattson NS. An economic 
and environmental comparison 
of conventional and controlled 
environment agriculture (CEA) 
supply chains for leaf lettuce to US 
cities. In: Aktas E, Bourlakis M, 
editors. Food Supply Chains in Cities. 
Cham: Palgrave Macmillan; 2020. 
DOI: 10.1007/978-3-030-34065-0_2

[12] Aboaba KO, Sanusi RA, Akamo AA, 
Bello B. Double hurdle approach to 
consumer awareness, perception of, 
and willingness to pay for greenhouse 
vegetables. International Journal of 
Vegetable Science. 2022;28(1):15-24. 
DOI: 10.1080/19315260.2020.1819929

[13] Adams F, Etuah S, Appiah GB, 
Aidoo R, Osei J, Nyekyeyel J, et al. 
Do consumer opinions matter? 
Consumer perception and purchasing 
decisions of greenhouse vegetables in 



A Review of Controlled Environment Agriculture (CEA) Vegetable Production in Africa…
DOI: http://dx.doi.org/10.5772/intechopen.113249

97

Ghana. Journal of International Food 
& Agribusiness Marketing. 2022. 
DOI: 10.1080/08974438.2022.2145536

[14] Oyediran W, Omoare AM, 
Shobowale AA, Onabajo AO. Effect 
of socio-economic characteristics 
of greenhouse farmers on vegetable 
production in Ogun state, Nigeria. 
Sustainability, Agri, Food and 
Environmental Research. 2020;8(1):76-
86. DOI: 10.7770/safer-v0n0-art1593

[15] Obuobie E, Keraita B, 
Danso G, Amoah P, Cofie OO, Raschid-
sally L, et al. Irrigated Urban Vegetable 
Production in Ghana Production in 
Ghana: IWMI-RUAF-CPWF. Accra, 
Ghana: IWMI; 2006

[16] Halliday J, von Kaufmann R, 
Herath KV. An Assessment of Controlled 
Environment Agriculture (CEA) 
in Low- and Lower-Middle Income 
Countries in Asia and Africa, and Its 
Potential Contribution to Sustainable 
Development. Colombo, Sri Lanka: 
Commission on Sustainable Agriculture 
Intensification. CGIAR Research 
Program on Water, Land and Ecosystems 
(WLE); 2021. 86p

[17] de Janvry A, Sadoulet E. Agriculture 
for development. Development 
Economics. 2nd ed. Issue 
No 34. 2021. pp. 448-476. 
DOI: 10.4324/9781003024545-19

[18] Asongwe GA, Yerima PKB, 
Tening AS. Vegetable production and 
the livelihood of farmers in Bamenda 
municipality, original research article 
vegetable production and the livelihood 
of farmers in Bamenda municipality, 
Cameroon. International Journal of 
Current Microbiology and Applied 
Science. 2014;3(12):682-700

[19] Paucek I, Durante E, Pennisi G, 
Quaini S, Gianquinto G, Orsini F. A 

methodological tool for sustainability 
and feasibility assessment of indoor 
vertical farming with artificial 
lighting in Africa. Scientifc Reports. 
2023;13:2109. DOI: 10.1038/s41598-023- 
29027-8

[20] Jones OE, Tham-Agyekum EK, 
Ankuyi BF, Ankrah DA, Akaba S, 
Shafiwu AB, et al. Mobile agricultural 
extension delivery and climate-smart 
agricultural practices in a time of a 
pandemic: Evidence from southern 
Ghana. Environmental and Sustainability 
Indicators. 2023;19:100274

[21] Kabiru F, Nina C, Kosgei B. 
Feasibility Study of the Best CEA System 
for School Feeding in Mukuru Informal 
Settlement, Nairobi. Berlin: TMG 
Research; 2023

[22] Gómez C, Currey CJ, Dickson RW, 
Kim HJ, Hernández R, Sabeh NC, et al. 
Controlled environment food production 
for urban agriculture. HortScience. 
2019;54(9):1448-1458. DOI: 10.21273/
HORTSCI14073-19

[23] Verteramo L, Nicholson CF, 
Gómez MI. A meta-analysis of life 
cycle assessments for tomato, lettuce 
and strawberry supply chains. Revision 
Submitted to Journal of Cleaner 
Production. 2023

[24] Li J, González W, Monterrosa E, 
Gómez MI, Nicholson CF. Choice 
experiments and value-chain modeling 
of attribute improvements to increase 
vegetable consumption in Kenya. 
Submitted to Food Policy. 2023

[25] Drechsel P, Keraita B, editors. 
Irrigated Urban Vegetable Production 
in Ghana: Characteristics, Benefits 
and Risk Mitigation. 2nd ed. Colombo, 
Sri Lanka: International Water 
Management Institute (IWMI); 2014. 
DOI: 10.5337/2014.219



Climate Smart Greenhouses – Innovations and Impacts

98

[26] Perrin A, Basset-Mens C, 
Huat J, Benoit G. The variability of field 
emissions is critical to assessing the 
environmental impacts of vegetables: 
A Benin case-study. Journal of 
Cleaner Production. 2017;153:104-113. 
DOI: 10.1016/j.jclepro.2017.03.159

[27] BIC Farm Concepts. BIC Farm 
Concepts. 2023. Available from: https://
bicfarmsconcepts.com

[28] Risner D, Li F, Fell JS, 
Pace SA, Siegel JB, Tagkopoulos I, et al. 
Preliminary techno-economic assessment 
of animal cell-based meat. Food. 
2021;10(3):10010003. DOI: 10.3390/
foods10010003



Chapter 6

Simulation of a Novel Cooling
System for a Closed Greenhouse
Geordie Zapalac

Abstract

A simulation of a cooling system for a closed greenhouse is described. The cooling
system relies upon cool ambient temperatures during the night and morning to dis-
charge heat accumulated within the greenhouse during the day. Radiative heat into
the greenhouse is transferred to a large reservoir of water inside the greenhouse using
an unpressurized droplet system. During the night and morning the accumulated
reservoir heat is discharged to ambient air using the same droplet system to transfer
reservoir heat into a restricted volume of air above the reservoir, while simultaneously
circulating the heated air through an air-to-air heat exchanger comprised of thin-
walled plastic tubes.

Keywords: closed greenhouse, simulation, convective cooling, heat exchanger, water
savings

1. Introduction

Climate change is creating a crisis for food security. Grain yields are threatened by
elevated temperatures and drought stress that shorten the grain filling period and
impair starch biosynthesis [1]. Increasing irrigation to counter high temperatures and
drought is a progressively less likely option because climate change impacts other
aspects of the hydrological cycle in addition to precipitation, including glaciers, river
flows, and aquifer replenishment, increasing competition to agriculture for freshwater
resources required for wild ecosystems, consumption and sanitation, industry, and
cooling [2]. Climate change also reduces arable land by desertification of drylands [3],
soil erosion from extreme precipitation events [4], and saltwater intrusion into river
deltas [5].

Mitigating climate change will require removing gigatonnes of CO2 annually from
the atmosphere [6]. It is generally assumed that captured CO2 will be liquified under
pressure and geologically sequestered. For schemes where CO2 is not mineralized
underground and where no fluid is produced from the well, it has been argued that the
increase in well pressure precludes underground sequestration of CO2 at scales
required to mitigate climate change [7]. Storage in saline formations would be possible
by simultaneously producing brine to relieve the pressure, but this would require
desalinating the produced brine and pumping the highly concentrated waste brine
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back into the formation for disposal [8]. Storage of CO2 in oil wells during enhanced
oil recovery (EOR) is possible because oil is produced to relieve the pressure. The CO2

sequestered by EOR could be managed to exceed the CO2 emitted by combusting the
produced oil [9].

Use of captured CO2 to enhance greenhouse yields provides a potentially profitable
route of sequestration into biomass such as biochar, woody products, or humus, and
CO2 could be provided at ambient pressure from the output stream of the CO2 capture
facility. The greenhouses must be closed or unventilated so that the CO2 is confined
until it is consumed by the plants. Water is also conserved and recycled because it is
confined within the greenhouse with the CO2. Closed greenhouses can enhance yields
of C3 crops by maintaining a high concentration of CO2 during the afternoon period of
maximum photosynthesis, when other greenhouses are normally ventilated for
cooling. High CO2 concentrations might increase the temperature for optimal photo-
synthesis [10–14], increasing the yield while reducing the cooling load for the green-
house.

Cooling a closed greenhouse generally requires much more energy than
evaporatively cooling a ventilated greenhouse. However, renewable energy and
energy storage costs are falling while freshwater resources are diminishing, and CO2

will need to be sequestered at scale. Therefore an important engineering challenge for
addressing food security and CO2 sequestration in a changing climate is the problem
of economically cooling a closed greenhouse.

Different solutions to the closed greenhouse cooling problem have been
prototyped and commercialized in the past. Closed greenhouses sited in northern
climates have used borehole heat exchangers to access cold ground temperatures that
are recharged to low temperatures during the winter [15]. Closed greenhouses have
been sited over aquifers to access seasonal storage of cold water temperatures [16].
The closed greenhouse cooling system for the Watergy prototype operated on a
diurnal cycle using a water-to-air heat exchanger that accessed a reservoir of water
outside the greenhouse that was cooled by low ambient nighttime temperatures
[17, 18]. The Novarbo Oy Company commercialized a closed greenhouse that cools
and dehumidifies the greenhouse air using water droplets, returning the water to an
outside reservoir that is cooled with a heat pump [19, 20].

The closed greenhouse design described in this report relies upon cool ambient
nighttime and morning temperatures to discharge heat removed from the greenhouse
air during the day and stored in a reservoir of water inside the greenhouse [21].
During the day heat entering the greenhouse from solar radiation is transferred to a
reservoir of water by an unpressurized droplet system. The novelty of the proposed
design is the method of discharging the accumulated reservoir heat to the ambient air.
During the night and morning heat in the reservoir is discharged to ambient air by
using the same droplet system to transfer reservoir heat into a restricted volume of air
above the reservoir, while simultaneously circulating the heated air through an air-to-
air heat exchanger composed of thin-walled plastic tubes. This design avoids the cost
and maintenance of a chiller as well as the supported weight and risk of leaks using a
water-to-air heat exchanger. The design requires a climate with a low minimum
ambient temperature during the morning, preferably 13°C or less. Because the green-
house is convectively cooled, it could be sited equally well in deserts and in high
humidity climates.

The greenhouse cooling simulation described here uses a “well-stirred” energy
balance model where the temperature and humidity are assumed to be uniform
throughout the greenhouse volume. Heat and mass transfers are modeled with
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correlation formulas developed for forced convection applications that are based upon
dimensionless Nusselt numbers. These formulas have an accuracy of about 20% [22].

Experiments were performed on small components of the cooling system: a single
plastic heat exchanger tube and droplet dispensers [21]. These experiments
confirmed the air-to-air heat transfer properties of the plastic tube, and informed the
simulation on the effective droplet surface temperature for simulating the heat and
mass transfer to a falling droplet. The droplet surface temperature is modeled using a
linear combination of the bulk temperature in the droplet and the surrounding air
temperature [21].

The simulation advances in time steps of Δt ¼ 90 seconds for a 24-hour period.
More refined time steps are required to model the reservoir and heat exchanger
system during the heat discharge period. The 24-hour simulation is repeated itera-
tively until the total heat within the greenhouse at the end of the 24-hour cycle is
within 10 kJ of the total heat at the beginning of the cycle.

2. Components and operation of the cooling system

Figure 1 shows a schematic of four greenhouse modules taken from an array of
closed greenhouses, where the cover is not shown for one of the modules in the
drawing. The green cultivated regions in this example have an area of 20 m by 50 m or
0.1 ha. Adjacent to each cultivated region is a reservoir of water with a depth dr of 1 m
and an area Ar of 10 m by 50 m. Above each reservoir is a restricted volume of air or
“tunnel” that is optionally open to a bank of plastic tubes located above the tunnel that
serves as an air-to-air heat exchanger. The individual heat exchanger tubes are not
shown.

During the day the reservoir water is cool, the sides of the tunnels are open to the
cultivated regions in the greenhouses on either side, and the ends of the tunnels are

Figure 1.
Four modules from a greenhouse array that share a common volume of air. One of the modules has the cover
removed from the drawing. White outlined arrows show the direction of airflow during the day, when warm
greenhouse air is circulated through cool reservoir droplets to transfer heat and water vapor from the air into the
reservoirs. Blue arrows show the direction of airflow during the night through the heat exchanger tube bank, when
cool tunnel air is circulated through warm reservoir droplets to transfer reservoir heat into the air-to-air heat
exchanger.
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closed off from the C-shaped ducts that lead to the outside heat exchanger. 1.6 m
above the reservoir surface, below the roof of the tunnel, there are trays with a pattern
of short tubes that comprise the droplet dispensers.

Cool reservoir water pumped into the trays returns to the reservoir as 1.5 mm
diameter droplets that exchange heat and water vapor with the air above the reservoir.
Warm greenhouse air is circulated by fans across the width of the tunnel and through
the falling droplets in the direction of the white outlined arrows, shown for one the
modules, transferring both heat and water vapor to the reservoir to cool and dehu-
midify the air. A complete greenhouse array would be configured to return the airflow
through a similar string of greenhouses in the opposite direction so that the airflow is
cycled through all the greenhouse modules.

During the night the reservoir water is warm, the sides of the tunnel are closed,
and the ends of the tunnel are opened to the ducts that lead to the heat exchanger
tube bank. The same droplet system is activated and fans move saturated air down
the length of the tunnel through the falling droplets, and then through the heat
exchanger tube bank in the opposite direction, shown by blue arrows in Figure 1,
where the forced convection of greenhouse air transfers both sensible and latent heat
to the ambient air. Outside fans also pull a crossflow of cool ambient air through the
tube bank.

The tube bank is comprised of 900 PETG tubes that are 30 m in length and in
contact with the ambient air. Each tube has an outer diameter D1 of 10 cm and a wall
thickness of 0.5 mm. The tubes are arranged in a staggered configuration of 30 rows
with 30 tubes per row, with a pitch of a ¼2 within a row and a pitch of b ¼1.25 in the
vertical direction. The tubes may be slightly angled to allow condensed water to drain
back into the reservoir. Figure 2 is a closer view of one end of the cooling system
showing the surface of the reservoir, the top of the tunnel where the droplet dis-
pensers are located, the duct leading to the heat exchanger, and the region occupied
by the heat exchanger tube bank.

Figure 3 shows the solar radiation into the 1000 m2 greenhouse in the simulation.
The integral of this curve is the heat load that must be transferred during the day to

Figure 2.
View of one end of the cooling system schematic from Figure 1, where the cover was removed from the drawing.
Adjacent to the cultivated region is the primary heat exchanger system comprising a reservoir of water, a tunnel
with droplet dispensers to transfer heat to or from the reservoir, and a C-shaped duct that leads to a bank of 900
thin-walled plastic tubes.
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the reservoir or to the soil and plants, or conducted to the ambient air through the
cover. If the integrated outside radiation is 9.5 kWh m�2 day�1, then the transmission
of the greenhouse cover must reduce the incoming insolation by 50% to achieve the
radiation heat load shown in Figure 3. During the day the reservoir water temperature
is roughly 15°C cooler than the greenhouse air. The reservoir droplet dispensers are
activated to flow 100 L s�1 of droplets to transfer both latent and sensible heat into the
reservoir. During the night the reservoir droplet dispensers flow 450 L s�1 to transfer
heat from the reservoir to the air.

Figure 4 is a plot of temperature versus distance through 50 m in the tunnel,
shown to the left of the vertical dashed line, and through 30 m of the heat exchanger
tubes, shown to the right of the dashed line. It is assumed that the air temperature

Figure 3.
Model of the daily radiative heat load into the 1000 m2 greenhouse.

Figure 4.
Air temperature versus distance in the heat exchanger system. During the first 50 m the temperature rises in the
tunnel as reservoir heat is transferred by warm reservoir droplets to the air. During the last 30 m the air cools as it
passes through the heat exchanger and transfers heat originally stored in the reservoir into the cool ambient air.
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does not change within the ducts; the distance through the ducts is not shown in
Figure 4. As cooled air moves through the warm reservoir droplets down the length of
the tunnel the temperature increases and the humidity remains saturated. When the
air moves through the heat exchanger the temperature falls as reservoir heat is trans-
ferred to the ambient air. Water condenses inside the tubes and eventually drains back
into the reservoir.

During the night heat is conducted through the walls and roof of the cultivated
regions and the air temperature falls, increasing the relative humidity. A second air-
to-air heat exchanger, denoted as the condenser, is positioned on the apex of each
greenhouse roof as shown in Figure 2 to reduce the relative humidity at night. The
condenser has the same tube arrangement as the primary heat exchanger over the
tunnel, but the PETG tubes are smaller, with an outside diameter of 2.5 cm and a wall
thickness of 0.3 mm. Indoor fans pull air through the condenser tubes, while outside
fans pull a crossflow of cool ambient air through the condenser tube bank.

Water is completely recycled within the closed greenhouse. All the water that
evaporates into the air, including water transpired by the plants, eventually condenses
on the falling reservoir droplets or on the inner surfaces of the heat exchanger tubes
and returns to the reservoir.

3. Simulation

3.1 Daytime cooling

During the day radiative heat must be transferred to the reservoir by the droplet
system at approximately the same rate that it enters the greenhouse. The plants also
transpire and the additional water vapor must be removed by the droplet system to
maintain an acceptable vapor pressure deficit (VPD) for the plants. Figure 5 shows
the model for plant transpiration over a 24-hour cycle, assuming a transpiration rate
of 3 L m�2 day�1 in the cultivated region. The simulated transpiration rate at any

Figure 5.
Transpiration rate from plants cultivated in the greenhouse.
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given time depends upon the insolation and VPD. Because the VPD depends upon the
solution for the greenhouse temperature and humidity, the time dependence of the
transpiration is iterated together with the simulated temperature and humidity to
provide a self-consistent result after the simulation converges [21].

During a time step Δt the reservoir droplets absorb the heat ΔQr and the water
vapor mass ΔMr from the greenhouse air. These are signed quantities: ΔQr and ΔMr
are positive when heat and water vapor are transferred from the greenhouse air to
the reservoir droplets, and negative when heat and water vapor are transferred from
the reservoir droplets to the greenhouse air. During Δt the reservoir temperature
increases by:

ΔTr ¼ ΔQr

ArdrρwCpw
(1)

where ρw and Cpw are the density and specific heat capacity of water. The mixing
ratio Xa (grams of water per grams of dry air) for the total greenhouse air volume Va
changes by:

ΔXa ¼ ΔMTr � ΔMr

Vaρa
(2)

where ΔMTr is the mass of water vapor transpired by the plants during Δt. During
Δt the radiative heat ΔQS enters the greenhouse, and conductive heat ΔQC> 0 (< 0)
also enters (leaves) the greenhouse through the cover over the cultivated region. The
greenhouse air temperature Ta changes by:

ΔTa ¼ ΔQS þ ΔQC �HvΔMTr � ΔQr �HvΔMrð Þ
VaρaCpa þmsCps

(3)

where Hv is the enthalpy of vaporization for water, Cpa is the specific heat capacity
of air, ms is the mass of the soil in the cultivated region (g), and Cpsis the specific heat
capacity of the soil (0.92 J °C�1 g�1). The simulation assumes that heat transfers
instantly to the soil mass and neglects any heat transfer to the plants or other objects in
the greenhouse.

3.2 Discharging reservoir heat to the ambient air

Ninety percent of the energy required to operate the greenhouse is used to dis-
charge the accumulated reservoir heat to the ambient air during the night and morn-
ing. The simulation discharges reservoir heat between 19:00 in the evening and 9:00
in the morning. During this period the sides of the tunnel are closed to the remainder
of the greenhouse volume and the ports to the heat exchanger on either end of the
tunnel are open. The tunnel and heat exchanger form an isolated system that is
simulated independently from the remainder of the greenhouse. Figure 6 shows the
model of ambient temperature To used by the simulation. The most critical feature for
discharging heat is the minimum diurnal temperature, assumed to be 11.8°C in this
example, at 7:00.

If the ambient temperature is at least 2°C less than the reservoir temperature,
pumps are activated to circulate 450 L s�1 into the droplet dispensers and fans are
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activated to pull air through the heat exchanger tubes and to push the cool, saturated
air through the falling droplets down the length of the tunnel. The fan power is
adjusted so that the airspeed in the heat exchanger tubes vx is linearly proportional to
the difference between the reservoir water temperature Tr and the ambient air tem-
perature To, reaching a maximum of 5 m s�1 during the morning. The airspeed vT in
the tunnel is a factor 2.20 less than vx and determined by the ratio of cross-sectional
areas of the tunnel and heat exchanger tubes.

The air circulating through the tunnel and heat exchanger is always saturated. As
cool air moves down the tunnel the warm reservoir droplets transfer both heat and
water vapor to the air at the surface of the droplet, but as the water vapor diffuses
away from the warm surface of the droplet it is assumed to recondense as fog, so that
both the sensible and latent heat contributed from the droplet raise the temperature of
the tunnel air. When the warmed air at the end of the tunnel enters the heat
exchanger, it loses heat to the ambient air through the wall of the heat exchanger tube,
and water condenses within the tube as the temperature and saturation vapor pressure
fall. The simulation follows a Lagrangian air parcel through the tunnel to calculate the
heat transfer from the reservoir water to the air, and a second Lagrangian parcel
through a heat exchanger tube to calculate the transfer of heat from the air in the heat
exchanger tube to the outside.

The tunnel Lagrangian parcel is a lamina of tunnel cross section with volume
ΔVT ¼ hΔWΔZ, where h = 1.54 m is the height between the reservoir water surface
and the bottom of the droplet dispenser trays, ΔZ = 10 m is the width of the tunnel,
and ΔW = 5 cm is the thickness of the lamina along the direction of tunnel airflow.
During the small time step dt ¼ ΔW=vT < <Δt, the heat dQT,Cnv that is transferred
convectively from the falling droplets to the tunnel air is calculated within the parcel
volume ΔVT. The time step dt that is used to update the Lagrangian parcel is much
smaller than the simulation time step Δt that is used to update Eqs. (1)–(3). The
reservoir droplets also release the water vapor mass �dMr into the parcel air. The
temperature increase dTT,a of the parcel air due to both sensible and latent heat is
then:

Figure 6.
Model of the ambient temperature for the simulation over 24 hours. The temperature reaches a minimum of 11.8°
C at 7:00.
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dTT,a ¼ dQT,Cnv �HvdMr
� �

= ΔVTρaCpa
� �

(4)

After the parcel has traversed the entire length of the tunnel it has accumulated the
heat δQT so that heat is removed from the reservoir at the rate δQT=dt. Therefore,
during the simulation time step Δt the reservoir temperature changes by:

ΔTr ¼ � Δt
dt

� �
δQT

ArdrρwCpw
(5)

Within the heat exchanger tube the simulation follows a cylindrical Lagrangian
parcel with volume ΔVx ¼ πD0

2ΔL=4 where ΔL ¼ 3 cm is the length of the parcel and
D0 is the inner diameter of the tube. The time step for the heat exchanger tube
simulation is dt ¼ ΔL=vx < <Δt.

The heat exchanger tube enables the forced convection of heat to the ambient air
through the total heat transfer coefficient hc. There are three contributions to hc that
each represent a resistance to heat transfer out of the tube [22]:

1
D0hc

¼ 1
D0h0

þ log D1=D0ð Þ
2k01

þ 1
D1h1

(6)

The first term on the right hand side with heat transfer coefficient h0 computes the
convection across the boundary layer of air flowing within the tube. The third term
with heat transfer coefficient h1 computes the convection across the boundary layer of
the outside crossflow air stream flowing through the heat exchanger tube bank.
Outside fans pull air across the tube bank at the same speed v1 ¼ vT as the airspeed
through the tunnel.

The second term with thermal conductivity coefficient k01 computes the heat
conduction through the wall of the tube. For PETG tubing, k01 ¼ 0:0029W cm�1 K�1.
Although the thermal conductivity of plastic tubing is very low, metal tubing for the
heat exchanger was rejected as impractical because of cost. Because the 0.5 mm tube
wall is very thin, the thermal conductivity through the wall contributes only about 3%
of the total resistance to heat transfer in Eq. (6).

The heat transfer coefficients are calculated from dimensionless Nusselt numbers:
h0 ¼ Nu0ka=D0 and h1 ¼ Nu1ka=D1, where ka is the thermal conductivity for air. For
turbulent air flow [23, 24]:

Nu0 ¼ 0:023Re 0:8
0 Pr0:33

Nu1 ¼ 0:33Re 0:6
1 Pr1=3

(7)

Re 0 ¼ D0vxρa=μa is the Reynolds number for air flow inside the tube, where μa is
the viscosity of air, and Re 1 ¼ D1v1ρa=μa is the Reynolds number for the outside cross
flow of air within the tube bank. The Prandtl number is given by Pr ¼ Cpaμa=ka. Note
that the temperature loss down the tube is only a weak function of the airspeed vx:
although the residence time for a parcel of air within a tube section of length ΔL is
dt ¼ ΔL=vx, the heat transfer coefficient is proportional to v0:8x . Hence the total rate of
heat transfer roughly scales with vx so that high speed turbulent flow through the heat
exchanger tubes is preferred.

The temperature drop ΔT within a tube parcel during a time step dt depends upon
the heat dQw transferred from the air through the wall of the tube and on the heat of
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fusion dQm released into the volume of the parcel as water vapor in the saturated air
condenses due to the drop in temperature:

ρaCpaΔVxΔT ¼ dQw � dQm (8)

In Eq. (8), the temperature drop ΔT, dQw, and dQm are all unsigned positive
quantities. dQw and dQm are given by:

dQw ¼ hc πD0ΔLð Þ T � Toð Þdt
dQm ¼ πD2

0ΔL=4
� �

ρaHvΔT
dX
dT

(9)

where X and T are the mixing ratio and temperature of the tube parcel air. Eqs. (8)
and (9) may be combined to solve for the temperature drop ΔT during the time
interval dt:

ΔT ¼ 4hc T � Toð Þdt
ρaD0 Cpa þHv

dX
dT

� � (10)

The derivative dX=dT is obtained by differentiating the expression for the mixing
ratio in terms of the saturation vapor pressure Ps Tð Þ:

X Tð Þ ¼ MwPs Tð Þ
Ma Patm � Ps Tð Þð Þ (11)

where Ma and Mw are the gram molecular weights of air and water and Patm is one
atmosphere of pressure [21].

3.3 Greenhouse temperature, humidity, and VPD over a 24 hour cycle

Figure 7 shows the temperature of the greenhouse air and reservoir over a 24-hour
cycle. The sun sets at 19:00 and the reservoir water is warm from the previous day.
The sides of the tunnel are closed off from the remainder of the greenhouse volume
and the tunnel is opened at each end to the ducts that lead to the heat exchanger tube
bank in preparation for discharging the accumulated reservoir heat. The ambient
temperature decreases (Figure 6) and the temperature of the greenhouse air also
decreases as heat is conducted through the greenhouse cover. At 22:47 the ambient air
temperature has fallen to 2°C less than the reservoir temperature and the fans and
dispensers are activated in the tunnel to discharge the reservoir heat. The temperature
in the reservoir continues to drop until 9:00 when the heat discharge period ends.
During this time the sides of the tunnel are opened to the remainder of the greenhouse
volume and the ports to the heat exchanger at the ends of the tunnel are closed.
Droplets are dispensed to cool the greenhouse air and the reservoir temperature
begins to rise.

The sun rises and begins to heat the greenhouse at 7:00. The temperature begins to
climb rapidly until the daytime droplet activation period begins at 9:00. After 9:00 the
temperature continues to climb more slowly as the insolation increases and the reser-
voir temperature increases, reducing the efficacy of the droplet system. At 15:30 the
air temperature begins to gradually subside as the solar insolation drops. At 17:00 the
droplet flow is reduced by 60% from 100 L s�1 to 40 L s�1 and there is a cusp in the air

108

Climate Smart Greenhouses – Innovations and Impacts



temperature curve when the temperature starts to rise. At 18:00 the droplets are
turned off entirely creating a second cusp in the curve.

Figure 8 is a plot of the relative humidity (RH) of the greenhouse air. During the
night the RH gradually drops because the drop in air temperature is more than
compensated with the removal of water vapor by the condensing tubes on the roof of
the greenhouse. At 7:00 light begins to enter the greenhouse and the plants transpire,
overwhelming the condensing tubes and causing the RH to rise rapidly. The humidity
drops sharply at 9:00 when the droplet dispensers are activated for daytime cooling.
The rising greenhouse temperature and falling efficacy of the droplet cooling com-
pensate one another to keep the RH roughly constant until 15:00, when the RH begins
to rise. At 17:00 the droplet flow is reduced by 60%, causing a small jump in RH that is

Figure 7.
Greenhouse air and reservoir water temperatures over a 24-hour cycle.

Figure 8.
Greenhouse relative humidity over a 24-hour cycle.
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quickly counteracted by the rise in temperature. At 18:00 when the droplets are shut
off the RH rises rapidly, but this is counteracted by the steep drop in plant transpira-
tion as the sunlight disappears, so that the condensing tubes begin reducing the
humidity after 20:00.

The greenhouse temperature and relative humidity may be combined to compute
VPD. The VPD controls the transpiration of the plants, and it has been argued that the
VPD is the parameter most relevant to the comfort of the plants [25, 26]. Figure 9 is a
plot of the greenhouse VPD for several values of the daytime droplet flow, demon-
strating that the VPD may be tuned for this greenhouse design by adjusting the
daytime droplet flow. VPD values in the range of 0.4–1.3 kPa are optimal for green-
house cultivation [25].

4. Discussion and conclusions

The simulation predicts that 191.5 kWh are required to operate the fans and pumps
during a 24-hour cycle to cool a 1000 m2 greenhouse, assuming the conditions speci-
fied in Figures 3 and 6 for the incoming solar radiation and the ambient temperature.
62.4% of this energy is used to operate the pumps. Once the reservoir is cold, the
greenhouse air may be cooled during the day with a smaller expenditure of energy.
90.3% of the energy required to operate the greenhouse is used to discharge the
accumulated reservoir heat using the air-to-air heat exchanger, or 173 kWh. The
strategy to leverage the ambient temperature difference between the morning and
afternoon significantly reduces the energy cost compared to using an air-cooled
chiller, which requires 6.9 times the energy for a coefficient of performance of 4 [21].
The maintenance of the proposed cooling system would be simpler than the mainte-
nance of a chiller, requiring the occasional replacement of pumps, fans, heat
exchanger tubes, and tiles for the dispensers.

The energy cost per cultivated area for the closed greenhouse is far greater than
using a conventional ventilated greenhouse cooled by a fan-pad system. Cooling a

Figure 9.
Sensitivity of the vapor pressure deficit to the daytime droplet flow in the greenhouse over a 24-hour cycle. The
previous plots were created for a daytime droplet flow of 100 L s�1.
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1000 m2 greenhouse evaporatively with a fan-pad system for 8 h during the day
would require 14.8 kWh for the fans, assuming an airflow of 60 m3 s�1 [21], a factor
13 less than the closed greenhouse design proposed here. Furthermore the conven-
tional greenhouse does not require the costs for constructing the closed greenhouse
cooling system including pumps, extra fans, reservoirs, dispensers, and heat
exchanger tubes. The significant additional costs of constructing and operating a
closed greenhouse enable conserving fresh water, maintaining an arbitrarily high
concentration of CO2 during the afternoon period of peak photosynthesis, and
sequestering captured CO2 into biomass.

Civilization is entering an era of abundant renewable energy but diminishing
freshwater resources. Photovoltaics and battery storage have enormous potential for
future innovation, and renewable energy costs will continue to fall from economy of
scale as solar and wind replace fossil fuels. However freshwater resources are increas-
ingly precious. The conventional fan-pad greenhouse used in the comparison above
consumes 7.9 m3 d�1 of water for evaporative cooling assuming an ambient tempera-
ture of 33°C and ambient relative humidity of 37% [21]. For a limited number of
greenhouses this amount of water may not be a concern, but for many square kilo-
meters under greenhouse cultivation in the desert a water loss this high becomes
impractical.

It may be possible to reduce the cost of cooling system components by using
recycled plastic. The reservoirs, heat exchanger tubes, and dispensers are made from
thermoplastics that may be melted and reformed repeatedly. Recycling used plastic
products into new products is the most desired means of disposal [27], so that exten-
sive closed greenhouse construction might become a useful output stream for plastic
waste.

The enhancement of photosynthesis at higher temperatures in the presence of
elevated levels of CO2 is fortuitous for closed greenhouses because of the energy
demand by the cooling system to reduce the temperature and dehumidify the air.
If the greenhouse temperature is allowed to increase, then the greenhouse
relative humidity must also increase to maintain the same VPD for plant transpiration.

The photosynthesis enhancement at elevated temperature and CO2 has been
investigated for tomatoes [11, 12] and other plants [10, 13, 14]. The biochemical
mechanism for this enhancement, and the mechanism for inducing damage to photo-
synthesis under significant heat stress when elevated levels of CO2 are not present,
remain active areas of investigation [12]. At the beginning of the Calvin cycle in
photosynthesis, CO2 attaches to the sugar substrate RuBP (ribulose bisphosphate),
catalyzed by the enzyme rubisco (ribulose bisphosphate carboxylase). As the temper-
ature increases a competing reaction becomes more favorable, where oxygen attaches
to RuBP instead of CO2, leading to photorespiration rather than photosynthesis. By
increasing the concentration of CO2 the photorespiration reaction may be suppressed
so that photosynthesis can take advantage of the increased activity of rubisco at higher
temperature. This mechanism holds at all light intensities, although the effect is
enhanced with increasing light intensity [11].

If the temperature increases too much it may damage plant photosynthesis if the
CO2 concentration is not also increased. One hypothesis [12] argues that increased
heat stress reduces the stomatal conductance, reducing the CO2 available to the Calvin
cycle and effectively reducing or interrupting electron transport to rubisco and RuBP,
reducing both the activity of rubisco and the regeneration of RuBP. Thylakoid electron
transport away from the PSII reaction center (PSII RC) is effectively blocked or
reduced, causing excessive reduction of the acceptor which damages the PSII RC.
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Elevating ambient CO2 restores the flow of electrons from the PSII RC to the Calvin
cycle, restoring the redox balance along the electron transport path so that damage to
the PSII RC is prevented.

Closed greenhouses could extend agriculture in higher elevation deserts into regions
far beyond what might be currently irrigated near a river or lake. In addition to
enhancing yields for standard greenhouse crops such as tomatoes and peppers, closed
greenhouses could cultivate woody plants to sequester CO2 into lumber and biochar.
Bamboo for example is fast-growing and very responsive to enhanced concentrations of
CO2 [28]. A large-scale program of CO2 sequestration into biomass might best be
implemented in selected climates that are extremely favorable for deployment of the
cooling system, such as the Altiplano plateau in Bolivia, Peru, and Chile.

The cooling system functions equally well in high humidity climates where evapo-
rative cooling may be impractical. Coffee may be a suitable closed greenhouse crop
because it prefers high humidity and shade, and a greenhouse would help protect the
plants from unfavorable climate change induced conditions such as droughts, heat
waves, and pests. Enhanced CO2 concentrations also allow coffee plants and bean
quality to endure supra-optimal temperatures during the day and night [13]. The
coffee plant shows both reduced photorespiration in the presence of elevated CO2 and
increased thylakoid electron transport [14].

Future research will include building and testing a full prototype and further simu-
lations to explore variations and improvements to the design. One variation under
consideration is an aquaponic system, where cold water fish are raised in tall cisterns
that serve as reservoirs, and nutrient rich reservoir water is circulated between the
reservoirs and hydroponically grown vegetables or a deep water culture of lettuce or
rice. Another variation is a closed greenhouse for northern climates, where the heat
exchanger tubes are optionally enclosed within the greenhouse volume during the
winter. Heat captured by the reservoir during the day is released by the heat exchanger
into the cold greenhouse air at night to prevent the plants from freezing.

In summary, the simulation has demonstrated that it is possible to cool a closed
greenhouse with a large reservoir of water and an air-to-air heat exchanger comprised
of thin-walled plastic tubes. The reservoir volume used in the design is A/2 m3, where
A is the area of the cultivated region in m2. The closed greenhouse requires about an
order of magnitude more energy to cool than a conventional greenhouse cooled
evaporatively using a fan-pad system. Hence the cooling system relies upon a high
expenditure of electric power to conserve water and to maintain high concentrations
of CO2 during the day to enhance yields. The summer insolation and minimum daily
temperature are the most important parameters that decide the size and cost of the
cooling system, so that regions where the greenhouse design may be deployed are
restricted to climates with cool morning temperatures. The VPD within the green-
house may be tuned by adjusting the droplet flow that cools the greenhouse during the
day. Deployment of closed greenhouses in regions with very low minimum diurnal
temperatures (< 8°C) during summer potentially allow profitably sequestering CO2

into biomass.
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Life Cycle Assessment of Natural
Gas Power Plant: Calculation of
Impact Potentials
Oludolapo Akanni Olanrewaju, Oluwafemi Ezekiel Ige,
Busola Dorcas Akintayo and Ahad Ali

Abstract

Natural gas is a growing energy source worldwide, with its market share increasing
steadily. It is one of the primary fuels used in electricity production. Its high thermo-
dynamic quality and low environmental impact make it the fastest growing energy
source in the global energy sector. Natural gas is a relatively clean and efficient fuel,
making it a good choice for electricity production and heating. Using natural gas in gas
power plants and industrial thermal applications will reduce harmful pollutants.
Despite its significance, it is crucial to understand its potential impact on the electric-
ity supply. The objective of this study is to conduct a life cycle assessment from
cradle-to-gate of a natural gas power plant to understand the impact on the global
warming (GWP) potential, freshwater eutrophication potential (FEP) and terrestrial
acidification potential (TAP) categories when producing 1 kWh of electricity. Using
the SimaPro (version 9.2) software package and Rest of the World data to model the
cradle-to-gate scenario, the study found that the processing of natural gas is the most
crucial stage in all three impact categories, making it the hotspot (37-95%) for GWP,
FEP and TAP, with CO2 contributing the most at the GWP, PO4 at FEP and NOx
at TAP.

Keywords: natural gas plant, life cycle assessment, global warming, eutrophication,
acidification

1. Introduction

Generally, global electricity generation comes from fossil fuels, that is, coal, oil,
and natural gas, with thermal power plants producing most of this electricity [1, 2].
The power generation sector has been identified as the highest contributor to global
greenhouse gas (GHG) emissions [3]. This trend is likely to continue as the demand
for electricity increases. Global electricity generation modes are changing substan-
tially due to depleting fossil resources and a looming climate emergency, putting
pressure on countries to adopt low-carbon energy policies. According to the
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Intergovernmental Panel on Climate Change (IPCC), global economy electrification
and grid rapid carbon footprint are potential measures for reducing greenhouse gas
emissions (GHG) and keeping global warming at 1.5°C or below 2°C [4]. In the global
energy sector, energy activities include extraction, conversion, intermediate and final
energy use, accounting for approximately 75% of GHG emissions [5, 6], primarily due
to burning coal, natural gas, and oil. Most of these burnings are used to generate
electricity today. Replacing coal and oil with natural gas in power generation and
industrial thermal applications will help reduce harmful pollutants. This emissions
reduction qualifies natural gas as a cleaner fuel. With concerns about air quality and
climate change, natural gas has a future role in global energy supply as a cleaner fossil
fuel that is still abundant in supply, aided by the fact that renewable energy options
remain limited in ability to scale up while cost-effective zero-carbon options can be
harder to find in some [7, 8].

Power plants powered by natural gas are cheap and easy to build. In addition, they
have exceptionally high thermodynamic efficiency compared to other conventional
power plants. Natural gas power plants are less polluting than coal and oil plants
because they emit less nitrogen oxides (NOx), sulfur oxide (SOx) and particulate
matter (PM) [9]. Natural gas is used as their fuel in natural gas power plants to
produce electricity. Natural gas is composed of hydrocarbons that exist naturally and
is frequently discovered in petroleum and coal deposits, as well as in the form of
hydrates on the ocean floor. The gas is formed by the decomposition of organic matter
[10]. The gas can be liquefied by cooling it to a temperature of �162°C at atmospheric
pressure [11]. The main constituent of natural gas is methane (CH4) mixed with
smaller amounts of, moisture or water vapor, nitrogen propane, ethane, carbon oxide
(CO2), helium, and hydrogen sulfide [12]. The thermodynamic properties of natural
gas from its combustion produce negligible amounts of sulfur, mercury, particulates
and small quantities of NOx, making natural gas a cleaner fuel than gasoline and diesel
[7]. A natural gas engine refers to a mechanical engine that utilizes natural gas as its
primary fuel source for the generation of power, whether in the form of mechanical
energy or electrical energy.

Natural gas has several advantages over other fossil fuels, including
affordability, accessibility, environmental friendliness, compatibility with conven-
tional spark and compression ignition engines, and low operating costs [13]. These
advantages make natural gas appealing for power generation and other engine appli-
cations. Similarly, natural gas power plants offer various advantages, such as effective
combustion, cost-effectiveness, adherence to environmental standards, enough
availability and supply, and the generation of cleaner energy [13]. Despite these
advantages, examining the environmental impact is crucial before deciding whether
to invest in such a resource. Some of those studies include energy transition and air
pollution impact [14], biodiesel production impact [15] and impact of electricity
options, which includes renewables [16–19]. All electricity production has an
environmental impact throughout its entire life cycle, from the production stage
to end-use.

Life cycle assessment (LCA) methodology has been widely used to evaluate the
environmental impacts of energy systems and has gained popularity in areas where
environmental impact is of concern [20–22]. The primary objective of this study is to
assess the environmental ramifications associated with the operation of a gas power
plant through the utilization of a Life Cycle Assessment (LCA) methodology. There
have been several LCIA studies conducted in the past, including ReCiPe, CML,
TRACI, IMPACT2002+ and IPCC. Several impact categories ranging from one up to
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10 environmental categories have been investigated [23, 24]. Also, the impact catego-
ries seem to differ across studies. Impact categories such as global warming potentials
(GWP), ozone depletion potentials (ODPs), human toxicity potentials (HTP), acidi-
fication potentials (AP) and eutrophication potentials (EPs) are more often used at
the midpoint characterization in LCA studies for electricity generation [25].
Ecoinvent, a database that provides information on potential environmental impacts,
was the most widely used database across the research. Several LCA studies have been
conducted to assess the different electricity generation in specific countries such as
Poland [26], Portugal [17, 27], United Kingdom (UK), Belgium [28, 29], Denmark
[30, 31], Pakistan [32], China [14] and Brazil [33, 34].

Wu et al. [14] used LCA in the integration model to quantitatively evaluate its
environmental impact under three policy scenarios from 2016 to 2050. Under the
deep-level cut of CO2 emission to achieve emission reduction and carbon neutrality in
China from energy transition and air pollution. CO2, PM2.5, PM10, CO, NOX and SO2

were deemed to reduce by more than 71.4% compared to the 2016 records. There
would also be an 81.8% - 88.5% decrease in the global warming potential, human
toxicity potential, petrochemical ozone creation potential, particulate formation
potential and acidification potential. Alizadeh and Avami [15] compared biodiesel
production from palm oil and multi-feedstock using LCA in Indonesia to understand
the environmental impact of biodiesel production. There was a higher environmental
impact from using multi-feedstock at the plantation stage, with 9.89tCO2 GHG emis-
sion per tonne in the land use of scrubbed plantation to just �3.42 tCO2 of palm oil
plantation on biodiesel production.

Roinioti and Koroneos [16], looked at the sustainability aspect of the electricity
options (Lignite, Combined Cycle Gas Turbine – CCGT, Hydro, Small hydro, Wind,
PV and Biogas-biomass) in Greece through LCA considering the environmental, eco-
nomic, and social dimensions. This study only showed interest in the environmental
viewpoint. Looking at the seven sustainable indicators under environment, Biomass
(54.26 g CO2 equ./Kw) had the worst impact under the Global Warming Potential
indicator among the renewables, while Lignite station (1067.15 g CO2 equ./kWh) had
the overall worst impact followed by CCGT station (509.96 gCO2 equ./kWh). Lignite
exhibited the worst impact for Acidification Potential (2989.89 mg SO2 equ./kWh)
and for Tropospheric Ozone Precursor Potential (2644.63 mg TOPP equ./kWh).
Biomass-biogas exhibited the worst impact for both Eutrophication Potential
(891.61 mg PO4 equ./kWh) and Photochemical Oxidation Potential (0.49 mg ethene
equ./kWh). On the Ozone Depletion Potential, CCGT exhibited the worst with a
99.98 μg CFC-11equ./kWh value.

Kabayo et al. [17], performed a life cycle sustainability assessment on Portugal’s
electricity (coal, natural gas, large hydro and small hydro, wind, and photovoltaic)
generation from the environmental and socioeconomic impacts. Interest remained in
the environmental impact for the essence of this study. The highest impact of the
sources of electricity is in brackets next to the sustainable indicators considered: metal
depletion (wind), fossil fuel depletion (coal), global warming (coal), ozone depletion
(natural gas), terrestrial acidification (coal), freshwater eutrophication (coal), aquatic
acidification (coal), water scarcity footprint (large hydro), and toxicity (photovol-
taic). The environmental impact of renewable energy generation systems was ana-
lyzed comparatively using life cycle assessment for Europe, North America, and
Oceania [18]. The energy-generation technologies included wind, photovoltaic, bio-
mass, and hydropower. The indicators for the impact were ozone layer depletion,
freshwater aquatic ecotoxicity and marine aquatic ecotoxicity, abiotic

121

Life Cycle Assessment of Natural Gas Power Plant: Calculation of Impact Potentials
DOI: http://dx.doi.org/10.5772/intechopen.113059



depletion, global warming, photochemical oxidation, acidification and
eutrophication. Of all the generation systems, biomass was impacted the most,
followed by photovoltaic.

Mahmud et al. [19] conducted a comparative LCA of solar-photovoltaic and solar-
thermal systems to determine their environmental impact using 16 indicators. The
result indicated that the solar-thermal system is more impactful compared to the
photovoltaic. The study recommended careful component selection and reducing the
impact related to solar panels, batteries and heat storage for better environmental
performance. This study aimed to identify the hotspots of environmental impacts
associated with natural gas power plants. The authors have solely considered and
concentrated on Global Warming, Eutrophication and Acidification impact categories
due to climate change using SimaPro (version 9.2) software package to assess the
environmental impact of producing 1KWh of electricity from natural gas on human
health. This study will cover the potential impact of producing 1 kWh of electricity
from natural gas in detail on views from global warming, acidification and eutrophi-
cation.

2. Materials and methods

2.1 Environmental impact through life cycle assessment (LCA)

LCA evaluates the environmental impact emanating from a production process for
a product stipulated in ISO 14040 within the process categories and boundaries [35].
The implementation of the aforementioned concept exhibits variability across differ-
ent studies, contingent upon the explicitly stated objectives of each respective inves-
tigation. The LCA’s operation occurs at the following stages (Figure 1), which are (1)
the goal and scope definition, (2) life cycle inventory (LCI), (3) life cycle impact
assessment (LCIA) and (4) results and interpretation [36] through the energy and the
materials used been quantified and the release of the wastes to the environment [37].
LCA has been used to investigate the environmental impact of the natural gas power
plant. The modeling of the impacts was done by using SimaPro (version 9.2) software
package.

Figure 1.
ISO 14040 LCA framework [36].
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2.2 Definition of goal and scope

The first part of a standardized LCA is goal and scope definition, which includes a
description of essential choices, such as why the LCA is being done, a comprehensive
elucidation of the product or process along with its life cycle, accompanied by a
depiction of the system boundaries. It is possible to comprehend why LCA is under-
taken by stating the study’s purpose. However, various factors influence the system
boundary, including the study’s aim, assumptions and intended audience. ISO 14040
recommends that the circumstances used to define the system boundary be defined
and justified in the study’s scope [36]. The goal of this study is to investigate, quantify
and compare the effect on the environment of producing 1kWh of high-voltage
electricity from natural gas in a power plant. This is a ‘cradle-to-gate’ approach
[37, 38]. Figure 2 shows the boundaries for the system.

The boundaries include the extraction phase (conventional onshore source) to the
electricity production in a power plant’s busbar. This study did not consider inventory
data on distribution, use, disposal/end-of-life, or waste treatment. In addition, the
midpoint LCIA technique is used in this study. The functional unit of this work is 1
kWh net electricity produced from natural gas. This study normalized all the inputs to
the functional unit.

The study focuses on the three impact categories from the 18 impact categories
presented in the midpoint analysis characterization result. These are the Global
Warming potential (GWP), Freshwater Eutrophication Potential (FEP) and Terres-
trial Acidification Potential (TAP). At the time of the study, primary data was inevi-
tably unavailable; hence, secondary data from the Ecoinvent database 3.7.1 [39, 40]
was employed. Assumptions and uncertainties have been adequately adjusted as
specified by the dataset documentation and data has been interpolated accordingly.

2.3 Life cycle inventory (LCI)

The Life Cycle Inventory (LCI) is the data collection phase of the LCA since
analysis entails compiling input and output inventory data that are consistent with the
product under consideration and cover various environmental factors [41]. The com-
prehensive data encompasses all inputs and outputs of the system, encompassing
materials, resources, energy, and emissions across the whole life cycle of the process
or product [42]. The data for this study was derived from the Ecoinvent (V 3.7.1)

Figure 2.
System boundaries for electricity production using a natural gas conventional power process.

123

Life Cycle Assessment of Natural Gas Power Plant: Calculation of Impact Potentials
DOI: http://dx.doi.org/10.5772/intechopen.113059



database, which was integrated into the analysis software. This dataset represents the
production of high-voltage electricity in a conventional steam boiler natural gas power
plant without CHP (combined heat and power). A cradle-to-gate inventory involves
all the processes/flows, raw materials and essential requirements needed to make
electricity from the power plant available in the busbar and ready for distribution.
LCA can be performed from either an attributional or a consequential perspective. An
attributional LCI attempts to describe the environmentally relevant physical flows
from and to a life cycle product system [43] and can be used to assess a product’s
environmental impact over time. Alternatively, consequential LCA describes how
potential past or future decisions might have affected environmentally relevant phys-
ical flows [43–45]. This study used the attributional method resulting in the environ-
mental implication of 1 kWh of electricity produced from the natural gas power plant.
The inventory input/output data for 1kWh of high voltage electricity from natural gas
in a power plant are included in Table 1. The analysis computation was based on the
ROW (Rest of the World) data.

2.4 Life cycle impact assessment (LCIA)

The life cycle impact assessment (LCIA) is a process that converts the life cycle
inventory (LCI) data into quantifiable environmental, social, and economic implica-
tions [47]. By converting the emissions and resource extractions contribute to envi-
ronmental damage. Ratings, it aids in the interpretation of the evaluation [48]. It is a
multi-issue technique for assessing potential environmental impact based on environ-
mental resources (inputs and outputs) listed in the life cycle inventory. This is an

Materials/Input Amount

Natural gas, high pressure 0.256 m3

Gas powerplant 100 MW electrical 5.54e-10 unit

Water, completely softened 0.0598 kg

Water, decarbonised 1.99 kg

Residue from the cooling tower �9.97e-06 kg

Water, cooling, unspecified natural origin 0.0589 m3

Mode of transportation via pipeline 2.41e+12 ton/km.

Output

Electricity 1 kWh

Emissions to air

Carbon dioxide, fossil 0.533 kg

Methane 9.68e-06 kg

Nitrogen oxides 0.000366 kg

Sulfur dioxide 5.7e-06 kg

Emissions to water

Water 0.06 m3

Table 1.
List of input/output data of 1kWh of high voltage electricity from natural gas in a power plant [46].
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attempt to link a product and its possible environmental impact. Flows are classified
according to their environmental impact in the midpoint LCIA approach employed in
this study. This method simplifies multiple flows by condensing them into a few
common environmental impacts. This study, however, concentrates on three impact
categories: global warming, eutrophication, and acidification. ReCiPe 2016 was used
as the LCIA tool in this study [49, 50]. In SimaPro, GWP 100 factors are
recommended as default in the Global Guidance for Life Cycle Impact Assessment
Indicators and Methods (GLAM) [51]; the same is applied to GWP20 and GTP100
factors for sensitivity analysis. Those defaults are applicable to this study. More on
ReCiPe can be found in the study of Ige et al. [50].

The LCIA (Life Cycle effect Assessment) process is founded upon the utilization of
effect categories and characterization variables: classification, normalization, charac-
terization, and valuation. Through classification, there is a grouping of the environ-
mental impact measured to a sizeable recognized environmental impact category
based on the availability of the process information. The characterization step’s
responsibility is to assess each environmental impact contribution [52]. This is done
by multiplying each substance’s amount by its characterization factor and finding
the sum. The following equations from Huijbregts et al. [52]. study express the char-
acterization formula types. Eq. (1) pertains to the variables that are generic in nature,
whereas Eq. (2) pertains to the elements that are non-generic. The former factor is
typically derived from characterization models and can be found in the literature as a
database.

Sj ¼
X
i

Qj,imi (1)

where
Sj = impact category j indicator
mi = size of the intervention of type i
Qj,i = characterization factor that links intervention i to impact category j
Eq. (2) denotes the potential variables of certain non-generic characterization

aspects within the context of human health and the impact on the natural
environment.

Qj,s,t ¼
X
l

Effect i, l, tð Þ
Emission i, sð Þ ¼

X
l

Fate i, l, tð Þ
Emission i, sð Þ
� �

�
X
l

Exposure i, l, tð Þ
Fate i, l, tð Þ

 !
�
X
l

Effect i, l, tð Þ
Exposure i, l, tð Þ

 !

(2)

where
subscript i = substance,
s = location of the emission,
l = related exposure area of the receptor
t = period during which the potential contribution to the impact is considered.
The normalization step is for comparison of the various impact across the impact

classifications and inaccessible areas for prioritizing alternate product or resolving
trade-offs between products [52, 53]. It is at this stage that the insignificant impact
categories on the entire environmental impact result to the reduction of factors eval-
uated. According to Huijbregts et al. [52], normalization serves two primary objectives
within the field of Life Cycle Impact Assessment (LCIA): firstly, it aims to situate the
results of LCIA indicators within a wider framework, allowing for a more
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comprehensive understanding of their implications. Secondly, it seeks to standardize
the results by aligning them with common dimensions, facilitating meaningful com-
parisons and analyses. A reference value is employed to split the aggregate of the
outcome for each indicator within a certain category.

Nk ¼ Sk=Rk
(3)

where
k = impact category
N = normalized indicator
S = category indicator from the characterization phase
R = reference value.
The selection of the reference system is typically based on the overall indicator

outcome for a specific country or region during a given year. In the context of a Life
Cycle Assessment (LCA) study, the outcomes of normalization can facilitate the
process of input grouping or weighting of effect categories, as well as provide a means
to assess the relative significance of various impact categories [50, 53]. The inputs and
outputs in the 1kWh of high voltage electricity from natural gas in power in Table 1
are divided into four production stages: Extraction, processing, transportation, and
energy conversion. The connection between each step and the impact categories
under investigation is established through the utilization of the Life Cycle Assessment
(LCA) methodology. SimaPro (version 9.2) software application was used for all
calculations. Table 2 shows all processes studied in each production stage. The mode
of transportation in this study is a pipeline (2.41e+12 ton/km).

3. Results

The result represents data modeled after the ROW, including Austria, Belgium,
Germany, Spain, France, the United Kingdom, Italy, Japan, Luxembourg, Netherlands
and the United States of America. The following section explains the contribution of
each unit process to the environmental impact and the major contributing processes
throughout the life cycle. The environmental impact of each production process was
studied in terms of Global Warming Potential (GWP), Freshwater Eutrophication
Potential (FEP) and Terrestrial Acidification Potential (TAP). Table 3 presents the
total characterization results for the three selected impact categories. (The values

Production unit Processes considered

Extraction of raw materials
(natural gas)

Natural gas, including the inputs and outputs

Processing of raw materials
(natural gas)

Inputs and outputs required for the processing of natural gas

Transportation The transportation of natural gas from the extraction location to the gate
of the plant

Energy conversion Every process involved to get electricity ready in the busbar of the power
plant for distribution

Table 2.
The processes examined in each stage of production of natural gas burnt in a power plant.
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provided in these tables are the functional unit of this current work, 1 kWh of
electricity produced.

The GWP, FEP and TAP values for the impact results per functional unit (Table 3)
are 6,05E-01 kg CO2 eq, 8,28E-06 kg P eq and 2,52E-04 kg SO2 eq, respectively. In this
view, the impacts are mainly attributable to plant operation, with natural gas con-
sumption and direct emissions to the atmosphere being the primary contributors.
These results are consistent with the relevant scientific literature on electricity pro-
duction from natural gas in power plants [54]. Further analysis was performed to
determine each production stage’s contribution to these Impact potentials in a natural
gas power plant. These stages include Extraction, Processing, Transportation and
Energy conversion.

Global warming potential: 79.5% of the emission is from the energy conversion
stage; 14.3% is from the extraction stage, 3.4% is from the processing stage and 2.7% is
from the transportation stage, as shown in Figure 3. From Table 3, the global
warming impact category has the highest value; it qualifies as one with the highest
impact and consequently presents the energy conversion process as the highest con-
tributor to the environmental impact related to the production of electricity from
natural gas power plants. Terrestrial Acidification: 79.3% is from the extraction stage;
11.9% is from the energy conversion stage; the rest is from the processing and trans-
portation stages. Also, roughly 100% of the contribution to Freshwater Eutrophication
is from emissions from the extraction stage for every production of 1 kW of electricity
from the natural gas power plant.

The GWP is majorly experienced at the energy conversion stage, whereas the
eutrophication and acidification potentials are primarily experienced during the
extraction stage, as shown in Figure 3. In a gas power plant, the chemical energy

Impact category Unit Results

Global warming kg CO2 eq 6,05E-01

Freshwater eutrophication kg P eq 8,28E-06

Terrestrial acidification kg SO2 eq 2,52E-04

Table 3.
Characterization results of the three focused environmental impacts.

Figure 3.
Contribution of production stages to impact categories.
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stored in the natural gas is converted into thermal, mechanical, and electrical energy.
Thus, the maximum contribution to global warming observed due to climatic changes
was recorded at the energy conversion stage (79.6%), which is understood to be the
most demanding phase. Further analysis of the substance contributing to the GWP,
FEP and TAP are discussed below.

3.1 Global warming potential (GWP)

The contributions of three GHGs, CO2, N2O, and CH4, were considered when
calculating the GWP, as shown in Figure 4. The global warming potential value of the
process is 6,05E-01 kg CO2 eq. as shown in Table 3.

The most significant contributor to GWP is CO2 (94%), followed by CH4 (5%) and
N2O (1%) emissions as shown in Figure 4. CO2 is emitted in the most considerable
quantity of air emission due to the fuel burning caused by global warming. The
percentage value of CH4 is attributed to the fugitive emissions from natural gas
production. Most CH4 results are from natural gas losses during raw material extrac-
tion and transportation. The energy conversion stage is the largest source of GHG
emissions due to gas burning, accounting for 79.5% of total GWP.

3.2 Freshwater eutrophication potential (FEP)

The value of the Freshwater Eutrophication impact is 8,28E-06 kg P eq./kWh, as
shown in Table 3. Phosphate (PO4

3�) emitted 99.7% into the waterbody and Phos-
phorus (P water) is 0.3%, as shown in Figure 5. (PO4

3�) is the major substance that
contributed to the FEP.

Phosphorus (P waster) can directly regulate algae growth in aquatic ecosystems as
vital nutrition, which has been recognized as a limiting factor for eutrophication [55].
Although PO4

3� is soluble reactive phosphorus, algae can preferentially absorb it.
Phosphorus (P) pollution can trigger severe marine eutrophication, leading to harmful
algal blooms and seawater deterioration. Too much phosphorus can cause increased
growth of algae and large aquatic plants, which can result in decreased levels of
dissolved oxygen– a process called eutrophication.

Figure 4.
Contribution results for global warming potential.
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3.3 Terrestrial acidification potential (TAP)

The terrestrial acidification value of the 1 kWh electricity production from the
natural gas conventional power plant is 2,52E-04 kg SO2 eq./kWh, as shown in
Table 3. NOx emitted 72% of the emission, followed by SO2 with 27%, while NH3

contributed 1%, as shown in Figure 6. This situation involves the extraction of natural
gas as a raw resource. Burning fossil fuels containing sulfur, such as natural gas,
always produce SO2.

Sulfur dioxide (SO2) has been found to be a significant contributor to respiratory
ailments in human populations, while also playing a substantial role in the formation
of acid rain. The planet Earth. The process of anthropogenic ozone generation begins
with the release of nitrogen oxides (NOx) and/or non-methane volatile organic com-
pounds (NMVOCs) into the atmosphere. Through subsequent chemical reactions, the
ozone layer is generated. The elevated levels of ozone production in the Earth’s
atmosphere have significant implications for both human health and the overall ecol-
ogy. The impact of this phenomenon is evident in the occurrence of health complica-
tions and, in some cases, the extinction of certain species.

Figure 5.
Contribution results for freshwater eutrophication.

Figure 6.
Contribution results for terrestrial acidification.
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3.4 Normalization result

Normalization is necessary for comparing the various environmental impact cate-
gories since their units differ. This step presented the relative contribution of each
impact caused by global warming, freshwater eutrophication and terrestrial
acidification. A normalization step is conducted based on the total emissions to pro-
duce 1 kWh of electricity from the natural gas conventional power plant. The nor-
malization results naturally show a similar trend as the characterization impact results
(Figure 7).

The normalization result of the global warming impact shows the highest value
(7,57E-05 kg CO2 eq) followed by the Freshwater eutrophication impact value of
127509E-05 kg P eq./kWh and Terrestrial acidification impact with a value of
615531E-06 kg SO2 eq./kWh. The most harmful impact category in the normalization
result is global warming due to the burning natural gas in the power plant.

4. Conclusion

This study examined the environmental impact of electricity production from the
natural gas power plant. In this study, we used a cradle-to-gate method as a system
boundary. Cradle-to-gate includes raw material extraction (natural gas), raw material
processing (natural gas), transportation and energy conversion stages. The results of
this study helped identify the environmental sustainability of 1 kWh of electricity
production from a natural gas conventional power plant. The results show that the
GWP is calculated at 6,05E-01 kg CO2 eq./kWh. According to this study, CO2

accounts for 94%, CH4 5%, and N2O 1% of all air emissions are the three main sources
of GWP. Electricity production from the natural gas conventional power plant is
estimated at 8,28E-06 kg P eq./kWh for FEP. The TAP of 2,52E-04 kg SO2 eq./kWh.
According to the analysis, the environmental impact assessment showed a good

Figure 7.
Normalized results of each impact category.
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environmental performance compared with other literature [16, 56]. The result
showed that the environmental impact hotspot was the raw material processing
(natural gas) stage.

Regarding production stages, the energy conversion stage (79.57%) is the main
hotspot of the GWP. The raw material extraction, processing and transportation are
often insignificant. At the normalization step, global warming impact with the values
of 7,57E-05 kg CO2 eq is the most harmful environmental impact category. This work
discussed the environmental implication of 1 kWh of electricity production from a
natural gas conventional power plant. The LCA methodology used on natural gas for
electricity production shows that the results depend on system boundaries, the data
source and the technologies used. Further improvement on the environmental per-
formance would require careful component selection for the right technology to allow
mitigation. LCA shows that natural gas conventional power plant for electricity pro-
duction is more environmentally friendly than other fossil fuels. The result of this
study can be used as a guide for stakeholders involved in the environmental implica-
tion of plants and policymakers are bound to understand better how the electricity
production from the natural gas conventional power plant is allocated. Also, the
results of this study are relevant since natural gas is being promoted globally as a fuel
source for electricity-producing plants.

Future studies will include a comparison of these results with other energy tech-
nologies. Comparison of different capacity sizes of natural gas power plants should
consist of other indicators apart from Global Warming Potential, Freshwater Eutro-
phication Potential and Terrestrial Acidification Potential for impact assessment.
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