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  Propositions 
 

1. It is crucial to consider transboundary effects across 
industries and administrative regions in sustainability 
assessment of a given system.  
(this thesis) 

 
2. Farmers’ choices reflect the opportunities and challenges 

in achieving sustainability. 
(this thesis) 

 
3. Knowledge sharing by stakeholders is key to facilitate 

sound policy making. 
 

4. Although norms, values and jargon are integral and 
important parts of the scientific process, they also 
impede broader scientific communication. 

 
5. It is important to tread carefully between working 

independently and succumbing to self-doubt.  
 

6. Carbon emissions are not the sole concern impacting 
our current and future lives. 
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1.1. Background 

Importance of greenhouse horticulture in sustainable intensification 

We must increase food production within its current footprint, while minimising 

environmental impacts and maintaining the stability of ecosystems (e.g. biodiversity) 

(Tilman et al., 2011; Willett et al., 2019). Many studies have discussed key trajectories 

towards sustainable intensification in food production, such as improving efficiencies in 

resource use (Tilman et al., 2011; Springmann et al., 2018; Cassman and Grassini, 2020), 

and applying advanced fertilisation and irrigation (Struik and Kuyper, 2014; Jägermeyr et 

al., 2016). These commonly underline that adopting innovative technology is a crucial step 

for achieving sustainable food production (Struik et al., 2014). Greenhouses contain some 

of the most advanced technologies used for food production, differing considerably from 

conventional field production of food. The adoption of greenhouse production systems not 

only represents a step-change in productivity, but it also enables much greater diversity of 

crops to be grown. Further, the high-tech, soilless cultivation in greenhouses makes it 

possible to use land unsuitable for open-field production. This unique feature provides 

opportunities to alleviate the pressure on demands in arable land, and to strategically 

place vegetable production sites near major consumption centres and transport routes and 

thus potentially reduce the greenhouse gas (GHG) emissions due to transportation. 

Nowadays, greenhouse horticulture is seen as a promising avenue of contributing to 

sustainable intensification for food production (Aznar-Sánchez et al., 2020). 

Overview of greenhouse production  

In recent decades, greenhouses have shown success in providing affordable, year-round 

fresh produce with high and consistent quality while using resources in an efficient way 

(Marcelis et al., 2019). There is a spectrum of greenhouse types that can be classified 

either based on the greenhouse shape (Figure 1.1) and covering material (plastic or 

glass), or on the level of technology adopted (ranging from unheated to automatic climate 

control). According to an estimation by Cuesta Roble Consulting (2019), the world 

greenhouse area (including permanent and semi-permanent structures) had reached 5.6 

million ha by 2018. It was estimated that ca. 90% of greenhouse production area was 

covered by plastics with large contributions from Southern Europe (especially Spain) and 

China. Tomato is the most common crop in greenhouse cultivation worldwide in terms of 

production area (Marcelis et al., 2019). According to the non-exhaustive data compiled by 

Marcelis and Heuvelink (2019), Europe has the largest area of greenhouse production, 
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estimated at 178,000–210,000 ha, which is followed by Asia (ca. 180,000 ha). In some 

countries or regions, such as the Netherlands and Southeast Spain (e.g. Almeria), 

greenhouse horticulture plays an important socio-economical role (Galdeano-Gómez et al., 

2017; Van Grinsven et al., 2019). Apart from conventional greenhouse cultivation, 

greenhouses with organic cultivation are attracting investment and research interest in 

response to the increasing demand for organic products due to their perceived 

environmental benefits and high profitability (Marcelis and Heuvelink, 2019). 

 

Figure 1.1. Shapes of common greenhouse frames: (A) single plastic tunnel; (B) Chinese solar 

greenhouse with North wall; (C) gutter-connect multi-span plastic house; (D) Spanish Parral-type 

plastic house; (E) Dutch Venlo-type greenhouse. 

1.2. Problem definition  

Greenhouse production and environment 

Greenhouses have proved to be a good solution for intensification of horticultural 

production, but their impacts on the environment and ecosystems pose challenges to meet 

sustainability requirements demanded by the public. Additionally, perceptions of 

greenhouse production from conventional growers and consumers include that it 

represents unnatural cultivation, and this combined with concerns around the use of fossil 

fuels for greenhouse heating, has increased attention on the sustainability performance of 

greenhouse systems (Bremmera et al., 2008; Gan et al., 2022). The overall environmental 

sustainability of greenhouse production greatly depends on the type of greenhouse (e.g. 

level of climate control, covering material), type of cultivation (e.g. soil-based or soilless) 

and crop management. This is mainly influenced by local climate and market conditions 

(Torrellas et al., 2012b). For example, in Northern Europe or Canada, where the climate is 
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temperate or cold, additional heating is essential in greenhouse production for ensuring 

sufficient plant growth when temperature is low, or even for plant survival in winter times. 

Consequently, consumption of fossil fuels for greenhouse heating has been identified as 

the biggest contribution to GHG emissions in relation to greenhouse production systems 

(e.g. CO2, NOx) (Torrellas et al., 2012b; Dias et al., 2017), which drives climate change 

(IPCC, 2007). In the Netherlands, GHG emissions from greenhouse horticulture represent 

25% of the GHG emissions of the total agricultural sector (Van Grinsven et al., 2019). 

Hence, building carbon neutral greenhouses would make a major contribution towards 

GHG mitigation in colder regions. Conversely, in China and Spain, unheated, soil-based 

plastic greenhouses are extensively used, resulting in large amounts of plastic waste 

“flowing” into the environment and ecosystems (Sayadi-Gmada et al., 2019; Zhang et al., 

2020; Castillo-Díaz et al., 2021). Moreover, excessive use of synthetic fertiliser and 

irrigation water has led to considerable pollution of ecosystems, and aggravated local 

freshwater scarcity (Min et al., 2012; Bai et al., 2020; Incrocci et al., 2020). 

The complexity of greenhouse production systems, in terms of raw materials used for 

greenhouse infrastructure, resource inputs and technology adoption, makes it more 

complex to evaluate their sustainability, compared to traditional open-field production. For 

instance, a comprehensive understanding of the environmental performance of 

greenhouse production requires considerations of the impacts embedded in various 

stages, ranging from pre-greenhouse-production (e.g. manufacture of greenhouse 

infrastructure) to post-greenhouse production (e.g. waste disposal) (Table 1.1). Life cycle 

assessment (LCA) has been commonly applied in the environmental assessments of 

greenhouse production. While LCA studies have conducted on several greenhouse 

production systems in Asia and European countries, there are limited studies in non-

traditional greenhouse production regions such as Australia (Roggeveen, 2010; Page et 

al., 2011, 2012, 2014).
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Sustainable development and greenhouse production systems 

Transformation of agri-food production must underpin sustainable development (SD) and 

is essential for the wellbeing of current and future generations (World Commission on 

Environment and Development, 1987). Despite no universal definition of SD, it is widely 

accepted that achieving SD requires harmonisation of three intrinsically linked dimensions: 

environmental compatibility, economic feasibility and social acceptance (United Nations, 

2015). Within the Sustainable Development Goals (SDGs) proposed by the United Nations 

(2015), the FAO has identified that the consumption and production of vegetables and 

fruits specifically relates to 11 SDGs out of a total of 17 SDGs (Figure 1.2), pointing to a 

vital role of vegetables and fruit in achieving a sustainable world (Food and Agriculture 

Organisation, 2020). The widespread adoption by all UN members of SDGs makes it a 

valuable framework to consider a broader view of the sustainability of greenhouse 

production systems. In order to understand and monitor progress towards SD, metrics and 

methods must be developed for measuring SD. In the agri-food sector, a number of tools 

have been developed mostly for staple food such as maize, wheat and rice, to assess SD 

from both single and multiple aspects of environmental, economic and social dimensions 

(Schader et al., 2014; Arulnathan et al., 2020). However, there is still a lack of approaches 

covering integrated assessment of multi-dimensional aspects of SD for greenhouse 

production. 
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Figure 1.2. Sustainable Development Goals in relation to the production and consumption of 

vegetables and fruit. Adapted from Food and Agriculture Organization of the United Nations 

(2020). 

The focus of sustainable development of food production has predominantly centred on 

environmental sustainability. This is particularly so for greenhouse production. Tomato, 

which is a commonly grown crop in global greenhouse cultivation, serves as an ideal case 

study for in-depth analyses of environmental sustainability within greenhouse production 

systems (Aznar-Sánchez et al., 2020). Measurements based on field experiments (e.g. 

nitrogen leaching in soils) and life cycle assessment (LCA) are two main methods used in 

greenhouse studies to respectively assess specific environmental issues such as nutrient 

losses and freshwater use (Brentrup et al., 2000; Hosono et al., 2006; Grewal et al., 2011; 

Yoshihara et al., 2016; Llorach-Massana et al., 2017; Martinez-Mate et al., 2018; Liang et 

al., 2019a), and a range of potential environmental impacts, such as climate change (GHG 

emissions), air and water pollution (Page et al., 2012; Torrellas et al., 2012b; Dias et al., 

2017; Golzar et al., 2019; Naderi et al., 2019). LCA is a tool to quantitatively assess the 

potential environmental impacts of a product, process or activity throughout its life cycle 

(Guinée, 2001). LCA has been extensively used to understand the environmental 

dimension of sustainability and explore solutions for mitigating identified environmental 

issues in greenhouse production (Pineda et al., 2021). The prevalent environmental issues 

associated with greenhouse production include nutrient losses (Qasim et al., 2021), 
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excess irrigation (Grewal et al., 2011; Martinez-Mate et al., 2018), GHG emissions caused 

by the use of fossil fuels for greenhouse heating (Gruda et al., 2019), and non-degradable 

waste generation (Sayadi-Gmada et al., 2019). 

Given growing economic and social importance, and aggravating environmental issues, 

greenhouse production systems deserve more attention considering their sustainable 

performance. To address this, tailored approaches or tools are needed for greenhouse 

production systems to measure and monitor the progress towards SD, considering 

simultaneously environmental limits, economic benefits and social acceptance.  

1.3. Thesis aims 

The overall aim of this thesis is to assess the environmental sustainability of nitrogen, 

water and energy use and analyse its impacts (direct and indirect) on economic and social 

dimensions of various greenhouse production systems using tomato as a case study. The 

ultimate aim is to foster the transformation of greenhouse production systems towards 

greater sustainability. The geographical context of this work includes mature greenhouse 

industries in Asia (e.g. China and India) and Europe (e.g. the Netherlands, Spain), and 

relatively young industries (e.g. Australia). Additionally, the level of technology (from low to 

high) adopted in the greenhouses and different types of cultivation (conventional and 

organic) are considered. Tomato was chosen as an example of greenhouse production 

due to its importance in terms of production, cultivation area and the availability of data. 

Moreover, major greenhouse crops such as sweet peppers and cucumber have a very 

similar type of production system, markets, ways of consumption (Alsanius et al., 2019) 

and maybe sustainability performance. To achieve the overall aim, the research objectives 

are four-fold: 

1. Review scientific literature to identify suitable approaches, in terms of methods, 

frameworks, indicators and metrics, for assessing the sustainability of greenhouse 

production systems (Chapter 2); 

2. Assess the efficiencies of water and nitrogen (N) fertiliser use of greenhouse 

production systems in comparison to conventional field production at a global scale 

(Chapter 3); 

3. Evaluate the environmental sustainability of greenhouse tomato production systems 

from a life-cycle analysis perspective (Chapter 4);  
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4. Propose and implement a framework of monitoring sustainability of greenhouse 

production systems based on the SDGs (Chapter 5). 

1.4. Thesis outline 

This thesis contains an introductory chapter (this chapter), followed by four research 

chapters and a general discussion (Chapter 6) as graphically displayed in Figure 1.3. 

 

Figure 1.3. Conceptual diagram of the thesis structure. 

Chapter 2 reviews the literature on suitable methods and frameworks, indicators and 

metrics for evaluating sustainability of greenhouse production systems. Resource use 

efficiency, life cycle assessment and SDGs were identified as providing key information 

that considers environmental sustainability and resource use while provides insights in 

potential impacts on economic and social aspects for achieving sustainable greenhouse 

production. 
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Chapter 3 evaluates the effects of water and nitrogen (N) fertiliser use and the interaction 

between water and N on tomato yield, water use efficiency (WUE) and N fertiliser use 

efficiency (NUE) in greenhouse (primarily soil-based) and field production systems through 

compiling baseline data of tomato yield, water management and N fertiliser use and their 

efficiencies at a global scale. Effects of water management were assessed through three 

aspects: total water input, mulching, and deficit and excess irrigation (a ratio of total water 

input to crop evapotranspiration). 

Chapter 4 assesses the potential environmental impacts of small-scale, commercial 

tomato greenhouse production systems in Australia through an LCA. This case study 

helped growers understand how their choices on greenhouse practices (e.g. use of wood 

biomass for greenhouse heating, use of coco coir as substrate) influenced the overall 

environmental sustainability of their production systems. Moreover, this study provided 

insights on how well the young greenhouse industry reflects the environmental issues 

identified from mature industries in Europe and North America and identified major 

environmental burdens (e.g. freshwater scarcity) in the greenhouse industry in Australia.  

Chapter 5 builds on the previous two chapters by incorporating adapted and simplified 

indicators used in the quantitative synthesis and LCA analysis. Through the lens of the 

SDGs, I propose a framework for the sustainability assessment of four different 

greenhouse production systems representing high-technology (the Netherlands), low-

technology (Spain), each combined with two methods of cultivation (conventional and 

organic). Through implementing the framework, trade-offs and synergies can be identified 

in aid of decision making towards attaining different aspects of sustainability in 

greenhouse production.  

Chapter 6 synthesises the main findings of these study, by discussing the commonalities 

and differences between different approaches. Furthermore, the feasibility and usefulness 

of different methods, and their benefits and shortfalls for various potential users are 

discussed. Finally, I suggest possible pathways for facilitating the sustainable development 

of greenhouse production systems. 
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Abstract  

The increasing demand for year-round fresh produce has stimulated the growth of 

greenhouse horticultural production worldwide. At the same time, public and political 

attention regarding the sustainability of greenhouse production systems has increased. 

The aims of this review were to identify suitable methods and frameworks, indicators and 

metrics for examining sustainability of greenhouse production, and to explore their 

potential usefulness in covering environmental, economic, and social dimensions of 

sustainability. 

Contextualisation is needed for approaches assessing the sustainability of greenhouse 

production systems, particularly considering the higher complexity in inputs and outputs of 

greenhouse cultivation compared to field production. Nutrients, irrigation, energy, plant 

protection products (pesticides) and waste are the most critical sustainability themes 

identified in greenhouse production systems, impacting environmental, economic and 

social dimensions of sustainability. Management of nutrients and irrigation have 

transboundary negative impacts on our environment and ecosystems (across air, soil and 

water systems). Most greenhouse studies have focused on the environmental aspects of 

sustainability rather than on economic or social components. Resource use efficiency 

(RUE) and approaches based on life cycle thinking (LCT) have been extensively used for 

indicating sustainability of greenhouse systems. There is a need for system approaches 

considering multiple dimensions and their interconnections in order to provide a 

comprehensive understanding of greenhouse systems. Given the multidimensional nature, 

the Sustainable Development Goals (SDGs) of the United Nations were identified as 

suitable guidelines for proposing an analytical framework for sustainability assessment of 

greenhouse production systems. Metrics on the basis of RUE and LCT are considered as 

suitable indicators for constructing an analytical framework based on the SDGs. 

Key words: Greenhouse production; Indicators and metrics; Methods and frameworks; 

Multiple dimensions; Sustainability assessment. 
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2.1. Introduction 

There is a general agreement that the greatest challenge facing humanity in the 21st 

century is achieving and sustaining the wellbeing of all people without exceeding planetary 

boundaries (Rockström et al., 2009). Within this context the concept of sustainable 

development (SD) has been widely discussed (UNFCCC, 2015; United Nations, 2015; Roy 

et al., 2018). Sustainably producing food is at the heart of the solution to achieving SD 

(Wollenberg et al., 2016; Porter et al., 2017; Valentini et al., 2019). To facilitate the 

sustainable progress in agri-food production, a number of tools, methods, frameworks, 

indicators and metrics have been developed to assess sustainability of farms (De Olde et 

al., 2016; Galdeano-Gómez et al., 2017; Chaudhary et al., 2018; Kelly et al., 2018; 

Arulnathan et al., 2020; Coteur et al., 2020; Chopin et al., 2021; Dabkiene et al., 2021). In 

general, these tools or methods integrate multiple indicators and metrics that cover 

different sustainability dimensions (e.g. environmental, economic, social or cultural) and 

encompass various themes (e.g. greenhouse gas emissions, biodiversity) (De Olde et al., 

2016; Chopin et al., 2021). Previous studies have shown the usefulness of sustainability 

assessment tools in comparing performance between farms and benchmarking a type of 

farm at regional or country level (Arulnathan et al., 2020). However, many sustainability 

assessment tools vary considerably in terms of sustainability dimensions (e.g. 

environmental, economic, social, cultural and governmental), themes (e.g. carbon 

emission, water, soil, energy), intended users (e.g. farmers, researchers or policy makers), 

scope of application (generic farms or specific type of farm), etc. This can lead to high 

variability in the results of sustainability assessment of farms and thus affects further 

decision making (De Olde et al., 2016). 

The growth in greenhouse production has increased the attention of various stakeholders 

(from producers to consumers) on the sustainability of the production systems. Compared 

to conventional field production, greenhouse production is characterised by high yield, and 

also high and consistent quality (Marcelis et al., 2019). An increase in both demand and 

production for vegetables and fruit can be expected given the current vegetable and fruit 

deficiency in daily intake in many regions (Food and Agriculture Organization; and World 

Health Organization, 2017) and growing populations (Willett et al., 2019). This future 

demand for vegetables and fruit could be partially provided from greenhouse production. 

Hence monitoring the sustainability of greenhouse production is important and requires 

appropriate approaches including well-defined methods and frameworks, indicators and 

metrics. 
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This chapter aimed to review the main challenges for achieving sustainability and potential 

approaches for sustainability assessment of greenhouse production systems, including 

multiple sustainable dimensions (e.g. environmental, economic or social) and themes (e.g. 

carbon emissions, water, land). The literature review was conducted through three main 

scholar search engines: Web of Science (searching ‘Topic’), Scopus (searching ‘TITLE-

ABS-KEY’) and Google Scholar, with for the three topics in Chapter 2 following ways of 

searching: 1)  sustainability challenges in greenhouse production systems through 

snowballing method starting with commonly identified issues (e.g. GHG emissions, 

excessive use of water and nutrients) 2) sustainability assessment in greenhouse 

production covering multiple dimensions through using different combinations of the 

following keywords: ‘greenhouse production’, ‘greenhouse vegetable’, ‘greenhouse 

horticulture’, ‘protected cropping’, ‘sustainability assessment’, ‘environmental’, ‘life cycle’, 

‘economic’, ‘social’; 3) sustainability assessment tools and approaches in agriculture 

systems by snowballing search method starting with three comprehensive review papers 

by Binder et al. (2010), Schader et al. (2014) and Chopin et al. (2021). 

2.2. Overview of greenhouse production and practices 

The basic function of greenhouses is to protect plants from adverse weather conditions 

(e.g. unfavourable temperature, heavy rain) (Marcelis et al., 2019). Nowadays, as 

greenhouse-related technology is advancing at a rapid pace (Marcelis et al., 2019), 

greenhouse cultivation not only provides plants with a favourable growth environment (e.g. 

water, nutrients, temperature) by precisely regulating the fertigation systems and modifying 

the climate in greenhouses to some extent, but also has the potential to use resources in 

an efficient way (Marcelis et al., 2019). Main greenhouse production regions are located in 

Europe and Asia (Figure 2.1) (Marcelis et al., 2019). At a global scale, soil-based 

greenhouse systems are predominant, of which most are concentrated in Spain and China 

(Incrocci et al., 2020; Qasim et al., 2021). According to a recent report by Cuesta Roble 

Consulting (2019), the global area of greenhouse cultivation (excluding low and high 

tunnels with short lifespan) has exceeded 496,800 ha, with ca. 5% increment over two-

year time. 
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Figure 2.1. Overview of greenhouse production regions worldwide. Data were extracted from 

Marcelis et al. (2019). 

In comparison to conventional field production, crop productivity in greenhouses can be up 

to ca. 10 times higher per unit area (Kubota et al., 2018). However, yields can vary greatly 

between regions, greenhouse types, management practices and more importantly level of 

technology adopted for cultivation and climate control. There are several ways of 

categorising or naming types of greenhouses based on covering materials (e.g. glass or 

plastic), greenhouse structure (e.g. multi-span versus single span, Venlo, solar 

greenhouse etc.), growing media (soil or substrate), level of technology adopted (low-tech 

versus high-tech) and ways of cultivation (conventional or organic). For example, 90% of 

greenhouse production area is covered by plastics with large contributions from Southern 

Europe (e.g. Spain) and China. Typically, in these regions no or very limited climate 

control (e.g. no heating) is adopted and soil-based cultivation dominates. While in North 

Europe, for example in the Netherlands, almost all greenhouses are Venlo type 

glasshouses. In these glasshouses, plants are cultivated in substrates (e.g. stone wool) 

rather than in soils and advanced technology is adopted to modify the growing conditions 

in the greenhouses, such as heating, CO2 enrichment, supplementary light, and high-tech 

water and nutrient supply systems. As a result, the yield per area for tomato production in 

Dutch greenhouse systems (ca. 60–100 kg m-2) is far higher than that in the plastic 

greenhouses in Spain (28 kg m-2), outlining the importance of the level of technology 

adopted (Kubota et al., 2018). Owing to increasing recognition of benefits, such as 

increased efficiencies of resource use and thus economic benefits, greenhouse systems 

have been shifting from low-tech or non-climate-control towards high-tech soilless 

cultivation in some regions, such as Australia (Hadley, 2017). Additionally, with growing 
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recognition of the perceived health benefits of organic food (e.g. high nutritional value, no 

synthetic pesticide residues), organic cultivation in greenhouses has been rapidly 

increasing especially in Europe and North America to meet consumer demands for organic 

food (Dorais, 2019).  

2.3. Challenges for achieving sustainability 

Greenhouse production is facing several sustainability challenges, chiefly depending upon 

cultivation systems and growers’ management. Most challenges are derived from 

environmental pollution which poses threats on economic and social (including cultural) 

sustainability dimensions, affecting the overall sustainability performance of greenhouse 

production. For instance, apart from providing high-quality fresh produce all year round, 

greenhouse production also generates considerable amounts of waste (e.g. plastic, used 

growing medium), pollutants (e.g. chemical residue from nutrient losses, fine particulate 

matter) and greenhouse gas (GHG) emissions (e.g. CO2, CH4, N2O), directly impacting the 

environment and ecosystems via atmosphere, soil and water (Figure 2.2) (Hu et al., 2017; 

Incrocci et al., 2020; Qasim et al., 2021). Consequently, these environmental impacts have 

raised increasing concerns from the public regarding greenhouse production systems, 

which may change decision-making on consumers’ purchases, which in turn would 

influence the operation practices through the supply chain of greenhouse produces. 

Hence, understanding the current sustainability challenges and how they may influence 

the sustainability performance of greenhouse production systems is an essential step for 

the selection or formulation of suitable methods and metrics for sustainability assessment 

(Binder et al., 2010). Below, the environmental problems were reviewed, focussing on 

three main concerns derived from greenhouse production: (1) nutrient losses, (2) GHG 

emissions and air pollutants, and (3) liquid and solid waste. How these concerns could 

affect social and economic sustainability in different greenhouse production systems is 

also discussed.  
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Figure 2.2. Summarised impacts of five critical themes in greenhouse production: irrigation, 

nutrient (e.g. nitrogen), energy, plant protection products and waste disposal. The impacts were 

clustered into three areas: air, land and water. Solid arrows denote the direct, primary impacts due 

to the critical themes; Dashed arrows denote the indirect impact in relation to the critical themes. 

NO3-: nitrates; PO4
3- : phosphates; NH3: ammonia; NOx: nitrogen oxides; SO2: sulphur dioxide; 

CO2: carbon dioxide; PM2.5: particulate matter 2.5; PAEs: phthalic acid esters. 

Nutrient losses to the environment and depletion of freshwater 

Excessive use of nutrients in greenhouse production systems, especially nitrogen, poses 

threats on the environment and ecosystems via air, soil and water, and thus human health 

and biodiversity (Galloway et al., 2004; Sutton et al., 2011, 2013; Qasim et al., 2021). 

Additionally, nitrogen losses are often accompanied with excess irrigation and vice versa, 

due to the common application of combined fertilisation and irrigation (referred to as 

fertigation) (Thompson et al., 2020). Hence, nutrient losses reflect low fertiliser use 

efficiency and potentially low water use efficiency as well. 

Nutrient losses mainly occur through hydrological (leaching and surface runoff) and 

gaseous (e.g. N2O emission) pathways (Zhu et al., 2019). A global meta-analysis by 

Qasim et al. (2021) showed that the soil N2O emissions and nitrate leaching in greenhouse 

production systems are much larger than in open-field production. Gruda et al. (2019) 

conducted a review on the impacts of greenhouse production on climate change, in which 

soil N2O emissions was identified as one of the main sources of GHG emissions. Nutrient 

leaching (e.g. nitrates) accounts for the major nutrient losses (Min et al., 2012; Qasim et 

al., 2021), and has been widely identified in both low-tech, soil-based (Yan et al., 2013; 
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Kalkhajeh et al., 2017; Zhen et al., 2020; Liang et al., 2021) and high-tech soilless (Voogt 

et al., 2013; Beerling et al., 2014, 2017; Vermeulen et al., 2017; Van Os et al., 2019) 

greenhouse systems across several regions. Nutrient leaching, primarily nitrates, can 

contaminate aquifers and surface water bodies which are important sources of drinking 

water (Zotarelli et al., 2007; Liang et al., 2019d), and further contribute to potential 

eutrophication (Mugnozza et al., 2007; Torrellas et al., 2012a). The contamination of 

drinking water by nitrates directly impacts on human health (Ward et al., 2018) which has 

caused extensive concern in relation to several large greenhouse production areas in 

Europe (Thompson et al., 2020; Van Der Salm et al., 2020) and China (Song et al., 2009; 

Zhang et al., 2019). For example, in Europe, legislation has been implemented to reduce 

the contamination in water bodies in several large greenhouse production regions 

(European Commission, 2018), such as southwestern Spain (Thompson et al., 2020) and 

the Netherlands (Van Os et al., 2019).  

In addition to the impacts on water quality, nutrient leaching from soil-based greenhouses 

have led to acidity, salinity, and accumulation of heavy metals (e.g. Cd, Cu, Pb, and Zn) in 

the soils, thereby causing irreversible damage to soil quality (Kalkhajeh et al., 2021). 

These soil degradation issues have been widely identified in most greenhouse production 

areas in China (Hu et al., 2017; Kalkhajeh et al., 2021), owing to much higher rates of 

fertilisation (e.g. 2000 kg N ha-1 year-1) compared to the practices in European countries 

(Yang et al., 2016; Qasim et al., 2021). Given the large proportion of greenhouse 

production in terms of land use (20%) and production volume (35%) in total vegetable 

production in China, concerns about the soil quality and food safety have become evident 

from the general public to researchers (Kalkhajeh et al., 2021). In China, greenhouse-

grown vegetable production generally leads to high concentrations of heavy metals 

(primarily Pb, Cu, and Zn) and nitrate in the soils, and consumption of the vegetables from 

these production systems which may contain high concentration of heavy metals could 

cause risks to human health, especially for children (Chen et al., 2013; Hu et al., 2014; 

Yang et al., 2016). 

Excess irrigation occurs commonly in greenhouse production systems, especially in soil-

based ones (Voogt and Bar-Yosef, 2019; Incrocci et al., 2020; Van Der Salm et al., 2020). 

Excess irrigation can accelerate nutrient leaching which in turn pollutes sources of 

irrigation and drinking water, meanwhile leading to depletion of local freshwater which 

could be a severe environmental burden to regions where freshwater is scarce, such as 

South-eastern Spain (Muñoz et al., 2010), Northern China (Kang et al., 2017) and 
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mainland Australia (Page et al., 2014). Management of irrigation and nutrients play an 

important role in the overall sustainability performance of greenhouse production systems. 

Greenhouse gas emissions and air pollutants due to greenhouse heating  

In temperate or cold regions, greenhouse heating is essential to ensure sufficient plant 

growth when the temperature is low, which is mainly in the winter season (Marcelis and 

Heuvelink, 2019). However, use of fossil fuels for greenhouse heating produces large 

amounts of GHG emissions (e.g. CO2) that drives climate change (Gruda et al., 2019), and 

several air pollutants such as sulphur dioxide (SO2), nitrogen oxides (NOx) and fine 

particulate matter (e.g. PM2.5) that impact human health (Pluimers et al., 2000; Canaj et 

al., 2020). The consumption of fossil energy has become a key factor hindering the 

progress towards sustainability in high-tech, heated greenhouse systems. Given the 

growing public concern on climate change and increasing demand for sustainably-

produced food, greenhouse growers have to reduce GHG emissions due to use of fossil 

fuels, and regulations at both national and regional levels have been implemented on this 

matter (Verreth, 2013). In the Netherlands, where greenhouse industry represents an 

important user of energy and a major contributor to CO2 emissions, the greenhouse 

horticultural sector has made several agreements with the Dutch government (known as 

'Klimaatakkoord') (Netherlands Ministry of Economic Affairs, 2019) in order to limit global 

warming to below 2°C, as laid down in the Paris Agreement. 

Pesticide residues and waste management in low-tech systems 

Potential health risks of synthetic pesticide residues (also called plant protection products) 

in fresh produce are a common concern in greenhouse production systems, especially in 

low-tech plastic greenhouse systems (Bojacá et al., 2012; Torrellas et al., 2012a; Nordey 

et al., 2017) due to extensive use of synthetic pesticides (Sun et al., 2020; Wang et al., 

2020; Hepsağ and Kizildeniz, 2021; Kalkhajeh et al., 2021). In addition to direct health 

hazards through exposure and human diets, pesticide residues could lead to local 

biodiversity losses (e.g. insects) (Schiesari et al., 2013), and contaminate soils and 

aquifers (e.g. drinking water) (Roseth and Haarstad, 2010). Moreover, low-tech 

greenhouses produce large amounts of plastic waste (Antón et al., 2005a; Chang et al., 

2013; Sayadi-Gmada et al., 2020; Qiu and Wu, 2021) due to extensive use of plastic 

covers with a short lifespan (e.g. three years) (Antón et al., 2005a) and plastic mulching 

(particularly in China) (Zhang et al., 2020). The management of plastic waste has raised 

several concerns in some regions, such as potential threats on marine animals due to 
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floating plastic waste around Spain (Serrano-Arcos et al., 2018) and damage on soil 

properties due to the residues of plastic mulching (e.g. phthalic acid esters) (Kalkhajeh et 

al., 2021). Therefore, quantitative analysis on the benefits and costs of sustainable use 

and waste management of plastic is needed for future optimisation in decision-making and 

associated policy making (such as subsidies). 

2.4. Approaches and metrics for measuring sustainability in 

greenhouse production 

The definition of sustainability proposed in the Brundtland Report (World Commission on 

Environment and Development, 1987) suggests that its measurement and interpretation 

need to be framed in a complex manner that should at least capture issues of 

environmental, economic and social dimensions, and the potential interactions between 

them (trade-offs and synergies). To date, studies evaluating the sustainability of 

greenhouse production systems that consider multiple dimensions remain limited (Table 

2.1) (Chang et al., 2011; Torrellas et al., 2012b; Yang et al., 2016; Galdeano-Gómez et al., 

2017; Theurl et al., 2017; Liang et al., 2019c; Hollingsworth et al., 2020; Zhen et al., 2020; 

Qiu and Wu, 2021; García García and García García, 2022; Maureira et al., 2022). Only 

three studies were found that simultaneously consider the environmental, economic and 

social dimensions of sustainability in greenhouse production systems (Yang et al., 2016; 

Galdeano-Gómez et al., 2017; Theurl et al., 2017). Social dimension showed limited 

coverage among three dimensions and there is little consensus of indicators selected 

(Table 2.1). The latter was also true for other agriculture systems (De Olde et al., 2017). 

The latter was also true for other agriculture systems (De Olde et al., 2017). A large 

number of publications focuses only on a single dimension of sustainability alone, with the 

environmental dimension being mostly studied (Gruda et al., 2019; Liang et al., 2019c; 

Ntinas et al., 2020). 
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Resource use efficiency 

Proper use of resources, especially natural resources, is critical for achieving SD, 

supporting social and economic development (World Commission on Environment and 

Development, 1987). A group of indicators has been widely used to measure, monitor and 

optimise the performance of resource use efficiency (RUE) in agriculture production by 

companies, researchers, and policy makers (Steyn et al., 2016; Rong et al., 2021). For 

instance, water use efficiency (WUE) and nitrogen use efficiency (NUE) have been 

frequently used in sustainability studies of field crop production systems (Chopin et al., 

2021; Alaoui et al., 2022). In greenhouse studies, WUE and NUE are mainly involved in 

two types of research: 1) comparing different resource management practices (e.g. 

irrigation and fertilisation methods) through experimental studies (De Pascale et al., 2011; 

Quemada and Gabriel, 2016; Zhao et al., 2019; Taguta et al., 2022); 2) evaluating 

performance of greenhouse production in a given region through on-farm survey 

assessment (Liang et al., 2019b; Tseng et al., 2021). Since effects of water and N use are 

interlinked, many studies have simultaneously evaluated both WUE and NUE and 

interactive effects of water and N use. For example, several studies found that irrigation is 

directly associated to N leaching in soil-cultivated greenhouse production (Bai et al., 2020; 

Incrocci et al., 2020).  

The large body of literature available reporting values of WUE and NUE provides an 

important source of information in understanding the performance of water and N 

management across various greenhouse production systems and regions (Molden et al., 

2010; Silva et al., 2021). For example, Gu et al. (2020) used WUE and NUE to benchmark 

crop productivity, resource use, and nitrous emissions in greenhouse vegetable production 

in China. Qasim et al. (2021) evaluated the N losses from greenhouse vegetable 

production at a global scale. Ntinas et al. (2020) and Galdeano-Gómez et al. (2017) used 

WUE as an indicator in evaluating the sustainable performance of heated greenhouse 

production in Northern countries and unheated greenhouse cultivation in southeast Spain. 

To date, a benchmarking study is missing that uses both WUE and NUE as indicators to 

provide a quantitative understanding of water and N use across greenhouse systems with 

various growing conditions from a global scale. Such analysis can reflect implications on 

multiple dimensions of sustainability performance of greenhouse production in general, 

and more practically, will identify science-based strategies of optimising fertilisation and 

irrigation at the farm level (Qin et al., 2016).  
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Life cycle thinking approaches 

Although it has been widely agreed that all three dimensions of sustainability assessment 

should be considered concomitantly, most work in relation to the sustainable performance 

of greenhouse production systems have been dedicated to environmental aspects, thanks 

to the well-developed approaches based on life cycle thinking (LCT). LCT has been 

extensively applied to assess environmental performance and identify trade-offs in field of 

industrial ecology and agriculture. This is further elaborated on in Chapter 4. A review 

study by Pineda et al. (2021) identified that 36 studies have assessed the environmental 

impacts of greenhouse tomato production through adopting LCT approaches.  

The core concept of LCT is to consider all inputs, outputs and potential environmental 

impacts during a product’s life cycle (cradle-to-grave) from raw material extraction, 

production, use of the product, and final waste disposal after use (ISO, 2006). Life cycle 

assessment (LCA) represents a complete analysis based on LCT, including four stages: 

goal and scope definition, inventory analysis, impact assessment and interpretation 

(Figure 2.3) (ISO, 2006). Given the comprehensive information provided on the potential 

environmental impacts, LCT has become a powerful tool for researchers and policy 

makers in formulating science-based strategies of mitigating environmental impacts (Antón 

et al., 2019), and in assisting stakeholders (e.g. supermarkets) to prove that their operation 

meets the sustainability requirements demanded by the public (Visentin et al., 2020; 

Charpentier Poncelet et al., 2022). 

 

Figure 2.3. Framework of life cycle assessment (LCA). 

Through an LCA, a spectrum of categories is available for environmental impact 

assessment (Table 2.2). Notably, for most impact categories, several different indicators or 
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modelling choices are available to simulate the potential environmental impacts, and their 

selection can lead to very different results (Ridoutt et al., 2016). For example, to evaluate 

the potential impacts on climate change, selection is required firstly on indicators, which 

are carbon footprint and global warming potential in this case (Table 2.2), and secondly on 

the modelling for calculating the selected indicator. For the calculation of carbon footprint 

(referring to the amount of GHG emissions associated with human activities), several 

choices are available in the modelling, such as 100-year global warming potential or 20-

year global warming potential (Pandey et al., 2011). Therefore, extra attention should be 

paid to the indicator or methods selected when comparing the results between different 

studies. 

Table 2.2. Main inputs and activities of greenhouse production and selected contributing 
environmental impact categories, corresponding substances and environmental indicators 
(adapted from Pluimers, 2001). 

Inputs and activities Impact categories Main chemical 

compounds or 

substances 

Indicators 

Use of fossil fuels for 

greenhouse heating 

Fertiliser application 

Greenhouse 

construction 

Climate change  CO2, CH4, N2O Carbon footprint 

Global warming potential100 

Abiotic depletion  Hard coal, natural gas, 

crude oil, metals 

Abiotic depletion potential 

Acidification  NOx, NH3, SO2 Air acidification potential 

Terrestrial acidification 

potential 

Photochemical 

oxidation (summer 

smog) 

NOx, non-methane 

volatile organic 

compounds 

Photochemical oxidation 

potential  

Greenhouse structure  

Fertiliser production 

Use of fossil fuel 

Energy 

consumption 

Fuels and electricity Cumulative energy use  

Fertiliser application  Eutrophication  NH3, NOx, NO3
–, PO4

–3 Freshwater eutrophication 

potential 

Marine eutrophication 

potential 

Nitrogen footprint 

Nitrogen use efficiency 

Pesticides application 

Fertiliser application 

Disposal of waste 

Ecotoxicity  Residues of pesticides, 

heavy metals (cadmium, 

lead, mercury etc.) 

Terrestrial ecotoxicity 

potential 

Aquatic ecotoxicity potential  

Pesticides application 

Combustion of fossil 

fuels 

Fertiliser application  

Human toxicity  Residues of pesticides, 

small particulate matter 

(e.g. PM2.5), heavy 

metals (cadmium, lead, 

mercury etc.) 

Human toxicity potential 

Human carcinogenic toxicity 

potential 

Human non-carcinogenic 

toxicity potential 
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Water use for irrigation Freshwater 

depletion 

Freshwater Water footprint 

Water use 

Water scarcity index 

Selection of environmental impact categories varies with the research interests or 

environmental concerns being addressed, and greatly depends upon the types of 

greenhouse systems being assessed (Table 2.3). Generally, in cool climate regions (e.g. 

the Netherlands), heating is essential for greenhouse production when the indoor 

temperature is insufficient for plant growth. Thus, the use of energy, typically fossil-based 

energy, is the biggest driver of most environmental impacts, especially climate change. 

While for plastic greenhouses in warmer climates, for example the Mediterranean basin, 

heating and climate control are rare, and therefore energy use is much lower. Instead, 

application of fertilisers and synthetic pesticides are the major contributors to the 

environment impacts of such greenhouses, such as through eutrophication and ecotoxicity 

(Antón et al., 2019). Table 2.3 summarises selected impact categories and methods used 

for impact assessment from 28 studies across different greenhouse production systems 

(e.g. climate control and cultivation) and countries. A literature review by Gruda et al. 

(2019) concluded that in both heated high-tech and unheated low-tech greenhouses, the 

potential impact on climate change needs to be mitigated in the future development of 

greenhouse production. In most greenhouse studies, climate change appeared to be the 

most frequently selected impact category for the impact assessment, regardless of the 

type of greenhouse (Table 2.3). Given the increasing global attention on climate change 

ranging from individuals, organisations (e.g. IPCC) to countries (e.g. Paris Agreement), it 

can be projected that mitigation related to climate change will continue to be one of the 

most crucial tasks for the improvement of greenhouse production. Additionally, the use of 

cumulative energy demand is also very common in LCA studies to quantify energy use 

from different sources (e.g. non-renewable energy) and to indicate the impact of energy 

use on climate change, in particular for production in heated greenhouses. Moreover, air 

acidification, abiotic depletion, eutrophication (including freshwater aquatic and marine 

systems), and photochemical oxidation are considered in most studies. This is consistent 

with Pineda et al. (2021) who conducted a literature review on LCA studies of greenhouse 

tomato production. The authors indicated that terrestrial ecotoxicity was considered in 

some studies, which is also found in studies summarised in Table 2.3. Apart from 

ecotoxicity on ecosystems, Pineda et al. (2021) also showed that human toxicity was 

selected to assess especially the impacts of pesticides application in low-tech unheated 

greenhouses.  
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Sustainable development goals 

To aid in the transformation towards sustainable greenhouse production, understanding 

and monitoring the sustainability status from three dimensions is vital. This requires 

normative, rigorous and quantitative information that must be provided through 

transparent, traceable and measurable ways (Bartke and Schwarze, 2015). A wide range 

of frameworks and tools have been developed and applied for the sustainability 

assessment with indicators of three dimensions in other agri-food production (Chaudhary 

et al., 2018; Arulnathan et al., 2020; Chopin et al., 2021; Alaoui et al., 2022), but this is not 

so for greenhouse horticulture. Nonetheless, there is no consensus in the choices of 

methods to select, owing to wide variation in sustainability themes (e.g. water, soil quality 

etc.), scope (e.g. farm-level, sector-level), end users (e.g. farmers, policy makers), and 

weighing methods (De Olde et al., 2016; Chopin et al., 2021). Regarding farm-level 

sustainability assessment tools or frameworks, the actual application in agriculture 

production remains limited (De Olde et al., 2016; Chopin et al., 2021).  

Given the lack of a harmonised method for sustainability assessment in agri-food 

production, and the large variation between conventional agricultural production and 

greenhouse cultivation, a new approach with legitimate indicators is needed to 

comparatively evaluate greenhouse production systems. The Sustainable Development 

Goals (SDGs) defined by the United Nations (2015) has emerged as the most important 

international framework that guides societies towards sustainability given the wide 

adoption by all UN members (Leal Filho et al., 2018; Wood et al., 2018; Mio et al., 2020). 

Compared to the three-dimension lens (environment, economy, society), the SDGs 

represents a broader version of sustainability with expanded dimensions, such as cultural 

and governments (Nadaraja et al., 2021). With the defined 17 SDGs (Table 2.4) and the 

linked 169 targets, this agenda provides a practical framework, covering multiple 

dimensions of sustainability for all countries and stakeholders to assess and improve 

global and local sustainability. Hence, SDGs offer a promising opportunity that engages 

different societal groups (e.g. farmers) across a wide range of scales (global, national, 

regional, individual farm) in their implementation (Salvia et al., 2019). 
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Table 2.4. Sustainable development goals (SDGs) defined by the United Nations. SDGs identified 
to be associated with agri-food production are outlined in bold (Chaudhary et al., 2018).  

No.  SDGs 

1 End poverty in all its forms everywhere 

2 End hunger, achieve food security and improved nutrition and promote 

sustainable agriculture 

3 Ensure healthy lives and promote well-being for all at all ages 

4 Ensure inclusive and equitable quality education and promote lifelong 

learning opportunities for all 

5 Achieve gender equality and empower all women and girls 

6 Ensure availability and sustainable management of water and sanitation 

for all 

7 Ensure access to affordable, reliable, sustainable and modern energy 

for all 

8 Promote sustained, inclusive and sustainable economic growth, full and 

productive employment and decent work for all 

9 Build resilient infrastructure, promote inclusive and sustainable 

industrialization and foster innovation 

10 Reduce inequality within and among countries 

11 Make cities and human settlements inclusive, safe, resilient and sustainable 

12 Ensure sustainable consumption and production patterns 

13 Take urgent action to combat climate change and its impacts 

14 Conserve and sustainably use the oceans, seas and marine resources 

for sustainable development 

15 Protect, restore and promote sustainable use of terrestrial ecosystems, 

sustainably manage forests, combat desertification, and halt and 

reverse land degradation and halt biodiversity loss 

16 Promote peaceful and inclusive societies for sustainable development, 

provide access to justice for all and build effective, accountable and inclusive 

institutions at all levels 

17 Strengthen the means of implementation and revitalize the Global Partnership 

for Sustainable Development 

The SDGs have become a heuristic framework in sustainability assessment in agriculture 

production (Leal Filho et al., 2018). An increasing number of studies have assessed the 

sustainability of agriculture production on the basis of SDGs (Chaudhary et al., 2018; 

Nhemachena et al., 2018; Saladini et al., 2018; Karnauskaite et al., 2019; Hinz et al., 

2020; Streimikis and Baležentis, 2020; Adhikari et al., 2021; Nadaraja et al., 2021; Diogo 

et al., 2022). Chaudhary et al. (2018) identified that 12 out of 17 SDGs are associated with 

agricultural production (Table 2.4), pointing out that agriculture is critical for achieving 

overall sustainability for humanity (Talukder et al., 2020). Meanwhile, several studies 

demonstrated the compatibility between existing sustainability assessment methods and 

SDGs (Rasul, 2016; Giupponi and Gain, 2017; Randers et al., 2018; Wulf et al., 2018; 
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MacPherson et al., 2020; Visentin et al., 2020; Alejandrino et al., 2021). In particular, LCT 

has been identified as having many shared considerations of environmental aspects with 

SDGs (Wulf et al., 2018). Moreover, Gil et al. (2019) explored suitable indicators for 

evaluating SDG2 (end hunger, achieve food security and improved nutrition and promote 

sustainable agriculture) and considered WUE and NUE as two tangible indicators for the 

assessment on the sustainable performance of agriculture practices (Target 2.4). As 

previously discussed, large bodies of studies have employed RUE and LCT approaches in 

assessing single or multiple dimensions of sustainability in greenhouse production 

systems. These studies provide useful data sources which have great potential in 

interpretating the sustainability of greenhouse production systems. Therefore, RUE and 

LCT provide options of suitable indicators that could be potentially incorporated within the 

SDGs framework for the sustainability assessment of greenhouse horticulture. 

2.5. Conclusions 

Greenhouse systems provide a unique method for food production, being substantially 

different from conventional open-field production, in terms of inputs and outputs for the 

production. Hence, contextualisation is essential for approaches for assessing the 

sustainability of greenhouse production systems. Most studies on sustainability 

assessment of greenhouse production have emphasised environmental aspects, not 

considering the economic and particularly social dimensions. An analytical framework with 

tangible themes and indicators is required for comprehensive understanding on the 

sustainability of greenhouse production which ultimately facilitates the transformation 

towards sustainable development in the sector. Resource use efficiency and life cycle 

thinking approaches are identified as two key approaches to consider the environmental 

sustainability of greenhouse horticulture. The SDGs provides considerable potential for 

interpreting multiple dimensions of sustainability and allows for the identification of 

interconnections between sustainability themes and dimensions for greenhouse 

production. Collectively, this review suggests that resource use efficiency and metrics 

based on life cycle thinking are suitable indicators for understanding the sustainability of 

greenhouse production, and thus important components in constructing a comprehensive 

analytical framework in line with the SDGs. 
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Abstract 

Tomato is an important crop worldwide both in field and greenhouse production, requiring 

large amounts of water and nitrogen (N). Numerous studies have been conducted to 

optimise the utilisation of water and nitrogen use in tomato production. Efficiencies of 

water and N fertiliser use vary strongly with growing conditions, agricultural management 

and production systems. Given the importance and increasing interest in greenhouse 

tomato production, we conducted a quantitative synthesis to study and compare the 

effects of water management and N fertiliser use on tomato yield, water use efficiency 

(WUE) and N fertiliser use efficiency (NUE) of field and greenhouse tomato production 

systems (primarily soil-based cultivation). We compiled a comprehensive dataset based on 

46 publications across a wide range of growing environments, including 430 fresh yields, 

296 WUE and 348 NUE datapoints. Tomato yield was strongly affected by water and N 

inputs and the interaction between them. Correlation between tomato yield and total water 

input (TWI) differed between field and greenhouse systems, being linear for greenhouse 

studies and with an optimum relationship for field studies. On average, WUE was 23 kg 

FW m-3 and NUE was 278 kg FW kg-1 N for field studies; WUE was 47 kg FW m-3 and 

NUE was 403 kg FW kg-1 N for greenhouse studies. Greenhouse systems on average 

showed lower TWI (32%), higher yield (45%), WUE (104%) and NUE (45%) compared to 

field production. More evident effects of deficit irrigation within a range of 70–100% crop 

evapotranspiration (ET) were found on the tomato yield, WUE and NUE in greenhouse 

production in comparison to field production. The highest mean yield, WUE and NUE were 

found at 80–90%ET in greenhouse studies. Our analysis suggests that 1) efficacy of 

water-saving measures for tomato production can be markedly different between field and 

greenhouse production, which should be considered in application of optimisation 

measures; 2) understanding the interactive effects between water and N use is key for 

improvement of WUE and NUE simultaneously without compromising tomato yields. 

Key words: Cultivation systems; N fertilisation; Resource use efficiency; Tomato 

productivity; Water management. 
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3.1. Introduction 

Tomato (Solanum lycopersicum L.) is the second most consumed (fresh and processed) 

vegetable crop worldwide after potato. Annual world production of tomatoes in 2017 was 

182 million tonnes with a total harvested area of ca. 4.8 million hectares (Food and 

Agriculture Organisation, 2017). Resource inputs, such as water and nitrogen (N) are 

typically high for most tomato production systems (Heuvelink, 2018). Given a rapidly 

growing world population, the demand for tomatoes is projected to increase further 

(Lombardi et al., 2016), which will further increase water and N fertiliser requirements for 

tomato production, unless we can achieve substantial improvements in water and N use 

efficiencies. In order to deliver on the United Nations Sustainable Development Goals 

(United Nations, 2015), it is important to improve both water and N fertiliser use 

efficiencies because: (1) the availability of fresh water is declining, with water demands 

from other, competing sectors increasing (Wallace, 2000; Kummu et al., 2010; Schewe et 

al., 2014); (2) fertiliser production and application increases greenhouse gas emissions 

(Snyder et al., 2009; Walling and Vaneeckhaute, 2020) and (3) N losses during and after 

fertiliser application can contaminate water systems (Song et al., 2009; Agostini et al., 

2010). It is of economic and environmental importance to monitor and better manage the 

use of water and N, given that significant efficiency gains are still possible (Hsiao et al., 

2007; Foley et al., 2011; Gastal et al., 2015; Xing et al., 2019).  

Tomato is produced globally in various climate zones, using a wide range of production 

systems from broad scale open-field operations to intensive greenhouse production 

systems. As for many other crops, water use efficiency (WUE) of tomato production could 

be improved. Most water is used by crop transpiration and soil evaporation, i.e. 

evapotranspiration (Allen et al., 1998), leaving a small amount (<10%) for conversion into 

plant biomass (Van Kooten et al., 2008). Despite that water-saving measures, such as 

mulching and drip irrigation have been prevalently applied, the amount of water applied in 

crop production is far beyond the amount of water required for evapotranspiration and 

biomass accumulation. Du et al. (2018) reported that the amount of total water input 

(irrigation and precipitation) for tomato production ranged from 56 to 1370 mm per growing 

season. This is larger than the range of the amount of water for evapotranspiration ranging 

from 284 to735 mm, indicating large amounts of water being lost due to surface run-off 

and leaching (Du et al., 2018). Excess irrigation and nitrogen use are interlinked, 

particularly when fertigation technology is used for combined water and nutrient 

application (Muñoz et al., 2008b; Zotarelli et al., 2009). Low N fertiliser use efficiency 
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(NUE) has been recognized in many production systems with losses ranging from 50–70% 

of N fertiliser applied (Sutton et al., 2013; Abalos et al., 2014). Hence, in order to reliably 

produce high yields while improving both resource use efficiencies, it is essential to 

consider the interaction between water and N fertiliser supply (Quemada and Gabriel, 

2016). 

Greenhouse production systems have become common for tomato production worldwide. 

Growing crops in greenhouses offers an avenue to improve WUE and NUE through 

environmental control and precise water and nutrient management. In the Netherlands, 

producers achieve high WUE and NUE in modern, high-tech greenhouses where a closed, 

recirculating soilless cultivation system collects the drainage of nutrient solution supplied 

through the fertigation system for reuse (Stanghellini, 2014). However, low cost, low-tech 

greenhouses with cultivation in soils are common in large greenhouse production regions, 

such as China and the Mediterranean area (Heuvelink, 2018). In these greenhouses, 

yield, WUE and NUE are often suboptimal. A greenhouse study in southern China by Min 

et al. (2012) reported that only around 10–20% of applied N was taken up by the crops, 

suggesting most applied N either leached out, was lost via denitrification or accumulated in 

the soil. Such losses are costly for both producers and the environment. 

Several studies have explored strategies to optimise water use (Kuscu et al., 2014; Wei et 

al., 2016; Hou et al., 2017; Li et al., 2017b) and N fertiliser use (Tei et al., 2002; He et al., 

2007; Zotarelli et al., 2007; Elia and Conversa, 2012; Min et al., 2012), and the combined 

use of water and N (Rinaldi et al., 2007; Wang et al., 2015; Du et al., 2017; Li et al., 

2017a) in tomato production for specific locations and for specific cultural and crop 

management practices. However, yield, WUE and NUE vary greatly with environmental 

conditions. Hence, strategies recommended for a specific production system may have 

limited applicability for other systems or at other locations. Instead of site-specific 

strategies, there is a need to understand the range and values of water and N use 

efficiencies, and the possible interactions between water and N use, across a range of 

production environments and agricultural practices for both field and greenhouse 

production. This will then provide an important baseline data and information for future 

resource optimisation efforts for tomato and other vegetable crop production.  

A quantitative synthesis can summarize information from many, diverse studies (Stanley 

and Jarrell, 1989). A meta-analysis by Du et al. (2018) has explored the effects of water 

and N inputs on tomato yield, WUE and NUE, as well as the interactions between them. 

That study provided recommendations on optimal water and N inputs and saving plans for 
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different countries. However, these recommendations were given without considering 

differences between production systems, and therefore may misguide the practices for 

improvement of resource use efficiency in tomato production. Due to the availability of 

research and corresponding data on tomato production in both greenhouse and open-field 

production systems, it becomes possible to compare water and nitrogen usage between 

the two. 

Here we quantified the existing, global variability of tomato yields and their associated 

WUE and NUE across different environments and production systems. Our specific 

research objectives were to (1) quantify and compare the relationships between tomato 

yield, water use, and applied N fertiliser in field and greenhouse production systems; (2) 

examine the effects of irrigation management in combination with water-saving practices, 

such as total water input, deficit vs excessive irrigation with and without mulching on yield, 

WUE and NUE in two production systems; (3) explore the possible interactions between 

water and N on crop yield, WUE and NUE. This quantitative synthesis provides the 

necessary baseline figures for future optimisation of resource use in tomato production. 

3.2. Methods 

Data collection 

We systematically searched the peer-reviewed literature, conference proceedings, PhD 

theses and book chapters through three main scholar search engines: Web of Science 

(searching ‘Topic’), Scopus (searching ‘TITLE-ABS-KEY’) and Google Scholar 

(Supplementary Figure 3.1). Most studies investigated the relationship either between crop 

water use and yield, or between N fertiliser use and yield under given growing conditions 

and agricultural practices. The search was conducted through using different combinations 

of the following terms: ‘tomatoes’, ‘lycopersicum’, ‘yield’, ‘biomass’, ‘dry matter’, ‘water 

use’, ‘water productivity’, ‘evapotranspiration’, ‘nitrogen fertiliser’, ‘nitrogen fertilizer’, 

‘nitrogen’ in the article title, abstract or key words. The preliminary search yielded ca. 770 

publications (excluding duplicates). We then applied the following screening criteria based 

on the abstracts of the publications: (1) studies must report tomato yield, total water input 

during the growing season, the rate of N fertiliser application; (2) actual cumulative crop 

evapotranspiration (ET) was considered as the most common estimation of actual amount 

of water use required for crop production (Tanner and Sinclair, 1983; Sinclair et al., 1984) 

and should be reported in the study; (3) production system, irrigation management (e.g. 

amount of irrigation, furrow versus drip irrigation), water-saving practices (e.g. mulching 



Chapter 3 

 
38 

versus no mulching), environmental conditions, soil texture and planting density of the 

experiment were provided. 

In the end 46 studies across 13 countries, including 34 field studies and 12 greenhouse 

studies, met the selection criteria and were used for data extraction (Appendix I). Each 

datapoint required for the quantitative synthesis was the mean value of a treatment 

reported in the original study. When data were only available in figures, values were 

extracted by using G3data (https://github.com/pn2200/g3data/). In total, 430 fresh yields, 

296 WUE and 348 NUE datapoints were included for the final analysis. All data were 

classified based on the production system (field or greenhouse). 

Definitions 

Total water input (TWI; mm) was calculated as the sum of the amount of precipitation (only 

for field production) and the amount of irrigation water (mm) applied during the growing 

season (Equation 1). It was assumed that for greenhouse production systems precipitation 

was not captured and hence unavailable for plant growth. 

𝑇𝑊𝐼 =  𝑃𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑖𝑜𝑛 + 𝐼𝑟𝑟𝑖𝑔𝑎𝑡𝑜𝑛 𝑤𝑎𝑡𝑒𝑟                                                                                              (1) 

Irrigation ratio was defined as (Equation 2): 

𝐼𝑅 =  
𝑇𝑊𝐼

𝐸𝑇
                                                                                                                                                          (2) 

Where ET (mm) denotes the cumulative crop evapotranspiration measured or estimated 

during the growing season. Therefore, IR values <1 and >1 indicate deficit and excess 

irrigation, respectively. Note that here ET was measured or estimated based on soil water 

content during the crop production and therefore different from reference 

evapotranspiration (Allen et al., 1998). The latter is often used as a reference value in 

designing irrigation strategies before actual crop production occurred. Water use efficiency 

(WUE; kg FW m-3) was defined as (Equation 3): 

𝑊𝑈𝐸 =  
𝐹𝑟𝑒𝑠ℎ 𝑦𝑖𝑒𝑙𝑑

𝑇𝑊𝐼
 ×  100                                                                                                                        (3) 

where fresh yield (t ha-1) is the fresh weight (FW) of tomato yield. N fertiliser use efficiency 

(NUE; kg FW kg-1 N) was defined as (Equation 4): 

𝑁𝑈𝐸 =  
𝐹𝑟𝑒𝑠ℎ 𝑦𝑖𝑒𝑙𝑑

𝑁 𝑓𝑒𝑟𝑡𝑖𝑙𝑖𝑠𝑒𝑟 𝑠𝑢𝑝𝑝𝑙𝑦
 ×  1000                                                                                                       (4) 
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where N fertiliser supply (kg N ha-1) is the total N fertiliser applied during the growing 

season, including synthetic N fertiliser and farmyard manure (mainly in China and India). 

For studies where N content of farmyard manure application was not specified and 

included in the total N supply, estimation of the N content in farmyard manure was based 

on Liu et al. (2010) and Bandyopadhyay et al. (2010) for studies in China and India, 

respectively. The observations (n = 9) without N fertiliser supply were excluded from the 

calculation of NUE. 

Data analysis 

Linear regressions were conducted to examine the relationships between prediction 

variables (fresh yield, WUE or NUE) and independent variables (TWI, N fertiliser supply or 

irrigation ratio). Multiple linear regression was used to simultaneously estimate the mean 

effects of variables on tomato yield, WUE and NUE. TWI and N fertiliser supply as well as 

their interaction (TWI × N) were included in all models as essential variables, as responses 

of yield to N fertiliser supply and TWI were the main research interest in the present study.  

The best model was identified based on the Akaike Information Criterion (AIC) scores, 

including TWI, N fertiliser supply and their interaction (Equation 5) for explaining fresh 

yield, WUE and NUE in field and greenhouse systems. Mulch was included as a 

categorical variable (two levels: mulch, no mulch) for field production systems as it was 

found to be significant. For greenhouse studies, limited data for systems without using 

mulch was available, and therefore the effects of mulch were not assessed.  

𝐷𝑒𝑝𝑒𝑛𝑑𝑒𝑛𝑡 𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒 = 𝛼 + 𝛽1  ×  𝑇𝑊𝐼 + 𝛽2  ×  𝑁 + 𝛽3  ×  𝑇𝑊𝐼 ×  𝑁                                        (5) 

Where α denotes intercept and β1-3 denote the response of dependent variable (fresh 

yield, WUE or NUE) to changes in independent variables (TWI, N and TWI × N), TWI × N 

represents the interaction between TWI and N. 

All statistical analyses were conducted in R programming language (R Core Team, 2018, 

Preprint). Because almost none of the studies used for the quantitative synthesis reported 

standard deviation or standard error, an unweighted analysis was conducted.  

3.3. Results  

Overview of the datasets 

In general, all variables showed large variations for both field and greenhouse production 

systems (Figure 3.1). Possible reasons for these variations included very different 
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environmental conditions and different varieties and agricultural practices. The average 

length of a growing season for greenhouse production (159 days; Supplementary Table 

3.1) was 45% longer than that for field production (110 days; Supplementary Table 3.1) 

(Figure 3.1A). This may largely explain the higher average yields in greenhouse production 

(129 t ha-1 compared to 80 t ha-1 for field production; Supplementary Table 3.1) (Figure 

3.1E). Nonetheless, average water use in greenhouse production was ca. 14% (ET) or 

24% (TWI) lower than that in field production (Figure 3.1B, 3.1C). As a result, the studies 

on greenhouse production presented on average a higher WUE (47 kg FW m-3; 

Supplementary Table 3.1), being about twice as high as for field production (Figure 3.1G). 

Greenhouse studies reported on average 45% higher N fertiliser supply (Figure 3.1D) and 

45% higher NUE (Figure 3.1H) than field studies (Supplementary Table 3.1). For 

greenhouse studies, irrigation ratio (<1 for deficit irrigation and >1 for excess irrigation) 

mostly was lower than 1 (Figure 3.1E) with an average value of 0.9 (Supplementary Table 

3.1), meaning that deficit irrigation was applied in most of the assessed greenhouse 

studies. For field studies, a wide range of irrigation ratios were reported, mostly showing 

excess irrigation (Figure 3.1E).
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To provide a comparison with modern, high-tech greenhouse production systems, data 

from commercial tomato greenhouses were additionally compiled (Table 3.1). Compared 

with the greenhouse studies in our dataset, high-tech commercial greenhouses showed 

much higher crop productivity and water use. For instance, the average yield and water 

use commercial greenhouses in the Netherlands were respectively 334% and 300% 

higher (Table 3.1) than those reported in the assessed greenhouse studies 

(Supplementary Table 3.1). In modern Dutch greenhouses, where soilless cultivation 

(using substrates such as stone wool) and assimilation lighting have been adopted, yields 

that are 590% higher than the average yield for greenhouses in our dataset have been 

reported, while water and N fertiliser losses were considerably lower or even fully 

eliminated (Table 3.1).  
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Effects of water management on yield, WUE and NUE 

The datasets of greenhouse studies indicated that tomato yields increased linearly with 

total water input (TWI; Figure 3.2A; P value < 0.001) and no significate correlation 

between NUE and TWI (Figure 3.2C). Tomato yields and NUE of field production were 

quadratically and asymptotically correlated with TWI, respectively (Figure 3.2A, 3.2C). This 

suggested that the increases in fresh yield and NUE were constrained by other factors 

when TWI was no longer limiting. WUE was negatively correlated with increased TWI in 

both systems. The differences in fresh yields between greenhouse and field systems 

increased with increasing TWI (Figure 3.2A). In contrast, the gap in WUE between the two 

types of systems declined as TWI increased (Figure 3.2B). 
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Figure 3.2. Fresh yield (A), water use efficiency (WUE; B) and N fertiliser use efficiency (NUE; C) 

as a function of total water input of tomato production under field (purple dots) and greenhouse 

(orange triangles) cultivation systems. Solid lines and colour bands indicate significant regressions 

and 95% confidence intervals. Note that four data points of greenhouse systems (open orange 

triangles) were not included in the regression analysis as these points were clear outliers and 

would have strongly influenced the regression. 

We additionally assessed the effects of deficit (< ET) or excess irrigation (> ET) on tomato 

yield, WUE and NUE through a defined indicator termed as irrigation ratio (TWI/ET; Figure 

3.3). Fresh yield and WUE significantly decreased with irrigation ratio within a range of 
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0.7–1.16 in greenhouse production (Figure 3.3A and 3.3C). No clear trend was observed 

between NUE and irrigation ratio under greenhouse systems (Figure 3.3E). For field 

production, fresh yield and NUE showed a quadratic response to irrigation ratio (Figure 

3.3A and 3.3E). WUE decreased linearly with irrigation ratio in field production (Figure 

3.3C). 

To better visualise the results of the comparative analyses between field and greenhouse 

studies, we zoomed in the plots (Figure 3.3A, 3.3C and 3.3E) on data points in the 

irrigation ratio range between 0.7 and 1.16 (Figure 3.3B, 3.3D and 3.3F). Within this range 

of irrigation ratios, fresh yield, WUE and NUE were less affected by irrigation ratio for field 

production than for greenhouse production. Fresh yield, WUE and NUE of greenhouse 

production were higher than that of field production when deficit irrigation was applied 

(irrigation ratio < 1; Figure 3.3B, 3.3D and 3.3F). The highest mean values of fresh yield, 

WUE and NUE under greenhouse conditions appeared around irrigation ratio of 0.8–0.9. 

Differences in fresh yield and WUE between field and greenhouse systems declined as 

irrigation ratio increased. For irrigation ratios above 1 (excess irrigation), these differences 

between systems were not observed. 
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Figure 3.3. Effects of irrigation ratio (total water input/actual crop evapotranspiration) on fresh yield 

(A), water use efficiency (WUE; C) and N fertiliser use efficiency (NUE; E). Solid lines and bands 

indicate significant regressions and 95% confidence intervals. Panels B, D and F present the 

zoom-in plots for irrigation ratio between 0.7 and 1.16. 

Effects of N fertiliser use on yield, WUE and NUE 

Fresh yield increased and NUE decreased with N fertiliser supply (Figure 3.4A; linear 

regressions, P value < 0.001), however, large variations were observed in both systems. 

Fresh yield and NUE of greenhouse studies were higher than that of field studies at a 

given level of N fertiliser supply (Figure 3.4A and 3.4C). This yield difference between 

systems increased with increased N fertiliser supply (Figure 3.4A). In contrast, the 

differences in NUE between systems declined as the N fertiliser supply increased and fully 
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disappeared when N supply exceeded 500 kg N ha-1 (Figure 3.4C). WUE increased 

linearly with N supply for greenhouse production, whereas no such relationship was 

observed for field production (Figure 3.4B).  

 

Figure 3.4. Fresh yield (A), water use efficiency (WUE; B) and N fertiliser use efficiency (NUE; C) 

as a function of N fertiliser supply for field production (purple dots) and greenhouse production 

(orange triangles) of tomato. Solid lines and bands indicate significant regressions and 95% 

confidence intervals. 
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Interactive effects between water and N fertiliser supply for yield, WUE and NUE 

Multiple linear regression revealed a significant interaction between TWI and N fertiliser 

supply for fresh yield. This interaction was positive for field production with mulch and for 

greenhouse production, however it was negative for field systems without mulch (Table 

3.2). For example, a significant effect of TWI on tomato yield of greenhouse systems was 

only found at relatively higher levels of N fertiliser supply (500–940 kg N ha-1) (Figure 

3.5E). For WUE, a positive interaction was observed for field with mulching and 

greenhouse systems, whereas field production without mulching showed no interaction 

between TWI and N fertiliser supply. The negative effect of TWI on WUE was stronger at 

high N fertiliser supply (Figure 3.5B and 3.5F). For NUE, a negative interaction was shown 

for field with mulch systems (Table 3.2), whereas the other two production systems 

showed no interaction. The positive effect of TWI on NUE was less strong at higher N 

fertiliser supply (Figure 3.5C). 

Table 3.2. Effects of total water input (TWI), N fertiliser supply (N) and their interaction on fresh 
yield, water use efficiency (WUE) and N fertiliser use efficiency (NUE) (multiple linear regression 
models; eqn. 5) under three types of tomato production systems: field with mulching, field without 
mulching and greenhouses. 

System Variable Value Std. error Sign. R2 

Field with mulching      

   Fresh yield (t ha-1) α (Intercept) 188.40 26.04 *** 0.267 

 β1 (TWI) -2.24 × 10-1 5.60 × 10-2 ***  

 β2 (N) -4.33 × 10-1 8.62 × 10-2 ***  

 β3 (TWI × N) 9.16 × 10-4 1.69 × 10-4 ***  

   WUE (kg FW m-3) α (Intercept) 68.96 7.68 *** 0.460 

 β1 (TWI) -1.03 × 10-1 1.65 × 10-2 ***  

 β2 (N) -7.81 × 10-2 2.54 × 10-2 **  

 β3 (TWI × N) 1.70 × 10-4 4.98 × 10-5 ***  

   NUE (kg FW kg-1 N) α (Intercept) -83.20 58.95 ns 0.334 

 β1 (TWI) 6.34 × 10-1 1.27 × 10-1 ***  

 β2 (N) 6.51 × 10-1 1.95 × 10-1 **  

 β3 (TWI × N) -1.15 × 10-3 3.82 × 10-4 **  

Field without mulching      

   Fresh yield (t ha-1) α (Intercept) -28.90 20.95 ns 0.240 

 β1 (TWI) 0.27 4.75 × 10-2 ***  

 β2 (N) 0.23 6.50 × 10-2 ***  

 β3 (TWI × N) -6.14 × 10-4 1.38 × 10-4 ***  

   WUE (kg FW m-3) α (Intercept) 25.38 5.53 *** 0.299 

 β1 (TWI) -9.73 × 10-3 1.26 × 10-2 ns  
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 β2 (N) 2.57 × 10-2 1.72 × 10-2 ns  

 β3 (TWI × N) -6.97 × 10-5 3.64 × 10-5 ns  

   NUE (kg FW kg-1 N) α (Intercept) 162.90 93.45 ns 0.457 

 β1 (TWI) 7.36 × 10-1 2.46 × 10-1 **  

 β2 (N) -2.92 × 10-1 3.19 × 10-1 ns  

 β3 (TWI × N) -5.78 × 10-4 8.26 × 10-4 ns  

Greenhouse      

   Fresh yield (t ha-1) α (Intercept) 101.90 22.70 *** 0.796 

 β1 (TWI) -1.09 × 10-1 8.92 × 10-2 ns  

 β2 (N) -3.11 × 10-2 3.61 × 10-2 ns  

 β3 (TWI × N) 5.73 × 10-4 1.23 × 10-4 ***  

   WUE (kg FW m-3) α (Intercept) 73.51 8.29 *** 0.624 

 β1 (TWI) -1.61× 10-1 3.26 × 10-2 ***  

 β2 (N) 1.67 × 10-2 1.32 × 10-2 ns  

 β3 (TWI × N) 1.03 × 10-4 4.50 × 10-5 *  

   NUE (kg FW kg-1 N) α (Intercept) 348.51 197.13 ns 0.434 

 β1 (TWI) 1.21 0.82 ns  

 β2 (N) 0.28 0.70 ns  

 β3 (TWI × N) -4.19 × 10-3 2.81 × 10-3 ns  

* means P value < 0.05, ** means P value < 0.01, *** means P < 0.05 and ns means not significant. 
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Figure 3.5. Correlations between fresh yield, water use efficiency (WUE), N fertiliser use efficiency 

(NUE) and total water input of three types of tomato production systems: field with mulch, field 

without mulch and greenhouses. In each panel, data points were grouped according to three levels 

of N fertiliser supply to visualise the interaction between total water input and N fertiliser supply. 

Different ranges of three N levels (orange: 0–200 kg/ha, grey: 200–300 kg/ha, light blue: 300–

650kg/ha) were selected for the three cultivation systems to ensure that similar amount of data 

points was grouped for each N level. Blank panels indicate that there was no significant interaction 

observed. 

3.4. Discussion 

Our study synthesises and quantitatively analyses 34 field and 12 greenhouse tomato 

studies. For both greenhouse and field studies, the datasets show large variations due to 

different environmental conditions, tomato varieties and agricultural practices. Tomato 

yield ranged from 14 to 207 t ha-1 in field production and from 58 to 360 t ha-1 in 
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greenhouse experiments (Supplementary Table 3.1). This range is similar to the 2 to 306 t 

ha-1 reported in a meta-analysis exploring water- and nitrogen-saving potentials for tomato 

production without distinguishing between field and greenhouse systems (Du et al., 2018). 

Greenhouse systems showed on average 45% higher tomato yield than field systems 

(Supplementary Table 3.1). Tomato yield for Dutch commercial greenhouses has been 

reported 430–690% higher than the average yield of our greenhouse dataset (560–890 t 

ha-1) (Table 3.1). This is probably mainly due to the shorter growing season in the 

greenhouse experiments compared to commercial greenhouses (usually 11 months) 

(Marcelis et al., 2019). Additionally, optimised growing conditions and precise fertigation 

management also lead to higher yields in Dutch greenhouses (Marcelis et al., 2019). Our 

data suggest that the higher tomato yield in greenhouse systems may be the result of 

combined effects of multiple factors. Firstly, the growing season of greenhouse cultivation 

was on average 45% longer than for field cultivation (Supplementary Table 3.1). Secondly, 

the temperature in greenhouses is more favourable for plant growth (higher average 

minimum and lower maximum temperatures; Supplementary Table 3.1), which is 

combined with better protection from adverse weather events Collectively, the growing 

conditions in greenhouses are more favourable compared to field production. 

Greenhouse tomato yield increased linearly with TWI, whereas this relationship was 

quadratic for field production systems (Figure 3.2A). These different relations between 

water input and tomato yield between systems can be attributed to multiple factors, such 

as growing conditions, crop varieties, and crop management. The quadratic relation 

between tomato yield and water input in field production reveals that there are factors 

other than water (e.g. N fertiliser supply) that limit the increase in yield when water is not 

limiting. Tomato yield is also affected by the interaction between TWI and N fertiliser 

supply, presenting a positive effect in greenhouse systems and field systems with 

mulching and a negative effect in field systems without mulching (Table 3.2; Figure 3.5A, 

3.5D and 3.5E). The positive interaction between TWI and N supply on tomato yield is 

consistent with the results of the meta-analysis study by Du et al. (2018) in which variation 

due to production systems was not considered.  

Potential of improving water use efficiency and water saving 

Enhancing WUE and water-saving is not only important for conserving water sources but 

may also concomitantly lead to reduction in N leaching and thus contamination of soils and 

aquifers (Quemada and Gabriel, 2016). TWI was on average 32% lower and WUE was on 

average 104% higher in greenhouse systems than in field cultivation (Supplementary 
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Table 3.1). This lower TWI in greenhouse systems may be partly due to the lower crop ET 

(16% lower in cumulative ET and 65% lower in daily ET) in greenhouses (Supplementary 

Table 3.1). ET is an important reference of designing irrigation in crop production. 

Compared to open-field production, greenhouse cultivation can lower the ET inside of 

greenhouses and thus crop water requirement due to several factors, such as reduced 

wind speed and solar radiation, and higher relative humidity (Orgaz et al., 2005; Yan et al., 

2018). This means that crop water requirement (full irrigation) is lower in greenhouse 

cultivation than open-field production. Harmanto et al. (2005) demonstrated that ET of 

tomato production inside a greenhouse in tropical climate was reduced to 75–80% of the 

ET outside the greenhouse. This reduction in ET in greenhouses is even larger in 

Mediterranean regions where a reduction to 30–40% has been reported (Stanghellini, 

1993; Orgaz et al., 2005). 

Soil mulching is a common water-saving measure in field crop production. The beneficial 

effects of soil mulching include reducing soil evaporation, increasing soil temperature and 

thus microbial activity, weed control, and therefore reducing water use, increasing yield 

and WUE (Qin et al., 2015). Our field data indicate that application of mulch showed on 

average 42% higher WUE but no increase in tomato yield, compared to cultivation without 

mulching (Supplementary Figure 3.2A and 3.2B). This suggests that soil mulching may be 

an effective measure to increase the efficient of water use in field tomato production. A 

recent meta-analysis on the effects of mulching without considering the effects of 

production systems (Zhang et al., 2022) reported that mulching combined with drip 

irrigation resulted in 16% increase in tomato yield and 6% increase in WUE.  

Deficit irrigation is a proven measure for water saving improving water use efficiency in 

crop production (Costa et al., 2007; Fereres and Soriano, 2007; Geerts and Raes, 2009). 

Several synthesis studies have explored the water-saving potential of deficit irrigation and 

its combination with other management practices for tomato production (Lu et al., 2019; 

Chand et al., 2020; Cheng et al., 2021b; Singh et al., 2021). We calculated the irrigation 

ratio (TWI/ET; Eqn. 2) to indicate the actual extent of deficit or excessive irrigation based 

on TWI and actual crop evapotranspiration (ET). WUE in both cultivation systems was 

negatively affected by increased irrigation ratio (Figure 3.3B), and the changes in WUE 

were more pronounced in greenhouse systems compared to field production. This is in line 

with the meta-analysis by Singh et al. (2021) in which effects of different levels of deficit 

irrigation on yield and WUE of various crops were assessed. These authors found that the 

improvement in WUE due to deficit irrigation was larger in greenhouse systems than field 
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production (Singh et al., 2021). Additionally, the highest mean tomato yield, WUE and 

NUE for greenhouse systems appeared at the deficit irrigation with 80–90%ET (Figure 

3.3A). Previous studies (Nangare et al., 2016; Zhang et al., 2017b; Singh et al., 2021) 

reported that in greenhouse production deficit irrigation with 80%ET achieved similar yield 

as 100%ET (full irrigation) did and substantially increased WUE, which is consistent with 

our results. Singh et al. (2009) reported that in their experiment the highest WUE appeared 

at 80%ET deficit irrigation with application of mulching. However, a few studies have also 

demonstrated that deficit irrigation could reduce leaf area index, photosynthesis and 

caused significant yield losses (Singh et al., 2021; Ullah et al., 2021; Li et al., 2022). The 

extent of these reductions depends on the timing and level of deficit irrigation applied and 

other factors, such as fertilisation and crop variety. Hence, application of deficit irrigation 

requires consideration of its trade-off between improvement of WUE and yield decline. 

Therefore, deficit irrigation is often applied in arid, semi-arid and Mediterranean regions 

where improving WUE is prioritised over yield.  

Potential of improving N fertiliser use 

In our dataset N fertiliser supply varies between 56 and 677 kg N ha-1 in field production 

and between 120 and 788 kg N ha-1 in greenhouse production (Supplementary Table 3.1). 

These ranges are much smaller than the range reported by Du et al. (2018) in which data 

without N application was included (0–1550 kg N ha-1). The range of N fertiliser supply in 

greenhouse systems is also smaller than in a meta-analysis study in greenhouse systems 

by Cheng et al. (2021a) (28–900 kg N ha-1). This is likely due to different criteria for 

literature selection between studies. On average, greenhouse production presents 45% 

higher NUE in comparison to field production (Supplementary Table 3.1). There is no 

evident difference in daily N supply between greenhouse and field production, and the 

higher average N supply for greenhouse systems (345 kg N ha-1) compared to field 

production (238 kg N ha-1) as a result from a longer growing season under greenhouse 

cultivation (Supplementary Table 3.1). 

Tomato yield as a function of N fertiliser supply showed large variations (Figure 3.4A). The 

multiple linear regression for greenhouse data showed that there was no significant effect 

of N fertiliser supply on yield (Table 3.2). This could be partly explained by differences in 

growing conditions (e.g. soil type, climate etc.), crop management and other practices (e.g. 

irrigation) (Cheng et al., 2021a). Additionally, the uncertainty of estimating N content of 

manure fertiliser application induces extra variation in the analyses in relation to total N 

fertiliser supply. For instance, farmyard manure is commonly applied to improve soil 
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organic content in studies in Asia (such as China and India) which were included in the 

current synthesis. The N content in farmyard manure varies with the composition of the 

manure (Liu et al., 2010) and was mostly not specified in the original studies. Our 

estimation of the N content in farmyard manure may create inevitable errors, which 

therefore affects the analysis related to N use. Moreover, many studies did not report the 

N content in the soils before application of fertilisation. Soto et al. (2015) noted that many 

studies did not consider the available N derived from soils and manure in the calculation of 

NUE, leading to large overestimations in the efficiency of N use. One study included in the 

present quantitative synthesis reported that the N content in the soils was very high and 

around 1480 kg ha-1 before the experiment (Wang et al., 2015). 

Regardless of the variations indicated above, our analysis shows that at a given N supply 

level, higher NUE occur for greenhouse compared to field production (Figure 3.4C, 

Supplementary Figure 3.3C), which is consistent with the observation in tomato yield 

(Figure 3.4A, Supplementary Figure 3.3A). This may be attributed to a relatively optimal 

environment (e.g. temperature) (Cheng et al., 2021a), and irrigation management (e.g. 

deficit irrigation). Several studies reported that reduced irrigation input can decrease N 

leaching, thus resulting in sufficient N available for plants to use (Du et al., 2017; Bai et al., 

2020; Lv et al., 2021; Qasim et al., 2021). Wu et al. (2022) investigated the effects of 

deficit irrigation on N uptake and soil mineral N in lucerne (Medicago sativa). These 

authors observed that no significant N leaching occurred under deficit irrigation. Moreover, 

a meta-analysis on effects of N supply on tomato by Cheng et al. (2021a) reported that 

higher tomato yield could be more easily obtained under field production than 

greenhouses. The authors (Cheng et al., 2021a) speculated that this was due to a shorter 

growing duration under greenhouse cultivation as a result of higher temperature, which is 

opposite to our findings in which growing season is on average longer in greenhouses 

than in field production (Supplementary Table 3.1). We argue that the length of growing 

season in greenhouse and field production is greatly dependent on the local climate where 

the production is located. Through analysing sub-datasets based on four levels of N 

fertiliser supply (Supplementary Figure 3.3), we found that at 150–250 kg N ha-1, 

differences in mean tomato yield, WUE and NUE were the largest between greenhouse 

and field systems. For field production, our analysis showed that 350–650 kg N ha-1 seems 

to be an optimal N fertiliser supply given the highest mean yield, WUE and moderate NUE 

(Supplementary Figure 3.3). Whereas a trade-off is evident for the N application in 

greenhouse systems, with the higher yield and WUE at 350–650 kg N ha-1 but higher NUE 

at 150–250 kg N ha-1. This is in agreement with the findings by Cheng et al. (2021; 
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optimal N level to obtain the highest yield: 236–354 kg N ha-1) and Qasim et al. (2021; 

optimal N level to obtain the highest yield: < 500 kg N ha-1). However, Du et al. (2018) 

provided the optimal N inputs (defined by the lowest N level that produced the highest 

tomato yield) for various counties, ranging from 50 to 176 kg N ha-1. This range largely 

differs from the ranges that we found in the present study and from other studies (Cheng 

et al., 2021a; Qasim et al., 2021).  

Limitations of the present study  

The large variations within the dataset and the unequal numbers of studies between field 

and greenhouse systems induced some unavoidable uncertainties in the present study; 

often vital information (e.g. N content in soils) that would have helped with interpreting the 

results was missing. A considerable number of studies from commercial tomato 

greenhouse production (Table 3.1) had to be excluded from the current quantitative 

synthesis because these studies failed to meet the essential criteria for inclusion in the 

literature selection. For instance, several studies did not report experimental observations 

but rather average values for greenhouses at regional or country scale. However, these 

commercial data represent the real-world performance of high-tech greenhouse production 

systems. We identified large gaps in yield and water use between greenhouse studies 

included in our analysis and commercial greenhouse data, which may limit the relevance 

of the results of the current quantitative synthesis for these high-tech greenhouse systems. 

3.5. Conclusions 

The present study synthesised and quantitatively analysed the effects of water 

management and N fertiliser supply on tomato yield, WUE and NUE in greenhouse and 

open-field production. The effects of water management were examined from three 

dimensions, including total water input (TWI), application of soil mulching (for open-field 

production) and irrigation ratio (ratio of TWI to actual crop evapotranspiration). Overall, 

tomato yield is positively correlated to both TWI and N fertiliser supply, and additionally 

affected by the interaction between TWI and N fertiliser supply, presenting higher effect of 

TWI at higher levels of N supply when mulching is applied. This, in combination with 

commonality in application of fertigation, emphasises that optimisation of water and N is 

theoretically and practically interlinked, which is key to achieving high efficiencies for both 

resources. Our dataset shows that greenhouse systems present on average 45% higher 

tomato yield, 104% higher WUE, 45% higher NUE and 32% lower TWI compared with field 

production. 
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Soil mulching in field production on average resulted in 12% lower water input and 32% 

higher WUE without significant yield loss. Positive effects of deficit irrigation (70–100%ET) 

were more apparent for tomato yield, WUE and NUE of greenhouse systems compared to 

that of field production, suggesting that the efficacy of deficit irrigation may be higher in 

greenhouse cultivation. 80–90%ET led to the highest yield, WUE and NUE of greenhouse 

systems compared to higher or lower %ET values. 

Considerable variations were shown in the regression correlations between N fertiliser 

supply and tomato yield, WUE and NUE in both systems, presenting scattering data 

points. This may reflect a lack of accuracy in the estimation of total N supply since in some 

studies available N in soils before fertilisation and N content in farmyard manure were not 

considered. In future evaluation on the performance of N management, we strongly 

suggest that attention should be paid to standardising calculations of NUE. For instance, 

considering total N available in soils before fertilisation, and fertilisation levels from 

previous cultivation seasons, is vital for obtaining an accurate understanding of NUE. 

Additionally, using multiple N indicators (e.g. N leaching) (Qasim et al., 2021) can provide 

a more comprehensive understanding of N use and its fate, which would help optimise 

performance of N management in both field and greenhouse tomato production. Overall, 

tomato yield was significantly affected by TWI and N fertiliser supply as well as their 

interaction. This correlation shows difference between field and greenhouse systems. 

Altogether, our findings suggest that future optimisation strategies for water and N fertiliser 

use should consider the large variations existing between production systems. 

3.6. Supplementary materials 

Supplementary Table 3.1. Summarized statistics for analysed datasets under field and 
greenhouse tomato production systems. Variables include growing season, total water input (TWI; 
sum of rainfall and irrigation), daily water input (TWI divided by length of growing season), total N 
fertiliser supply, daily N fertiliser supply, cumulative crop evapotranspiration (ET), irrigation ratio 
(ET/TWI), fresh yield, water use efficiency (WUE), N fertiliser use efficiency (NUE), minimum, 
maximum and mean temperature during the growing season. The mean values and corresponding 
standard deviations (St. Dev), minimum and maximum values were calculated on a combined data 
set collected from all primary studies. 

 
No. of data 

points 
Mean Minimum Maximum 

Field      

   Growing season (days) 327 110 ± 19 77 210 

   Total water input (mm) 242 406 ± 174 56 922 

   Daily water input (mm) 234 3.8 ± 1.8 0.4 10.7 

   Total N fertiliser supply (kg N ha-1) 322 238 ± 112 56 677 
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   Daily N fertiliser supply (kg N ha-1) 288 2.2 ± 1.0 0.6 6.2 

   Cumulative ET (mm) 177 334 ± 127 80 649 

   Irrigation ratio 166 1.1 ± 0.5 0.4 2.8 

   Fresh yield (t ha-1) 328 80 ± 40 14 207 

   WUE (kg FW m-3) 225 23 ± 13 3 64 

   NUE (kg FW kg-1 N) 265 278 ± 144 21 775 

   Minimum temperature (°C) 215 13.7 ± 5.1 4.5 24.9 

   Maximum temperature (°C) 215 29.9 ± 5.4 20.3 41.2 

   Mean temperature (°C) 215 21.8 ± 3.1 16.1 31.8 

Greenhouse     

   Growing season (days) 82 159 ± 54 56 282 

   Total water input (mm) 83 308 ± 155 147 800 

   Daily water input (mm) 74 2.3 ± 1.7 0.9 8.2 

   Total N fertiliser supply (kg N ha-1) 65 345 ± 148 120 788 

   Daily N fertiliser supply (kg N ha-1) 56 2.3 ± 1.1 0.7 4.9 

   Cumulative ET (mm) 82 288 ± 110 150 852 

   Irrigation ratio 59 0.9 ± 0.1 0.7 1.2 

   Fresh yield (t ha-1) 102 129 ± 60 58 360 

   WUE (kg FW m-3) 71 47 ± 20 7 87 

   NUE (kg FW kg-1 N) 53 403 ± 137 180 689 

   Minimum temperature (°C) 51 15.7 ± 5.2 6.5 23.1 

   Maximum temperature (°C) 51 27.1 ± 7.3 19.0 42.2 

   Mean temperature (°C) 51 21.4 ± 5.5 14.5 32.6 
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Supplementary Figure. 3.1. Diagram of literature selection based on the PRISMA principle 

(Moher et al., 2009). 
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Supplementary Figure 3.2. Effects of mulching on fresh yield (A), water use efficiency (WUE; B) 

and N fertiliser use efficiency (NUE; C) in field tomato production. Mean values are shown next to 

the confidence intervals. 
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Supplementary Figure 3.3. Mean values and 95% confidence intervals of fresh yield (A), water 

use efficiency (WUE; B) and N fertiliser use efficiency (NUE; C) from field and greenhouse tomato 

production in response to four ranges of N fertiliser supply (0–150, 150–250, 250–350 and 350–

650 kg/ha). Mean values are shown next to the confidence intervals. 
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Abstract 

High-tech greenhouses play an important role in our modern food systems as their high 

productivity and high-quality, year-round fresh vegetables for supplying large populations. 

However, there are rising concerns around their environmental performance, particularly 

due to their use of large amounts of fossil fuels and fresh water. Previous studies have 

emphasised that improving environmental knowledge and understanding of local 

greenhouse industries are vital for exploring feasible solutions to mitigate emissions. In 

this study, we evaluated the environmental performance of three different tomato 

greenhouse production systems with varying geographical locations thus climate (cool and 

warm), energy sources (fossil fuels and wood biomass), availability of local freshwater 

resources and greenhouse management (e.g. growing medium), in south-east Australia. 

This study aimed to evaluate the environmental sustainability of local greenhouse growers’ 

sustainable choices and then identify the environmental trade-offs of these options, taking 

local resource constraints into account. A life cycle assessment (LCA) was used to 

quantify the potential environmental impacts of each system at a cradle-to-farmgate scale. 

In an Australian context, availability of local freshwater resources is a key factor 

influencing the overall environmental performance of greenhouse production, given 

freshwater is scarce in most areas of Australia. The impact of water use for irrigation at 

greenhouses primarily depends on the status of local freshwater scarcity. Using wood 

biomass for greenhouse heating led to a reduction of 80% in potential global warming but 

generated 170% higher impacts related to air pollution, compared to use of fossil fuels for 

greenhouse heating. The attribution of the environmental cost of using coco coir as a 

growing substrate primarily depends on whether coco coir is considered a by-product or a 

waste product of coconut production. If it is considered a type of waste, the use of this 

material in greenhouses does not share the environmental impacts related to coconut 

production from a life-cycle perspective. Consequently, this leads to a calculated 30% 

reduction in marine eutrophication when coco coir is treated as a type of waste compared 

to considering it as a by-product. This study concludes that planning future greenhouse 

expansion in Australia should prioritise consideration of local freshwater availability and 

provides insights into trade-offs (use of wood biomass) and unseen environmental impacts 

(use of coco coir) of growers’ practices towards sustainable development in greenhouse 

production.  

Key words: Freshwater scarcity; GHG mitigation; Life cycle assessment; Tomato; Wood 

biomass. 
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4.1. Introduction 

In Australia, fresh produce from greenhouses has increased considerably over the past 

decades (Connellan and Parks, 2015; Heuvelink, 2018). Greenhouses with advanced 

climate control systems and soilless cultivation have been gradually replacing existing low-

tech greenhouses with minimal climate control, and now dominate Australia’s greenhouse 

production (Parks, 2010; Hadley, 2017). The main driver for this change is the demand for 

year-round fresh produce of consistently high quality (Connellan and Parks, 2015). To 

meet the growing population and the recommendation of vegetable consumption by the 

Food and Agriculture Organisation and World Health Organisation of the United Nations 

(2017), a further increase in the demand for fresh produce is anticipated (Norris and 

Congreves, 2018). Therefore, it is expected that Australia’s greenhouse industry will 

continue to grow through expanding production areas and diversifying greenhouse-grown 

crops. Even though high-tech greenhouses are seen as a highly productive method of 

providing nutritious food, concerns have been raised regarding their environmental 

sustainability (Pluimers et al., 2000; Vermeulen and Lans, 2011; Page et al., 2012; Dias et 

al., 2017) and economic costs (Torrellas et al., 2012b).  

Over the last two decades, the environmental performance of greenhouse production 

systems has been investigated in various countries and regions (Gruda et al., 2019; 

Pineda et al., 2021). Approaches based on life cycle thinking have been extensively 

applied to understand the environmental sustainability of agri-food production systems 

(Notarnicola et al., 2017). The concept of life cycle assessment (LCA) aims to assess the 

environmental performance of a product in a holistic way (ISO, 2006). It considers all 

inputs, outputs and potential environmental impacts during a product’s life cycle (cradle-to-

grave) from raw material extraction, production, use of the product, and final waste 

disposal after use (ISO, 2006). For studies in greenhouse production systems, LCA has 

been primarily used to identify the main burdens to the environmental impacts of the 

product (Antón et al., 2003, 2012; Boulard et al., 2011; Cellura et al., 2012a), or compare 

the environmental performance between systems (Muñoz et al., 2008a; Torrellas et al., 

2012b; Zhang et al., 2017a). Such LCA studies have been widely conducted in 

greenhouse production systems in European countries, but only a limited number of 

studies have been conducted in Australia (Roggeveen, 2010; Page et al., 2011, 2012, 

2014). 

Several studies have been conducted on high-tech, heated greenhouse production 

systems and options for improving their environmental performance in Northern countries. 
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In general, most studies reported that greenhouse heating, greenhouse infrastructure, 

production and use of fertilisers are the main contributors to the environmental impacts in 

such systems (Van Woerden, 2001; Antón et al., 2012; Torrellas et al., 2012b; Dias et al., 

2017). Among these, greenhouse heating leads to the biggest environmental burden, 

accounting for 70-97% of total environmental impacts at the greenhouse gate (Van 

Woerden, 2001; Williams et al., 2006; Boulard et al., 2011; Antón et al., 2012; Page et al., 

2012; Torrellas et al., 2012b; Dias et al., 2017). In particular, greenhouse heating is the 

major source of greenhouse gas (GHG) emissions contributing to climate change (Gruda 

et al., 2019). To reduce emissions due to fossil energy use, several studies have 

investigated the use of alternative energy sources for greenhouse heating (Dias et al., 

2017; Bibbiani et al., 2016; Wu et al., 2016; Almeida et al., 2014; Page et al., 2014; Theurl 

et al., 2014). However, the feasibility of these solutions is highly restricted by the costs and 

availability of readily accessible, local resources, which limits growers’ choices. 

In Australia, despite ~60% of greenhouse production occurring in large-scale (ca. 20 ha) 

greenhouses (Hadley, 2017), small-scale greenhouses with a size of ca. 0.5 ha dominate 

in terms of number of growers (Connellan and Parks, 2015). Large-scale greenhouses are 

often characterised by the most advanced greenhouse technologies and standardised 

greenhouse management, and thus have relatively higher performance in terms of 

productivity and resource use efficiencies. The level of technologies adopted, and 

greenhouse management vary considerably among regions and small-scale greenhouses, 

resulting in high variability in their productivity and environmental performance. Therefore, 

understanding the management options of these small-scale greenhouse growers is vital 

for exploring feasible solutions for mitigating environmental impacts of greenhouse 

production in Australia. 

An early study by Roggeveen (2010) primarily evaluated the GHG emissions of 

greenhouse tomato production in the Sydney area in Australia, considering emissions from 

the greenhouse gate to local supermarkets. The author outlined that the GHG emissions 

occurring during production at greenhouses are the major contributor to total GHG 

emissions over the supply chain. Page et al. (2011, 2012, 2014) have evaluated the role of 

technologies and greenhouse location in reducing the environmental impacts (mainly 

carbon and water footprint) of greenhouse production systems in New South Wales. The 

authors suggested that exploring renewable energy is an important way of reducing the 

environmental burden due to greenhouse heating. Additionally, there might be a need for 

considering relocation of the existing greenhouses to further mitigate the overall 
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environmental impacts via seeking climate regions where greenhouse heating can be 

reduced and utilising freshwater resources with lower scarcity (Page et al., 2014). The 

availability of existing infrastructure providing renewable energy is often associated with 

the greenhouse location, which topic has not yet been addressed in Australia’s context by 

Page et al. (2014).  

Australia has a large forest industry, with an abundance of wood waste produced. The use 

of wood (biomass) waste from forestry to substitute fossil fuels has been studied for 

greenhouse heating in Italy (Bibbiani et al., 2016), Canada (Wu et al., 2016; Dias et al., 

2017) and Austria (Theurl et al., 2014). In Australia, wood biomass is widely used for 

household heating, and has gradually been adopted for greenhouse heating in some 

regions, such as Tasmania (Parsons, 2010). Such local energy resources may be a 

promising option to mitigate emissions related to greenhouse heating. Nevertheless, 

before there is extensive use of wood biomass in greenhouse heating, the potential 

environmental impacts of such application should be thoroughly evaluated. Understanding 

how local resources affect the environmental performance of greenhouse production and 

identifying trade-offs between using different resources will provide crucial information in 

decision-making on locations for future greenhouse expansion.  

This study aims to evaluate the environmental performance of greenhouse production 

systems, considering the effects of using alternative energy sources, and freshwater with 

different levels of scarcity. We conducted an Australian case study in two greenhouse 

areas where natural gas (South Australia) and wood biomass (Tasmania) are used for 

greenhouse heating. Tomato production was used in the current study due to its large 

production area and popularity. Both production of medium/large and small (cherry) tomato 

fruits were included due to their importance in consumers’ demand, and the increasing 

popularity of cherry tomatoes (Connellan and Parks, 2015). The specific aims are three-

fold: 1) to assess the environmental impacts of tomato production in three small-scale 

greenhouse production systems and identify the main contributors to environmental 

impacts in each system; 2) to compare the quantitative and qualitative impact due to 

freshwater use; 3) to identify the environmental trade-offs of using wood biomass instead 

of fossil fuel for greenhouse heating. 

4.2. Methods 

We used an attributional LCA (Ekvall et al., 2005) to quantify and compare the 

environmental profiles of tomato products between greenhouse production systems. The 
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analysis of the environmental impacts followed the framework described in ISO standard 

14044 (2006), where four phases are involved: goal and scope definition, inventory 

analysis, impact assessment and interpretation.  

Goal and scope definition 

The present study focused on the environmental performance of three different 

greenhouse production systems (Table 4.1). Given that the environmental impacts derived 

from greenhouse production was the major cause over the supply chain (Roggeveen, 

2010; Page et al., 2014), the concept of cradle-to-farmgate was employed as the system 

boundary to study the environmental impacts. Each greenhouse production system was 

divided into nine components: greenhouse structure, irrigation, electricity for greenhouse 

operation, greenhouse heating, tomato seedling production, growing substrate, climate 

system (cooling system and CO2 enrichment), fertigation system and waste management 

(Figure 4.1: grey areas). Manufacture and transportation of all inputs were included in 

each structural stage of greenhouse production (Figure 4.1). The functional unit used was 

1 kg loose tomatoes produced at the greenhouse gate. Packaging and transportation from 

production location to markets were not considered as the main goal was to evaluate the 

different means of producing tomatoes. 

Figure 4.1. System boundary and processes considered for the life cycle assessment of all three 

greenhouse tomato production systems. 
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Collection of primary data such as greenhouse dimensions and resource inputs (i.e. water) 

was conducted from 2017–2019 at three commercial greenhouses: two in Tasmania (TAS: 

GH1, GH2) and one in South Australia (SA: GH3) (Table 4.1), through a survey-based 

interview and follow-up questions (Appendix II). 

Table 4.1. Key information, material and resource inputs, and outputs of two greenhouse 
production systems (GH1, GH2) in Tasmania (TAS) and one (GH3) in South Australia (SA).  

Key information GH1 GH2 GH3 

 Venlo1, TAS Venlo, TAS Venlo, SA 

Climate  Cool2 Cool2 Warm3 

Greenhouse area (m2) 4032 5000 4095 

Water source(s) Town-supply 

water  

Town-supply 

water, recycled 

water4 

Rainwater, Town-

supply water, 

recycled water  

Crop type indicated by fruit size  Large5 Cherry6 Large 

Crop period (weeks) 42 50 40 

Annual yield (kg m-2) 57 28 60 

Growing substrate Stone wool Coco coir, stone 

wool 

Stone wool 

Heating  Yes Yes Yes 

Fuels Wood chips Wood residue, 

waste oil, LPG7 

Natural gas 

Water content of wood biomass (%) 30 40 — 

Lower heating value8 (MJ kg-1) 12.2 9.3–46.6 47.1 

Boiler efficiency (%) 889 889 and 9410 9410 

CO2 enrichment Yes Yes No 

CO2 source  Liquid CO2  Exhaust CO2 of 

LPG combustion  

— 

Inputs    

Greenhouse structure    

Aluminium (kg m-2) 2.5 2.5 2.5 

Glass (kg m-2) 8.6 7.7 8.4 

Steel (kg m-2) 13.0 12.4 12.9 

Water use at greenhouse     

Irrigation (L kg-1) 45 38 57 

Energy consumption     

Electricity (kWh m-2) 10.5 13.5 12 

Heating fuel    

Natural gas (m3 m-2) — — 62 

Wood biomass (kg m-2) 197 220 — 

LPG (L m-2) — 8.4 — 

Waste oil (L m-2) — 0.2 — 

Growing substrate     

Stone wool (kg ha-1 y-1) 9158 823 7722 

Coco coir (kg ha-1 y-1) — 15300 — 

Fertilisers     

Calcium nitrate – Ca(NO3)2 (kg ha-1) 5771 4574 5882 

Potassium nitrate – KNO3 (kg ha-1) 2309 4163 3000 

Magnesium sulphate – MgSO4 (kg ha-1) 2180 718 4285 
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Monopotassium – phosphate KH2PO4 (kg ha-1) 1282 869 1316 

Potassium sulphate – K2SO4 (kg ha-1) 2437 — — 

Total (kg ha-1)    

N 1211 1279 1323 

P2O5  667 452 684 

K2O 2693 2169 1797 

Outputs    

Emissions to air     

N2O–N (kg ha-1) 40 42 44 

NOx–N (kg ha-1) 8.4 8.8 9.1 

Emissions to water (kg ha-1)    

NO3–N (kg ha-1) 140 957 210 

Solid waste     

Green waste (kg ha-1) 228175 13800011 240000 

Plastics (kg ha-1) 184 148 281 

Substrate (kg ha-1) 9158 1612312 7722 

Wood ash (kg ha-1) 19841 1320 — 

1 Venlo type glasshouse is characteristic by high-tech climate control system and mostly soilless cultivation. 
2 Annual average temperature in Hobart was 8.2–17.6 °C according to the record by the nearest weather station.  
3 Annual average temperature in Adelaide was 12.3–22.5 °C according to the record by the nearest weather station. 
4 Recycled water indicates that drainage water was collected from the cultivation system, purified by ultraviolet and 

reused in the plant growth.  
5 47–65 mm; 
6 < 15 mm;  
7 Liquefied petroleum gas; 
8 Lower heating value is defined as the value of the specific energy of combustion for unit mass of a fuel burned in 

oxygen at constant pressure under such conditions that all the water of reaction products remain as water vapour (at 0.1 

Mpa) (Food and Agriculture Organisation, 2013). 
9 Efficiency of biomass boilers was assumed according to Wu et al. (2016); 
10 Efficiency of fossil fuels boilers was assumed according to Van Beveren et al. (2019); 
11 The amount of green waste in GH2 was lower due to more than one third of tomato plants being terminated after 34 

weeks of growth; 
12 In comparison to GH1 and GH3, the amount of used substrate was much higher in GH2 because additional substrate 

was used for growing tomato seedlings on-site in a greenhouse. 

 

Life cycle inventory analysis 

At the stage of life cycle inventory, foreground data (e.g. fertiliser application rate) was 

collected and all inputs and outputs were mainly calculated based on the databases of 

background processes (e.g. manufacturing of steel) (Appendix III). The Australian National 

Life Cycle Inventory Database (AusLCI) was primarily used to calculate the background 

processes for manufacturing or production conducted in Australia (e.g. fertiliser 

production). The Ecoinvent database was used when the processes occurred overseas, or 

the data were not available in AusLCI. The lifespan of equipment and materials was 

estimated according to the information provided by the supplier (Appendix IV). 



Evaluating the environmental sustainability of small-scale tomato greenhouse farms through 

life cycle assessment—An Australian case study 

 
71 

Greenhouse structure 

In all three greenhouse systems, Venlo type glasshouses were used. A lifespan of 30 

years was assumed, according to the consultation with Australian greenhouse industry 

experts. The main materials used for greenhouse construction included steel, aluminium 

and glass. Information on the location of suppliers of these materials was provided by a 

major Australian greenhouse construction company. Concrete was not considered in the 

current study due to the lack of data. According to the estimates by Torrellas et al. (2013), 

metal and glass rather than concrete are the major contributors to environmental impacts 

at the greenhouse structure stage. For all greenhouses studied, glass was sourced from 

the Netherlands, and steel and aluminium were sourced from Australia. Emissions of the 

materials were estimated based on the manufacturing processes in the sourcing countries. 

Water consumption at greenhouse production 

The water consumption during greenhouse production includes irrigation water use, 

cooling and greenhouse maintenance (e.g. cleaning), of which irrigation water use is 

predominant. For the cherry tomato greenhouse production in Tasmania ca. 30% of drain 

water was collected from the fertigation system, and thereafter disinfected and recycled for 

fertigation. Such practice was also applied in the large tomato greenhouse production in 

South Australia, however only 20% of drain water was recycled.  

Energy use for greenhouse heating and operation 

Regarding heating fuels, wood biomass was primarily used in the greenhouses in 

Tasmania (TAS: GH1, GH2), and natural gas was solely used in the greenhouse in South 

Australia (SA: GH3). The calorific value or heating value of wood biomass mostly depends 

on its moisture content (Food and Agriculture Organisation, 2013). For GH1, pine wood 

chips (Pinus radiata) with 30% water content were used. For GH2, sawdust of mixed wood 

waste (mainly Pinus radiata and Acacia melanoxylon) with ca. 40% water content was 

primarily used (Table 4.1), accounting for 99% of total fuels used. Waste oil was used as 

an energy source for supplementary greenhouse heating, with a calorific value of 40893 kl 

kg-1 waste oil (Kanokkantapong et al., 2009). Emission factors reported by (Boughton and 

Horvath, 2004) were used to calculate the life cycle inventory data for waste oil 

combustion. It was assumed that biomass boiler capacities were the same with ca. 300 

kWh in both greenhouses in TAS in agreement with similar greenhouse size. In the 

greenhouse in SA, a conventional natural gas boiler of 500 kWh was used. 
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Electricity consumption for greenhouse operation was included. Therefore, related 

emissions include electricity production and transmission based on the regional electricity 

generation mix. In Tasmania during the period of data collection (2017–2018), the 

electricity generation mix consisted of 80.7% hydro, 10.5% wind, and 8.8% natural gas 

(Australian Energy Regulator, 2017). In GH2, electricity generated from a solar 

photovoltaic system on top of neighbouring buildings was additionally used for greenhouse 

operation, accounting for 22% of total electricity use at the greenhouse. In South Australia 

during the data collection period (2017–2018), the electricity generation mix was 40.2% 

wind, 39.1% gas, 11.6% brown coal and 9.1% rooftop solar (Australian Energy Regulator, 

2017). 

Seedling and substrate 

For all three systems, tomato seedlings were obtained from specialised nurseries. 

Resource inputs for seedling production and associated emissions were modelled through 

using the datasets associated with seedling production in the Australian database, 

AusLCI. The transportation of seedlings from the nursery to the greenhouse gate was also 

considered. Stone wool was used as the growing medium in GH1 and GH3, and both coco 

coir and stone wool were used in GH2 (at the ratio of 84:16). Stone wool was mainly 

sourced from the Netherlands and coco coir was sourced from India. Emissions 

associated with production and transportation of substrates were modelled based on the 

databases Ecoinvent and Agri-footprint (Blonk Agri-footprint BV, 2014) (Appendix III). 

Climate systems 

Climate systems includes all infrastructure and equipment installed in the greenhouses 

except for the energy use for greenhouse heating and electricity for greenhouse operation. 

For instance, thermal screen and equipment for heating including heat storage tank, 

distribution pipes and boilers were used in all three systems. CO2 enrichment was applied 

in the greenhouses in Tasmania but not in the one in South Australia. Production of pure 

CO2 and CO2 distribution tubes were considered. Transportation of the equipment 

mentioned above was also included in the inventory stage. 

Fertilisation system 

In all systems only mineral fertiliser was used. Total quantities of N, P2O5 and K2O were 

provided by the growers (Table 4.1). Emissions generated from fertiliser production and 

application were considered. To estimate the emissions generated from activities (e.g. 
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application of fertilisers), emission factors are required. An emission factor indicates the 

amount of a compound emitted per unit of material used for an activity, which is also called 

activity levels (Equation 1). 

𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛 =  𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑙𝑒𝑣𝑒𝑙  𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟                                                                                    (1) 

Emissions due to the application of N fertiliser included nitrous oxide (N2O–N) and nitrogen 

oxides (NOx–N) into the atmosphere and NO3–N emission to water. It is noted that there 

was no ammonia-based fertiliser applied in all three systems, and therefore emission of 

ammoniacal nitrogen was not considered. Estimations of three types of emissions were 

based on total amount of N fertiliser applied. The N2O–N emission factor was considered 

to be 2.1% of the total N applied according to the environmental assessment of irrigated 

vegetable production in Australia (Maraseni et al., 2010). NOx-N emissions were 

calculated as 10% of N2O–N emissions (Audsley, 1997). Potential NO3–N emissions at a 

river basin scale was estimated as 30% (Van Drecht et al., 2003) of total N applied after 

subtracting N2O-N and NOx emissions and an uptake of 1.89 g N kg-1 of tomatoes 

(Sonneveld, 2000), as following the method of Torrellas et al. (2013). For all three 

systems, growers indicated that the use of synthetic pesticides was rare. Therefore, 

pesticides were excluded from the present study. 

Waste management 

Solid waste included tomato stem and leaves from pruning and plant residues from after 

the production period, used substrate and its plastic packing, and wood ash from energy 

use where a biomass fuel was used. The waste of metal and glass generated from the 

greenhouse structure was assumed to be 100% recycled. These recycling processes are 

part of the production of new products, and therefore were not considered in the waste 

management of the present study, according to the cut-off criteria for allocation procedures 

(Ekvall and Tillman, 1997). Nevertheless, the transportation of metals and glass from 

greenhouse site to recycling treatment plants were included in the waste treatment. 

Disposal of each type of waste was based on growers’ information (Table 4.2). While all 

stone wool waste went to landfill, for coco coir waste, 40% was composted and the rest 

incinerated. Emissions generated from waste treatments and transportation from the 

greenhouse gate to the disposal location (e.g. landfill) were estimated. A distance of 25 km 

from greenhouse gate to disposal location was assumed for all three greenhouses. 
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Table 4.2. Fraction of disposal for four types of waste (green waste, plastics, substrate, wood ash) 
for three different tomato greenhouse production systems (GH1, GH2, GH3) located in two states: 
Tasmania (TAS) and South Australia (SA). 

Type of waste GH1-TAS GH2-TAS GH3-SA 

Green waste Compost plant (100%) Incinerator (100%) Landfill (100%) 

Plastics Landfill (100%) Landfill (100%) Landfill (100%) 

Substrate Landfill (100%) Compost plant (40%) 
Incinerator (60%) 

Landfill (100%) 

Wood ash Landfill (100%) Landfill (100%) — 

Transportation 

Transportation is an essential component in greenhouse production, including from the 

suppliers or production points of inputs to greenhouse gate, and from greenhouse gate to 

waste disposal points. The inventory of transportation included: manufacture, 

maintenance, operation and disposal of the selected transportation tool (e.g. freight) 

(Spielmann and Scholz, 2005). Databases AusLCI and Ecoinvent were used for 

accounting for transportation emissions occurring in Australia and overseas respectively. 

To quantify the transportation required in greenhouse production, transportation was 

calculated through the formula: distance (km) x mass (ton), being expressed per ton 

kilometre (tkm). 

Life cycle impact assessment  

Life cycle impact assessment (LCIA) is a phase that helps to understand which emission 

and resource consumption is associated with which potential environmental impact of a 

product. There are four essential steps to conduct an LCIA: 1) selecting impact categories 

(e.g. climate change) based on the research purposes, 2) assigning the inventory results 

(substance, e.g. CO2) to different impact categories, 3) selecting impact indicators (e.g. 

potential global warming) for modelling the selected impact categories, 4) calculating 

indicator results through Equation 2, which is commonly termed as characterisation. 

𝐼𝑚𝑝𝑎𝑐𝑡 𝑖𝑛𝑑𝑖𝑐𝑎𝑡𝑜𝑟 𝑟𝑒𝑠𝑢𝑙𝑡𝑐 = ∑𝑠  𝐶ℎ𝑎𝑟𝑎𝑐𝑡𝑒𝑟𝑖𝑠𝑎𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟𝑐𝑠 × 𝑆𝑢𝑏𝑠𝑡𝑎𝑛𝑐𝑒 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛                (2) 

Where c denotes the impact category that the impact indicator is related to, s is a specific 

substance emission, and therefore cs indicates a characterisation factor that connects the 

specific substance emission (s) with a specific impact category (c). For example, Equation 

3 demonstrates how an impact indicator, potential global warming is calculated. 

𝐺𝑙𝑜𝑏𝑎𝑙 𝑤𝑎𝑟𝑚𝑖𝑛𝑔 =  ∑𝑠 𝐺𝑙𝑜𝑏𝑎𝑙 𝑤𝑎𝑟𝑚𝑖𝑛𝑔 𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙𝑠  ×  𝑆𝑢𝑏𝑠𝑡𝑎𝑛𝑐𝑒 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛                           (3) 
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ReCiPe 2016 in SimaPro program version 8.5.2.0 (PRé Consultants, 2017) was employed 

for conducting the impact assessment. Six midpoint impact categories defined by ReCiPe 

2016 version 1.1 (Huijbregts et al., 2017) and an indicator for demonstrating energy use, 

called cumulative energy demand (Frischknecht et al., 2007), were selected in the impact 

assessment (Table 4.3). 

Table 4.3. Selected impact categories, measurement units, methods used for the measurement 
and main compounds for each impact category.  

Impact categories Unit  Method 

Cumulative energy demand1  MJ Frischknecht et al. (2007) 

Potential global warming2 kg CO2 eq 

  

ReCiPe 2016 

Photochemical ozone formation3  kg NOx eq ReCiPe 2016 

Particulate matter formation  kg PM2.5 eq ReCiPe 2016 

Terrestrial acidification  kg SO2 eq ReCiPe 2016 

Freshwater eutrophication  kg P eq ReCiPe 2016 

Marine eutrophication  kg N eq ReCiPe 2016 

Water scarcity footprint  L H2O eq Ridoutt and Pfister (2010) 

1 All direct and indirect energy use for producing 1 kg tomatoes, including energy use for extraction and manufacturing of 

materials and processes involved (e.g. manufacturing of steel); 
2 Considering 100 years; 
3 Impact on human health. 

 

To assess the potential impact of freshwater use on corresponding watersheds, a scarcity-

weighted water footprint indicator proposed by Ridoutt and Pfister (2010) was used as 

following the ISO standard 14046 on water footprints (ISO, 2014). In brief, the calculation 

of water scarcity footprint is defined as multiplying the amount of water consumed at each 

stage of fresh tomatoes’ life cycle by the characterisation factor at the corresponding 

location where the water was extracted and then summed as described in Equation 4: 

𝑊𝑎𝑡𝑒𝑟 𝑠𝑐𝑎𝑟𝑐𝑖𝑡𝑦 𝑓𝑜𝑜𝑡𝑝𝑟𝑖𝑛𝑡 = ∑𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑣𝑒 𝑤𝑎𝑡𝑒𝑟𝑙 × 𝑊𝑆𝐼𝑙 × 1000                                         (4) 

Where 𝑙 denotes the location where the water is consumed, and consumptive water is the 

volume of blue water (surface and ground water sources) consumed at a specific location 

(𝑙). Blue water volume in this study was counted from direct water consumption (irrigation) 

and indirect water consumption (e.g. fertiliser production). Water stress index (WSI; m3 

H2O m-3 H2O) denotes the characterisation factor defined by Ridoutt and Pfister (2010), 

meaning the water scarcity based on water withdrawal-to-availability ratio of local water 

resources (Pfister et al., 2009). Therefore, 𝑊𝑆𝐼𝑙  denotes the water stress index at a 

specific location (Table 4.4). 
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In addition to assess the water use over the life cycle of tomato production, the water 

scarcity footprint was also applied to evaluate the impact due to water use for irrigation. To 

compare the results of using characterisation factors derived from different methods, the 

AWARE (the available water remaining) method proposed by Boulay et al. (2018) was 

used to calculate the water scarcity footprint of water use for irrigation at greenhouses 

(Table 4.4). The choice of adopting the water footprint indicator proposed by Ridoutt and 

Pfister (2010) in the present study was in agreement with Page et al. (2011), which makes 

it possible to compare the impacts of freshwater use between greenhouse studies in 

Australia’s context. 

Table 4.4. Characterisation factors of relevant watersheds for three greenhouses: GH1-TAS, GH2-
TAS and GH3-SA derived from the water stress index method proposed by Ridoutt and Pfister 
(2010), and the available water remaining (AWARE) method proposed by Boulay et al. (2018).  

 GH1-TAS GH2-TAS GH3-SA 

Water stress index (m3 eq H2O m-3) 0.0166 0.0114 0.815 

AWARE characterisation factor (m3 eq H2O m-3) 3.1 1.5 74.3 

 

Sensitivity analysis 

Sensitivity analysis represents systematic procedures that estimate the effects of choices 

made for input data, models for life cycle inventory analysis and methods on the outcome 

of a LCA study (ISO, 2006). In recent times, as an alternative to stone wool, coco coir has 

gained increasing application in greenhouse cultivation mainly due to its low cost and 

perceived environmental benefits. However, the environmental performance of coco coir is 

dependent upon how coco coir is treated in the evaluation (as a type of waste or as a by-

product in the processes of coconut production). This can profoundly change the 

quantification of the environmental performance of the application of coco coir in 

greenhouse cultivation. Whether or not treating coco coir as a type of waste depends on 

the information provided by the coco coir manufacturer. In the current study, information 

on original source of coco coir is not available. Therefore, a sensitivity analysis was carried 

out to determine if the allocation method of the production of coco coir (used as the 

growing substrate in GH2 in TAS) would result in any changes in the outcomes of life cycle 

impact assessment for GH2 and comparisons between the three systems. For instance, 

two methods were used to account the environmental impacts of the production of coco 

coir: 1) coco coir was treated as a by-product of coconut production, therefore 39% of 

environmental impacts resulting from coconut production were allocated to coco coir. This 
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allocation was based on confidential information obtained from a coconut processor in Sri 

Lanka as indicated in the inventory database ‘Agri-footprint 1.0’ (Blonk Agri-footprint BV, 

2014); and 2) coco coir was treated as a type of waste of coconut production, and 

therefore did not share the environmental impacts of coconut production (no allocation 

was applied).  

4.3. Results 

The assessment of the contribution of greenhouse components on impact categories 

showed that greenhouse heating, fertiliser production and application, and greenhouse 

structure, were each responsible for at least 20% of the contribution of the total impact on 

multiple impact categories in all three greenhouses (Figure 4.2). The impacts due to 

greenhouse heating was the highest, being the biggest burden to cumulative energy 

demand (ca. 90% of the total impact), ozone formation (ca. 60–80% of the total impact), 

particulate matter formation (ca. 20–80% of the total impact), and terrestrial acidification 

(ca. 20–60%), regardless of what type of energy sources were used in the production 

system (Figure 4.2). In the greenhouse in South Australia, where natural gas was mainly 

used, greenhouse heating was the biggest contributor to potential global warming, being 

ca. 80% of the total impact (Figure 4.2C). Fertiliser was the biggest contributor to potential 

marine eutrophication, and greenhouse structure was the major cause of potential 

freshwater aquatic eutrophication in all three systems (Figure 4.2). Regarding the impact 

of freshwater use, the water scarcity footprint indicator showed that electricity use was the 

major burden in GH1 and GH2 in Tasmania (TAS) (Figure 4.2A and 4.2B), and that 

irrigation was the main burden in GH3 in South Australia (SA) (Figure 4.2C). 



Chapter 4 

 
78 

 

Figure 4.2. Radar graphs for major greenhouse components with identified contribution greater 

than 20% to each midpoint impact category for 1 kg fresh tomatoes produced from three different 

greenhouse production systems: (A) a greenhouse using wood biomass for heating in Tasmania 

(GH1-TAS), (B) a greenhouse using multiple types of fuels for heating in Tasmania (GH2-TAS), 

and (C) a greenhouse using natural gas for heating in South Australia (GH3-SA). Note that for the 

analysis of GH2-TAS, 31% of the inputs of coconut production was allocated to the production of 

coco coir as a by-product with regard to the calculation of the environmental impacts of coco coir. 
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Tomato production in biomass-heated greenhouses in Tasmania 

In general, the environmental impacts per unit cherry tomatoes in GH2-TAS were on 

average 50% higher than that of large tomatoes in GH1-TAS (Table 4.5). This was mainly 

attributed to a lower yield of cherry tomatoes in GH2-TAS (28 kg m-2) compared to that of 

large tomatoes in GH1-TAS (57 kg m-2). Cumulative energy demand was 21 and 38 MJ kg-

1 tomatoes for GH1-TAS and GH2-TAS, respectively (Table 4.5). In both greenhouses, 

around 87% of the cumulative energy demand was caused by greenhouse heating (Figure 

4.3A and 4.3B). Additionally, heating was the biggest burden to photochemical ozone 

formation, particulate matter formation, and terrestrial acidification, which are the main 

causes of air pollution, representing 47–81% of the total for these impact categories 

(Figure 4.3A and 4.3B). Regarding the impact on potential global warming, 0.28 kg CO2 eq 

per kg tomatoes was generated from GH1-TAS (Table 4.5). Production in GH2-TAS gave 

more than 160% higher CO2 eq per kg tomatoes than that in GH1-TAS, being an emission 

of 0.73 kg (Table 4.5). Despite being the biggest contributor to cumulative energy demand, 

greenhouse heating was not the biggest cause of potential global warming in both 

greenhouses where wood biomass was used for heating (Figure 4.3A and 4.3B). 

Table 4.5. Results of nine impact categories: cumulative energy demand, potential global warming, 
photochemical ozone formation, particulate matter formation, terrestrial acidification, freshwater 
eutrophication, marine eutrophication and water scarcity footprint for producing 1 kg tomatoes from 
three different greenhouse systems (GH1, GH2, GH3) spreading in two states: Tasmania (TAS) 
and South Australia (SA). For the substrate of GH2-TAS, two methods were used to calculate the 
environmental impacts of coco coir: (a) 31% of the inputs of coconut production was allocated to 
the production of coco coir as a by-product, referred to as allocation; (b) no allocation was 
considered for the production of coco coir as it is treated as a type of waste of coconut production. 

Impact category Unit GH1–TAS GH2–TAS 

(allocation) 

GH2–TAS 

(no allocation) 

GH3–SA 

Cumulative energy demand MJ 2.1E+01 3.8E+01 3.8E+01 3.9E+01 

Potential global warming kg CO2 eq 2.8E-01 7.3E-01 7.1E-01 2.3E+00 

Ozone formation kg NOx eq 2.7E-03 5.8E-03 5.7E-03 1.3E-03 

Particulate matter formation kg PM2.5 eq 1.4E-03 2.8E-03 2.8E-03 4.8E-04 

Terrestrial acidification kg SO2 eq 2.1E-03 4.0E-03 3.9E-03 1.5E-03 

Freshwater eutrophication kg P eq 4.7E-05 9.8E-05 8.9E-05 4.3E-05 

Marine eutrophication kg N eq 2.1E-05 3.4E-04 2.4E-04 2.8E-05 

Water scarcity footprint-life cycle L H2O eq 1.8E+01 3.6E+01 3.6E+01 3.9E+01 

 

Fertiliser production and application contributed the most to potential global warming from 

in GH1-TAS (Figure 4.3A), which was mainly derived from fertiliser production. For tomato 

production in GH2-TAS, waste management was the biggest contributor to potential global 
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warming, with a contribution of 26% of the total impact (Figure 4.3B). This was mainly 

caused by burning a considerable amount of green waste and used substrate (coco coir) 

after production (Appendix V). 

For the impact due to freshwater use, water scarcity footprint was 18 L H2O eq kg-1 in 

GH1-TAS and 36 L H2O eq kg-1 in GH2-TAS (Table 4.5), with the major contribution (75–

85%) from electricity (Figure 4.3A and 4.3B) as a result of hydropower generation in 

Tasmania. In terms of the impacts on water quality, eutrophication in both freshwater and 

marine systems was higher in GH2-TAS than GH1-TAS (Table 4.5). It is notable that the 

potential marine eutrophication per unit of tomato production in GH2-TAS was 14 times 

that of tomato production in GH1-TAS.  



Evaluating the environmental sustainability of small-scale tomato greenhouse farms through 

life cycle assessment—An Australian case study 

 
81 

 

Figure 4.3. Contributions (%) of greenhouse components (waste management, substrate, fertiliser 

production and application, irrigation at greenhouse, tomato seedlings, climate system, heating, 

electricity and greenhouse structure) to eight midpoint impact categories for 1 kg fresh tomatoes 

produced from three different greenhouse production systems: (A) a greenhouse using wood 

biomass for heating in Tasmania (GH1-TAS), (B) a greenhouse using multiple types of fuels for 

heating in Tasmania (GH2-TAS), and (C) a greenhouse using natural gas for heating in South 

Australia (GH3-SA). For the impact assessment of substrate of GH2-TAS, 31% of the inputs of 

coconut production was allocated to the production of coco coir as a by-product. 
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A sensitivity analysis was carried out to examine the effects of different ways of quantifying 

the environmental impacts of coco coir (whether or not consider coco coir as a by-product 

of coconut production) on the overall environmental performance of tomato production in 

GH2-TAS. When coco coir was treated as a waste of coconut production, reductions were 

observed in all the seven impact categories, with 30% reduction for marine eutrophication 

being the largest reduction (Figure 4.4).  

 

Figure 4.4. Reduction in seven impact categories of the cherry tomato greenhouse production in 

Tasmania (GH2-TAS) when coco coir (substrate used in GH2-TAS) was treated as waste of 

coconut production in comparison with when coco coir was considered as a by-product of coconut 

production. Comparison is based on 1 kg of loose tomatoes. Please note that coconut production 

is rainfed in India and thus water use for irrigation is omitted (Blonk Agri-footprint BV, 2014), and 

therefore was not included in the present figure. 

Tomato production in a natural-gas-heated greenhouse in South Australia 

The cumulative energy demand was 39 MJ kg-1 for the greenhouse in South Australia 

(GH3-SA) (Table 4.5), 92% of which was used for greenhouse heating (Figure 4.3C). 

Hence, heating was the dominant contributor for potential global warming in GH3-SA, 

accounting for 87% of the total impact (Figure 4.3C). Total potential global warming from 

GH3 was 2.3 kg CO2 eq kg-1 tomatoes (Table 4.5). Fertiliser production and application 

was the second biggest burden in GH3-SA, primarily contributing to marine eutrophication 

(94%), freshwater eutrophication (23%), acidification (23%) and particulate matter 

formation (21%) (Figure 4.3C). In terms of the impact due to freshwater use, water scarcity 

footprint was 39 L eq H2O for 1 kg tomatoes of GH3-SA (Table 4.5) and water use for 

irrigation accounted for 96% of the total impact (Figure 4.3C). 
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Comparing environmental performance of three tomato production systems 

Tomato production in GH3-SA presented the highest impact on cumulative energy use, 

potential global warming and water scarcity footprint (Figure 4.5). For instance, potential 

global warming generated from GH3-SA was 3–8 times that from GH1-TAS and GH2-TAS. 

The water scarcity footprint of per unit tomatoes in GH3-SA was twice that of GH1-TAS. In 

terms of the impact due to water use for irrigation, tomato production of GH3-SA presented 

the highest water use and GH2–TAS led to the lowest water use across all metrics used 

(Table 4.6). Use of different metrics showed consistent results in comparing the impact of 

irrigation water use between systems. However, large differences in terms of the 

magnitude were shown between these metrics (Table 4.6). The tomatoes of GH3-SA had 

lower air- pollution-related impacts, such as ozone formation and particulate matter 

formation and terrestrial acidification (Figure 4.5). Cherry tomato production in GH2-TAS 

was associated with much higher environmental impacts compared to production of large-

fruited tomatoes in GH1-TAS and GH3-SA, mainly owing to the much lower yield of cherry 

tomato production. For instance, production in GH2-TAS led to the highest potential 

eutrophication for both freshwater aquatic and marine systems, regardless of allocation of 

coco coir production was considered in the impact assessment (Figure 4.5). 

 

Figure 4.5. Radar graphs for comparisons between tomato production from three different 

greenhouse systems (GH1, GH2 and GH3) in two states: Tasmania (TAS) and South Australia 
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(SA) for eight impact categories. For the substrate of GH2-TAS, two methods were used to 

calculate the environmental impacts of coco coir: (a) 31% of the inputs of coconut production was 

allocated to the production of coco coir as a by-product; (b) no allocation was considered for the 

production of coco coir as it is treated as a type of waste of coconut production. 

Table 4.6. Water use per 1 kg fresh tomatoes for three different greenhouse production systems 
(GH1-TAS, GH2-TAS, GH3-SA) and water scarcity footprint calculated according to three different 
methods. 

 Unit GH1-TAS GH2-TAS GH3-SA 

Water use for irrigation L 45 38 57 

WSF1
Ridoutt & Pfister for irrigation L eq H2O 0.7 0.4 37 

WSFAWARE for irrigation2 L eq H2O 139.5 57.0 3373.2 

WSF-life cycle3 L eq H2O 18 36 39 
1 Water scarcity footprint; 
2 Note that the values of WSF by using AWARE method are normally much higher than using the method by Ridoutt & 

Pfister, 2010 as a result of different scales of characterisation factors (AWARE: 0.1-100; water stress index: 0–1); 
3 WSF-life cycle was calculated based on the method by Ridoutt & Pfister, 2010. 

4.4. Discussion 

In the present study, life cycle assessment was used to evaluate the potential 

environmental impacts of tomato production in three different greenhouse systems where 

locations of the greenhouses, energy sources and growing substrate were the major 

differences. The largest greenhouse production area in Australia, being ca. 1100 ha, is 

located in the Northern Adelaide Plains region in South Australia (Government of South 

Australia, 2020). Despite Tasmania having the smallest area of greenhouse production in 

Australia, it is considered to have the potential for future expansion of greenhouse 

production due to the favourable climate (Parks, 2010; Smith, 2011). In the present study, 

major contributors of eight impact categories of each greenhouse production system were 

identified, taking local resource availability into account. 

Overall environmental performance of three cases in Australia 

Cumulative energy demand was 38 MJ kg-1 for the cherry tomato production in GH2-TAS, 

21 and 39 MJ kg-1 for the large tomatoes in GH1-TAS and GH3-SA, respectively. For large 

tomatoes, an LCA study conducted in New South Wales (NSW) in Australia (Page et al., 

2012) reported that energy use of the tomato production (57 kg m-2) in high-tech heated 

greenhouse was 27 MJ kg-1 where greenhouse structure was excluded. Considering the 

similarities in annual yield and climate, the heating requirement in the GH1-TAS might be 

comparable to that in the Netherlands or North of France. The assessment conducted in 

the Chapter 5 of the present thesis presents that the average energy demand was 13–24 

MJ kg-1 of tomatoes produced in hi-tech, heated glasshouses in the Netherlands (Table 
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4.7). A study by Boulard et al. (2011) reported that 32 MJ was used for producing 1 kg 

tomatoes in North of France (Table 7). These values are comparable to the results in the 

present study. In our assessment cumulative energy use was higher in GH3-SA (39 MJ kg-

1) than that in GH1-TAS and also reported by Page et al. (2012). This is opposite to what 

we expected considering the warmer climate and therefore lower heating demand in South 

Australia (Appendix VI). Energy use can vary greatly with study boundaries, yield 

differences, local climate, the technologies adopted and growers’ practices. As reported 

previously, energy use of tomato production in heated greenhouses ranges from 7 to 130 

MJ kg-1 (Table 4.7). A possible explanation is that the higher energy use in GH3-SA is a 

result of greenhouse management decisions, which might not reflect the average energy 

use for tomato greenhouse production in the region. The high energy consumption per kg 

cherry tomatoes were mainly attributed to a lower yield, which is normal for cherry tomato 

production (Cellura et al., 2012b). Studies on cherry tomato greenhouse production 

systems (Cellura et al., 2012a, b) reported that the energy use was around 23 MJ kg-1 in 

the south of Italy where greenhouse heating was not required. This is lower than the 

cumulative energy use of cherry tomato production in the present study, which could be 

explained mainly due to the heating requirements for cherry tomato in GH2-TAS. 

Regarding the impact of GHG emissions, 2.3 kg CO2 eq was generated from tomato 

production in the natural-gas-heated greenhouse (GH3-SA) (Table 4.5). This is much 

higher than the GHG emissions of Dutch greenhouses (0.65–1.2 kg CO2 eq; Table 4.7) but 

falls within the range of tomato production in heated greenhouses where natural gas was 

used for heating in other studies (1.7–9.4 kg CO2 eq kg-1; Table 4.7) (Boulard et al., 2011; 

Page et al., 2012; Almeida et al., 2014; Dias et al., 2017). In heated greenhouses, 

combustion of fossil fuels was the biggest burden to potential global warming potential, 

taking up at least 80% of the total (Chau et al., 2009a; Bibbiani et al., 2016; Huang et al., 

2020). From the total global warming potential 87% was due to greenhouse heating where 

natural gas was solely used as the fuel (Figure 4.3C). In comparison to Dutch 

greenhouses, the higher GHG emissions from GH3-SA might be attributed to the grower’s 

practices and lack of adopting combined heat and power (CHP) (Vermeulen and Lans, 

2011). For the tomato production in greenhouses in Tasmania where wood biomass was 

primarily used, a much smaller GHG emissions were determined, being 0.28–0.73 kg CO2 

eq per kg tomatoes (Table 4.5). This GHG emission is also lower than other heated 

greenhouses where fossil-based energy were used (Table 4.7). In an LCA study 

conducted in Sweden (Röös and Karlsson, 2013), 0.29 kg CO2 eq kg-1 was reported for 

tomato production from wood-biomass-heated greenhouses with a yield of 57 kg m-2, 
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which is comparable to the large-fruited tomato production from our study where yield was 

also 57 kg m-2. Additionally, a scenario study of greenhouse tomato production in Southern 

Ontario, Canada (Hendricks, 2012), compared the use of different energy sources for 

heating and found that heating with willow biomass had the lowest impact on potential 

global warming with an emission of 0.267 kg CO2 eq kg-1, considering an average yield of 

56.4 kg m-2. Unlike heating with fossil fuels, our study found that in the wood-biomass-

heated greenhouses, greenhouse heating was no longer dominant for potential global 

warming, with a relatively smaller contribution compared to other components of 

greenhouse production, such as fertilisation and waste management (Figure 4.3A and 

4.3B). This suggests that in biomass-heated greenhouse systems, further GHG mitigation 

could consider improving practices on other greenhouse production components. For 

example, for GH2-TAS waste management was the biggest contributor to GHG emissions 

(Figure 4.3B), of which disposal of used substrates (coco coir and stone wool) is the major 

cause. In addition to potential global warming potential, combustion of fuels for 

greenhouse heating was also primarily responsible for ozone formation and terrestrial 

acidification in all systems (Figure 4.3). This is consistent with previous studies (Pluimers, 

2001; Antón et al., 2012; Torrellas et al., 2012b; Dias et al., 2017).  

Table 4.7. Comparison of energy use, potential global warming potential and energy sources for 
producing 1 kg tomatoes in heated greenhouses. 

Country  Energy 

use (MJ) 

Potential global 

warming1 

(kg CO2 eq) 

Energy source(s) Reference 

Australia (GH1-TAS) 21 0.28 Wood chips This study 

Australia (GH2-TAS) 38 0.73 Wood waste, waste 

oil & Liquefied 

petroleum gas 

This study 

Australia (GH3-SA) 39 2.3 Natural gas This study 

Australia (NSW2) 27 1.9 Natural gas  Page et al., 2012 

 21 1.7 Coal Page et al., 2012 

Canada (Ontario) 59 2.5–3.2 Natural gas &  

bunker oil 

Dias et al., 2017; 

Hendricks, 2012 

  2.3–3.1 Natural gas Dias et al., 2017; 

Hendricks, 2012 

  0.3–0.9 Wood chips  Dias et al., 2017; 

Hendricks, 2012 

Hungary  7 0.44 Geothermal energy3 Torrellas et al., 2012b 

 87 5 Natural gas Torrellas et al., 2012b 

The Netherlands 13–24 0.65–1.2 Natural gas Chapter 5 

Northern France 32 24 Natural gas Boulard et al., 2011 
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Northern Italy 96 2.3 Canola oil & 

natural gas 

Almeida et al., 2014 

 64 3.6 Natural gas  Almeida et al., 2014 

 35 1.4 Municipal solid waste Almeida et al., 2014 

Sweden 25 0.29 Wood chips  Röös and Karlsson, 2013 

Swiss 22–38 — — Jolliet, 1993 

UK 130 9.4 Natural gas Williams et al., 2006 

1 Values were calculated as global warming potential for 100 years except when indicated otherwise; 
2 New South Wales; 
3 In this case geothermal energy was stored as hot water at ca. 80 °C around 1600 metres below ground; 
4 Value was estimated as global warming potential for 20 years. 

Impacts on freshwater quantity and quality 

Depletion of freshwater has become a global environmental issue. This is particularly 

crucial for agriculture given 70% of global freshwater being consumed for agriculture 

production (Rockström et al., 2009; Willett et al., 2019). We used a water scarcity footprint 

to evaluate the quantitative impact of freshwater use during the life cycle of tomato 

production for three greenhouse systems. Additionally, the water use for irrigation at 

greenhouses reported by the growers and its water scarcity footprint serve as important 

indicators of water at the management level (Table 4.6). As expected, use of different 

water metrics led to very different results (Table 4.6) and thus provides the understanding 

of water use through different lenses. For instance, the water use for irrigation at GH3-SA 

was 1.27 times that of GH1-TAS. When the irrigation water use was weighted by local 

water stress index, producing tomatoes at GH3-SA led to a more than 50 times higher 

impact on local freshwater scarcity compared to GH1-TAS (Table 4.6). 

Previous studies have assessed that the water use for tomato production at greenhouse 

location ranged from 14 L kg-1 to 80 L kg-1 (Table 4.8), which is largely dependent upon 

the indoor greenhouse climate and water management. The water use for irrigation of 

producing 1 kg large tomatoes in GH1-TAS and GH3-SA is higher than that in 

greenhouses in the Sydney region and the New South Wales Tablelands region (Page et 

al., 2011), but falls within the range established by previous studies (Table 4.8). Reuse of 

drain water is an effective way of reducing water use and nutrient losses (Gruda, 2019). In 

Chapter 5 of the present thesis, it is concluded that greenhouse systems with 85% of 

reused drain water had the lowest water use (14 L) for producing 1 kg of tomatoes. 

However, in the three greenhouse systems, much lower recycling rates (20–30%) were 

implemented in the fertigation management, suggesting there is a substantial potential for 

improving water use in these greenhouses. 
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Table 4.8. Comparison of irrigation water use for 1 kg tomatoes produced in greenhouse systems. 

Country  Water use for irrigation (L) Reference 

Australia (NSW1 tableland) 39 Page et al., 2011 

Australia (Sydney) 40 Page et al., 2011 

China (Beijing) 76 Huang et al., 2014 

China (Shouguang) 80 Huang et al., 2014 

Canada (Ontario)  18 Dias et al., 2017; Hendricks, 2012 

Hungary  15 Torrellas et al., 2012b 

Netherlands 14 Torrellas et al., 2012b 

France 25–50 Boulard et al., 2011 

Northern Italy 47 Almeida et al., 2014 
1 New South Wales. 

The water scarcity footprint of 1 kg large tomatoes was 18 L H2O eq in GH1-TAS and 39 L 

H2O eq in GH3-SA (Table 4.5), suggesting 50% less impact on freshwater scarcity from 

the production in GH1-TAS. The main burden to freshwater scarcity is the electricity 

generation from upstream processes in GH1-TAS and GH2-TAS, and irrigation in GH3-SA 

(Figure 4.2). The freshwater used in GH3-SA was mainly sourced from the Murray-Darling 

basin where freshwater is often scarce with a water stress index of 0.815 (Table 4.4). In 

Tasmania, freshwater is more reliably available; Tasmania holds 12% of Australia’s 

freshwater resources, despite comprising less than 1% of Australia’s surface land 

(Australian Government Bureau of Meteorology, 2013). In a previous Australian study by 

Page et al. (2012) a water scarcity footprint using the same method (Ridoutt and Pfister, 

2010) as used in our assessment (water scarcity footprint-life cycle) indicated that the 

water use of producing 1 kg tomatoes from greenhouses in NSW ranged from 5.4 to 53 L 

kg-1, which was primarily due to differences in the water stress indices (0.015–0.397) 

identified with the corresponding water resources. Hence, it is important to use region-

specific factors to evaluate impacts of freshwater use in countries with great heterogeneity 

in water flows of watersheds and river basins. 

Reducing fertiliser application and leaching is another beneficial effect of water saving 

(Incrocci et al., 2020), which is rarely mentioned in the context of Australia’s agriculture, 

but this is particularly important for greenhouse production (Grewal et al., 2011). Fertiliser 

application is the major cause of eutrophication in greenhouse production (Incrocci et al., 

2020), which is also reported in the current study (Figure 4.3). In GH2-TAS and GH3-TAS, 

30% and 20% of drain water was reused in the fertigation system respectively, which is 

lower than the proportion of recirculation (85%) in the greenhouse systems in the 

Netherlands (Chapter 5). The results showed that marine eutrophication was 0.000021–

0.00034 kg N eq per kg tomatoes (Table 4.5), which is associated with N leaching from the 
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greenhouse production. This is lower than the potential marine eutrophication of tomato 

production of greenhouses in NSW (0.0005–0.0007 kg N eq kg-1 tomatoes) (Page et al., 

2014). A possible explanation could be a much lower rates of N fertilisation in the three 

greenhouse systems (2.1–4.7 g N kg-1 tomatoes) compared to that in Page et al. (4.7–6.8 

N kg-1 tomatoes; 2014). Notably, the sensitivity analysis showed that in GH2-TAS use of 

coco coir as growing medium can lead to considerable impact on eutrophication in both 

freshwater and marine water bodies when coco coir was considered as a by-production of 

coconut production (Figure 4.4). Due to the different methods applied for calculating 

eutrophication in LCA studies, comparison with other studies is difficult. Regardless of 

what method used, the values of eutrophication in marine or freshwater systems in the 

current study were mostly lower than the range of eutrophication potential (0.00017–

0.0026) reported in heated, soilless greenhouse tomato production in previous studies 

(Torrellas et al., 2012b; Dias et al., 2017). Eutrophication is a site-specific environmental 

impact and thus highly site-dependent (Page et al., 2014). However, due to the lack of 

regional characterisation factors for modelling eutrophication, global values were used in 

the present study, which may lower the confidence of the results of eutrophication. 

Therefore, we suggest that site-dependent characterisation factors need to be developed 

in an Australian context in future research. 

Trade-offs in using wood biomass fuel for greenhouse heating 

Fossil fuel energy to heat greenhouses is the major source of GHG emissions and should 

be reduced. Use of wood biomass is commonly treated as carbon neutral in life cycle 

assessment as carbon sequestration from regrowth or growth of forests with large scales 

offsets the carbon emission due to wood use (Grassi et al. 2018). However, a recent study 

by Peng et al. (2023) pointed out that this approach to counting the carbon cost of wood 

use is flawed, given that carbon sequestration from forest growing happens anyway. 

Therefore, use of wood biomass cannot be merely treated as carbon neutral if a long-term 

time course is considered. Additionally, use of wood biomass can substantially increases 

other emissions that directly impact on human health (Chau et al., 2009a,b; Bibbiani et al., 

2016). Ozone formation and particulate matter formation in the wood-biomass-heating 

greenhouses in Tasmania were approximately twice that of the natural-gas-heated 

greenhouse in South Australia (Table 4.5). Both ozone formation and particulate matter 

formation are air pollutants that have negative impacts on human health, causing 

respiratory problems. Moreover, combustion of wood biomass generates a higher volume 

of SOx, which is the main cause of terrestrial acidification (Figure 4.3A and 4.3B). Dias et 
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al. (2017) conducted a scenario study where the environmental effects of substituting 

willow biomass for heating were assessed, and reported that compared to fossil fuels, the 

use of willow biomass generated 65%, 126% and 45% more ozone formation, particulate 

matter formation and acidification, respectively. The authors suggested that for future 

adoption of wood biomass for greenhouse heating, better combustion and emission 

control of the biomass boilers must be applied (Dias et al., 2017). Additionally, flue gas 

from the combustion can be an alternative source of CO2 enrichment for greenhouse 

production (Bibbiani et al., 2016) but its purification is challenging given high-level and 

high costs of technologies required and therefore has not been adopted by growers in the 

current study.  

Regional factors for planning future greenhouse production 

In the context of the current study, the environmental performance of heated greenhouse 

production is largely influenced by two key inputs, energy and freshwater, which are 

predominantly constrained by the location of the greenhouse. Hence, a comprehensive 

understanding of effects associated with greenhouse location is essential for optimising 

the performance of existing greenhouse production and future greenhouse expansion. 

Page et al. (2011, 2014) assessed the effects of greenhouse location mainly in NSW, from 

viewpoints of the regional water scarcity and the transportation from greenhouse 

production points to markets. The authors suggested that relocation of existing 

greenhouses might reduce environmental burdens in terms of local freshwater scarcity, 

emissions due to transportation or greenhouse heating. In the current study, we assessed 

the environmental performance of three greenhouses in TAS and SA, with climates which 

are different from NSW, implying that resource availability and amount of energy used for 

heating varies greatly. Selected greenhouse production systems in TAS led to much 

smaller impacts on freshwater scarcity and climate change than the system in SA. This is 

mainly due to different degrees of local water scarcity and accessibility to cleaner energy 

sources. Nevertheless, use of wood biomass in the systems in TAS induced large 

amounts of air pollution that are associated with human health. Hence, it is worth noting 

that using alternative energy sources can alleviate some environmental impacts but 

aggravate other impacts, making overall environmental performance even worse. The 

large differences in environmental performance identified were mainly due to location-

constrained resources, which is consistent with the study in NSW by Page et al. (2011, 

2014). 
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To alleviate location-driven environmental problems of existing greenhouse production, we 

argue that relocation may not be a feasible solution particularly for small-scale greenhouse 

growers, considering the capital cost of relocating or setting up new greenhouse facilities. 

As the environmental concern is rising from different levels (from individual to nation), 

increasing pressure has been put on growers for mitigating the environmental impacts of 

their production systems. A study by Ellen et al. (2021) assessed farmers’ interests on 

adopting options on mitigating climate change and found that economic constraint is the 

key factor determining farmers’ actions. According to the current study, greenhouse 

growers are willing to and have made relevant efforts (e.g. using alternative energy 

sources and plant-based growing media) to manage greenhouse production towards 

environmental sustainability. However, in the assessed three greenhouses, mitigation 

options are highly location-constrained. For instance, freshwater resources and wood 

biomass are abundant in Tasmania, providing reliable sources for irrigation with a much 

lower impact on local watersheds and basins and fuels with a much lower GHG emissions 

for greenhouse heating. These resources are quite limited in South Australia, meaning the 

greenhouse growers in this region must explore other ways of reducing the environmental 

impacts of their greenhouses. In such regions, improvements in the environmental 

performance of greenhouse production systems mainly rely on technological innovation, 

such as recycling water, use of seawater for irrigation and solar energy (Parks, 2010; Page 

et al., 2014). 

For the existing greenhouse production systems, mitigation strategies should consider 

local constraints and economic feasibility for required technology adoption. For future high-

tech greenhouse expansion, local resource situation, such as freshwater scarcity, source 

of electricity generation and the availability of cleaner energy sources, may be as 

important as local climate, given the use of water and energy are the main cause of 

environmental impacts. Moreover, it is also important to consider the impacts due to 

climate change on renewable energy generation (Cronin et al., 2018; Solaun and Cerdá, 

2019). Several studies (Cronin et al., 2018; Solaun and Cerdá, 2019) pointed out that 

future climate change might have a big impact on hydropower generation through various 

pathways (e.g. hydrological cycle). Hence, to ensure the long-term stability of greenhouse 

operations, we suggest that future greenhouse locations could consider the regions where 

multiple renewable energy sources are available. To improve the accuracy and precision 

of life cycle impact assessments, site-specific methods and characterisation factors (e.g. 

eutrophication) are required, as suggested in previous studies (Torrellas et al., 2012b; 
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Page et al., 2014; Dias et al., 2017; Canaj et al., 2020; Pfister et al., 2020; Verones et al., 

2020). 

4.5. Conclusion  

Large differences were identified in the environmental performance between the three 

tomato greenhouse production systems studied. The selected tomato production system in 

South Australia led to higher impact on potential global warming and freshwater scarcity 

than that in Tasmania due to the primary use of natural gas for heating and the limited 

freshwater resources in South Australia. Substantial difference found on the impact by 

water use in the three greenhouse systems highlights that there is a need for considering 

availability of local freshwater resource is evaluating the environmental sustainability of 

greenhouse production in Australia, and Tasmania could be a suitable location for future 

greenhouse expansion if freshwater scarcity is prioritised as a most urgent environmental 

issue in Australia’s context. There is a clear trade-off on use of wood biomass for 

greenhouse heating, reducing potential global warming by 80% but increasing air-pollution 

impacts by 200%. As a sustainable choice for growing substrate by the greenhouse 

grower, the environmental sustainability of coco coir largely depends on how coco coir is 

treated (a type of waste versus a by-product of coconut production), having much lower 

environmental impacts (e.g. 30% reduction in marine eutrophication) as a type of waste 

from coconut production. However, coco coir has become a type of commodity given the 

increasing demand for use of coco coir in gardening horticultural cultivation, and therefore 

should be considered as a by-product in its environmental analysis. Moreover, disposal of 

used coco coir also determines the environmental performance of coco coir as the 60% of 

used coco coir was incinerated. Collectively, this study provides growers a comprehensive 

understanding on their practices in terms of environmental benefits and drawbacks. This 

will help greenhouse growers further optimise their practices towards sustainability and 

highlights that LCA is an important method for decision makers to obtain a holistic 

understanding of greenhouse production from a system thinking.  
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Abstract  

This review evaluates the sustainability of tomato production in four greenhouse systems: 

high-tech (the Netherlands) and low-tech (Spain) combined with two ways of cultivation 

(conventional or organic). The Sustainable Development Goals (SDGs), as defined by the 

United Nations, were used as a lens to assess the sustainability of these four greenhouse 

production systems. In total seven SDGs, including 14 targets, were assessed through 12 

quantitative and two descriptive indicators. Conventional, high-tech greenhouse systems 

showed the greatest potential for positive contributions towards four of the SDGs. 

However, their relatively high energy use makes it difficult to achieve SDG7 on affordable 

and clean energy, where low-tech systems perform better due to lower energy use from 

relatively cleaner sources. Lower water use efficiency and higher nutrient losses in all soil-

based cultivation systems are barriers to achieving some targets under most of the 

selected SDGs. Organic cultivation systems show relatively high water and land use, 

based on the limited data available. Our review highlights the existence of substantial 

synergies, but also considerable trade-offs between SDGs. This needs to be considered 

when making policy, investment and management decisions related to greenhouse 

production. 

Key words: Greenhouse production; Quantitative assessment; SDGs; Sustainable 

development; Tomato. 
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5.1. Introduction 

The challenge for modern agriculture is to sustainably produce enough nutritious food for 

everyone while we are facing a climate crisis (United Nations, 2019a). Hence, our current 

food production systems need to be transformed in terms of their productivity, resource 

use and environmental impacts (Willett et al., 2019). Food production systems cause 

nearly 29% of global greenhouse gas (GHG) emissions (Vermeulen et al., 2012) and 

agriculture is responsible for around 70% of global freshwater use (Food and Agriculture 

Organization, 2013; Steffen et al., 2015). The tension between human demand for food 

and the exhaustion of resources and other unwanted environmental impacts is rapidly 

rising, due to the global population growth and increasing per capita consumption (Tilman 

et al., 2011). Hence, transformations are needed for existing food production systems that 

are based on principles of sustainable intensification (Eyhorn et al., 2019; Willett et al., 

2019). Food production in greenhouses is one of the possible pathways towards such 

sustainable intensification. 

The high productivity of greenhouses plays an important role in food production systems. 

The land area used for greenhouse production worldwide exceeds 470,000 ha with yields 

up to ca. 10 times higher per unit area compared to field production (Heuvelink et al., 

2020). Greenhouse production continues to increase, particularly for vegetables (Marcelis 

et al., 2019). The core concept of greenhouse cultivation is to provide crops with 

favourable growth conditions by modifying the climate. Greenhouses can be located on 

land unsuitable for open-field production and strategically placed near transport hubs and 

population centres to optimise logistics. In recent years, increasing attention has been paid 

to the environmental sustainability of greenhouse production systems. By using life-cycle 

based approaches, several studies have focused on evaluating the environmental impacts 

of greenhouse systems mostly for tomato production (Antón et al., 2005b, 2012; Boulard 

et al., 2011; Page et al., 2012; Torrellas et al., 2012a,b; Almeida et al., 2014; Bojacá et al., 

2014; Dias et al., 2017). 

Greenhouses with organic cultivation have emerged in response to the increasing demand 

for organic products due to their perceived environmental benefits and high profitability 

(Marcelis and Heuvelink, 2019). There is evidence that organic farming can improve 

environmental sustainability in terms of CO2 emission, soil fertility and biodiversity 

(Reganold and Wachter, 2016). However, organic farming systems often result in low 

yields, requiring more land per unit of produce. Debates on the sustainability of 

greenhouse production can be contentious and often lack a scientific evidence base. For 
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heated, high-tech greenhouses, high CO2 emissions are problematic, while for low-tech, 

unheated greenhouses in warmer climates, high nutrient emissions are a concern, as they 

account for at least 50% of the total environmental impacts of the systems (Torrellas et al., 

2012b). These weaknesses highlight the need for more evidence-based actions to 

improve current practices, which will thereby increase the knowledge about the 

sustainability of greenhouse production systems and may improve their performance. To 

achieve this, an internationally recognised benchmark is required to examine the current 

performance of greenhouse production systems.  

In 2015 the United Nations (UN) introduced the 2030 Agenda for Sustainable 

Development (United Nations, 2015). With the defined 17 Sustainable Development Goals 

(SDGs) and the linked 169 targets, this agenda provides a practical framework for all 

countries and stakeholders to assess and improve global and local sustainability. In line 

with this agenda, a framework with indicators considering country-specific circumstances 

was adopted to assess current performance, monitor progress of sustainable 

development, inform policy, and facilitate actions by all stakeholders (Salvia et al., 2019). 

However, such global approaches usually require modifications of the indicators for 

implementation at local scales (Hák et al., 2016). According to Salvia et al. (2019), 

scientific research and knowledge-based assessments are essential for the successful 

implementation of the SDGs. To the best of our knowledge there are no existing detailed 

analyses of greenhouse production systems through the lens of SDGs. 

The aim of this study was to assess the sustainability of four fresh vegetable greenhouse 

production systems through the lens of SDGs. Specifically, we aimed to: 1) Identify 

relevant SDGs to evaluate greenhouse production systems; 2) Evaluate the performance 

against SDG indicators using four different, orthogonal types of greenhouse production 

systems; 3) Identify the synergies, interlinkages and trade-offs between SDGs in the 

context of greenhouse production systems.  

5.2. Methods 

Systems description 

Tomato production accounts for the largest area under greenhouses; it is also the crop for 

which data is most easily accessible. Hence, we used it as a representative crop for our 

study. To assess the role of technology adoption (high or low) and cultivation types 

(conventional or organic) on sustainability and production, we evaluated four different 

greenhouse production systems: (1) Conventional, high-tech production systems, which 



Towards delivering on Sustainable Development Goals in greenhouse production systems 

 
97 

refer to the conventional production in high-tech Venlo glasshouses with soilless 

cultivation (mostly on stone wool) in the Netherlands; (2) Conventional, low-tech 

production systems which refer to the conventional production in Parral-type plastic 

greenhouses in Spain; (3) Organic, high-tech production systems which refer to organic 

production in Venlo glasshouses in the Netherlands; (4) Organic, low-tech production 

systems which refer to the organic production in both Parral-type and multi-tunnel plastic 

greenhouses in Spain. The main features for each system are listed in Table 5.1.  

Table 5.1. Main features of the four production systems evaluated through the lens of SDGs. The 
production systems include high-tech production systems in the Netherlands (conventional and 
organic) and low-tech production systems in Spain (conventional and organic). 

  Conventional    Organic  

   High-tech  Low-tech   High-tech  Low-tech  

 Greenhouse structure  Venlo  Parral   Venlo  Parral and multi-tunnel 

 Growing medium  Stone wool Soil  Soil Soil 

 Heating   Yes No  Yes No 

 CO2 enrichment   Yes No  Yes No 

 Artificial lighting  Yes/no1 No  Limited2 No 

 Fertigation system   Recirculating3  Free drainage   Free drainage Free drainage 

 Main pest control   Natural enemies Synthetic pesticides  Natural enemies Natural enemies 

 Restriction for fertiliser   No  No  Yes4 Yes5 

1 Artificial lighting may be used in greenhouses to secure fruit production at times when sunlight is insufficient (Marcelis 

and Heuvelink, 2019).  
2 Use of artificial lighting in organic production systems is regulated by local legislations. It is allowed in North America 

but limited to only plant propagation in the Netherlands (Van Der Lans et al., 2011).  
3 Collection and reuse of drain nutrient solution;  
4,5 Maximum manure application of 170 kg N ha-1 year-1 (EEC, 1991). 

A literature-based study was conducted to collect and synthesise data for the evaluation. 

Most of the data came from greenhouse cultivation in the Netherlands and Spain, as these 

countries represent two typical climate regions and associated production methods. For 

example, production in parts of the U.S., Canada, China and Australia is comparable to 

the Netherlands, and a large part of the production in other Mediterranean countries and 

Central and South America is comparable to Spain (Marcelis and Heuvelink, 2019). 

Identifying relevant SDGs  

To identify the SDGs that greenhouse production can potentially contribute to, we firstly 

studied the original agenda proposed by the UN (2015). With each SDG a list of targets 

has been defined that provide specific measurable objectives accounting for different 

national and stakeholders’ circumstances. Relevant SDGs were identified through 

searching for connections between the pre-defined keywords by the UN under any target 

and greenhouse production systems. For example, target 2.1 under SDG2 (“zero hunger”: 
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‘ensure access by all people to safe and nutritious food all year around’) was considered 

attainable through greenhouse production systems. Therefore, SDG2 was identified as 

one of the relevant SDGs for this study. The justifications for selecting other SDGs as 

being related to greenhouse production systems were given in sections 3.1–3.7. 

Selecting indicators and scoring approach 

To evaluate the performance of the four greenhouse production systems for each relevant 

SDG, indicators are required for corresponding targets such as the original proposed 

indicators by the UN (2019b). However, due to the lack of clear definition or quantifiable 

metric of the proposed indicators, we revised or reformulated suitable indicators in the 

current study. The indicator selection in our study was based on two principles: (1) fact-

based relevance to the SDG targets and (2) data available for quantifiable metrics. Based 

on the data analysis for each indicator, the system that had the highest or lowest value 

(depending on the objective of the indicator) was considered to perform best for this 

indicator and was thus labelled with a plus symbol (+). For each SDG, the system that 

obtained “+” across most indicators was considered to perform best. For indicators 

relevant to targets under multiple SDGs, no weighing method was applied in the ranking of 

the different targets under SDGs. 

5.3. Results 

In total seven SDGs were identified as the most relevant, including SDG2 (zero hunger), 

SDG3 (good health and well-being), SDG6 (clean water and sanitation), SDG7 (affordable 

and clean energy), SDG12 (responsible consumption and production), SDG14 (life below 

water) and SDG15 (life on land). While other SDGs may be affected by food production 

systems, such as SDG1 (no poverty) and SDG13 (climate actions), the specific 

mechanisms for achieving these changes in greenhouse production systems were more 

explicit in the seven SDGs identified, with measurable indicators available. Based on the 

relevant SDGs, in total 14 indicators (12 quantitative and 2 descriptive) were selected for 

the evaluation. Some indicators, such as land and water use, were used in the evaluation 

for multiple SDGs. 

SDG 2-Zero Hunger 

Greenhouse production contributed to several targets under SDG2 (zero hunger): 

nutritious and sufficient food available all year round for all people (Target 2.1), increase 

(double) agricultural productivity (Target 2.3, 2.4), and production (Target 2.4). The 
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availability of greenhouse tomatoes to consumers was assessed by the capability of 

supply and affordability of fresh tomatoes. Harvest season was longest in conventional, 

high-tech systems and shortest in organic, low-tech greenhouses (Table 5.2). Year-round 

harvest of tomatoes was only possible in high-tech heated greenhouse systems with 

supplementary light in Northern Europe and North America (Heuvelink, 2018; Raaphorst et 

al., 2019). For low-tech greenhouses, the harvest season closely depended on the length 

of crop cycles, with a maximum period of 36 weeks (Valera-Martínez et al., 2016). 

Therefore, low-tech greenhouses did not supply fresh tomatoes year around. For organic, 

high-tech systems in the Netherlands, the harvest season is about 25–33 weeks per year 

(Tittarelli et al., 2017). Market prices were used as a measure for the affordability of the 

fresh tomatoes produced from each system. Based on the market prices in the 

Netherlands and Spain, organic greenhouse tomatoes are around 40–130% (Albert Heijn, 

2020; Amsterdam Tips, 2020) and 40% (Fresh Plaza, 2016) more expensive than 

conventionally grown tomatoes. This limits the affordability of organic tomatoes and 

therefore their availability to all people. The higher market prices of organic tomatoes may 

be attributed to the higher production costs related to the extra labour and management 

involved in weed and pest control, and for nutrients (Pimentel, 1993; Clark et al., 1999; 

Kaiser and Ernst, 2011). In addition, lower yields in organic systems may also contribute to 

higher market prices. 

To evaluate agricultural productivity and production (Target 2.3, 2.4), annual tomato yield, 

water and land used for producing a unit of tomatoes were selected as relevant indicators. 

In general, high-tech systems showed a much higher productivity compared to low-tech 

systems (Table 5.2). With the same level of technology, the yields and productivity were 

higher in the greenhouses with conventional cultivation than organically grown systems. 

For example, the highest yield and productivity were observed in conventional, high-tech 

systems (Table 5.2). The tomato yield was 50–90 kg m-2 in high-tech glasshouses where 

no supplementary light was used (Raaphorst et al., 2019; Heuvelink et al., 2020). 

However, yield was substantially higher when supplementary lighting was applied (90–100 

kg m-2) (Raaphorst et al., 2019; Heuvelink et al., 2020), which is the situation for about 

40% of the tomato production area in the Netherlands. Accordingly, land use for producing 

100 kg tomatoes was the lowest in conventional, high-tech systems (Table 5.2), indicating 

the highest land use efficiency. In conventional, low-tech greenhouses, tomato yield was 

ca. 9–17 kg m-2 (Valera-Martínez et al., 2016) which is only about 10–34% of that in high-

tech greenhouses. Therefore, yield per unit area in low-tech greenhouse was ca. 3–11 

times lower than in high-tech greenhouses. High-tech greenhouses, where either 85% or 
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100% recirculation of nutrient solution was applied (Pronk et al., 2007; Van Kooten et al., 

2008), used substantially less water to produce 1 kg of tomatoes (16 L and 14 L, 

respectively) than low-tech systems, which used 29 L on average (Torrellas et al., 2012b).  

For organic greenhouses, tomato yields were around 50 kg m-2 in the Netherlands 

(Tittarelli et al., 2017) and 6–15 kg m-2 in Spain (Tittarelli et al., 2017). The largest land use 

was observed in organic, low-tech greenhouses (7–17 m2 are required to produce 100 kg 

tomatoes; Tittarelli et al., 2017). For organic production in high-tech greenhouses water 

use (22 L kg-1; Pronk et al., 2007) was slightly higher than in conventional, high-tech 

greenhouses but still much lower than for low-tech systems (Torrellas et al., 2012b).
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SDG 3-Good Health and Well-being  

Target 3.9 under SDG3 (good health and well-being) aims to reduce the number of deaths 

and illnesses from air, water, and soil pollution, hazardous chemicals, and contamination 

(Table 5.3). This target is relevant for our study, as the intensive fertilisation and the use of 

plant protection products (PPPs, mainly fungicides and insecticides) in greenhouse 

horticulture, like food production generally, often results in emissions to atmosphere, soil 

and water. The consequences of these emissions may either directly (e.g. drinking water) 

or indirectly (e.g. disrupting a food production network) influence human health (Carpenter, 

2005). 

Compared to other systems, N emissions from high-tech greenhouses with recirculation 

systems were the lowest, ranging from 64 to 107 kg N ha-1 year-1 (Pronk et al., 2007), and 

can be eliminated when 100% of drain water is reused (Pronk et al., 2007). According to 

Soto et al. (2015), N emissions from low-tech greenhouses were about 2–4 times that from 

high-tech greenhouses with recirculation. In organic, high-tech tomato production, average 

N-application was about double the crop demand, resulting in N emissions of around 700 

kg N ha-1 year-1 (Voogt et al., 2011). The N emissions for producing tomatoes in 

conventional, high-tech systems were 10 times lower per kg tomato yield than in 

conventional, low-tech and organic, high-tech systems. Next to N, phosphorus (P) 

emissions may also affect human health, mainly through undermining water quality 

(Carpenter, 2005; Yan et al., 2013). Unlike N, phosphorus is very stable and immobile. 

Excessive P fertiliser is primarily stored in the soil and eventually lost through erosion or 

runoffs. Due to the lack of data, P emissions were not included as an indicator in this 

study. Nonetheless, P fertilisation is an important factor in the sustainable management of 

greenhouse production systems and should be actively managed and monitored. 

Regarding the use of PPPs, greenhouses with organic cultivation systems were 

considered to have near zero hazardous residues and emissions due to the prohibition of 

synthetic PPPs in these systems. In conventional, Dutch tomato production, the average 

total use of PPPs was 10 kg active ingredient ha-1 (mainly fungicides; Montero et al., 

2011). The use of PPPs was substantially higher in low-tech systems, with 32 kg ha-1 

(Montero et al., 2011).  
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SDG 6-Clean Water and Sanitation 

SDG6 (clean water and sanitation) focuses on reducing pollution, eliminating dumping and 

minimising release of hazardous chemicals and materials, halving the proportion of 

untreated wastewater and increasing recycling and safe reuse globally (Target 6.3) and 

increasing water use efficiency (Target 6.4). Target 6.3 shows overlap with Target 3.9, with 

both focussing on minimising the release of hazardous chemicals. For Target 6.3, relevant 

indicators were N emission to water systems (which has been presented under SDG3; 

Table 5.3), the share of drain water re-used, and whether or not waste water was treated 

before being released to the environment (Table 5.4).  

Table 5.4. Performance of four greenhouse systems as analysed through the lens of SDG 6-Clean 
Water and Sanitation. Data sources are indicated in superscripts after each value. Plus (+) denotes 
the system(s) where the best performance was observed at corresponding indicators. 

Target Indicator Conventional  Organic  

  High-Tech Low-Tech  High-Tech Low-Tech 

6.3 By 2030, improve water 
quality by reducing pollution, 
eliminating dumping and 
minimising release of hazardous 
chemicals and materials, halving 
the proportion of untreated 
wastewater and substantially 
increasing recycling and safe 
reuse globally 

Proportion of recycling water 
used (%) 

85 a  

+ 

0 
 

 0 
 

0 

Treatment on discharges 
(yes/no) 

Yes b  

+ 

No 
 

 No No 

a Pronk et al., 2007; b Voogt et al., 2013. 

Collecting and reusing drain water can only be applied in high-tech, conventional 

greenhouses where soilless cultivation is applied, with around 85% of nutrients recycled 

(Pronk et al., 2007). Likewise, it is only possible to treat wastewater in such systems. 

Discharge of nutrient solution is the major pathway of releasing emissions of nutrient and 

PPPs from greenhouses with soilless cultivation (Beerling et al., 2014). In the Netherlands, 

greenhouse growers applying soilless cultivation are obligated to decrease the amount of 

discharge by maximising recirculation of nutrient solution, and purifying of discharge (Van 

Ruijven et al., 2017). Dutch legislation has been set to guide growers to a stepwise 

reduction of emissions of nutrient and PPPs to zero (Beerling et al., 2017). 

The performance on water-use efficiency (Target 6.4) has also been presented under 

SDG2 (Table 5.2). The amount of water needed to produce 1 kg tomatoes was the lowest 

(most efficient) for conventional, high-tech greenhouse systems and highest in 

conventional, low-tech systems. Water use in organic, high-tech greenhouses in the 
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Netherlands was in between the levels used in conventional Dutch high-tech and Spanish 

low-tech systems. 

SDG 7-Affordable and Clean Energy 

Under SDG7 (affordable and clean energy), increasing the share of renewable energy use 

(Target 7.2) and doubling the increase in energy efficiency (Target 7.3) were considered 

relevant (Table 5.5). Table 5.5 shows that the share of renewable energy consumption 

was 17.4% of gross final energy consumption in Spain in 2018 (Red Eléctrica, 2018) which 

was more than double that of the Netherlands (8.6% in 2019; Statistics Netherlands, 

2020). In the Netherlands, the main energy source in greenhouses is natural gas. Many 

growers apply cogeneration of heat and power (CHP, fed by natural gas), where the heat 

is used for heating the greenhouse and electricity is used for lighting or it is delivered to 

the grid. Most of these growers do not use renewable energy. Consequently, low-tech 

Spanish greenhouse systems use considerably less non-renewable energy than high-tech 

Dutch systems. 
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The energy required to produce 1 kg tomatoes was used to assess energy use efficiency 

(Target 7.3). Equivalent CO2 emission generated from producing 1 kg tomatoes was 

additionally used to indicate the environmental consequences of the energy use. In 

general, energy use and CO2 emissions in low-tech greenhouses were much smaller than 

in high-tech systems. Per kg tomatoes, 4 MJ of energy was used in conventional, low-tech 

systems with an emission of 0.3 kg CO2 eq (Torrellas et al., 2012a), which was about 6 

times lower than in high-tech systems. For organic, low-tech greenhouses in Spain, energy 

consumption was estimated to be lower compared with conventional, low-tech systems, 

assuming that less energy is required to produce organic fertilisers than synthetic fertiliser 

(Fadare et al., 2010). Nonetheless, energy use for the production of organic fertiliser such 

as compost can be much higher than for synthetic fertiliser, greatly depending on the 

manufacturing processes (Walling and Vaneeckhaute, 2020). For example, 1–10 kg CO2 

eq per kg is generated to produce of synthetic N fertiliser, but 1–850 kg CO2 eq per kg 

may be emitted to produce of compost N fertiliser (Walling and Vaneeckhaute, 2020). It 

indicates that fertiliser used in organic greenhouse systems can be critical to the 

environmental impacts.  

In conventional, high-tech greenhouses without CHP, the energy required to produce 1 kg 

tomatoes was 24 MJ in the Netherlands with an emission of 1.2 kg CO2 eq (Raaphorst et 

al., 2019). However, energy use greatly depends on the requirement for greenhouse 

heating which is determined by local climate. In Quebec, Canada, energy use per kg 

tomatoes was considerably higher, namely 80 MJ with an emission of 5.8 kg CO2 eq 

(Dorais et al., 2014). In organic, high-tech greenhouses, as a result of lower yield, the 

energy required to produce 1 kg tomatoes was around 20–40% higher than in 

conventional systems, being 33 MJ kg-1 (without CHP) in the Netherlands and 97 MJ kg-1 in 

Quebec, Canada (Dorais et al., 2014). For greenhouses using CHP, electricity production 

by CHP often exceeds the requirement for tomato production, thus it is transferred to 

national electricity grid. Therefore, CO2 emissions for tomato production can in some 

instances be halved by using such offsets in both conventional and organic systems 

(Vermeulen and Lans, 2011; Raaphorst et al., 2019). Further, the use of biomass energy 

for heating can also reduce the generation of CO2 emissions, reaching up to an 86% 

reduction in an organic, high-tech greenhouse in Canada (Dorais et al., 2014).  

SDG 12-Responsible Consumption and Production  

To achieve SDG12 (responsible consumption and production), three targets were 

identified to be highly relevant to greenhouse production. As already assessed for SDG2 
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(zero hunger), achieving the efficient use of natural resources (Target 12.2), such as 

freshwater and land, is also essential for attaining SDG12. We already noted that water 

and land use efficiency were the highest in conventional, high-tech greenhouses (Table 

5.2). There are strong linkages between SDG12 and SDG6 (clean water and sanitation), 

with both aiming to achieve sustainable and efficient water use (Target 12.2, Target 6.4), 

and sustainably manage chemicals and reduce their emissions to the environment (Target 

12.4, Target 6.3). As demonstrated for SDG3 and SDG6, conventional, high-tech 

greenhouses with soil-less cultivation resulted in the lowest N emission to water systems 

(Table 5.3), owing to the recirculating nutrient management and wastewater treatment 

(Voogt et al., 2013).  

In addition to chemical release, reducing waste generation is also an important objective 

(Target 12.5) in achieving SDG12. In general, waste generation was the lowest in organic, 

high-tech greenhouses due to the long-lasting material with high recycling potential used 

in greenhouse infrastructure (glass) and no substrate waste. Conversely, waste generation 

from conventional, high-tech greenhouses was highest, owing to the used substrate and 

their bags (plastics), and soil coverage with plastic, that is applied in soilless cultivation 

systems. In terms of waste management, practices vary considerably from grower to 

grower, depending on various factors, such as costs and convenience. In a comparative 

study by Montero et al. (2011), both high- and low-tech systems showed the same 

recycling proportions of metals (100%), concrete (50%) and green biomass (50%). With 

respect to plastic waste, a large proportion (90%) was reported to be collected and 

recycled from low-tech systems (Montero et al., 2011), indicating a better performance 

compared to that (50%) for conventional, high-tech systems. However, with the information 

only reported from one study, more information is required to objectively rank the 

performance of waste management between systems. Moreover, absolute values 

regarding the quantities of each type of waste are needed for better understanding of 

waste management. Used substrates like stone wool can be collected and recycled by 

substrate companies into raw material. In the Netherlands, it has been reported that 

around 90% of used stone wool is collected and recycled (Diara et al., 2012). Likewise, 

this rate cannot represent the average situation of substrate recycling in the Netherlands.  

SDG 14-Life below Water  

One of the aims under SDG14 (life below water) is to conserve the oceans, seas, and 

marine resources. To achieve this, marine pollution from land-based activities needs to 

firstly be reduced (Target 14.1). Leached irrigation water from soil-based systems or 



Towards delivering on Sustainable Development Goals in greenhouse production systems 

 
109 

discharges from soilless cultivation contain high concentrations of fertilisers (primarily P 

and N), which is one of major sources of nutrient losses to aquatic systems (Carpenter, 

2005; Kalkhajeh et al., 2017). This may cause excessive algal growth and anoxic events, 

called eutrophication, a persistent environmental problem in freshwater and marine 

systems (Mugnozza et al., 2007; Torrellas et al., 2012a). To assess this issue, 

“eutrophication potential” modelling using the CML2001 method (Guinée, 2001) was 

selected as an indicator to estimate the potential effects of N and P fertilisation on both 

freshwater and marine systems. “N emission to water systems” was additionally used to 

indicate other potential impacts on marine systems than eutrophication. Furthermore, the 

rapid increase in anthropogenic atmospheric CO2 concentration has directly led to 

declining ocean pH that in turn affects ocean chemistry from the surface water. Such a 

series of alterations causes ocean acidification (Guinotte and Fabry, 2008). As contributors 

to CO2 emissions, greenhouse production systems must also minimise their impacts on 

ocean acidification (Target 14.3). Hence, CO2 emission generated from the greenhouse 

production was taken as the indicator to assess ocean acidification potential, which has 

been indicated under SDG7 (affordable and clean energy).   

We already addressed the issue of N emission via drainage water or SDG3 (good health 

and well-being), SDG6 (clean water and sanitation) and SDG12 (responsible consumption 

and production). Conventional, high-tech greenhouses with soilless cultivation systems 

resulted in the lowest N emission (Table 5.3). Further, conventional, high-tech systems 

(without use of CHP) showed a lower eutrophication potential (ca. 0.63 g PO4
3- eq kg-1 

tomatoes), being 20% lower than in conventional, low-tech systems (Torrellas et al., 

2012b). In organic, high-tech systems, the eutrophication potential was estimated to be 

higher than in conventional, high-tech systems, due to lower yields (Tittarelli et al., 2017) 

and higher nutrient losses (Voogt et al., 2011).  

SDG 15-Life on Land 

SDG15 (life on land) is relevant to greenhouse systems as it mentions that intensive use of 

water and land in agricultural activities is becoming a threat to our ecosystems, resulting in 

rising freshwater depletion (Target 15.1), increased deforestation, soil degradation, 

desertification (Target 15.3) and loss of biodiversity (Target 15.5). Water use in each 

system was again used to evaluate the sustainability of using terrestrial and inland 

freshwater ecosystems and their services (Target 15.1). Next to water use, efficient land 

use could also help conserve and restore water in the environment, thus potentially 

combating desertification (Target 15.3). SDG15 presented connections with SDG2 (zero 
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hunger) and SDG12 (responsible consumption and production), all aiming to achieve 

efficient water and land use. Results on water and land use have been presented in Table 

5.2.  

The emission of PPPs could also potentially affect the loss of biodiversity (such as insects) 

and was therefore used to assess Target 15.5. As indicated under SDG3 (good health and 

well-being), greenhouses with organic cultivation had near zero use of synthetic PPPs 

(Table 5.3) and thus performed better in terms of maintaining the biodiversity compared 

with conventional greenhouse systems.  

5.4. Discussion 

Current performance of four greenhouse production systems 

This study proposes a framework that enables a more holistic evaluation of the 

performance of greenhouse production systems against rigorous sustainability indicators. 

Our framework includes environmental impacts as well as social aspects of the SDGs 

(SDG2-zero hunger and SDG3-good health and well-being). Social components often lack 

attention in environmental studies on greenhouse production systems (Torrellas et al., 

2012a,b; Khoshnevisan et al., 2014; Dias et al., 2017). Here we applied a scoring system 

that awards positive scores when performing best out of the four greenhouse production 

systems through an SDG lens (Table 5.6). Among all systems, conventional, high-tech 

greenhouse systems obtained positive scores on eight indicators of the 14 assessed, 

showing the best performance overall for achieving sustainable development. This is 

followed by organic, low-tech systems (positive scores on four indicators). Conventional, 

low-tech and organic, high-tech systems were found to contribute less towards achieving 

the SDGs (positive scores on two indicators). 

Table 5.6. Summary of scores on indicators for four greenhouse systems. Plus (+) denotes the 
system(s) where the best performance was observed at corresponding indicators.  

SDGs Indicators  Conventional  Organic  

  High-tech Low-tech  High-tech Low-tech 

2 Length of harvest season (weeks) + 

 

    

2 Market price (€ kg-1)  +     

2 Yield (kg m-2) +     

2, 12, 15 Land use (m2 100 kg-1) +     

2, 6, 12, 15 Water use (L kg-1) +     

3, 6, 12, 14 N emission to water systems (kg ha-1 year-1) +     

3, 15  PPPs (kg active ingredients ha-1year-1)    + + 

6 Share of recycling water used (%) +     

6, 12 Treatment on discharges  +     

7 Share of renewable energy use (%)   +   + 
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7 Energy use (MJ kg-1)     + 

7, 14 CO2 emissions at farmgate (g CO2 eq kg-1)     + 

12 Waste generation     +  

14 Eutrophication potential (g PO4
3- eq kg-1) +     

Total number of obtained best scores 8 2  2 4 

In high-tech greenhouses with soilless cultivation, the higher yields and higher resource 

use efficiencies are guaranteed due to the advanced technologies adopted (Marcelis et al., 

2019). The high productivity in such systems has been documented in several studies 

(Antón et al., 2012; Torrellas et al., 2012b; Page et al., 2014; Dias et al., 2017). Compared 

to soilless systems, organic, high-tech greenhouses result in lower yields, which is in 

agreement with a number of comparative studies between conventional and organic 

production systems (De Ponti et al., 2012). Note that here organic cultivation implies that 

the cultivation was soil-based as in many countries soilless would not be considered 

organic. Yield gaps between conventional and organic cultivation are caused by multiple 

factors, including crop variety and management practices (Marcelis and Heuvelink, 2019). 

The ban of synthetic pesticides for use in organic greenhouses makes a positive 

contribution towards meeting SDG3 (good health and well-being) and SDG15 (life on land) 

goals. Furthermore, application of recirculating nutrient management leads to higher water 

and nutrient use efficiencies and can even result in zero nutrient emissions through 100% 

recirculation (Putra and Yuliando, 2015; Rufí-Salís et al., 2020). This shows that significant 

contributions towards improving environmental sustainability are achievable (Marcelis and 

Heuvelink, 2019). It is worth noting that these advanced climate control and cultivation 

systems require high capital investment and operating costs (Vermeulen, 2010, 2016; 

Torrellas et al., 2012b; Dorais et al., 2014), resulting in a higher production cost compared 

to low-tech systems (Marcelis and Heuvelink, 2019). In light of the large energy 

consumption of the construction of greenhouses, we recommend that this impact be 

included in any further research (Antón et al., 2012). 

In addition to benefits, we identified that the use of fossil-based energy for heating and the 

associated high CO2 emissions in high-tech production systems have negative impacts on 

the performance measures for energy use (SDG7) and marine ecosystems (SDG14). In 

life-cycle studies of greenhouse production, the potential environmental impacts on marine 

systems, via for instance, ocean acidification, were barely assessed and discussed (Antón 

et al., 2012; Dias et al., 2017). However, based on SDG14 (life below water), high-tech 

greenhouses show a big impact on potential ocean acidification due to the higher CO2 

emissions. In comparison with conventional systems, organic, high-tech greenhouses 

resulted in higher environmental impacts per unit of tomatoes, such as CO2 emission and 
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eutrophication, suggesting a lower contribution for achieving sustainability. This is contrast 

to the perception of consumers (Aldanondo-Ochoa and Almansa-Sáez, 2009) and possibly 

even producers and other actors along the food value chain. The meta-analysis study by 

Tuomisto et al. (2012) found that organic farming systems showed benefits in regard to 

environmental sustainability per unit of area, but not necessarily per unit of product. 

However, our study (Table 5.3) shows that N emissions per unit of area as well as per unit 

of produce in organic, high-tech systems were much higher than in conventional, high-tech 

systems. 

We found that the composition of waste generation is associated with the level of 

technology adopted in the greenhouse. High-tech greenhouses generally produce more 

types of waste (e.g. substrate) than low-tech systems. This disadvantage might be tackled 

by making use of this waste after minimal processing, as inputs for other production 

systems. For conventional, high-tech systems, yearly waste generation of, for instance, 

used stone wool (2 t ha-1 year-1) (Stanghellini et al., 2003) needs to be reduced by either 

extending its life span or increasing the availability of its recycling service regionally and 

globally (Kool and Blonk, 2011). In some cases, the environmental impact of recycling 

used stone wool may be even greater than that of disposing of it in landfill (Kool and 

Blonk, 2011). This suggests that recycling is not always the best solution for waste 

management. 

For greenhouses with soil-based cultivation systems, improving water use efficiency and 

reducing nutrient losses are the main challenges for attaining most of the relevant SDG 

goals. This is especially important in areas where freshwater is scarce, e.g. Almeria in the 

south of Spain (Muñoz et al., 2010). In Spain, eutrophication due to nutrient losses is a 

serious problem caused by over-application of fertilisers and unmitigated, free drainage 

associated with irrigation in soil-based cultivation systems (Torrellas et al., 2012b). As a 

consequence, local water bodies are heavily polluted by nitrates (European Commission, 

2018) and the entire greenhouse production area around Almeria in Spain has been 

classified as a Nitrate Vulnerable Zone by the European Union.  

Although 90% of plastics used in conventional, low-tech greenhouses can be reused 

(Torrellas et al., 2012a), the amount of plastics used in these systems is still very high (2.4 

t ha-1 year-1; Montero et al., 2011). Further, plastic used for mulching is more difficult to 

recycle than plastic covers due to dirt contamination. In fact, only 30% of this type of 

plastic is recycled (Montero et al., 2011), resulting in large quantities of plastic waste from 

greenhouses being dumped in the coastal areas near Almeria and the Mediterranean Sea, 
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endangering marine species and negatively impacting fisheries and even human health 

(Cózar et al., 2015).  

Synergies and trade-offs between SDGs  

SDG2 (zero hunger) is fundamental to achieve all SDGs (Food and Agriculture 

Organisation, 2016). However, trade-offs amongst goals and sub-goals are inevitable and 

require informed and deliberate choices by decision-makers (Figure 5.1). Antle and 

Valdivia (2020) point out that the scale, scope, and complexity of agri-food systems and 

their linkages to natural and human systems mean that as societies strive to achieve 

SDGs, there will be inevitable trade-offs among and between key impact areas such as, 

for instance, nutrition and food security; gender equality, youth, and social inclusion or 

climate adaptation, GHG emissions reduction; environmental health and biodiversity. For 

example, in some areas, food production needs to be substantially increased to meet 

consumer needs. This, however, also increases the use of natural resources and drives 

GHG emissions (SDG14: life below water and SDG15: life on land) (Nilsson et al., 2016; 

Pradhan et al., 2017; Singh et al., 2018), which is also showed in the current study (Figure 

5.1). 

 

Figure 5.1. Identified synergies and trade-offs between seven selected SDGs in the case of 

greenhouse tomato production. Solid line with arrows denotes synergies, dense dash line with 

single block end indicates trade-offs. For example, synergies were identified among SDG3 (good 

health and well-being), SDG6 (clean water and sanitation), SDG14 (life below water) and SDG12 
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(responsible consumption and production), owing to common aim of reducing the emissions of 

either nutrient or plant protection products (PPP). Trade-offs were found between SDG2 (zero 

hunger) and SDG7 (affordable and clean energy), SDG12, SDG4, SDG15. For example, the 

achievement of SDG12 may lead to the reduction in crop yields that is central target under SDG2; 

meeting SDG2 consumes natural resources, which therefore causes negative impacts on nature 

and biodiversity. 

In the current study, SDG12 (responsible consumption and production) is a prerequisite for 

achieving the sustainable development of greenhouse production, due to its positive 

associations with other SDGs (Figure 5.1). For example, efficient use of natural resources 

and reducing and managing chemical emissions are two main components to achieve 

SDG12 (Figure 5.1). These also are the keys for maintaining good health (SDG3), fresh-

water ecosystems (SDG6, SDG15) and marine systems (SDG14), and achieving a land 

degradation-neutral world (SDG15). However, the achievement of SDG12 may restrict the 

crop productivity which is the core of eliminating hunger (SDG2). Some researchers have 

stated that interactions between SDGs differ with the context of the evaluation (Pradhan et 

al., 2017), a finding supported by Antle and Valdivia (2020). 

Reviewing selected indicators  

The results of our evaluation are based on an a priori choice of the indicators we selected. 

The selection of different indicators influences results as mentioned also by Miola and 

Schiltz (2019) who measured SDG-based performance at country level. It is also worth 

noting that our method of scoring indicators represents only one, preliminary assessment 

of the comparison between the four systems. The summary scores in Table 5.6, for 

instance, provide no indication on whether alternative systems performed marginally or 

substantially below the standard set by the highest ranked system. Such an analysis 

should be conducted before making investment or policy decisions based on this 

information.  

The present study provides useful, actionable information and evidence for the 

greenhouse production sector that can be used to inform decision making at policy as well 

as management levels. We identified that data availability is the most limiting factor for 

indicator selection. Most data sources for indicator quantification were from studies based 

on life-cycle approaches, suggesting it would be useful to integrate life cycle assessment 

into the performance evaluation of the SDGs framework. Due to data limitations, we had to 

use a descriptive indicator to assess Target 12.5 (waste generations), mainly because the 

quantities of each waste generation are not available for greenhouse production. 

Moreover, a few indicators may deviate from those originally proposed by the UN. For 
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instance, to evaluate the improvement in energy efficiency for SDG7 (affordable and clean 

energy), the changes in energy use efficiencies over time should be used as an indicator. 

However, such data are only available for high-tech greenhouses in the Netherlands, 

making it impossible to compare with the systems in Spain. An implicit assumption in this 

evaluation is that each SDG and indicator is of equal importance to meet the sustainability 

of greenhouse production systems. Hence, we did not attempt to weigh the chosen 

indicators as this is ultimately the responsibility of the decision-makers as the key 

stakeholders and end users of this study (Ahi et al., 2018) and opinions about the 

importance of various trade-offs will inevitably differ (Allen et al., 2019). For example, for 

greenhouse growers are likely to prioritise yield and productivity improvements over the 

health of marine ecosystems. To accommodate specific applications, our methods could 

be suitably adapted. However, our study, and trade-off analyses more generally, can help 

with building cooperation and trust amongst diverse stakeholders and decision-makers, 

who often have very divergent objectives (Antle and Valdivia, 2020). It would be helpful if 

future research would explicitly build monitoring and evaluation into their project design so 

that the appropriate data are collected that will allow for quantitative assessments of 

progress against SDGs. This will require the involvement of staff trained in the use of 

these tools (Ahi et al., 2018).  

Outlook to 2030 

Based on current technological trends, high-tech greenhouse systems will remain the most 

efficient systems for water and land use. Their ability to substantially extend the harvest 

season can make an important contribution towards achieving SDG2 (zero hunger), 

SDG12 (responsible consumption and production) and SDG15 (life on land). Since yields 

are already very high in conventional, high-tech systems (at present up to about 90 kg 

tomatoes per m2; Marcelis et al., 2019), there is more potential for low-tech systems to 

substantially increase their productivity. To comply with the Dutch regulation targeting zero 

emissions of nutrients and PPPs from greenhouses by 2027, growers have actively 

reduced N emission (Beerling et al., 2017), and are expected to reduce the N emission to 

zero by 2030. It has been shown that through using advanced techniques (ozone and UV 

treatment; Voogt et al., 2013), residues of PPPs can be removed with 98% effectiveness 

(Van Ruijven et al., 2017). For soil-based greenhouses, the most effective way of reducing 

N emissions is to apply nutrients and water with more precision. However, it is very 

unlikely that N emissions from soil-based cultivation systems can be eliminated. Both zero 

emission of nutrient and pesticide residue can be achieved through 100% re-use of drain 
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water in conventional, high-tech greenhouses (Beerling et al., 2017). In the Netherlands, 

conventional, high-tech greenhouse technologies have considerable potential of 

contributing towards achieving SDG3 targets (good health and well-being), SDG6 targets 

(clean water and sanitation) and some targets under SDG12 (responsible consumption 

and production). However, fossil fuel-based energy use for greenhouse heating will remain 

an environmental concern in high-tech systems regardless of the application of artificial 

lighting, even with possible increases in the use of renewable energy (e.g. all electric 

greenhouses; Ministry of Economic Affairs of the Netherlands, 2016). 

5.5. Conclusions  

Our study comprehensively assesses the sustainability of greenhouse production systems 

through the lens of SDGs. Water use and N emissions are the most frequently used 

sustainability indicators in measuring progress towards achieving several SDGs. Based on 

seven SDGs and 14 indicators, we conclude that high-tech greenhouses with soilless 

cultivation, where recirculation of drain water is obligatory, substantially contribute to 

achieving SDGs. High fossil-based energy use is the major environmental burden in high-

tech systems, and high water use and N losses are the main contributors to environmental 

impacts of soil-based greenhouse systems. High-tech systems with organic cultivation 

present limited environmental benefits, which should be considered for future innovations 

in organic food production. There are clear synergies identified between SDG12 

(responsible consumption and production) and other SDGs. SDG2 (zero hunger) shows 

trade-offs with most SDGs. This study provides method and a baseline to evaluate the 

sustainability performance of greenhouse production systems against the SDGs, which 

adds to the scientific evidence for decision making in greenhouse production sector; the 

study might also be helpful for other agri-food systems in addressing the SDGs. Future 

studies are encouraged to collaborate with experts from other disciplines and different 

stakeholders to collect sufficient information for further implementation of SDGs. 
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“Humanity has the ability to make development sustainable to ensure that it meets the 

needs of the present without compromising the ability of future generations to meet 

their own needs.” 

Brundtland Report, 1987 

6.1. Introduction 

A wide range of approaches, consisting of various frameworks, methods, indicators and 

metrics have been proposed and discussed for sustainability assessment in the agri-food 

sector over the past decades (Binder et al., 2010; Arulnathan et al., 2020; Chopin et al., 

2021). This thesis explores new insights derived from these existing approaches and 

proposed and implements an integrated analytical framework, to evaluate their suitability 

for assess sustainable development (SD) in greenhouse production systems, in terms of 

comprehensiveness and thus usefulness (e.g. sustainability dimensions and themes 

covered, system boundaries) and ease for potential end users. 

In this thesis, four studies, described in four chapters, were conducted to gain a 

comprehensive understanding of the sustainability of greenhouse tomato production. 

Firstly, in Chapter 2, I reviewed the literature on existing approaches that have been 

applied in sustainability evaluation of either greenhouse production systems or open-field 

agriculture for their potential application specifically for assessing the SD of greenhouse 

production systems. The review highlights a lack of thorough, quantitative assessments for 

sustainability in greenhouse production systems. Specifically, there is limited coverage of 

social dimension and a consensus on indicators for such assessments is lacking. 

However, environmental sustainability and resource use have attracted considerable 

attention from researchers in the field of greenhouse production systems. Therefore, in 

Chapter 3, I employed a quantitative synthesis to study the effects of water management 

and nitrogen (N) fertiliser supply in greenhouse (primarily soil-based) and field production 

systems through compiling data on tomato yield, water use efficiency (WUE) and N 

fertiliser use efficiency (NUE) from 46 studies at a global scale.  

In Chapter 4, I conducted a cradle-to-farmgate life cycle assessment (LCA) on three high-

tech, heated, small-scale, commercial greenhouses in Australia. The aim was to evaluate 

and compare the environmental sustainability of fresh tomatoes produced from different 

systems, with a special focus on the use of different energy sources for greenhouse 

heating and impacts of water use on the condition of local freshwater resources. 
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In support of the outcomes from Chapter 3 and Chapter 4, I devised an integrated 

framework (Chapter 5) to assess the SD of greenhouse production systems from 

environmental, economic and social aspects, aligning with the Sustainable Development 

Goals (SDGs) of the United Nations (UN).  

In the following sections, I discuss the main results obtained in my studies (Section 6.2) 

and compare the usefulness of different methods of assessing SD (Section 6.3). 

Additionally, I explore the practical implications for greenhouse management (Section 6.3) 

and policy making (Section 6.4). Furthermore, I highlight the main scientific contributions 

and limitations of this thesis work in Section 6.5, then provide recommendations for future 

research (Section 6.6). This is complemented by the final conclusions of this thesis 

(Section 6.7). 

6.2. Approaches for sustainability assessments  

Critical themes and system boundaries for sustainability assessment 

Management of water and nitrogen (N) are major determinants of SD in intensive 

greenhouse production, influencing environmental, economic, and social dimensions of 

sustainability. In this thesis, the effective use of resources such as water and N fertiliser 

was applied as an indicator for sustainability assessments and was therefore evaluated 

across three different approaches in Chapters 3–5 (Table 6.1). The quantitative synthesis 

in Chapter 3 evaluated the effects of water management and N fertiliser use with most 

data derived from soil-based greenhouse systems at a global scale. Datasets derived from 

34 field and 12 greenhouse systems were analysed and this revealed that greenhouse 

cultivation resulted on average in a 45% higher tomato yield, 104% higher WUE and 45% 

higher NUE compared with field production (Chapter 3). Regarding water-saving practices, 

the analysis in Chapter 3 indicated that on average 32% lower total water input required 

for producing per unit of tomatoes in greenhouse systems than in field production. A 

further analysis on the effects of deficit irrigation within a range of 70–100% crop 

evapotranspiration (ET) indicated more profound responses of tomato yield and WUE to 

changes in the degree of deficit irrigation under greenhouse cultivation than field 

production (Chapter 3).  

In comparison with the quantitative synthesis on WUE and NUE at farm level (Chapter 3), 

the LCA study (Chapter 4) provides a more comprehensive understanding of 

environmental sustainability with an expanded study boundary including activities both on-

site and off-site greenhouses. For the impact of water use For the impact of water use I 
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assessed not only the quantity of water used for irrigation but also the potential effects, 

such as freshwater scarcity, over the life cycle of tomatoes on associated watersheds and 

river basins. For instance, the LCA revealed that use of 1 kg freshwater in water-scarce 

regions (e.g. South Australia) could aggravate the scarcity of local watersheds compared 

to freshwater-abundant regions (e.g. the Netherlands). This suggests that the 

environmental impact of water use is contingent on both the quantity of water use and the 

geographical location where the water was extracted (Pfister et al., 2009).  

In addition to the impact on water quantity, LCA approach provides estimation of potential 

impacts on water quality, such as marine and freshwater eutrophication. These impacts 

are directly associated with losses of fertiliser, particularly N and P fertilisers. In the 

indicator-based framework proposed in Chapter 5, water and nutrient management were 

assessed by the indicators adapted from the quantitative synthesis (water use) and LCA 

(N emissions to aquatic systems, potential eutrophication) combined with management 

practices, such as use of recycling water and treatment on discharges (Table 6.1). 

Comparing four types of greenhouse systems where cultivation type (conventional or 

organic) and the level of technologies adopted were considered (Table 6.1), it was found 

that conventional, high-tech, soilless greenhouse cultivation with recirculation performs 

better in terms of water and nutrient management than the three soil-based greenhouse 

systems (Table 6.1) (Chapter 5).  
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In addition to water and N fertiliser use, several other sustainability themes were identified, 

such as energy use, greenhouse infrastructure and waste disposal, that are also critical for 

the SD of greenhouse production. For example, waste generation and disposal are 

important themes in greenhouse production as relevant issues being increasingly outlined 

in various types of greenhouse systems (Sayadi-Gmada et al., 2020; Castillo-Díaz et al., 

2021; Van Tuyll et al., 2022). Whereas high-tech, heated greenhouses require more raw 

materials and energy for their construction than low-tech plastic greenhouses, and 

substantially more energy for heating, particularly in cool climatic regions, such as the 

Netherlands and North America. For my thesis, I selected multiple themes to obtain 

comparisons of sustainability performance between different greenhouse systems, 

providing a comprehensive picture of this performance for greenhouse production in 

general. With the LCA approach in Chapter 4 and the indicator-based SDGs framework in 

Chapter 5, multiple themes and their interconnections can be assessed. In line with 

previous studies (Page et al., 2012, 2014; Torrellas et al., 2012b; Dias et al., 2017), the 

LCA showed that greenhouse heating, fertiliser production, and greenhouse structure 

were major burdens to multiple environmental impacts in heated greenhouse production 

systems (Chapter 4). With respect to the use of renewable energy sources for greenhouse 

heating, the LCA showed that using wood biomass can be a feasible solution for mitigating 

GHG emissions but meanwhile increases the risk of air pollutants, such as fine particle 

matter (e.g. PM2.5). 

By defining new indicators and adapting the indicators included in the quantitative 

synthesis and LCA analysis, I proposed an analytical framework based on the UN SDGs to 

evaluate the SD from multiple dimensions (Table 6.2). In addition to resource use and their 

impacts, the indicators within the proposed SDGs framework incorporate practice 

management (e.g. reuse of drainage water) in analysing the overall performance of 

greenhouse production. Also, additional themes, such as land use and application of 

pesticides, have been used to expand the scope of the assessment, allowing a system-

wide comparison of various cultivation systems (e.g. organic farming) across a range of 

geographical and temporal scales (e.g. climate). However, limited data is available to 

assess the social dimensions of greenhouse production, as highlighted in Chapter 2. This 

gap makes it challenging to incorporate crucial themes, including working conditions and 

labour sources, which are essential pieces of information needed for decision-making, 

especially in the context of subsidies.
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Ease and usefulness of different indicators and methods for assessing SD 

All three approaches assessed in this thesis provide valuable information covering a broad 

range of perspectives. However, when balancing the ease of use with the usefulness 

associated with the complexity of the method, trade-offs inevitably occur (De Olde et al., 

2018; Arulnathan et al., 2020; Talukder et al., 2020). 

For this work the ease of sustainability assessment was primarily constrained by data 

acquisition for the quantitative synthesis (Chapter 3) and LCA (Chapter 4). I did not 

foresee that this data acquisition would become the most time-consuming phase of my 

entire thesis research (Table 6.3), although it is consistent with reports on time constraints 

and data availability for sustainability assessments in agri-food systems (Schader et al., 

2014; Kelly et al., 2018). The nature of a quantitative synthesis necessitates a large 

quantity of data to be extracted from publications at the farm level, requiring the 

application of multiple statistical techniques. Hence, these approaches are not commonly 

used outside of a research environment. Regarding the proposed indicator-based SDGs 

framework (Chapter 5), the time needed for data collection was relatively low, as a 

considerable amount of data was collected from previous chapters. Nonetheless, in 

practice, implementations of sustainability assessment can consume much time of both 

investigators and farmers, being up to 9 hrs for one single farm (De Olde et al., 2016). This 

is widely considered as a main barrier hindering the implementation of sustainability 

assessment at the farm level (De Olde et al., 2016; Whitehead et al., 2020; Chopin et al., 

2021). 
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The data sources used in sustainability assessment play a crucial role in determining the 

usefulness of the adopted approach. The quantitative synthesis in Chapter 3 mainly made 

use of data derived from studies focusing on optimisation of crop yield, water and N use. 

Such experimental-based data may not reflect the actual crop productivity and efficiencies 

of water and N use in commercial greenhouses but can provide science-based evidence 

on potential interactions between water and N use for a type of greenhouse system 

(Chapter 3).  

WUE and NUE are quantitative indicators of resource use efficiency for production 

systems and can serve as efficient indicators in sustainability assessment in practice. With 

a large amount of data available for calculations, and simplicity in terms of definition and 

calculation (and hence ease in communication), resource use efficiency presents great 

potential in sustainability-relevant assessment across a range of scale and societal groups 

(Franke et al., 2011; Steyn et al., 2016; Antille and Moody, 2021). In contrast to the 

quantitative synthesis, LCA is highly reliant on high-resolution, on-site data and 

background information, with emphasis on LCA as a tool for reaching consensus across a 

diverse range of stakeholders. A rigorous LCA can provide comprehensive information on 

the environmental dimension of sustainability. This has received considerable popularity 

across industries and has been adopted by some larger businesses to obtain and maintain 

their societal licence (Matos and Hall, 2007). However, the high complexity in data 

processing and analysis requires specific technical knowledge and results cannot be 

readily interpreted by potential end users (e.g. stakeholders, policy makers), because they 

require interpretation by LCA experts. This potentially limits the application of LCA. 

It is widely accepted that sustainability assessment should address multiple sustainability 

dimensions and trade-offs, although this increases complexity, thus risking lower rates of 

implementation (De Olde et al., 2018; Talukder et al., 2020; Chopin et al., 2021). To reach 

a balance between applicability and complexity, I include land and water use efficiency in 

combination with simplified indicators from LCA in the proposed SDGs framework. This 

framework is sufficiently user-friendly for a wide range of stakeholders to gain specific 

insights into some aspects of the overall operation, while maintaining the 

comprehensiveness of the information provided. In addition, the involvement of a wide 

range of stakeholders throughout the greenhouse production supply chain in the current 

framework design provides additional perspectives. This addresses a major shortfall in 

stakeholder engagement that has been identified in most ex-post sustainability 

assessment methods (Binder et al., 2010; De Olde et al., 2018; Arulnathan et al., 2020; 
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Chopin et al., 2021). I consider the proposed indicator-based SDGs framework in Chapter 

5 as a starting point for future work and an opportunity to reflect on the optimisation of 

greenhouse production with high scalability to specific operating environments and 

business models. 

6.3. Practical relevance to SD in greenhouse management 

Improvements for water and nutrient management 

Improper irrigation and fertilisation occur in both soil-based and soilless greenhouse 

systems, damaging soil health, polluting aquatic systems (Incrocci et al., 2020) and 

leading to additional GHG emissions (e.g. N2O) (Qasim et al., 2021, 2022). For soil-based 

greenhouse systems improvement measures for optimising water and nutrient use at farm-

level should consider local context rather than just providing generic recommendations for 

management practices. The quantitative synthesis (Chapter 3) revealed that there are 

large variations in yields, WUE and NUE across soil-based greenhouse systems even 

within the same region, suggesting a high variability in local practices. To prevent further 

promulgation of the negative impacts due to water and nutrient use in greenhouses with 

soil-based cultivation, measurements on the water status and soil properties, especially 

the available nutrients in soils before fertilisation, must be implemented in order to avoid 

excess irrigation and fertilisation (Incrocci et al., 2020). Compared to soil-based cultivation, 

greenhouse systems with soilless cultivation have a higher potential to mitigate and even 

eliminate excess nutrient leakages through the reuse of drain water and wastewater 

(Chapter 5).  

Considerations for adopting renewable energy 

Climate change is the most urgent challenge of our time (United Nations, 2015). To 

combat climate change burning fossil fuels must be reduced as it is responsible for primary 

CO2 emissions that is one of major GHG emissions (IPCC, 2023). For fossil-heated 

greenhouse systems, urgent actions are needed to reduce the energy use. More 

practically, adoption of locally, readily available renewable energy is a prudent strategy for 

sustaining stable greenhouse production, particularly for heated greenhouses. However, 

availability (e.g. infrastructure for renewable energy generation) and access to renewable 

energy is largely determined by geography, socio-economic and political factors (i.e. the 

location of greenhouses versus the nearest location of energy generating infrastructure; 

Soltani et al., 2021). This can be an obstacle to adopting renewable energy for some 

existing greenhouses but could also be an opportunity for others. For future expansion in 
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energy-intensive greenhouses, the availability and abundance of renewable energy 

sources should be considered together with climate, markets and logistics as key factors in 

the selection of greenhouse locations in regions or countries with significant geographical 

heterogeneity, such as Australia, China and North America. Nonetheless, generation 

and/or use of renewable energy also comes with environmental costs, which should be 

clearly recognised and accounted for by all stakeholders, including regulators and 

government agencies. For example, as discussed in the Chapter 4, the use of wood 

biomass reduced GHG emissions, but increased PM2.5 generation. Consequently, the 

harmful health impacts might outweigh environmental gains. In addition to impacts derived 

from consumption stages, production of renewable energy can also be associated with 

negative environmental impacts. Forests, for example, play a vital role for carbon storage 

and are also an important source of biofuel. A recent published study by Peng et al. (2023) 

estimated that world wood harvests could release 3.5–4.2 Gt CO2e annually between 2010 

and 2050 to meet rising demand for wood products. Among these demands the projected 

increase in wood fuel is the largest (91%). Moreover, several studies have revealed that 

wind turbines increased birds and bats mortality in various regions (Rydell et al., 2010; 

Arnett et al., 2011; Zimmerling and Francis, 2016; Marques et al., 2020; Perold et al., 

2020). Hence, from a life-cycle perspective, the use of renewable energy, such as solar, 

hydro and wind, might enhance other unintended environmental impacts (e.g. pollution, 

habitat losses) caused by renewable energy generation systems (manufacturing, 

construction, installation) (Rabaia et al., 2021; Sayed et al., 2021). Moreover, the supply of 

some types of renewable energy (e.g. hydropower) can be unstable due to climate 

change, such as drought (Solaun and Cerdá, 2019). To enhance the resilience of energy 

consumption in greenhouse production requires a rigorous trade-off analysis and the 

consideration of multiple energy sources.  

Waste management in greenhouse production systems 

Waste generation derived from greenhouse production should be reduced and 

corresponding waste management needs to be improved. To reduce the amount of waste 

generation, options to increase the lifespan of materials (e.g. plastics) used in greenhouse 

structures should be considered. However, trade-offs may occur between extending 

greenhouse lifespan and the degradability of the subsequent waste products. Approaches 

based on the concept of a circular economy may lead to better waste management 

(Sayadi-Gmada et al., 2019; Castillo-Díaz et al., 2021; Van Tuyll et al., 2022). For 

example, in Dutch greenhouses, circularity has been applied on several aspects, such as 
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reuse of drainage water for irrigation. Apart from farm-level application, the concept of 

circularity can also be applied at larger scales, involving collaboration between different 

industries. For example, technology converting used stone wool insulation materials from 

buildings into bricks for the building industry has involved collecting the used substrate 

from greenhouse industry. However, processes making used substrate ready for brick 

production is also energy intensive, generating large amounts of greenhouse gas 

emissions (Chapter 5). Therefore, sustainability assessment is necessary to compare the 

current waste management (e.g. landfill) with alternative strategies such as use as input 

for another process. Moreover, recycling options are often due to infrastructure availability 

and logistics etc., which requires involvement of local and regional municipalities. 

6.4. Implication for policy making towards SD 

Geographic location of greenhouses can be a major constraint limiting growers’ choices of 

sustainable practices and thus the sustainability of greenhouse systems. These choices 

must be underpinned by well-informed policies. This highlights the importance of objective 

evaluations of the sustainability of greenhouse production at farm level and regional level. 

Formulating reasonable legislation and regulations that enhances sustainability and 

profitability of greenhouse production must be based on such objective evaluations. For 

example, the results of the LCA in Chapter 4 revealed that the greenhouse location 

determines which renewable energy sources (e.g. biomass, geothermal heat) are readily 

available for use and the abundance of local freshwater resources. The greenhouse 

systems assessed in Tasmania used wood biomass as an alternative fuel for greenhouse 

heating due to their local availability. This is the most suitable renewable energy source for 

this location. However, the greenhouse system in South Australia relied heavily on fossil 

fuels due to lack of access to thermal energy generated from renewable energy sources 

for greenhouse heating. In fact, changes in government policy means that the use of wind 

and solar now accounts for 70% of the electricity generation in South Australia 

(Government of South Australia, Energy & Mining, 2022), a considerable increase from 

when the LCA described in Chapter 4 was conducted. However, to fully utilise this 

resource, growers still require infrastructure for integrating electric heating from renewable 

energy sources into their greenhouse heating systems (Van’t Hoog, 2022). Given the high 

capital investment, such infrastructure transferring renewable energy readily for 

greenhouse heating may require multi-stakeholder involvement ranging from growers to 

local or national governments (Van’t Hoog, 2022). This also increases the difficulty for 

greenhouse growers in transiting to sustainable greenhouse production.  
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Appropriate regulations, legislation and incentives can facilitate adoption of sustainable 

practices in agriculture production (Tilman et al., 2002). This thesis recognises that 

adoption of targeted technological innovations is critical in improving the sustainability of 

greenhouses. A recent study (Moons et al., 2022) on greenhouse growers’ adoption 

intentions of technologies identified financial constraints as one of the main barriers. 

Appropriate financial and non-financial incentives and a supportive policy framework could 

help with addressing this bottleneck. Verburg et al. (2022) investigated the sustainable 

transition to organic dairy farming and found that Dutch farmers have been facing strong 

pressure in terms of adoption of sustainable practices due to the current policies that were 

designed to deliver single outcomes (i.e. substantial reduction in GHG emissions). Verburg 

et al. (2022) pointed out that policies should target longer term transformations rather than 

radical changes, and explicitly support the adoption of sustainable practices by farmers. 

This may be also crucial for the policy making in greenhouse production. Additionally, in a 

study assessing incentives for land conservation for waterbirds in paddy fields (Herring et 

al., 2022) found that effective incentives did not have to be just monetary and could range 

from direct financial support to actions that help rice growers to gain and maintain their 

societal licence to operate (e.g. by improving the image of rice production or by awarding 

environmental certificates). Developing and implementing such support mechanisms in 

combination with follow-up evaluation provides opportunities to establish farm-level, 

practice-relevant databases which have been identified as a big gap in greenhouse 

production research and industries in several production areas, such as Australia and 

Spain (Castro et al., 2019). 

6.5. Scientific contributions and challenges of this thesis 

The main scientific contributions are: 

I. Quantitative evidence of the importance of incorporating greenhouse production into the 

agenda of achieving SDGs and the Paris agreement. Greenhouse production plays an 

important role in our food systems, given its high productivity and resource use efficiency 

(SDG2-end hunger, achieve food security and improved nutrition and promote sustainable 

agriculture). Greenhouse production has far-reaching, transboundary impacts (e.g. N 

losses from greenhouse production could undermine sources of drinking water) on 

environments and ecosystems, which in turn, affect human well-being. 

II. A quantitative analysis at a global scale provides baseline data on tomato yields, WUE, 

NUE of field and soil-based greenhouse production systems and demonstrates 
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considerable differences in the use of water and N fertiliser between field and greenhouse 

production. Tomato yield was significantly affected by water use and N fertiliser supply as 

well as their interactions. In comparison to field production, efficacy of mild deficit irrigation 

(70–100%ET) was higher for greenhouse systems. This study contributes by: 1) providing 

scientific evidence and datasets on the resource use of tomato production in different 

systems; and 2) offering essential implications for future land planning in food production 

to meet rising demand for fresh produce, and guiding agronomists to differentiate the 

optimisation strategies for water and nutrient management between field and greenhouse 

cultivation systems.  

III. An LCA analysis provides a comprehensive understanding on the environmental 

sustainability of high-tech, heated greenhouses in Australia and sound sustainable choices 

by the growers. The results highlight a clear trade-off in use of wood biomass for 

greenhouse heating between mitigating different emissions and emphasise that location-

bounded resources, such as fresh water and infrastructure of renewable energy, are vital 

criteria for the selection of future greenhouse locations in meeting environmental 

requirements. 

IV. A tailored analytic framework with measurable indicators was proposed and applied to 

assess the SD of greenhouse production systems, considering economic, environmental 

and social aspects simultaneously.  This analysis offers both a method and a baseline for 

evaluating the sustainability performance of greenhouse production systems in alignment 

with SDG goals. This contribution enhances the scientific evidence available for decision-

making within the greenhouse production sector. 

The major challenge was data collection from various stages of greenhouse production 

and related research, which limited the comprehensiveness of this research. These 

challenges include:  

1. The availability of current data on water and nutrient management in high-tech, soilless 

greenhouses is limited, which hampers the inclusion of high-tech greenhouse systems in 

quantitative analyses. Existing analyses heavily rely on empirical data, which typically do 

not prioritise maximising production. Consequently, empirical yield data exhibit significant 

variations and differ considerably from those observed in commercial greenhouses. 

2. Inventory data collection from commercial greenhouses for LCA was the biggest 

difficulty encountered during this research. To provide comprehensive information based 

on an LCA study, a considerable amount of data is required, which is generally very time-



Chapter 6 

 
132 

consuming for all parties involved. This, together with legitimate concerns about 

commercial confidentiality, often discourages the involvement of growers. 

3. Data is lacking for assessing some key components in greenhouse production, such as 

quantities of waste generation, phosphorus fertiliser losses and the nutrients stored in the 

soils in soil-based greenhouse cultivation. 

4. Data is lacking for assessing the economic aspect of the SD for greenhouse production 

systems because of confidentiality concerns from growers. 

5. In the design of the proposed SDGs framework in Chapter 5, methods for aggregation 

and weighting of the indicators were not explored, due to the lack of a consensus in the 

scientific community on how to do this. 

6.6. Recommendations for future research 

A systems approach with expanded scales is needed 

Greenhouse production holds promise for securing more nutritious food, but it can also 

have adverse effects on the environment and ecosystems, impeding progress towards 

achieving multiple Sustainable Development Goals (SDGs). In addition to acknowledging 

the interconnections among sustainability themes related to greenhouse production such 

as energy, water, and nutrients, there is a pressing need for a comprehensive systems 

approach that explicitly considers system boundaries in assessing its sustainability. This 

includes assessments at farm and regional scale as well as using LCA as a means of 

engaging stakeholders in building consensus. By adopting this approach, valuable insights 

can be generated to inform decision-making and policy formulation in the realm of 

greenhouse production. 

There are two main reasons why we need to consider a much larger system scale in 

sustainability assessment of greenhouse production: (i) To meet the future increasing 

adoption of innovation based on circular economy in the life cycle of greenhouse 

production, the overall sustainability of greenhouse production systems will be very much 

dependent on the sustainability of other sectors which can be based locally or even a 

globally. (ii) For countries, such as Germany, whose vegetable and fruit supply highly 

relies on imports of greenhouse produce from the Netherlands and Spain (Van Grinsven et 

al., 2019), the share of GHG emissions derived from this type of food trade may play an 

important role in achieving domestic goals of GHG emissions mitigation, and future 
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increases in such trades may hinder progress in mitigating GHG emissions in exporting 

countries and even in the region (e.g. Europe).  

Importance of incorporating economic and social dimensions  

For any meaningful assessment of sustainability, besides environmental aspects, it is 

essential to understand economic and social dimensions of sustainability. Previous 

sustainability assessment tools for agri-food production show that there is no consensus 

on the indicators and themes that need to be included for a valid assessment of both 

economic and social aspects of sustainability (Chopin et al., 2021). A recent review on the 

sustainability of controlled environment agriculture (e.g. greenhouse cultivation) pointed 

out that the social and cultural dimensions were often neglected in the sustainability 

assessment of the production systems (Gan et al., 2022). However, coverage of social 

aspects in sustainability assessment is pivotal in decision making towards sustainability 

and should be incorporated in future research. 

My thesis highlights the difficulty in obtaining essential data for thorough SD assessments. 

Due to legitimate concerns about confidentiality, I was unable to obtain much needed 

economic data. Hence, I used surrogate, secondary data such as crop productivity (yield), 

water use efficiency and energy use as proxies to estimate the economic performance of 

greenhouse production (Table 6.2). However, analysis using these indicators is insufficient 

in guiding decision making. For future studies it would be desirable to have access to real 

economic indicators, such as profit per unit land or produce. Furthermore, cost-benefit 

analysis can be helpful to assess the economic feasibility of adopting new technologies 

(Torrellas et al., 2012b). Likewise, to address the social dimension, I used indicators in 

relation to potential residues of N fertiliser and plant protection products (Table 6.2) as 

proxies to indicate potential risks to human health which is an important theme of the 

social dimension. Due to a lack of data for other important themes, such as social 

contribution and involvement, working conditions, and the image of greenhouse production 

(Chopin et al., 2021), these were not assessed in the current thesis work but are highly 

suggested to be incorporated in future research as they are also related to the economic 

viability and stability. 

Impacts on biodiversity from greenhouse production 

Land use for intensive agriculture can lead to profound impacts on local or regional 

biodiversity and ecosystem services (Willett et al., 2019). To date, a limited number of 

studies assessed the biodiversity losses associated with the land use change due to 
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greenhouse production (Antón et al., 2007; Benito et al., 2009; Messelink et al., 2021). 

Better indicators are needed to evaluate their impacts. In this thesis, the impacts on 

biodiversity were indirectly assessed via the application rate of production inputs (Chapter 

5). However, explicit understanding of biodiversity losses due to greenhouse production 

systems is necessary and direct indicators are required in future assessment. For 

example, the benefits and limitations of organic greenhouse production systems when it 

comes to sustainability are still unclear. The value proposition of organic greenhouse 

cultivation is the avoidance of synthetic plant protection products and chemical fertilisers. 

The former is responsible for the widespread impression that organic greenhouses 

enhance biodiversity. However, studies by Tscharntke et al. (2021) and Torre et al. (2018) 

pointed out that use of “natural” pesticides in organic greenhouse production, such as 

copper compounds, can be equally damaging for the environment as a result of high Cu 

accumulation in the soils. Tscharntke et al. (2021) demonstrated that the enhancement in 

biodiversity in comparison to conventional farming is very limited in terms of species 

composition. Overall, exploring and implementing rational indicators associated with land 

use impacts is important to further demonstrate differences between different cultivation 

methods, which is essential for understanding the sustainability of greenhouse systems at 

various spatial scales.  

In addition to the impacts at farm level, evaluation on the land use impacts by greenhouse 

production at larger scales is essential to achieve SD at national or regional levels. For 

example, greenhouse production may lead to low on-site biodiversity, but could potentially 

spare land in other regions for biodiversity conservation at landscape scale, owing to high 

yields per area of land obtained from greenhouse systems. Such indirect and often 

unnoticed effects are usually beyond the assessment or even spatial/administrative 

boundaries and are referred to as “spillovers” (Balmford et al., 2018; Bastos Lima et al., 

2019). Such spillovers receive increasing attention when it comes to evaluating the impact 

of ongoing land use changes (Bastos Lima et al., 2019). In the case of greenhouse 

production, effects due to spillovers have rarely been captured in assessments on 

sustainability performance but may play a crucial role in understanding the net 

sustainability performance of greenhouse production at larger scales (e.g. regional, 

national, continental). For example, in regions such as Almeria in South-eastern Spain, 

Westland in the Netherlands and Shouguang in Shandong province in China, where 

greenhouse production is dominating and has become part of a socially accepted 

landscape, the vegetable production from these regions is sufficient to meet the domestic 

and even partly the international (European countries) demand. This potentially spares 
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land on other locations which might be set aside for nature conservation or forests, with 

benefits for biodiversity. Therefore, gaining insights at larger scales are important for 

comprehensively understanding the sustainability performance. This has important 

implications for the science-policy interface and plays a vital role in developing successful 

policies to aid a sustainable transition towards increased greenhouse production. 

6.7. Final conclusions  

This thesis explores methods for the sustainability assessment of greenhouse production 

systems. I assessed the sustainability of greenhouse production systems by using various 

approaches, starting from simple agronomic indicators via a comprehensive environmental 

assessment, to an analytic framework that considers the environmental, economic, and 

social dimensions of sustainability. 

The main conclusions that can be drawn from this thesis are: 

I. Greenhouse production plays an important role in providing fresh tomatoes (Chapter 2–

5) but has far-reaching impacts on local and even much bigger scale environments and 

ecosystems (Chapter 2–5).  

II. Considerable improvements in terms of crop productivity, resource use efficiency and 

sustainability of greenhouse production are possible (Chapter 3 and 4). 

III. The current sustainability assessment for greenhouse production largely focuses on 

specific themes (i.e. energy, water, nutrients) and/or dimensions (i.e. environmental), 

neglecting the potential interconnections between them (Chapter 2). Rather than focusing 

on single-factor solutions, a systems approach can gain a much better understanding of 

how the various components of the system interact, including the socio-environmental-

economic dynamics within which greenhouse production is embedded (Chapter 4 and 5). 

IV. The sustainability of greenhouse production systems is highly context-specific, 

requiring a sound understanding of the broader systems implications. This includes how 

local circumstances impact on greenhouse production and, conversely how greenhouse 

production impacts on local and even regional systems, encompassing factors such as 

environment, geography, climate, socio-economic conditions. (Chapter 4 and 5). 

V. The analytical framework outlined in Chapter 5 serves as a valuable starting point, 

functioning as an operational tool for a comprehensively assess the role of greenhouse 

production in advancing sustainable development, with a particular emphasis on capturing 

transboundary interconnections. This framework not only enables a holistic understanding 



Chapter 6 

 
136 

of the contributions made by greenhouse production but also facilitates the identification of 

trade-offs between different SDGs across various scales, ranging from individual farms to 

regional and global levels. By considering these dimensions, the framework provides a 

robust means of evaluating the broader impacts and implications of greenhouse 

production on sustainable development. 
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APPENDIX II 

Copy of survey used for the data collection of life cycle inventory analysis of greenhouse tomato 
production systems 

1. Main characteristics of greenhouse 

Characteristics Information  Comments 

Type of greenhouse 

☐ Venlo 

☐ multi-tunnel 

☐ wide-span 

 

Size (m2)   

Location 

Latitude:   

Longitude:   

Greenhouse orientation:  

Cover material ☐ Plastic ☐ Glass  

Water source 

☐ Fresh water  

☐ Rainwater  

☐ Recycle water  

Energy source 

☐ Fossil fuels, please specify:  

☐ Biomass  

☐ Renewable, specify:  

Inside equipment  

☐ Soil-based ☐ Soilless  

☐ Fertigation system  

☐ Cooling system  

☐ Heating system  

☐ CO2 enrichment  

☐ Thermal screen  

☐ Shade screen  

2. Crop production 

Characteristics  information  Comments 

Cultivars   

Source of tomato seedlings: 

☐ Self-supplying 

☐ Nursery, please specify the 

supplier, location and transport type 

  

Crop period (weeks per year)   

Planting density  
(no. of plants m-2) 

  

Annual yield (kg m-2)   

No. of rows   

No. of plants per row   

No. of stems per plant   

3. Greenhouse dimensions (Figure 1) 
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Element Size Unit Comments 

Number of spans  u  

Span width  m  

Span length  m  

Greenhouse width  m  

Greenhouse length  m  

Gutter height  m  

Ridge height  m  

Roof slope length  m  

Roof slope angle  °  

Number of window ventilator   u  

Ventilator dimensions   m  

Insect proof screen  u  

Side window ventilators  u  

 

 
 
Figure 1. Description of Venlo type greenhouse dimensions 

4. Materials used for greenhouse construction  

Material Quantity Approx. cost Supplier & 

location 
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Aluminium    

Concrete    

Glass    

Steel    

5. Resource consumption during production 

Type of resources Quantity  Approx. cost Supplier & 
location 

Water use: 

☐ Fresh water 

☐ Rainwater 

☐ Recycled water 

 

   

Heating fuels: 

☐ Natural gas 

☐ Wood biomass 

☐ Others, please specify: 

 

   

Electricity     

Labour use: 

☐ Crop management 

☐ Packaging  

   

Fertiliser use     

☐ Inorganic fertiliser:    

Potassium nitrate    

Calcium nitrate    

Potassium Phosphate    

Epsom Salt    

☐ Organic fertiliser, please specify:    

Pesticides application, please 

specify:  
   

 

6. Growing substrate (Figure 2): ☐ Stone wool ☐ Perlite ☐ Other, please specify: 

 Element Dimensions 

e.g. length, 
width and 
thickness  

Quantity  

(no. of per 
growing 
season) 

Approx. 
cost  

Supplier 
and location  

Transport 
type 

Cubes      

Slabs      
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Figure 2. Example of stone wool soilless cultivation in greenhouse. 

7. Fertigation system      

Element Dimensions Quantity  Approx. 
cost  

Supplier 
and location  

Transport 
type 

Drippers      

Pipes      

Pumps      

Emitters      

Injectors      

Benches       

Tanks for water and 
fertilisers 

     

8. Heating system      

Element Dimensions Quantity  Approx. 
cost  

Supplier 
and location  

Transport 
type 

Pipes      

Boilers       

Pumps      

Emitters      

Injectors      

Distributors       

Water tanks       

9. Cooling system      

Element Dimensions Quantity  Approx. 
cost  

Supplier 
and location  

Transport 
type 
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Fans: 

☐ Circular fan 

☐ Forced fan 

     

10. CO2 enrichment 

Element Dimensions 

e.g. length, 
width and 
thickness  

Quantity  

(no. of per 
growing 
season) 

Approx. 
cost  

Supplier 
and location  

Transport 
type 

Pure CO2       

No. of containers of 
pure CO2 

     

Tubes of CO2 
distribution:  

☐ Plastics ☐ Rubber 

     

Exhaust CO2      

11. Other equipment 

Element Dimensions Quantity  

 

Approx. 

cost  

Supplier 

and location  

Transport 

type 

Thermal screen      

 

12. Waste and management 

Type of waste Quantity 
(kg y-1) 

Recycling 
(%) 

Incineration 
(%) 

Landfill 
(%) 

Compost plant 
(%) 

Other, please 
specify 

 Green biomass       

Substrate       

Plastics       

Wood ash       
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APPENDIX IV 

Assumptions made on lifespan of equipment and materials in Chapter 4.  

Material Lifespan (years) 

Greenhouse structure  30 

Biomass boiler 20 

Gas boiler 20 

Substrate  1 

Steel 15 

LDPE 3 

PVC 10 

Thermal screen 7 

Polyester 5 

Rubber 7 

 

APPENDIX V 

 

Contributions (%) of components of waste management to potential global warming in the cherry 

tomato greenhouse production system in Tasmania (GH2-TAS) in Chapter 4.  
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APPENDIX VI 

 

Monthly mean temperature recorded by weather stations proximate to the three greenhouses 

studied: two in Tasmania (Hobart) and one in South Australia (Adelaide) in Chapter 4. Dots with 

solid line denote the maximum temperatures with the trend and circles with dash line denote the 

minimum temperatures with the trend. Data were retrieved from the Australian Government Bureau 

of Meteorology (2023). 





 

 
155 

REFERENCES 

Abalos D, Jeffery S, Sanz-Cobena A, Guardia G, Vallejo A. 2014. Meta-analysis of the 
effect of urease and nitrification inhibitors on crop productivity and nitrogen use efficiency. 
Agriculture, Ecosystems & Environment 189, 136–144. 

Adhikari J, Timsina J, Khadka SR, Ghale Y, Ojha H. 2021. COVID-19 impacts on 
agriculture and food systems in Nepal: Implications for SDGs. Agricultural Systems 186, 
102990. 

Agostini F, Tei F, Silgram M, Farneselli M, Benincasa P, Aller MF. 2010. Decreasing 
nitrate leaching in vegetable crops with better N management. Genetic engineering, 
biofertilisation, soil quality and organic farming. Springer, 147–200. 

Ahi P, Searcy C, Jaber MY. 2018. A probabilistic weighting model for setting priorities in 
assessing sustainability performance. Sustainable Production and Consumption 13, 80–
92. 

Alaoui A, Ferreira CSS, Hessel R. 2022. An Overview of Sustainability Assessment 
Frameworks in Agriculture. Land, 1–26. 

Albert Heijn. 2020. AH Biologisch Trostomaten. 
https://www.ah.nl/producten/product/wi389076/ah-biologisch-trostomaten. Accessed April 
2020. 

Aldanondo-Ochoa AM, Almansa-Sáez C. 2009. The private provision of public 
environment: Consumer preferences for organic production systems. Land Use Policy 26, 
669–682. 

Alejandrino C, Mercante I, Bovea MD. 2021. Life cycle sustainability assessment: 
Lessons learned from case studies. Environmental Impact Assessment Review 87, 
106517. 

Allen C, Metternicht G, Wiedmann T. 2019. Prioritising SDG targets: assessing 
baselines, gaps and interlinkages. Sustainability Science 14, 421–438. 

Allen RG, Pereira LS, Raes D, Smith M. 1998. Crop evapotranspiration-Guidelines for 
computing crop water requirements-FAO Irrigation and drainage paper 56. Rome: FAO. 

Almeida J, Achten WMJ, Verbist B, Heuts RF, Schrevens E, Muys B. 2014. Carbon 
and water footprints and energy use of greenhouse tomato production in Northern Italy. 
Journal of Industrial Ecology 18, 898–908. 

Alsanius B, Khalil S, Tadesse A, et al. 2019. Sustainable systems for integrated fish and 
vegetable production: new perspectives on aquaponics. Achieving sustainable 
greenhouse cultivation. Burleigh Dodds Science Publishing, 75–120. 

Amsterdam Tips. 2020. Cost of Living Amsterdam – Supermarket Prices (2020). 
https://www.amsterdamtips.com/supermarket-prices. 

Angelino D, Godos J, Ghelfi F, et al. 2019. Fruit and vegetable consumption and health 
outcomes: an umbrella review of observational studies. International Journal of Food 
Sciences and Nutrition 70, 652–667. 

Antille DL, Moody PW. 2021. Nitrogen use efficiency indicators for the Australian cotton, 
grains, sugar, dairy and horticulture industries. Environmental and Sustainability Indicators 
10, 100099. 



References 

 
156 

Antle J, Valdivia R. 2020. Tradeoff Analysis of Agri-Food Systems for One CGIAR. 
Independent Science for Development Council (ISDC). 

Antón A, Castells F, Montero JI. 2007. Land use indicators in life cycle assessment. 
Case study: The environmental impact of Mediterranean greenhouses. Journal of Cleaner 
Production 15, 432–438. 

Antón A, Montemayor E, Peña N. 2019. Assessing the environmental impact of 
greenhouse cultivation. In: Marcelis LFM, Heuvelink E, eds. Achieving sustainable 
greenhouse cultivation. Burleigh Dodds Science Publishing Limited. 

Antón A, Montero JI, Castells F. 2003. Life cycle assessment: A tool to evaluate and 
improve the environmental impact of mediterranean greenhouse. (G la Malfa, V Lipari, G 
Noto, and C Leonardi, Eds.). Acta Horticulturae 614, 35–40. 

Antón A, Montero JI, Muñoz P, Castells F. 2005a. LCA and tomato production in 
Mediterranean greenhouses. International Journal of Agricultural Resources, Governance 
and Ecology 4, 102–112. 

Antón A, Montero JI, Muñoz P, Castells F. 2005b. Identification of the main factors 
affecting the environmental impact of passive greenhouses. (G van Straten, GPA Bot, 
WTM van Meurs, and LMF Marcelis, Eds.). Acta Horticulturae, 489–494. 

Antón A, Torrellas M, Montero JI, Ruijs M, Vermeulen P, Stanghellini C. 2012. 
Environmental impact assessment of dutch tomato crop production in a venlo glasshouse. 
Acta Horticulturae. 781–792. 

Arnett EB, Huso MM, Schirmacher MR, Hayes JP. 2011. Altering turbine speed reduces 
bat mortality at wind-energy facilities. Frontiers in Ecology and the Environment 9, 209–
214. 

Arulnathan V, Heidari MD, Doyon M, Li E, Pelletier N. 2020. Farm-level decision 
support tools: A review of methodological choices and their consistency with principles of 
sustainability assessment. Journal of Cleaner Production 256, 120410. 

Audsley E. 1997. Harmonistion of environmental life cycle assessment for agriculture. 
European Commission DG VI Agriulture. 

Australian Energy Regulator. 2017. State of the energy market May 2017. e Australian 
Competition and Consumer Commission 2017. 

Australian Government Bureau of Meteorology. 2013. Australian Water Resources 
Assessment 2012–Tasmania. Australian Government Bureau of Meteorology. 

Aznar-Sánchez JA, Velasco-Muñoz JF, López-Felices B, Román-Sánchez IM. 2020. 
An analysis of global research trends on greenhouse technology: Towards a sustainable 
agriculture. International Journal of Environmental Research and Public Health 17. 

Bai X, Zhang Z, Cui J, Liu Z, Chen Z, Zhou J. 2020. Strategies to mitigate nitrate 
leaching in vegetable production in China: a meta-analysis. Environmental Science and 
Pollution Research 27, 18382–18391. 

Balmford A, Amano T, Bartlett H, et al. 2018. The environmental costs and benefits of 
high-yield farming. Nature Sustainability 1, 477–485. 

Bandyopadhyay KK, Misra AK, Ghosh PK, Hati KM. 2010. Effect of integrated use of 
farmyard manure and chemical fertilizers on soil physical properties and productivity of 
soybean. Soil and Tillage Research 110, 115–125. 



References 

 
157 

Baptista FJ, Murcho D, Silva LL, Stanghellini C, Montero JI, Kempkes F, Munoz P, 
Gilli C, Giuffrida F, Stepowska A. 2017. Assessment of energy consumption in organic 
tomato greenhouse production - a case study. 

Bare J. 2011. TRACI 2.0: the tool for the reduction and assessment of chemical and other 
environmental impacts 2.0. Clean Technologies and Environmental Policy 13, 687–696. 

Bartke S, Schwarze R. 2015. No perfect tools: Trade-offs of sustainability principles and 
user requirements in designing support tools for land-use decisions between greenfields 
and brownfields. Journal of Environmental Management 153, 11–24. 

Bastos Lima MG, Persson UM, Meyfroidt P. 2019. Leakage and boosting effects in 
environmental governance: a framework for analysis. Environmental Research Letters 14, 
105006. 

Beerling EAM, Blok C, Van Der Maas AA, Van Os EA. 2014. Closing the water and 
nutrient cycles in soilless cultivation systems. Acta Horticulturae 1034, 49–55. 

Beerling E, Van Os E, Van Ruijven J, Janse J, Lee A, Blok C. 2017. Water-efficient 
zero-emission greenhouse crop production: A preliminary study. Acta Horticulturae 1170, 
1133–1140. 

Beltran-Pea A, Rosa L, D’Odorico P. 2020. Global food self-sufficiency in the 21st 
century under sustainable intensification of agriculture. Environmental Research Letters 
15. 

Benito BM, Martínez-Ortega MM, Muñoz LM, Lorite J, Peñas J. 2009. Assessing 
extinction-risk of endangered plants using species distribution models: a case study of 
habitat depletion caused by the spread of greenhouses. Biodiversity and Conservation 18, 
2509–2520. 

Bibbiani C, Fantozzi F, Gargari C, Campiotti CA, Schettini E, Vox G. 2016. Wood 
Biomass as Sustainable Energy for Greenhouses Heating in Italy. Agriculture and 
Agricultural Science Procedia 8, 637–645. 

Binder CR, Feola G, Steinberger JK. 2010. Considering the normative, systemic and 
procedural dimensions in indicator-based sustainability assessments in agriculture. 
Environmental Impact Assessment Review 30, 71–81. 

Blonk Agri-footprint BV. 2014. Agri-footprint - Part 2 - Description of data - Version 1.0. 
Gouda, the Netherlands. 

Blonk H, Kool A, Luske B, Ponsioen T, Scholten J. 2010. Methodology for assessing 
carbon footprints of horticultural products horticultural products. in press. 

Bojacá CR, Gil R, Casilimas H, Arias LA, Schrevens E. 2012. Modelling the 
environmental impact of pesticides sprayed on greenhouse tomatoes: A regional case 
study in Colombia. Acta Horticulturae 957, 61–68. 

Bojacá CR, Wyckhuys KAG, Schrevens E. 2014. Life cycle assessment of Colombian 
greenhouse tomato production based on farmer-level survey data. Journal of Cleaner 
Production 69, 26–33. 

Boughton B, Horvath A. 2004. Environmental Assessment of Used Oil Management 
Methods. Environmental Science and Technology 38, 353–358. 

Boulard T, Raeppel C, Brun R, Lecompte F, Hayer F, Carmassi G, Gaillard G. 2011. 
Environmental impact of greenhouse tomato production in France. Agronomy for 
Sustainable Development 31, 757–777. 



References 

 
158 

Boulay A-M, Bare J, Benini L, et al. 2018. The WULCA consensus characterization 
model for water scarcity footprints: assessing impacts of water consumption based on 
available water remaining (AWARE). The International Journal of Life Cycle Assessment 
23, 368–378. 

Bremmera J, Lansink AGJMO, Huirne RBM. 2008. The impact of innovation, firm growth 
and perceptions on technical and scale efficiency. Agricultural Economics Review 9, 65–
85. 

Brentrup F, Kusters J, Lammel J, Kuhlmann H. 2000. Methods to estimate on-field 
nitrogen emissions from crop production as an input to LCA studies in the agricultural 
sector. International Journal of Life Cycle Assessment 5, 349–357. 

Bureau of Meteorology of Australian Government. 2023. Climate Data Online. 

Canaj K, Mehmeti A, Cantore V, Todorović M. 2020. LCA of tomato greenhouse 
production using spatially differentiated life cycle impact assessment indicators: an 
Albanian case study. Environmental Science and Pollution Research 27, 6960–6970. 

Carpenter SR. 2005. Eutrophication of aquatic ecosystems: Bistability and soil 
phosphorus. Proceedings of the National Academy of Sciences of the United States of 
America 102, 10002–10005. 

Cassidy ES, West PC, Gerber JS, Foley JA. 2013. Redefining agricultural yields: From 
tonnes to people nourished per hectare. Environmental Research Letters 8. 

Cassman KG, Grassini P. 2020. A global perspective on sustainable intensification 
research. Nature Sustainability 3, 262–268. 

Castillo-Díaz FJ, Belmonte-Ureña LJ, Camacho-Ferre F, Tello-Marquina JC. 2021. 
The Management of Agriculture Plastic Waste in the Framework of Circular Economy. 
Case of the Almeria Greenhouse (Spain). International Journal of Environmental Research 
and Public Health 18, 12042. 

Castro AJ, López-Rodríguez MD, Giagnocavo C, et al. 2019. Six collective challenges 
for sustainability of Almería greenhouse horticulture. International Journal of 
Environmental Research and Public Health 16. 

Cellura M, Ardente F, Longo S. 2012a. From the LCA of food products to the 
environmental assessment of protected crops districts: A case-study in the south of Italy. 
Journal of Environmental Management 93, 194–208. 

Cellura M, Longo S, Mistretta M. 2012b. Life Cycle Assessment (LCA) of protected 
crops: an Italian case study. (M Curran, B Notarnicola, BP Weidema, and K Hayashi, 
Eds.). Journal of Cleaner Production 28, 56–62. 

Chand J, Hewa G, Hassanli A, Myers B. 2020. Evaluation of Deficit Irrigation and Water 
Quality on Production and Water Productivity of Tomato in Greenhouse. Agriculture 10, 
297. 

Chang J, Wu X, Liu A, Wang Y, Xu B, Yang W, Meyerson LA, Gu B, Peng C, Ge Y. 
2011. Assessment of net ecosystem services of plastic greenhouse vegetable cultivation 
in China. Ecological Economics 70, 740–748. 

Chang J, Wu X, Wang Y, Meyerson LA, Gu B, Min Y, Xue H, Peng C, Ge Y. 2013. Does 
growing vegetables in plastic greenhouses enhance regional ecosystem services beyond 
the food supply? Frontiers in Ecology and the Environment 11, 43–49. 



References 

 
159 

Charpentier Poncelet A, Beylot A, Loubet P, Laratte B, Muller S, Villeneuve J, 
Sonnemann G. 2022. Linkage of impact pathways to cultural perspectives to account for 
multiple aspects of mineral resource use in life cycle assessment. Resources, 
Conservation and Recycling 176, 105912. 

Chau J, Sowlati T, Sokhansanj S, Preto F, Melin S, Bi X. 2009a. Techno-economic 
analysis of wood biomass boilers for the greenhouse industry. Applied Energy 86, 364–
371. 

Chau J, Sowlati T, Sokhansanj S, Preto F, Melin S, Bi X. 2009b. Optimizing the mixture 
of wood biomass for greenhouse heating. International Journal of Energy Research 33, 
274–284. 

Chaudhary A, Gustafson D, Mathys A. 2018. Multi-indicator sustainability assessment of 
global food systems. Nature Communications 9. 

Chen Y, Hu W, Huang B, Weindorf DC, Rajan N, Liu X, Niedermann S. 2013. 
Accumulation and health risk of heavy metals in vegetables from harmless and organic 
vegetable production systems of China. Ecotoxicology and Environmental Safety 98, 324–
330. 

Cheng M, Wang H, Fan J, et al. 2021a. Effects of nitrogen supply on tomato yield, water 
use efficiency and fruit quality: A global meta-analysis. Scientia Horticulturae 290, 110553. 

Cheng M, Wang H, Fan J, Zhang S, Liao Z, Zhang F, Wang Y. 2021b. A global meta-
analysis of yield and water use efficiency of crops, vegetables and fruits under full, deficit 
and alternate partial root-zone irrigation. Agricultural Water Management 248, 106771. 

Chopin P, Mubaya CP, Descheemaeker K, Öborn I, Bergkvist G. 2021. Avenues for 
improving farming sustainability assessment with upgraded tools, sustainability framing 
and indicators. A review. Agronomy for Sustainable Development 41. 

Clark MS, Horwath WR, Shennan C, Scow KM, Lantni WT, Ferris H. 1999. Nitrogen, 
weeds and water as yield-limiting factors in conventional, low-input, and organic tomato 
systems. Agriculture, ecosystems & environment 73, 257–270. 

Connellan GJ, Parks S. 2015. The Australian greenhouse industry-meeting the 
challenges. Acta Horticulturae 1107, 37–43. 

Costa JM, Ortuño MF, Chaves MM. 2007. Deficit Irrigation as a Strategy to Save Water: 
Physiology and Potential Application to Horticulture. Journal of Integrative Plant Biology 
49, 1421–1434. 

Coteur I, Wustenberghs H, Debruyne L, Lauwers L, Marchand F. 2020. How do current 
sustainability assessment tools support farmers’ strategic decision making? Ecological 
Indicators 114, 106298. 

Cózar A, Sanz-Martín M, Martí E, González-Gordillo JI, Ubeda B, Á.gálvez J, Irigoien 
X, Duarte CM. 2015. Plastic accumulation in the mediterranean sea. PLoS ONE 10, 1–12. 

Cronin J, Anandarajah G, Dessens O. 2018. Climate change impacts on the energy 
system: a review of trends and gaps. Climatic Change 151, 79–93. 

Cuesta Roble Consulting. 2016. International Greenhouse Vegetable Production 
Statistics 2016 Edition. 

Cuesta Roble Consulting. 2019. International Greenhouse Vegetable Production 
Statistics 2018 Edition. 



References 

 
160 

Dabkiene V, Balezentis T, Streimikiene D. 2021. Development of agri-environmental 
footprint indicator using the FADN data: Tracking development of sustainable agricultural 
development in Eastern Europe. Sustainable Production and Consumption 27, 2121–
2133. 

De Olde EM, Oudshoorn FW, Sørensen CAG, Bokkers EAM, De Boer IJM. 2016. 
Assessing sustainability at farm-level: Lessons learned from a comparison of tools in 
practice. Ecological Indicators 66, 391–404. 

De Olde EM, Sautier M, Whitehead J. 2018. Comprehensiveness or implementation: 
Challenges in translating farm-level sustainability assessments into action for sustainable 
development. Ecological Indicators 85, 1107–1112. 

De Pascale S, Costa LD, Vallone S, Barbieri G, Maggio A. 2011. Increasing water use 
efficiency in vegetable crop production: From plant to irrigation systems efficiency. 
HortTechnology 21, 301–308. 

De Ponti T, Rijk B, Van Ittersum MK. 2012. The crop yield gap between organic and 
conventional agriculture. Agricultural Systems 108, 1–9. 

Diara C, Incrocci L, Pardossi A, Minuto A. 2012. Reusing greenhouse growing media. 
Acta Horticulturae 927, 793–800. 

Dias GM, Ayer NW, Khosla S, Van Acker R, Young SBSB, Whitney S, Hendricks P. 
2017. Life cycle perspectives on the sustainability of Ontario greenhouse tomato 
production: Benchmarking and improvement opportunities. Journal of Cleaner Production 
140, 831–839. 

Diogo V, Helfenstein J, Mohr F, et al. 2022. Developing context-specific frameworks for 
integrated sustainability assessment of agricultural intensity change: An application for 
Europe. Environmental Science & Policy 137, 128–142. 

Dorais M. 2019. Advances in organic greenhouse cultivation. In: Marcelis LFM, Heuvelink 
E, eds. Achieving sustainable greenhouse cultivation. Burleigh Dodds Science Publishing 
Limited. 

Dorais M, Antón A, Montero JI, Torrellas M. 2014. Environmental assessment of 
demarcated bed-grown organic greenhouse tomatoes using renewable energy. Acta 
Horticulturae 1041, 291–298. 

Du YD, Cao HX, Liu SQ, Gu XB, Cao YX. 2017. Response of yield, quality, water and 
nitrogen use efficiency of tomato to different levels of water and nitrogen under drip 
irrigation in Northwestern China. Journal of Integrative Agriculture 16, 1153–1161. 

Du YD, Niu WQ, Gu XB, Zhang Q, Cui BJ. 2018. Water- and nitrogen-saving potentials in 
tomato production: A meta-analysis. Agricultural Water Management 210, 296–303. 

Ecobilan Group. 1999. Tools for Environmental Analysis and Management. 

EEC. 1991. Council Directive 91/676/EEC concerning the protection of waters against 
pollution caused by nitrates from agricultural sources. 

Ekvall T, Tillman AM. 1997. Open-loop recycling: Criteria for allocation procedures. 
International Journal of Life Cycle Assessment 2, 155–162. 

Ekvall T, Tillman AM, Molander S. 2005. Normative ethics and methodology for life cycle 
assessment. Journal of Cleaner Production 13, 1225–1234. 



References 

 
161 

Elia A, Conversa G. 2012. Agronomic and physiological responses of a tomato crop to 
nitrogen input. European Journal of Agronomy 40, 64–74. 

Ellen M, Burton R, Zahl-thanem A, Piroschka P. 2021. Farmers’ interest in 
crowdfunding to finance climate change mitigation practices. Journal of Cleaner 
Production 321, 128967. 

European Commission. 2018. Report on the implementation of Council Directive 
91/676/EEC concerning the protection of waters against pollution caused by nitrates from 
agricultural sources based on Member State reports for the period 2012–2015. 

European Commission. 2020. Tomato dashboard. Accessed July 2020. 

Eyhorn F, Muller A, Reganold JP, et al. 2019. Sustainability in global agriculture driven 
by organic farming. Nature Sustainability 2, 253–255. 

Fadare DA, Bamiro OA, Oni AO. 2010. Energy and cost analysis of organic fertilizer 
production in Nigeria. Energy 35, 332–340. 

Fereres E, Soriano MA. 2007. Deficit irrigation for reducing agricultural water use. Journal 
of Experimental Botany 58, 147–159. 

Foley JA, Ramankutty N, Brauman KA, et al. 2011. Solutions for a cultivated planet. 
Nature 478, 337–342. 

Food and Agriculture Organisation. 2013. Wood Fuels Handbook. 

Food and Agriculture Organisation. 2014. SAFA Sustainability Assessment of Food and 
Agriculture Systems Guidelines Version 3.0. 

Food and Agriculture Organisation. 2016. Food and agriculture: Key to achieving the 
2030 Agenda for Sustainable Development. 

Food and Agriculture Organisation. 2017. FAOSTAT Database. 

Food and Agriculture Organisation. 2020. Fruit and vegetables – your dietary 
essentials. Rome, Italy: FAO. 

Food and Agriculture Organization. 2013. The state of the world’s land and water 
resources for food and agriculture: Managing systems at risk. 

Food and Agriculture Organization; World Health Organization. 2017. Fruit and 
vegetable for health initiative. 

Franke AC, Steyn JM, Ranger KS, Haverkort AJ. 2011. Developing environmental 
principles, criteria, indicators and norms for potato production in South Africa through field 
surveys and modelling. Agricultural Systems 104, 297–306. 

Fresh Plaza. 2016. Spain: Organic tomato acreage growing in Andalusia. 
https://www.freshplaza.com/article/2152071/spain-organic-tomato-acreage-growing-in-
andalusia/. 

Frischknecht R, Editors NJ, Althaus H-J, et al. 2007. Implementation of Life Cycle 
Impact Assessment Methods. Dübendorf: Swiss Centre for Life Cycle Inventories. 

Galdeano-Gómez E, Aznar-Sánchez JA, Pérez-Mesa JC, Piedra-Muñoz L. 2017. 
Exploring Synergies Among Agricultural Sustainability Dimensions: An Empirical Study on 
Farming System in Almería (Southeast Spain). Ecological Economics 140, 99–109. 



References 

 
162 

Galloway JN, Dentener FJ, Capone DG, et al. 2004. Nitrogen Cycles: Past, Present, and 
Future. Biogeochemistry 70, 153–226. 

Gan CI, Soukoutou R, Conroy DM. 2022. Sustainability Framing of Controlled 
Environment Agriculture and Consumer Perceptions: A Review. Sustainability 15, 304. 

García García J, García García B. 2022. Sustainability Assessment of Greenhouse 
Pepper Production Scenarios in Southeastern Spain. Agronomy 12, 1254. 

Gastal F, Lemaire G, Durand J-L, Louarn G. 2015. Quantifying crop responses to 
nitrogen and avenues to improve nitrogen-use efficiency. Elsevier, 161–206. 

Geerts S, Raes D. 2009. Deficit irrigation as an on-farm strategy to maximize crop water 
productivity in dry areas. Agricultural Water Management 96, 1275–1284. 

Gil JDB, Reidsma P, Giller K, Todman L, Whitmore A, van Ittersum M. 2019. 
Sustainable development goal 2: Improved targets and indicators for agriculture and food 
security. Ambio 48, 685–698. 

Giupponi C, Gain AK. 2017. Integrated spatial assessment of the water, energy and food 
dimensions of the Sustainable Development Goals. Regional Environmental Change 17, 
1881–1893. 

Golzar F, Heeren N, Hellweg S, Roshandel R. 2019. A comparative study on the 
environmental impact of greenhouses: A probabilistic approach. Science of The Total 
Environment 675, 560–569. 

Government of South Australia. 2020. Northern Adelaide Plains horticulture region. 
https://pir.sa.gov.au/primary_industry/horticulture/northern_adelaide_plains_horticulture_re
gion. 

Government of South Australia, Energy & Mining. 2022. SA continues its world-leading 
renewables shift. https://www.energymining.sa.gov.au/home/news/latest/sa-continues-its-
world-leading-renewables-shift. Accessed October 2022. 

Grassi G, House J, Kurz WA, et al. 2018. Reconciling global-model estimates and 
country reporting of anthropogenic forest CO2 sinks. Nature Climate Change 8, 914–920. 

Grewal HS, Maheshwari B, Parks SE. 2011. Water and nutrient use efficiency of a low-
cost hydroponic greenhouse for a cucumber crop: An Australian case study. Agricultural 
Water Management 98, 841–846. 

Gruda N. 2019. Increasing Sustainability of Growing Media Constituents and Stand-Alone 
Substrates in Soilless Culture Systems. Agronomy 9, 298. 

Gruda N, Bisbis M, Tanny J. 2019. Impacts of protected vegetable cultivation on climate 
change and adaptation strategies for cleaner production – A review. Journal of Cleaner 
Production 225, 324–339. 

Gu J, Wu Y, Tian Z, Xu H. 2020. Nitrogen use efficiency, crop water productivity and 
nitrous oxide emissions from Chinese greenhouse vegetables: A meta-analysis. Science 
of The Total Environment 743, 140696. 

Guinée J. 2001. Handbook on Life Cycle Assessment - Operational Guide to the ISO 
Standards. International Journal 6, 86899. 

Guinotte JM, Fabry VJ. 2008. Ocean acidification and its potential effects on marine 
ecosystems. Annals of the New York Academy of Sciences 1134, 320–342. 



References 

 
163 

Hadley D. 2017. Controlled Environment Horticulture Industry Potential in NSW. University 
of New England. 

Hák T, Janoušková S, Moldan B. 2016. Sustainable Development Goals: A need for 
relevant indicators. Ecological Indicators 60, 565–573. 

Harmanto, Salokhe VM, Babel MS, Tantau HJ. 2005. Water requirement of drip irrigated 
tomatoes grown in greenhouse in tropical environment. Agricultural Water Management 
71, 225–242. 

He F, Chen Q, Jiang R, Chen X, Zhang F. 2007. Yield and Nitrogen Balance of 
Greenhouse Tomato (Lycopersicum esculentum Mill.) with Conventional and Site-specific 
Nitrogen Management in Northern China. Nutrient Cycling in Agroecosystems 77, 1–14. 

He FJ, Nowson CA, MacGregor GA. 2006. Fruit and vegetable consumption and stroke: 
Meta-analysis of cohort studies. Lancet 367, 320–326. 

He X, Qiao Y, Liu Y, Dendler L, Yin C, Martin F. 2016. Environmental impact 
assessment of organic and conventional tomato production in urban greenhouses of 
Beijing city, China. JOURNAL OF CLEANER PRODUCTION 134, 251–258. 

Heijungs R, Guinée JB, Huppes G, Lankreijer RM, Udo de Haes H, Wegener 
Sleeswijk A, Ansems A, Eggels P, Duin R van, De Goede H. 1992. Environmental life 
cycle assessment of products: guide and backgrounds (part 1). 

Hendricks P. 2012. Life Cycle Assessment of Greenhouse Tomato (Solanum 
lycopersicum L .) Production in Southwestern Ontario. University of Guelph, 95. 

Hepsağ F, Kizildeniz T. 2021. Pesticide residues and health risk appraisal of tomato 
cultivated in greenhouse from the Mediterranean region of Turkey. Environmental Science 
and Pollution Research 28, 22551–22562. 

Herring MW, Garnett ST, Zander KK. 2022. Producing rice while conserving the habitat 
of an endangered waterbird: Incentives for farmers to integrate water management. Land 
Use Policy 120, 106269. 

Heuts RF, Loon J van, Schrevens E. 2012. Life cycle assessment of different heating 
systems for glasshouse tomato production in Flanders, Belgium. (W Luo, N Bertin, and E 
Heuvelink, Eds.). Acta Horticulturae, 107–114. 

Heuvelink E. 2018. Tomatoes. CABI. 

Heuvelink E, Okello RCO, Peet M, Giovannoni JJ, Dorais M. 2020. 7 Tomato. In: Wien 
HC, Stützel H, eds. The physiology of vegetable crops. CAB International 2020, 138–178. 

Hinz R, Sulser TB, Huefner R, et al. 2020. Agricultural Development and Land Use 
Change in India: A Scenario Analysis of Trade-Offs Between UN Sustainable 
Development Goals (SDGs). Earth’s Future 8, 1–19. 

Hollingsworth JA, Ravishankar E, O’Connor B, Johnson JX, DeCarolis JF. 2020. 
Environmental and economic impacts of solar-powered integrated greenhouses. Journal of 
Industrial Ecology 24, 234–247. 

Hosono T, Hosoi N, Akiyama H, Tsuruta H. 2006. Measurements of N2O and NO 
emissions during tomato cultivation using a flow-through chamber system in a glasshouse. 
Nutrient Cycling in Agroecosystems 75, 115–134. 



References 

 
164 

Hou M, Jin Q, Lu X, Li J, Zhong H, Gao Y. 2017. Growth, Water Use, and Nitrate-15N 
Uptake of Greenhouse Tomato as Influenced by Different Irrigation Patterns, 15N Labeled 
Depths, and Transplant Times. Frontiers in plant science 8, 666. 

Hsiao TC, Steduto P, Fereres E. 2007. A systematic and quantitative approach to 
improve water use efficiency in agriculture. 25, 209–231. 

Hu W, Chen Y, Huang B, Niedermann S. 2014. Health Risk Assessment of Heavy Metals 
in Soils and Vegetables from a Typical Greenhouse Vegetable Production System in 
China. Human and Ecological Risk Assessment 20, 1264–1280. 

Hu W, Zhang Y, Huang B, Teng Y. 2017. Soil environmental quality in greenhouse 
vegetable production systems in eastern China: Current status and management 
strategies. Chemosphere 170, 183–195. 

Huang T, Li H, Zhang G, Xu F. 2020. Experimental study on biomass heating system in 
the greenhouse: A case study in Xiangtan, China. Sustainability (Switzerland) 12, 1–17. 

Huijbregts MAJ, Steinmann ZJN, Elshout PMF, Stam G, Verones F, Vieira M, Zijp M, 
Hollander A, van Zelm R. 2017. ReCiPe2016: a harmonised life cycle impact assessment 
method at midpoint and endpoint level. International Journal of Life Cycle Assessment 22, 
138–147. 

IEC. 2008. General Programme Instructions for Environmental Product Declarations. EPD. 
version 1.0. The International EPD Cooperation. 

Incrocci L, Thompson RB, Fernandez-Fernandez MD, De Pascale S, Pardossi A, 
Stanghellini C, Rouphael Y, Gallardo M. 2020. Irrigation management of European 
greenhouse vegetable crops. Agricultural Water Management 242, 106393. 

IPCC. 2007. The physical science basis. Contribution of working group I to the fourth 
assessment report of the Intergovernmental Panel on Climate Change. IPCC. 

IPCC. 2023. Climate Change 2023: Synthesis Report. Geneva, Switzerland: IPCC. 

ISO. 2006. ISO 14044—Environmental management—Life cycle assessment—
Requirements and guidelines. Geneva, Switzerland: International Organisation for 
Standardisation. 

ISO. 2014. ISO 14046:2014. Environmental Management – Water footprint – Principles, 
requirements and guidelines. Geneva, Switzerland: International Organization for 
Standardization. 

Jägermeyr J, Gerten D, Schaphoff S, Heinke J, Lucht W, Rockström J. 2016. 
Integrated crop water management might sustainably halve the global food gap. 
Environmental Research Letters 11. 

Ji L, You L, See L, Fritz S, Li C, Zhang S, Li G. 2018. Spatial and temporal changes of 
vegetable production in China. Journal of Land Use Science 13, 494–507. 

Kaiser C, Ernst M. 2011. Organic tomatoes. University of Kentucky Cooperative 
Extension Service. 

Kalkhajeh YK, Huang B, Hu W, Holm PE, Bruun Hansen HC. 2017. Phosphorus 
saturation and mobilization in two typical Chinese greenhouse vegetable soils. 
Chemosphere 172, 316–324. 



References 

 
165 

Kalkhajeh YK, Huang B, Hu W, Ma C, Gao H, Thompson ML, Bruun Hansen HC. 
2021. Environmental soil quality and vegetable safety under current greenhouse vegetable 
production management in China. Agriculture, Ecosystems and Environment 307, 107230. 

Kang S, Hao X, Du T, Tong L, Su X, Lu H, Li X, Huo Z, Li S, Ding R. 2017. Improving 
agricultural water productivity to ensure food security in China under changing 
environment: From research to practice. Agricultural Water Management 179, 5–17. 

Kanokkantapong V, Kiatkittipong W, Panyapinyopol B, Wongsuchoto P, Pavasant P. 
2009. Used lubricating oil management options based on life cycle thinking. Resources, 
Conservation and Recycling 53, 294–299. 

Karnauskaite D, Schernewski G, Støttrup JG, Kataržyte M. 2019. Indicator-based 
sustainability assessment tool to support coastal and marine management. Sustainability 
(Switzerland) 11. 

Kelly E, Latruffe L, Desjeux Y, Ryan M, Uthes S, Diazabakana A, Dillon E, Finn J. 
2018. Sustainability indicators for improved assessment of the effects of agricultural policy 
across the EU: Is FADN the answer? Ecological Indicators 89, 903–911. 

Khoshnevisan B, Rafiee S, Omid M, Mousazadeh H, Clark S. 2014. Environmental 
impact assessment of tomato and cucumber cultivation in greenhouses using life cycle 
assessment and adaptive neuro-fuzzy inference system. Journal of Cleaner Production 73, 
183–192. 

Kool A, Blonk H. 2011. An LCA of stone wool and coco substrate as growing media in the 
Netherlands. 

Kubota C, Gelder A de, Peet MM. 2018. Greenhouse tomato production. In: Heuvelink E, 
ed. Tomatoes. Boston, MA: CABI. 

Kummu M, Ward PJ, de Moel H, Varis O. 2010. Is physical water scarcity a new 
phenomenon? Global assessment of water shortage over the last two millennia. 
Environmental Research Letters 5, 034006. 

Kuscu H, Turhan A, Ozmen N, Aydinol P, Demir AO. 2014. Optimizing levels of water 
and nitrogen applied through drip irrigation for yield, quality, and water productivity of 
processing tomato (Lycopersicon esculentum Mill.). Horticulture, Environment, and 
Biotechnology 55, 103–114. 

Leal Filho W, Azeiteiro U, Alves F, Pace P, Mifsud M, Brandli L, Caeiro SS, Disterheft 
A. 2018. Reinvigorating the sustainable development research agenda: the role of the 
sustainable development goals (SDG). International Journal of Sustainable Development 
& World Ecology 25, 131–142. 

Li Y, Chen J, Tian L, Shen Z, Amby DB, Liu F, Gao Q, Wang Y. 2022. Seedling-Stage 
Deficit Irrigation with Nitrogen Application in Three-Year Field Study Provides Guidance for 
Improving Maize Yield, Water and Nitrogen Use Efficiencies. Plants 11, 3007. 

Li Y, Sun Y, Liao S, Zou G, Zhao T, Chen Y, Yang J, Zhang L. 2017a. Effects of two 
slow-release nitrogen fertilizers and irrigation on yield, quality, and water-fertilizer 
productivity of greenhouse tomato. Agricultural Water Management 186, 139–146. 

Li Y, Wang L, Xue X, Guo W, Xu F, Li Y, Sun W, Chen F. 2017b. Comparison of drip 
fertigation and negative pressure fertigation on soil water dynamics and water use 
efficiency of greenhouse tomato grown in the North China Plain. Agricultural Water 
Management 184, 1–8. 



References 

 
166 

Liang H, Hu K, Batchelor WD, Chen Q, Liang B, Li B. 2019a. Modeling dissolved 
organic nitrogen dynamics under different N management practices for intensive 
greenhouse production using an improved WHCNS_veg model. Geoderma 337, 1039–
1050. 

Liang T, Liao D, Wang S, Yang B, Zhao J, Zhu C, Tao Z, Shi X, Chen X, Wang X. 2021. 
The nitrogen and carbon footprints of vegetable production in the subtropical high 
elevation mountain region. Ecological Indicators 122, 107298. 

Liang L, Ridoutt BG, Lal R, Wang D, Wu W, Peng P, Hang S, Wang L, Zhao G. 2019b. 
Nitrogen footprint and nitrogen use efficiency of greenhouse tomato production in North 
China. Journal of Cleaner Production 208, 285–296. 

Liang L, Ridoutt BG, Wu W, Lal R, Wang L, Wang Y, Li C, Zhao G. 2019c. A multi-
indicator assessment of peri-urban agricultural production in Beijing, China. Ecological 
Indicators 97, 350–362. 

Liang B, Tang Y, Wang Q, Li F, Li J. 2019d. Drip irrigation and application of straw 
reducing nitrogen leaching loss in tomato greenhouse. Nongye Gongcheng 
Xuebao/Transactions of the Chinese Society of Agricultural Engineering 35, 78–85. 

Liu E, Yan C, Mei X, He W, Bing SH, Ding L, Liu Q, Liu S, Fan T. 2010. Long-term effect 
of chemical fertilizer, straw, and manure on soil chemical and biological properties in 
northwest China. Geoderma 158, 173–180. 

Llorach-Massana P, Muñoz P, Riera MR, Gabarrell X, Rieradevall J, Montero JI, 
Villalba G. 2017. N2O emissions from protected soilless crops for more precise food and 
urban agriculture life cycle assessments. Journal of Cleaner Production 149, 1118–1126. 

Lombardi A, Verneau F, Lombardi P. 2016. Development and Trade Competitiveness of 
the Italian Tomato Sector. Agricultural Economics Review 17, 5–19. 

Lu J, Shao G, Cui J, Wang X, Keabetswe L. 2019. Yield, fruit quality and water use 
efficiency of tomato for processing under regulated deficit irrigation: A meta-analysis. 
Agricultural Water Management 222, 301–312. 

Lv H, Zhou W, Dong J, He S, Chen F, Bi M, Wang Q, Li J, Liang B. 2021. Irrigation 
amount dominates soil mineral nitrogen leaching in plastic shed vegetable production 
systems. Agriculture, Ecosystems & Environment 317, 107474. 

MacPherson J, Paul C, Helming K. 2020. Linking ecosystem services and the SDGs to 
farm-level assessment tools and models. Sustainability (Switzerland) 12, 1–19. 

Maraseni TN, Cockfield G, Maroulis J, Chen G. 2010. An assessment of greenhouse 
gas emissions from the Australian vegetables industry. Journal of environmental science 
and health. Part. B, Pesticides, food contaminants, and agricultural wastes 45, 578–588. 

Marcelis LFM, van den Boogaard R, Meinen E. 2000. Control of Crop Growth and 
Nutrient Supply by the Combined Use of Crop Models and Plant Sensors. IFAC 
Proceedings Volumes 33, 161–166. 

Marcelis LFM, Costa JM, Heuvelink E. 2019. Achieving sustainable greenhouse 
production: Present status, recent advances and future developments. Achieving 
sustainable greenhouse cultivation. Burleigh Dodds Science Publishing Limited, 1–14. 

Marcelis LFM, Heuvelink E (Eds.). 2019. Achieving sustainable greenhouse cultivation. 
Burleigh Dodds Science Publishing Limited. 



References 

 
167 

Marques AT, Santos CD, Hanssen F, Muñoz A-R, Onrubia A, Wikelski M, Moreira F, 
Palmeirim JM, Silva JP. 2020. Wind turbines cause functional habitat loss for migratory 
soaring birds. Journal of Animal Ecology 89, 93–103. 

Martinez-Mate MA, Martin-Gorriz B, Martínez-Alvarez V, Soto-García M, Maestre-
Valero JF. 2018. Hydroponic system and desalinated seawater as an alternative farm-
productive proposal in water scarcity areas: Energy and greenhouse gas emissions 
analysis of lettuce production in southeast Spain. Journal of Cleaner Production 172, 
1298–1310. 

Mason-D’Croz D, Bogard JR, Sulser TB, Cenacchi N, Dunston S, Herrero M, Wiebe 
K. 2019. Gaps between fruit and vegetable production, demand, and recommended 
consumption at global and national levels: an integrated modelling study. The Lancet 
Planetary Health 3, e318–e329. 

Matos S, Hall J. 2007. Integrating sustainable development in the supply chain: The case 
of life cycle assessment in oil and gas and agricultural biotechnology. Journal of 
Operations Management 25, 1083–1102. 

Maureira F, Rajagopalan K, Stöckle CO. 2022. Evaluating tomato production in open-
field and high-tech greenhouse systems. Journal of Cleaner Production 337, 130459. 

Messelink GJ, Lambion J, Janssen A, Van Rijn PCJ. 2021. Biodiversity in and around 
Greenhouses: Benefits and Potential Risks for Pest Management. Insects 12, 933. 

Min J, Zhang H, Shi W. 2012. Optimizing nitrogen input to reduce nitrate leaching loss in 
greenhouse vegetable production. 111, 53–59. 

Ministry of Economic Affairs of the Netherlands. 2016. Energy report Transition to 
sustainable energy. The Hague The Netherlands: Ministry of Economic Affairs. 

Mio C, Panfilo S, Blundo B. 2020. Sustainable development goals and the strategic role 
of business: A systematic literature review. Business Strategy and the Environment 29, 
3220–3245. 

Miola A, Schiltz F. 2019. Measuring sustainable development goals performance: How to 
monitor policy action in the 2030 Agenda implementation? Ecological Economics 164, 
106373. 

Moher D, Liberati A, Tetzlaff J, Altman DG. 2009. Preferred Reporting Items for 
Systematic Reviews and Meta-Analyses: The PRISMA Statement. PLoS Medicine 6, 
e1000097. 

Molden D, Oweis T, Steduto P, Bindraban P, Hanjra MA, Kijne J. 2010. Improving 
agricultural water productivity: Between optimism and caution. Agricultural Water 
Management 97, 528–535. 

Montero JI, Antón A, Torrellas M. 2011. Environmental and economic profile of present 
greenhouse production systems in Europe. Annex. 1–51. 

Moons I, De Pelsmacker P, Pijnenburg A, Daems K, Van de Velde LorensLJ. 2022. 
Growers’ adoption intention of innovations is crucial to establish a sustainable greenhouse 
horticultural industry: An empirical study in Flanders and the Netherlands. Journal of 
Cleaner Production 330. 

Mugnozza GS, Russo G, Zeller B de L. 2007. LCA methodology application in flower 
protected cultivation. (DJ Cantliffe, Ed.). Acta Horticulturae, 625–632. 



References 

 
168 

Muñoz P, Antón A, Nuñez M, Paranjpe A, Ariño J, Castells X, Montera JI, Rieradevall 
J. 2008a. Comparing the environmental impacts of greenhouse versus open-field tomato 
production in the Mediterranean region. Acta Horticulturae 801 PART 2, 1591–1596. 

Muñoz P, Antón A, Paranjpe A, Ariño JI, Montero I. 2008b. High decrease in nitrate 
leaching by lower N input without reducing greenhouse tomato yield. Agronomy for 
Sustainable Development 28, 489–495. 

Muñoz I, del Mar Gómez M, Fernández-Alba AR. 2010. Life Cycle Assessment of 
biomass production in a Mediterranean greenhouse using different water sources: 
Groundwater, treated wastewater and desalinated seawater. Agricultural Systems 103, 1–
9. 

Nadaraja D, Lu C, Islam MM. 2021. The Sustainability Assessment of Plantation 
Agriculture - A Systematic Review of Sustainability Indicators. Sustainable Production and 
Consumption 26, 892–910. 

Naderi SA, Dehkordi AL, Taki M. 2019. Energy and environmental evaluation of 
greenhouse bell pepper production with life cycle assessment approach. Environmental 
and Sustainability Indicators 3–4, 100011. 

Nangare DD, Singh Y, Kumar PS, Minhas PS. 2016. Growth, fruit yield and quality of 
tomato (Lycopersicon esculentum Mill.) as affected by deficit irrigation regulated on 
phenological basis. Agricultural Water Management 171, 73–79. 

Netherlands Ministry of Economic Affairs. 2019. National Climate Agreement. 

Nhemachena C, Matchaya G, Nhemachena CR, Karuaihe S, Muchara B, Nhlengethwa 
S. 2018. Measuring baseline agriculture-related sustainable development goals index for 
Southern Africa. Sustainability (Switzerland) 10, 1–16. 

Nilsson M, Griggs D, Visbeck M. 2016. Policy: Map the interactions between Sustainable 
Development Goals. Nature 534, 320–322. 

Nordey T, Basset-Mens C, De Bon H, et al. 2017. Protected cultivation of vegetable 
crops in sub-Saharan Africa: limits and prospects for smallholders. A review. Agronomy for 
Sustainable Development 37. 

Norris CE, Congreves KA. 2018. Alternative management practices improve soil health 
indices in intensive vegetable cropping systems: A review. Frontiers in Environmental 
Science 6. 

Notarnicola B, Sala S, Anton A, McLaren SJ, Saouter E, Sonesson U. 2017. The role 
of life cycle assessment in supporting sustainable agri-food systems: A review of the 
challenges. Journal of Cleaner Production 140, 399–409. 

Ntinas GK, Dannehl D, Schuch I, Rocksch T, Schmidt U. 2020. Sustainable 
greenhouse production with minimised carbon footprint by energy export. Biosystems 
Engineering 189, 164–178. 

Ntinas GKGK, Neumair M, Tsadilas CDCD, Meyer J. 2017. Carbon footprint and 
cumulative energy demand of greenhouse and open-field tomato cultivation systems 
under Southern and Central European climatic conditions. Journal of Cleaner Production 
142, 3617–3626. 

Orgaz F, Fernández MD, Bonachela S, Gallardo M, Fereres E. 2005. 
Evapotranspiration of horticultural crops in an unheated plastic greenhouse. Agricultural 
Water Management 72, 81–96. 



References 

 
169 

Ozkan B, Kurklu A, Akcaoz H. 2004. An input–output energy analysis in greenhouse 
vegetable production: a case study for Antalya region of Turkey. 26, 89–95. 

Page G, Ridoutt B, Bellotti B. 2011. Fresh tomato production for the Sydney market: An 
evaluation of options to reduce freshwater scarcity from agricultural water use. Agricultural 
Water Management 100, 18–24. 

Page G, Ridoutt B, Bellotti B. 2012. Carbon and water footprint tradeoffs in fresh tomato 
production. Journal of Cleaner Production 32, 219–226. 

Page G, Ridoutt B, Bellotti B. 2014. Location and technology options to reduce 
environmental impacts from agriculture. Journal of Cleaner Production 81, 130–136. 

Pandey D, Agrawal M, Pandey JS. 2011. Carbon footprint: current methods of 
estimation. Environmental Monitoring and Assessment 178, 135–160. 

Parks S. 2010. Improving greenhouse systems and production practices ( greenhouse 
technology systems component ). Gosford: New South Wales Industry and Investment. 

Parsons D. 2010. Home heating in temperate Australia. International Journal of Life Cycle 
Assessment 15, 785–793. 

Peng L, Searchinger TD, Zionts J, Waite R. 2023. The carbon costs of global wood 
harvests. Nature doi: 10.1038/s41586-023-06187-1. 

Perold V, Ralston-Paton S, Ryan P. 2020. On a collision course? The large diversity of 
birds killed by wind turbines in South Africa. Ostrich 91, 228–239. 

Pfister S, Koehler A, Hellweg S. 2009. Assessing the environmental impacts of 
freshwater consumption in LCA. Environmental Science and Technology 43, 4098–4104. 

Pfister S, Oberschelp C, Sonderegger T. 2020. Regionalized LCA in practice: the need 
for a universal shapefile to match LCI and LCIA. International Journal of Life Cycle 
Assessment 25, 1867–1871. 

Pimentel D. 1993. Economics and energetics of organic and conventional farming. 
Journal of Agricultural and Environmental Ethics 6, 53–60. 

Pineda IT, Lee YD, Kim YS, Lee SM, Park KS. 2021. Review of inventory data in life 
cycle assessment applied in production of fresh tomato in greenhouse. Journal of Cleaner 
Production 282, 124395. 

Pluimers JC. 2001. An environmental systems analysis of greenhouse horticulture in the 
Netherlands: the tomato case. 

Pluimers JC, Kroeze C, Bakker EJ, Challa H, Hordijk L. 2000. Quantifying the 
environmental impact of production in agriculture and horticulture in The Netherlands: 
Which emissions do we need to consider? Agricultural Systems 66, 167–189. 

Porter JR, Howden M, Smith P. 2017. Considering agriculture in IPCC assessments. 
Nature Climate Change 7, 680–683. 

Pradhan P, Costa L, Rybski D, Lucht W, Kropp JP. 2017. A Systematic Study of 
Sustainable Development Goal (SDG) Interactions. Earth’s Future 5, 1169–1179. 

PRé Consultants. 2017. SimaPro 8.5. 

Pretty J. 2018. Intensification for redesigned and sustainable agricultural systems. 
Science 362. 



References 

 
170 

Pronk AA, Voogt W, de Kreij C, Smit AL, van der Lugt GG, Marcelis LFM. 2007. 
Bouwstenen voor het opstellen van gebruiksnormen voor nutriënten bij teelten onder glas. 
Plant Research International. 

Putra PA, Yuliando H. 2015. Soilless Culture System to Support Water Use Efficiency 
and Product Quality: A Review. Agriculture and Agricultural Science Procedia 3, 283–288. 

Qasim W, Xia L, Lin S, Wan L, Zhao Y, Butterbach-Bahl K. 2021. Global greenhouse 
vegetable production systems are hotspots of soil N2O emissions and nitrogen leaching: A 
meta-analysis. Environmental Pollution 272, 116372. 

Qasim W, Zhao Y, Wan L, Lv H, Lin S, Gettel GM, Butterbach-Bahl K. 2022. The 
potential importance of soil denitrification as a major N loss pathway in intensive 
greenhouse vegetable production systems. Plant and Soil 471, 157–174. 

Qin W, Assinck FBT, Heinen M, Oenema O. 2016. Water and nitrogen use efficiencies in 
citrus production: A meta-analysis. Agriculture, Ecosystems & Environment 222, 103–111. 

Qin W, Hu C, Oenema O. 2015. Soil mulching significantly enhances yields and water and 
nitrogen use efficiencies of maize and wheat: a meta-analysis. Scientific reports 5, 16210. 

Qiu L, Wu S. 2021. Trade-offs between economic benefits and environmental impacts of 
vegetable greenhouses expansion in East China. Environmental Science and Pollution 
Research doi: 10.1007/s11356-021-14601-2. 

Quemada M, Gabriel JL. 2016. Approaches for increasing nitrogen and water use 
efficiency simultaneously. Global Food Security 9, 29–35. 

R Core Team. 2018. R: A Language and Environment for Statistical Computing. in press. 

Raaphorst MGM (Ed), Benninga J, Eveleens BA. 2019. 26th edition Quantitative 
Information on Dutch greenhouse horticulture 2019 (KWIN 2019). Bleiswijk, the 
Netherlands: Wageningen University & Research Greenhouse Horticulture Business Unit. 

Rabaia MKH, Abdelkareem MA, Sayed ET, Elsaid K, Chae K-J, Wilberforce T, Olabi 
AG. 2021. Environmental impacts of solar energy systems: A review. Science of The Total 
Environment 754, 141989. 

Randers J, Rockström J, Stoknes E, Golüke U, Collste D, Cornell SE. 2018. 
Transformation is feasible: How to achieve the Sustainable Development Goals within 
Planetary Boundaries. 

Rasul G. 2016. Managing the food, water, and energy nexus for achieving the Sustainable 
Development Goals in South Asia. Environmental Development 18, 14–25. 

Red Eléctrica. 2018. The Spanish Electricity System Preliminary report 2018. 28. 

Reganold JP, Wachter JM. 2016. Organic agriculture in the twenty-first century. Nature 
plants 2, 15221. 

Ridoutt BG, Pfister S. 2010. A revised approach to water footprinting to make transparent 
the impacts of consumption and production on global freshwater scarcity. Global 
Environmental Change 20, 113–120. 

Ridoutt BG, Pfister S, Manzardo A, et al. 2016. Area of concern: a new paradigm in life 
cycle assessment for the development of footprint metrics. International Journal of Life 
Cycle Assessment 21, 276–280. 



References 

 
171 

Rinaldi M, Ventrella D, Gagliano C. 2007. Comparison of nitrogen and irrigation 
strategies in tomato using CROPGRO model. A case study from Southern Italy. 87, 91–
105. 

Rockström J, Steffen W, Noone K, Persson Å, Chapin III FS, Lambin E, Lenton TM, 
Scheffer M, Folke C, Schellnhuber HJ. 2009. Planetary boundaries: exploring the safe 
operating space for humanity. Ecology and society 14. 

Roggeveen K. 2010. Tomato journeys from farm to fruit shop: greenhouse gas emissions 
and cultural analysis. University of Wollongong. 

Romero-Gámez M, Audsley E, Suárez-Rey EM. 2014. Life cycle assessment of 
cultivating lettuce and escarole in Spain. Journal of Cleaner Production 73, 193–203. 

Rong L, Gong K, Duan F, Li S, Zhao M, He J, Zhou W, Yu Q. 2021. Yield gap and 
resource utilization efficiency of three major food crops in the world – A review. Journal of 
Integrative Agriculture 20, 349–362. 

Röös E, Karlsson H. 2013. Effect of eating seasonal on the carbon footprint of Swedish 
vegetable consumption. Journal of Cleaner Production 59, 63–72. 

Rosenbaum RK, Bachmann TM, Gold LS, et al. 2008. USEtox—the UNEP-SETAC 
toxicity model: recommended characterisation factors for human toxicity and freshwater 
ecotoxicity in life cycle impact assessment. The International Journal of Life Cycle 
Assessment 13, 532. 

Roseth R, Haarstad K. 2010. Pesticide runoff from greenhouse production. Water 
Science and Technology 61, 1373–1381. 

Roy J, Tschakert P, Waisman H, Aagón F, Babiker Mustapha, Al. E. 2018. Sustainable 
development, poverty eradication and reducing inequalities. 

Rufí-Salís M, Petit-Boix A, Villalba G, Sanjuan-Delmás D, Parada F, Ercilla-
Montserrat M, Arcas-Pilz V, Muñoz-Liesa J, Rieradevall J, Gabarrell X. 2020. 
Recirculating water and nutrients in urban agriculture: An opportunity towards 
environmental sustainability and water use efficiency? Journal of Cleaner Production 261. 

Rydell J, Bach L, Dubourg-Savage M-J, Green M, Rodrigues L, Hedenström A. 2010. 
Bat mortality at wind turbines in northwestern Europe. Acta Chiropterologica 12, 261–274. 

Saladini F, Betti G, Ferragina E, Bouraoui F, Cupertino S, Canitano G, Gigliotti M. 
2018. Linking the water-energy-food nexus and sustainable development indicators for the 
Mediterranean region. Ecological Indicators 91, 689–697. 

Salvia AL, Leal Filho W, Brandli LL, Griebeler JS. 2019. Assessing research trends 
related to Sustainable Development Goals: local and global issues. Journal of Cleaner 
Production 208, 841–849. 

Santeramo FG, Carlucci D, De Devitiis B, Seccia A, Stasi A, Viscecchia R, Nardone 
G. 2018. Emerging trends in European food, diets and food industry. Food Research 
International 104, 39–47. 

Sayadi-Gmada S, Rodríguez-Pleguezuelo CR, Rojas-Serrano F, Parra-López C, 
Parra-Gómez S, García-García M del C, García-Collado R, Lorbach-Kelle MB, 
Manrique-Gordillo T. 2019. Inorganic waste management in greenhouse agriculture in 
Almeria (SE Spain): Towards a circular system in intensive horticultural production. 
Sustainability (Switzerland) 11. 



References 

 
172 

Sayadi-Gmada S, Torres-Nieto JM, Parra Gómez S, Garcıá-Garcıá MC, Parra-López 
C. 2020. Critical point analysis in solid inorganic waste production in the protected 
cultivation systems in Almeria – approaches to reduce the impact. Acta Horticulturae 1268, 
205–212. 

Sayed ET, Wilberforce T, Elsaid K, Rabaia MKH, Abdelkareem MA, Chae K-J, Olabi 
AG. 2021. A critical review on environmental impacts of renewable energy systems and 
mitigation strategies: Wind, hydro, biomass and geothermal. Science of The Total 
Environment 766, 144505. 

Schader C, Grenz J, Meier MS, Stolze M. 2014. Scope and precision of sustainability 
assessment approaches to food systems. Ecology and Society 19. 

Schewe J, Heinke J, Gerten D, Haddeland I, Arnell NW, Clark DB, Dankers R, Eisner 
S, Fekete BM, Colón-González FJ. 2014. Multimodel assessment of water scarcity under 
climate change. Proceedings of the National Academy of Sciences 111, 3245–3250. 

Schiesari L, Waichman A, Brock T, Adams C, Grillitsch B. 2013. Pesticide use and 
biodiversity conservation in the Amazonian agricultural frontier. Philosophical Transactions 
of the Royal Society B: Biological Sciences 368. 

Serrano-Arcos MM, Pérez-Mesa JC, Sánchez-Fernández R. 2018. Product-country 
image and crises in the Spanish horticultural sector: Classification and impact on the 
market. Economia Agraria y Recursos Naturales 18, 111–133. 

Silva JV, van Ittersum MK, ten Berge HFM, Spätjens L, Tenreiro TR, Anten NPR, 
Reidsma P. 2021. Agronomic analysis of nitrogen performance indicators in intensive 
arable cropping systems: An appraisal of big data from commercial farms. Field Crops 
Research 269. 

Sinclair TR, Tanner CB, Bennett JM. 1984. Water-use efficiency in crop production. 
Bioscience 34, 36–40. 

Singh GG, Cisneros-Montemayor AM, Swartz W, et al. 2018. A rapid assessment of co-
benefits and trade-offs among Sustainable Development Goals. Marine Policy 93, 223–
231. 

Singh R, Kumar S, Nangare DD, Meena MS. 2009. Drip irrigation and black polyethylene 
mulch influence on growth, yield and water-use efficiency of tomato. African Journal of 
Agricultural Research 4, 1427–1430. 

Singh M, Singh P, Singh S, Saini RK, Angadi SV. 2021. A global meta-analysis of yield 
and water productivity responses of vegetables to deficit irrigation. Scientific Reports 11, 
22095. 

Smith G. 2011. Overview of the Australian Protected Cropping Industry. in press. 

Snyder CS, Bruulsema TW, Jensen TL, Fixen PE. 2009. Review of greenhouse gas 
emissions from crop production systems and fertilizer management effects. Agriculture, 
Ecosystems and Environment 133, 247–266. 

Solaun K, Cerdá E. 2019. Climate change impacts on renewable energy generation. A 
review of quantitative projections. Renewable and Sustainable Energy Reviews 116. 

Soltani M, Moradi Kashkooli F, Souri M, Rafiei B, Jabarifar M, Gharali K, Nathwani 
JS. 2021. Environmental, economic, and social impacts of geothermal energy systems. 
Renewable and Sustainable Energy Reviews 140, 110750. 



References 

 
173 

Song XZ, Zhao CX, Wang XL, Li J. 2009. Study of nitrate leaching and nitrogen fate 
under intensive vegetable production pattern in northern China. Comptes Rendus - 
Biologies 332, 385–392. 

Sonneveld C. 2000. Effects of salinity on substrate grown vegetables and ornamentals in 
greenhouse horticulture. Wageningen University. 

Soto F, Gallardo M, Thompson RB, Peña-Fleitas MT, Padilla FM. 2015. Consideration 
of total available N supply reduces N fertilizer requirement and potential for nitrate leaching 
loss in tomato production. Agriculture, Ecosystems and Environment 200, 62–70. 

Spielmann M, Scholz RW. 2005. Life cycle inventories of transport services: background 
data for freight transport (10 pp). International Journal of Life Cycle Assessment 10, 85–
94. 

Springmann M, Clark M, Mason-D’Croz D, et al. 2018. Options for keeping the food 
system within environmental limits. Nature 562, 519–525. 

Stanghellini C. 1993. Evapotranspiraton in greenhouses with special reference to 
mediterranean conditions. Acta Horticulturae. International Society for Horticultural 
Science (ISHS), Leuven, Belgium, 295–304. 

Stanghellini C. 2014. Horticultural production in greenhouses: Efficient use of water. Acta 
Horticulturae. International Society for Horticultural Science (ISHS), Leuven, Belgium, 25–
34. 

Stanghellini C, Kempkes FLK, Knies P. 2003. Enhancing environmental quality in 
agricultural systems. Acta Horticulturae 609, 277–283. 

Stanley TD, Jarrell SB. 1989. Meta-regression analysis: A quantitative method of 
literature surveys. Journal of Economic Surveys 3, 161–170. 

Statistics Netherlands. 2020. Renewable energy consumption up by 16 percent. 
https://www.cbs.nl/en-gb/news/2020/22/renewable-energy-consumption-up-by-16-percent. 
Accessed July 2020. 

Steffen W, Richardson K, Rockström J, et al. 2015. Planetary boundaries: Guiding 
human development on a changing planet. Science 347. 

Steyn JM, Franke AC, van der Waals JE, Haverkort AJ. 2016. Resource use 
efficiencies as indicators of ecological sustainability in potato production: A South African 
case study. Field Crops Research 199, 136–149. 

Stratton AE, Finley JW, Gustafson DI, Mitcham EJ, Myers SS, Naylor RL, Otten JJ, 
Palm CA. 2021. Mitigating sustainability tradeoffs as global fruit and vegetable systems 
expand to meet dietary recommendations. Environmental Research Letters 16. 

Streimikis J, Baležentis T. 2020. Agricultural sustainability assessment framework 
integrating sustainable development goals and interlinked priorities of environmental, 
climate and agriculture policies. Sustainable Development 28, 1702–1712. 

Struik PC, Kuyper TW. 2014. Editorial overview: Sustainable intensification to feed the 
world: Concepts, technologies and trade-offs. Current Opinion in Environmental 
Sustainability 8, vi–viii. 

Struik P, Kuyper T, Brussaard L, Leeuwis C. 2014. Deconstructing and unpacking 
scientific controversies in intensification and sustainability: why the tensions in concepts 
and values? Current Opinion in Environmental Sustainability 8, 80–88. 



References 

 
174 

Sun Y, Chang X, Zhao L, Zhou B, Weng L, Li Y. 2020. Comparative study on the 
pollution status of organochlorine pesticides (OCPs) and bacterial community diversity and 
structure between plastic shed and open-field soils from northern China. Science of the 
Total Environment 741, 139620. 

Sutton MA, Bleeker A, Howard CM, et al. 2013. Our nutrient world. The challenge to 
produce more food & energy with less pollution. Edinburgh: Centre for Ecology & 
Hydrology. 

Sutton M, Oenema O, Erisman JW, Leip A, van Grinsven H, Winiwarter W. 2011. Too 
much of a good thing. Nature 472, 159–161. 

Taguta C, Dirwai TL, Senzanje A, Sikka A, Mabhaudhi T. 2022. Sustainable irrigation 
technologies: a water-energy-food (WEF) nexus perspective towards achieving more crop 
per drop per joule per hectare. Environmental Research Letters 17, 073003. 

Talukder B, Blay-Palmer A, vanLoon GW, Hipel KW. 2020. Towards complexity of 
agricultural sustainability assessment: Main issues and concerns. Environmental and 
Sustainability Indicators 6, 100038. 

Tanner CB, Sinclair TR. 1983. Efficient Water Use in Crop Production: Research or Re-
Search? Limitations to efficient water use in crop production. 1–27. 

Tei F, Benincasa P, Guiducci M. 2002. Critical nitrogen concentration in processing 
tomato. European Journal of Agronomy 18, 45–55. 

Theurl MC, Haberl H, Erb KH, Lindenthal T. 2014. Contrasted greenhouse gas 
emissions from local versus long-range tomato production. Agronomy for Sustainable 
Development 34, 593–602. 

Theurl MC, Hörtenhuber SJ, Lindenthal T, Palme W. 2017. Unheated soil-grown winter 
vegetables in Austria: Greenhouse gas emissions and socio-economic factors of diffusion 
potential. Journal of Cleaner Production 151, 134–144. 

Thompson RB, Incrocci L, van Ruijven J, Massa D. 2020. Reducing contamination of 
water bodies from European vegetable production systems. Agricultural Water 
Management 240. 

Tilman D, Balzer C, Hill J, Befort BL. 2011. Global food demand and the sustainable 
intensification of agriculture. Proceedings of the National Academy of Sciences of the 
United States of America 108, 20260–20264. 

Tilman D, Cassman KG, Matson PA, Naylor R, Polasky S. 2002. Agricultural 
sustainability and intensive production practices. Nature 418, 671–677. 

Tittarelli F, Bath B, Ceglie FG, García MC, Möller K, Reents HJ, Védie H, Voogt W. 
2017. Soil fertility management in organic greenhouse: An analysis of the European 
context. Acta Horticulturae 1164, 113–125. 

Torre AL, Iovino V, Caradonia F. 2018. Copper in plant protection: current situation and 
prospects. Phytopathologia Mediterranea 57, 201–236. 

Torrellas M, Antón A, López JC, et al. 2012a. LCA of a tomato crop in a multi-tunnel 
greenhouse in Almeria. International Journal of Life Cycle Assessment 17, 863–875. 

Torrellas M, Antón A, Montero JI. 2013. An environmental impact calculator for 
greenhouse production systems. Journal of Environmental Management 118, 186–195. 



References 

 
175 

Torrellas M, Antón A, Ruijs M, García Victoria N, Stanghellini C, Montero JIJI. 2012b. 
Environmental and economic assessment of protected crops in four European scenarios. 
Journal of Cleaner Production 28, 45–55. 

Tscharntke T, Grass I, Wanger TC, Westphal C, Batáry P. 2021. Beyond organic 
farming – harnessing biodiversity-friendly landscapes. Trends in Ecology and Evolution 36, 
919–930. 

Tseng M-C, Roel Á, Macedo I, Marella M, Terra JA, Pittelkow CM. 2021. Synergies and 
tradeoffs among yield, resource use efficiency, and environmental footprint indicators in 
rice systems. Current Research in Environmental Sustainability 3, 100070. 

Tuomisto HL, Hodge ID, Riordan P, Macdonald DW. 2012. Does organic farming 
reduce environmental impacts? - A meta-analysis of European research. Journal of 
Environmental Management 112, 309–320. 

Ullah I, Mao H, Rasool G, Gao H, Javed Q, Sarwar A, Khan MI. 2021. Effect of Deficit 
Irrigation and Reduced N Fertilization on Plant Growth, Root Morphology and Water Use 
Efficiency of Tomato Grown in Soilless Culture. Agronomy 11, 228. 

UNFCCC. 2015. Paris Agreement. 

United Nations. 2015. Transforming our World: The 2030 Agenda for Sustainable 
Development. 

United Nations. 2019a. UN Climate Action Summit 2019. 

United Nations. 2019b. Global indicator framework for the Sustainable Development 
Goals and targets of the 2030 Agenda for Sustainable Development. 

Valentini R, Sievenpiper JL, Antonelli M, Dembska K. 2019. Achieving the sustainable 
development goals through sustainable food systems. 

Valera-Martínez DL, Belmonte-Ureña LJ, Molina-Aiz FD, López-Martinez A. 2016. 
Greenhouse agriculture in Almeria. A comprehensive techno-economic analysis. 

Van Beveren PJM, Bontsema J, van Straten G, van Henten EJ. 2019. Optimal 
utilization of a boiler, combined heat and power installation, and heat buffers in 
horticultural greenhouses. Computers and Electronics in Agriculture 162, 1035–1048. 

Van Der Lans CJM, Meijer RJM, Blom M. 2011. A view of organic greenhouse 
horticulture worldwide. Acta Horticulturae 915, 15–21. 

Van Der Salm C, Voogt W, Beerling E, van Ruijven J, van Os E. 2020. Minimising 
emissions to water bodies from NW European greenhouses; with focus on Dutch 
vegetable cultivation. Agricultural Water Management 242, 106398. 

Van Drecht G, Bouwman AF, Knoop JM, Beusen AHW, Meinardi CR. 2003. Global 
modeling of the fate of nitrogen from point and nonpoint sources in soils, groundwater, and 
surface water. Global Biogeochemical Cycles 17. 

Van Grinsven HJM, Van Eerdt MM, Westhoek H, Kruitwagen S. 2019. Benchmarking 
Eco-Efficiency and Footprints of Dutch Agriculture in European Context and Implications 
for Policies for Climate and Environment. Frontiers in Sustainable Food Systems 3, 1–17. 

Van Kooten O, Heuvelink E, Stanghellini C. 2008. New developments in greenhouse 
technology can mitigate the water shortage problem of the 21st century. Acta Horticulturae 
767, 45–52. 



References 

 
176 

Van Os EAA, Beerling EAMAM, Blok C, Janse J, Leyh R, van Ruijven JPMPM, van 
der Staaij M, Kaarsemaker R. 2019. Zero discharge of nutrients and pesticides to the 
environment in hydroponic production. Acta Horticulturae 1266, 443–450. 

Van Ruijven J, Van Os E, Stijger I, Beerling E, De Haan C. 2017. Double use of water 
treatment in soilless growing systems: Disinfection of recirculating solution and removal of 
plant protection products from discharge water. Acta Horticulturae 1170, 571–577. 

Van Tuyll A, Boedijn A, Brunsting M, Barbagli T, Blok C, Stanghellini C. 2022. 
Quantification of material flows: A first step towards integrating tomato greenhouse 
horticulture into a circular economy. Journal of Cleaner Production 379, 134665. 

Van Woerden S. 2001. The application of Life Cycle Analysis in glasshouse horticulture. 
International Conference LCA in Foods. Gothenburg, Sweden, 136–140. 

Van’t Hoog A. 2022. Greenhouses can’t do without gas yet. Wageningen World. 

Verburg RW, Verberne E, Negro SO. 2022. Accelerating the transition towards 
sustainable agriculture: The case of organic dairy farming in the Netherlands. Agricultural 
Systems 198, 103368. 

Vermeulen PCM. 2010. Calculating CO2 footprint of the organic greenhouse horticulture. 
593, WUR GTB Tuinbouw Technologie,. 

Vermeulen P. 2016. Kwantitatieve informatie voor de glastuinbouw 2016-2017 : 
kengetallen voor groenten, snijbloemen, pot en perkplanten teelten. Wageningen UR 
Glastuinbouw. 

Vermeulen SJ, Campbell BM, Ingram JSI. 2012. Climate Change and Food Systems. 
Annual Review of Environment and Resources 37, 195–222. 

Vermeulen PCM, Lans CJM van der. 2011. Combined heat and power (CHP) as a 
possible method for reduction of the CO2 footprint of organic greenhouse horticulture. (M 
Dorais and SD Bishop, Eds.). Acta Horticulturae, 61–68. 

Vermeulen T, Van Os EA, Van Der Linden AMA, Wipfler EL. 2017. Need for clean 
water and recirculation to reduce emissions of plant protection products from soilless 
cultivation. Acta Horticulturae 1176, 87–93. 

Verones F, Hellweg S, Antón A, et al. 2020. LC-IMPACT: A regionalized life cycle 
damage assessment method. Journal of Industrial Ecology 24, 1201–1219. 

Verreth DMI. 2013. Economic analyses of the Dutch greenhouse chain in a changing 
environment. 

Visentin C, Trentin AW da S, Braun AB, Thomé A. 2020. Life cycle sustainability 
assessment: A systematic literature review through the application perspective, indicators, 
and methodologies. Journal of Cleaner Production 270. 

Voogt W, Bar-Yosef B. 2019. Water and Nutrient Management and Crops Response to 
Nutrient Solution Recycling in Soilless Growing Systems in Greenhouses. Elsevier B.V. 

Voogt W, Beerling E, Blok C, Maas BVD, Os EV. 2013. The road to sustainable water 
and nutrient management in soil-less culture in Dutch greenhouse horticulture. Nutrihort in 
press. 

Voogt W, De Visser PHEHE, van Winkel A, Cuijpers WJMJM, Van De Burgt 
GJHMJHM. 2011. Nutrient management in organic greenhouse production: Navigation 
between constraints. Acta Horticulturae 915, 75–82. 



References 

 
177 

Wallace JS. 2000. Increasing agricultural water use efficiency to meet future food 
production. Agriculture, Ecosystems & Environment 82, 105–119. 

Walling E, Vaneeckhaute C. 2020. Greenhouse gas emissions from inorganic and 
organic fertilizer production and use: A review of emission factors and their variability. 
Journal of Environmental Management 276. 

Wang C, Gu F, Chen J, Yang H, Jiang J, Du T, Zhang J. 2015. Assessing the response 
of yield and comprehensive fruit quality of tomato grown in greenhouse to deficit irrigation 
and nitrogen application strategies. Agricultural Water Management 161, 9–19. 

Wang H, He J, Aziz N, Wang Y. 2022. Spatial Distribution and Driving Forces of the 
Vegetable Industry in China. Land 11, 981. 

Wang CN, Wu RL, Li YY, Qin YF, Li YL, Meng FQ, Wang LG, Xu FL. 2020. Effects of 
pesticide residues on bacterial community diversity and structure in typical greenhouse 
soils with increasing cultivation years in Northern China. Science of the Total Environment 
710, 136321. 

Ward MH, Jones RR, Brender JD, de Kok TM, Weyer PJ, Nolan BT, Villanueva CM, 
van Breda SG. 2018. Drinking water nitrate and human health: An updated review. 
International Journal of Environmental Research and Public Health 15, 1–31. 

Wei Z, Du T, Zhang J, Xu S, Cambre PJ, Davies WJ. 2016. Carbon isotope 
discrimination shows a higher water use efficiency under alternate partial root-zone 
irrigation of field-grown tomato. Agricultural Water Management 165, 33–43. 

Whitehead J, MacLeod CJ, Campbell H. 2020. Improving the adoption of agricultural 
sustainability tools: A comparative analysis. Ecological Indicators 111, 106034. 

Willett W, Rockström J, Loken B, et al. 2019. Food in the Anthropocene: the EAT–
Lancet Commission on healthy diets from sustainable food systems. The Lancet 393, 447–
492. 

Williams AG, Audsley E, Sandars DL. 2006. Determining the environmental burdens and 
resource use in the production of agricultural and horticultural commoditites. Main report. 
Cranfield University and Defra. 

Wollenberg E, Richards M, Smith P, et al. 2016. Reducing emissions from agriculture to 
meet the 2 °C target. Global Change Biology 22, 3859–3864. 

Wood SLR, Jones SK, Johnson JA, et al. 2018. Distilling the role of ecosystem services 
in the Sustainable Development Goals. Ecosystem Services 29, 70–82. 

World Commission on Environment and Development. 1987. Our Common Future. 
oslo: Brundtland Commission. 

Wu W, Liu M, Wu X, Wang Z, Yang H. 2022. Effects of deficit irrigation on nitrogen 
uptake and soil mineral nitrogen in alfalfa grasslands of the inland arid area of China. 
Agricultural Water Management 269, 107724. 

Wu T, Mukhopadhyay K, J. Thomassin P. 2016. A life cycle inventory analysis of wood 
pellets for greenhouse heating: a case study at Macdonald campus of McGill University1. 
AIMS Energy 4, 697–722. 

Wulf C, Werker J, Zapp P, Schreiber A, Schlör H, Kuckshinrichs W. 2018. Sustainable 
Development Goals as a Guideline for Indicator Selection in Life Cycle Sustainability 
Assessment. Procedia CIRP 69, 59–65. 



References 

 
178 

Xing Y, Jiang W, He X, Fiaz S, Ahmad S, Lei X, Wang W, Wang Y, Wang X. 2019. A 
review of nitrogen translocation and nitrogen-use efficiency. Journal of Plant Nutrition, 1–
18. 

Yan Z, Liu P, Li Y, Ma L, Alva A, Dou Z, Chen Q, Zhang F. 2013. Phosphorus in China’s 
Intensive Vegetable Production Systems: Overfertilization, Soil Enrichment, and 
Environmental Implications. Journal of Environmental Quality 42, 982–989. 

Yan H, Zhang C, Coenders Gerrits M, Acquah SJ, Zhang H, Wu H, Zhao B, Huang S, 
Fu H. 2018. Parametrization of aerodynamic and canopy resistances for modeling 
evapotranspiration of greenhouse cucumber. Agricultural and Forest Meteorology 262, 
370–378. 

Yang L, Huang B, Mao M, Yao L, Niedermann S, Hu W, Chen Y. 2016. Sustainability 
assessment of greenhouse vegetable farming practices from environmental, economic, 
and socio-institutional perspectives in China. Environmental Science and Pollution 
Research 23, 17287–17297. 

Yoshihara T, Tokura A, Hashida S nosuke, Kitazaki K, Asobe M, Enbutsu K, 
Takenouchi H, Goto F, Shoji K. 2016. N2O emission from a tomato rockwool culture is 
highly responsive to photoirradiation conditions. Scientia Horticulturae 201, 318–328. 

Zhang H, Burr J, Zhao F. 2017a. A comparative life cycle assessment (LCA) of lighting 
technologies for greenhouse crop production. Journal of Cleaner Production 140, 705–
713. 

Zhang W, Dong A, Liu F, Niu W, Siddique KHM. 2022. Effect of film mulching on crop 
yield and water use efficiency in drip irrigation systems: A meta-analysis. Soil and Tillage 
Research 221, 105392. 

Zhang H, Hu K, Zhang L, Ji Y, Qin W. 2019. Exploring optimal catch crops for reducing 
nitrate leaching in vegetable greenhouse in North China. Agricultural Water Management 
212, 273–282. 

Zhang D, Ng EL, Hu W, et al. 2020. Plastic pollution in croplands threatens long-term 
food security. Global Change Biology 26, 3356–3367. 

Zhang H, Xiong Y, Huang G, Xu X, Huang Q. 2017b. Effects of water stress on 
processing tomatoes yield, quality and water use efficiency with plastic mulched drip 
irrigation in sandy soil of the Hetao Irrigation District. Agricultural Water Management 179, 
205–214. 

Zhao H, Li X, Jiang Y. 2019. Response of Nitrogen Losses to Excessive Nitrogen 
Fertilizer Application in Intensive Greenhouse Vegetable Production. Sustainability 11, 
1513. 

Zhen H, Gao W, Jia L, Qiao Y, Ju X. 2020. Environmental and economic life cycle 
assessment of alternative greenhouse vegetable production farms in peri-urban Beijing, 
China. Journal of Cleaner Production 269, 122380. 

Zhu Q, Riley WJ, Tang J, Collier N, Hoffman FM, Yang X, Bisht G. 2019. Representing 
Nitrogen, Phosphorus, and Carbon Interactions in the E3SM Land Model: Development 
and Global Benchmarking. Journal of Advances in Modeling Earth Systems 11, 2238–
2258. 

Zimmerling JR, Francis CM. 2016. Bat mortality due to wind turbines in Canada. The 
Journal of Wildlife Management 80, 1360–1369.



 

 
179 

Zotarelli L, Dukes MD, Scholberg JMS, Munoz-Carpena R, Icerman J. 2009. Tomato 
nitrogen accumulation and fertilizer use efficiency on a sandy soil, as affected by nitrogen 
rate and irrigation scheduling. Agricultural Water Management 96, 1247–1258. 

Zotarelli L, Scholberg JM, Dukes MD, Munoz-Carpena R. 2007. Monitoring of nitrate 
leaching in sandy soils: comparison of three methods. Journal of Environmental Quality 
36, 953–962.





 

 
181 

SUMMARY 

Estimates show that an increase of 50–150% in global production of vegetables and fruit 

will be required to meet the demand of 10 billion people by 2050. Greenhouse production 

will play an increasingly important role in meeting this demand by providing year-round, 

high-quality produce. In some countries, such as China, the Netherlands and Australia, 

greenhouse production is already regarded as a promising solution in response to either 

increasing demand for fresh produce or to address several biophysical constraints such as 

limited arable land, freshwater scarcity and climate change. However, this has also 

increased environmental concerns about the impact of greenhouse production systems 

and any further expansion of the greenhouse sector will require sound regulatory 

guidelines to ensure its environmental and social sustainability. This should include 

oversight of the latest greenhouse technologies when upgrading existing facilities. Robust 

scientific evidence and comprehensive assessments of the sustainability of greenhouse 

production systems and their management could provide valuable insights for decisions 

makers, enabling them to identify critical actions that can improve performance against a 

wide range of sustainability indicators. One of the most commonly grown crops in 

greenhouses is tomato. Hence, in this thesis I evaluated the performance of various 

greenhouse tomato production systems by identifying, proposing and implementing 

suitable assessment methods, frameworks, indicators and metrics. The intended outcome 

of this thesis is to facilitate the progression towards increased sustainability of the 

greenhouse production sector.  

I started this research by reviewing existing methods, indicators and metrics that have 

been developed and applied in agri-food production and discussing their potential 

application for the sustainability assessment of greenhouse production systems (Chapter 

2). This review identified critical sustainability themes (water, nutrients and energy) for 

greenhouse production, and interconnections between different themes. I observed that 

resource use efficiency (e.g. water use efficiency) and life cycle assessment (LCA) have 

been extensively used for indicating sustainability of greenhouse production systems. To 

provide a comprehensive understanding, a systems approach considering multiple 

sustainability dimensions is needed. Given the great comprehensiveness of sustainability 

themes covered, I chose the Sustainable Development Goals (SDGs) of the United 

Nations as guidelines for proposing an analytical framework for sustainability assessment 

of greenhouse production systems. 
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Chapter 3 provides a quantitative synthesis on tomato yields, water use efficiency (WUE) 

and nitrogen (N) fertiliser use efficiency (NUE). Through analysing 430 yields, 296 WUE 

and 348 NUE data points of field and greenhouse tomato production systems, the study 

offers essential baseline data and highlights differences between two production systems 

in terms of water and N fertiliser use, along with their interactions. Greenhouse systems 

obtained on average lower water use (32%), however with higher yield (45%), WUE 

(104%) and NUE (45%), compared with field production. Tomato yield as a function of total 

water input presented very different trends between systems, being linear for greenhouse 

studies and with an optimum relationship for field studies. In comparison to field 

production, effects of deficit irrigation within a range of 70–100% crop evapotranspiration 

(ET) were larger on the tomato yield and WUE in greenhouse production. In greenhouse 

studies, the highest mean yield, WUE and NUE were found at 80–90% ET. Large 

variations were observed on tomato yield as a function of N fertiliser supply, which is likely 

attributed to the lack of accuracy in the information on the total N availability in soils in the 

original studies. A significant interaction between water and N fertiliser use was observed 

for tomato yield. This interaction was positive for field production with mulching and 

greenhouse production but negative for field production without mulching. Considerable 

differences were observed between field and greenhouse tomato production in terms of 

yield, WUE and NUE. At the same deficit irrigation treatment (70–100% ET), significant 

effects were observed in greenhouse studies but not for field studies, suggesting that 

water-saving measures should be designed based on the production system and local 

climate. Understanding the interactive effects between water and N use is key for 

simultaneously improving WUE and NUE without compromising tomato yields. 

To understand the environmental sustainability of growers’ choices on sound sustainable 

practices for greenhouse production within a young industry context, I employed an LCA 

for assessing three Australian high-tech, heated greenhouse production systems in South 

Australia and Tasmania (Chapter 4). The study identified that geographic-bounded 

resources, such as freshwater and availability of renewable energy, are critical factors for 

the location selection of future greenhouse expansion, especially for energy-intensive 

greenhouses in large regions or countries, such as Australia. In comparison to WUE used 

in Chapter 3, the water-scarcity footprint based on LCA can additionally indicate the impact 

by freshwater use which largely depends on the scarcity status of sourced watersheds and 

river basins. Use of wood biomass as substitute to fossil fuels for greenhouse heating 

showed a clear trade-off between different environmental impacts: on the one hand a 

reduction of 67–88% in global warming potential, on the other hand 200% higher impact 
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related to air pollution. The estimates of environmental impacts from the use of coco coir 

as growing substrate depend on whether coco coir is treated as waste or as a by-product 

of coconut plantations in the original production regions. When coco coir is considered a 

by-product, environmental impacts stemming from coconut production should be allocated 

to coco coir from a life-cycle perspective. This LCA reveals a 30% reduction in marine 

eutrophication when coco coir is treated as a type of waste rather than a by-product. This 

chapter demonstrates that LCA provides a system perspective that enables decision 

makers to comprehend transboundary environmental issues (e.g. use of coco coir in 

greenhouse production in Australia could contribute to marine eutrophication in India) and 

identify synergies and trade-offs between achieving different mitigation goals.  

Chapter 5 builds on the outcomes of the previous two chapters. With adapted indicators 

and approaches from Chapters 3 and 4, I proposed and applied an integrated analytical 

framework on the basis of the SDGs, to analyse and interpret the sustainability of 

greenhouse production systems from multidimensions. I identified seven SDGs as most 

relevant to greenhouse production. I devised an analytical framework incorporating 14 

indicators to assess the sustainability of four representative greenhouse systems: low-

tech, unheated plastic greenhouses in Spain, and high-tech, heated greenhouses in the 

Netherlands, combined with two cultivation methods (conventional and organic). 

Conventional, high-tech greenhouses in the Netherlands showed the greatest potential for 

positive contributions towards four of the SDGs. However, their relatively high energy use 

makes it difficult to achieve SDG7 on affordable and clean energy, where low-tech 

systems perform better due to lower energy use from relatively cleaner sources. Lower 

water use efficiency and higher nutrient losses in all soil-based cultivation systems are 

barriers to achieving some targets under most of the selected SDGs. Organic cultivation 

systems show relatively high water and land use. This analytical framework allows 

potential users to identify the existence of substantial synergies, but also considerable 

trade-offs between SDGs, which are crucial for making good policy, investment and 

management decisions related to greenhouse production.  

In conclusion, this thesis demonstrates that a systems approach is needed for 

sustainability assessment in greenhouse production and highlights important synergies 

and trade-offs between achieving different sustainability goals. I identified that water, 

nutrients and energy use are the most critical sustainability themes that predominantly 

determine the overall sustainability of greenhouse production. In high-tech, heated 

greenhouse systems, reducing fossil-based energy use is the most critical challenge for 
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attaining sustainability. In soil-based greenhouses, management of water and nutrients is 

a central topic to further optimising the systems towards sustainable development. This 

thesis proposes an analytical framework comprising suitable indicators tailored for 

greenhouse production. This framework did not attempt to weigh the chosen indicators 

and identified SDGs, but was designed to allow end-users, such as policy makers and 

stakeholders, to make decisions on their priority of actions towards sustainability.
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