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Abstract:
Growing populations are contributing to resource scarcity, making it ever more important for governments to
address resource challenges in a holistic and integrated manner. Energy, water and food are examples of these
critical resources, and the province of Alberta in Canada faces an interesting opportunity to tackle all three in
tandem. Alberta struggles with food insecurity, with one in ten households affected on an annual basis. The province
has the additional issue of an abating fossil fuel-based energy sector. Retrofitting oil and gas wells to harness
geothermal heat is a possible initiative that encourages an energy transition and boasts lesser environmental impacts.
Further, combining geothermal heat with agricultural greenhouse production and thermally driven water filtration
systems has the potential to reduce food insecurity and water scarcity in the province. The system thus handles all
three food, energy and water security at once. As such, this report compares the overall sustainability of a
conventional, natural gas-burning greenhouse against a novel, geothermally-heated greenhouse featuring thermally
driven water filtration (membrane distillation) technology. The area of study is constrained to the greenhouse-rich
region in Alberta between Edmonton and Red Deer that also has a high accessibility to geothermal heat. The
comparison is conducted through a multi-criteria analysis following economic, social and environmental objectives,
and is analyzed using quantitative data, scientific literature and surveys. The results indicate that the novel
greenhouse exhibits a higher score as compared to the conventional greenhouse, implying that it is the preferred
option on economic, social and environmental bases. The results are in keeping with economic and technical
feasibility reports, though they shed new light on the social and environmental aspects – which were under-studied
in the province. The geothermally-heated greenhouse system with membrane distillation acts as a holistic solution
that targets energy, water and food issues in tandem, while contributing to Canada’s Sustainable Development
Goals. The novel greenhouse is an avenue of exploration and development by policy-makers, greenhouse operators
and researchers interested in attaining sustainable agriculture in Alberta, Canada.
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Summary:
Nations across the globe are facing increasing pressure from resource scarcity, for example, of energy, water and
food resources. The leading causes for these pressures are climate change, growing populations and the dwindling
availability of natural resources. It is becoming increasingly imperative for governments to tackle resource scarcities
in a holistic manner, by taking into account multiple resources at once rather than by addressing one at a time. This
is the basis for energy-water-food nexus thinking and is in keeping with the United Nations’ Sustainable
Development Goals 2, 6 and 7 – improving food security, ensuring freshwater conservation and enabling energy
transitions, respectively. The following report seeks to integrate the three in a novel greenhouse system and evaluate
its potential for long-term sustainability.
 
In alignment with the food tenet, the province of Alberta in Canada faces the heavy burden of food insecurity: one in 
ten households are affected on a moderate level, and one in twelve on a severe level. Greenhouse horticulture has 
expanded across the province as a way to fill the growing demand for local food production; however, these 
operations have two important caveats: high greenhouse gas emissions from burning natural gas for heat, and 
negative effects on downstream ecosystems from poor wastewater management. In greenhouses, food, energy and 
water are inherently integrated. Tackling all three at once is an invaluable contribution to improving the long-term 
sustainability of the agriculture sector in the province. 
 
As for the energy and water tenets, Alberta’s many oil and gas wells can be retrofitted to access geothermal heat, 
which, when combined with greenhouse operations, create a sustainable source of heat. When geothermal heat is 
combined with thermally driven filtration (membrane distillation) systems, purified freshwater is extracted from the 
greenhouse wastewater, which can be recycled back through the system. The other by-product of the wastewater is 
nutrient-rich and pathogen-free sludge, which can be re-applied as fertilizer in the greenhouse. Past research 
indicates that this kind of novel greenhouse system is feasible both economically and technically. However, this 
study widens the scope by examining the novel greenhouse’s sustainability – from the economic, social and 
environmental standpoints – as compared to a conventional natural gas-burning greenhouse. 
 
This research provides a thorough comparison of the two greenhouse systems in the Edmonton-Red Deer area 
through a multi-criteria analysis. The conventional greenhouse in this region burns natural gas for heat and has no 
wastewater filtration. The novel greenhouse has geothermally-sourced heat from out-of-use oil and gas wells in the 
region and features membrane distillation. The judging criteria represent sustainability by including the economic, 
social and environmental sectors. The results indicate that the novel geothermal greenhouse scores higher overall, 
meaning it is the better option in terms of sustainability. The results are further validated by a sensitivity analysis.  
 
The novel geothermal greenhouse with water filtration acts as a holistic solution that targets energy, water and food 
issues, while simultaneously contributing to Canada’s commitments to the Sustainable Development Goals. Further 
research and piloting of the novel greenhouse is an intriguing avenue of exploration and development by policy-
makers, greenhouse operators and scientists interested in attaining sustainable agriculture in Alberta, Canada. 
 
 
Keywords: Geothermal development, membrane distillation, EWF nexus, sustainable development, energy 
transition. 
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1. Introduction 
 
One in ten households in the province of Alberta are affected by food insecurity, with one in twelve 
experiencing moderate to severe levels. Food insecurity is aggravated by the harsh climate that hinders 
year-round agriculture, and the long travel distances needed for imported goods to reach communities 
(Alberta Health Services, 2017). Improving food security is an imperative of the Government of Canada, 
who in 2017, rolled out the “Food Policy for Canada.” The Food Policy’s recommendations are inspired 
by the UN Sustainable Development Goals (SDGs), notably by SDG 2 – achieving food security and 
promoting sustainable agriculture by 2030 (Government of Canada, 2020). The guidelines stress the 
rights of all Canadians to receive adequate nutrition at all times in an environmentally-conscious way, by 
reducing the agriculture sector’s greenhouse gas (GHG) emissions and conserving soil, water, and air 
(Government of Canada, 2017). The follow-through on these federal recommendations is exemplified by 
the recent rise in greenhouse operations across the province that are feeding a growing demand for local 
and quality produce, helping reduce the prevalence of food insecurity in the province from 11.4% in 2014 
to 11% in 2016 (PROOF, 2018). 

 
Despite being beneficial for local food production and security, greenhouses have environmental and 
economic drawbacks that do not align with federal commitments. Firstly, a cold climate requires 
Alberta’s greenhouse growers to spend the majority of their annual budgets on burning natural gas for 
heat. This process is ecologically impactful, energy-exhaustive, expensive and makes growers vulnerable 
to market price fluctuations (Laate, 2018). Secondly, greenhouses in Alberta have flawed wastewater 
management strategies. To combat these issues, two distinct solutions present themselves: renewable 
energy use to displace natural gas, and wastewater filtration use to minimize environmental 
consequences. 
 
Firstly, the primary renewable energy under investigation is geothermal heat (Kent, 2017). To this day, 
Alberta has a high geothermal capacity that is completely unexploited due to the fossil fuel monopoly on 
the province’s energy industry. However, there are countless drilled oil and gas wells across the province 
that, as a co-product to fossil fuel production, access geothermal reservoirs (Enerpro Engineering et al., 
2016). Preliminary research points to re-purposing the wells to heat surface-level infrastructure, such as 
greenhouses, which would allow for reliable energy with minimal GHG emissions and reduced 
operational costs (Kent, 2017). Doing so will enhance greenhouse production, bring food crops closer to 
the consumer, encourage year-round agriculture, and become a source of reliable and sustainable energy 
within the agriculture sector. The opportunity is a highly-anticipated area of development that is in 
keeping with Canada’s SDG 7 – ensuring access to reliable, modern, sustainable and affordable energy 
for all by 2030 (Government of Canada, 2020). As of yet, the initiative has not been undertaken at the 
commercial scale in the agriculture industry. Thus, a deeper investigation into re-purposing wells for 
geothermal development and greenhouse horticulture presents itself as a promising opportunity for further 
investigation. 

 
Secondly, conventional greenhouses in Alberta are flawed in their water management strategies. 
Greenhouses create large volumes of nutrient-rich wastewater that are typically unfiltered when disposed-
of (Lefers et al., 2016). In addition to contributing to freshwater losses, the wastewater is saturated with 
essential nutrients from fertilizers – which is an economic loss for the growers and an ecological hurdle 
for downstream water bodies, where anoxic conditions and eutrophication can result. In accordance with 
the federal guidelines to conserve agricultural water and soil quality, and SDG 6 of Canada’s agenda to 
ensure sustainable water management by 2030, it is important to change these practices to alleviate long-
term consequences. In effect, a growing number of greenhouses in Canada are experimenting with 
filtration technologies to capture, filter and re-circulate greenhouse wastewater as per the guidelines 
(Harrison, 2016). However, insufficient research has been conducted for thermally-driven filtration 
systems. Thermal filters can be used with heat, most notably geothermal heat, to minimize water and 
nutrient wastage (Pal, 2017). As such, an area of investigation is in the application of geothermal heat to 
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greenhouse systems: on one hand for emission-free heating and on the other to drive thermal filters for 
water and nutrient recycling. 
 
In sum, this thesis uses a multi-criteria analysis (MCA) to determine the benefits and drawbacks of a 
geothermally-heated greenhouse featuring thermal filtration as compared to the conventional, fossil fuel-
driven greenhouse in the Edmonton-Red Deer region in Alberta, Canada. The performance of the two 
greenhouse systems are compared on the basis of their scores relative to three pillars of sustainability: 
economy, society and environment. In addition to the sustainability factor, greenhouses are unique 
systems in that they tackle all three energy, water and food (EWF) sectors in tandem. The findings 
demonstrate how novel greenhouse technology can act as a model strategy for harnessing synergies 
between distinct sectors and combining them in a holistic and sustainable manner in accordance with 
Canada’s commitment to the Sustainable Development Goals. 
 
 

1.1  Purpose of the Study 
 
This study seeks to compare the sustainability of a novel geothermal greenhouse with thermal filtration 
against a conventional fossil fuel-heated greenhouse. The area of study is the greenhouse-abundant region 
between Edmonton and Red Deer in Alberta, Canada. The analysis utilizes a combination of collected 
quantitative data, surveys, governmental reports, academic literature and current projects to examine the 
current obstacles facing energy, food and water security in Alberta, and then assesses how greenhouses 
act as a solution to these issues. It subsequently defines the internalities of a greenhouse system and the 
system boundaries. The ultimate purpose of this study is to provide greenhouse growers and decision-
makers with a set of results and recommendations for the introduction of geothermal development in 
Alberta, specifically for the repurposing of oil and gas wells and implementation of filtration technology. 
Finally, it highlights the contribution of the initiative to Canadian EWF security and the SDGs. 
 

1.2  Research Questions 
 
The overarching research question is: which greenhouse type performs most ‘sustainably’ – a 
conventional greenhouse system, or a novel geothermally-heated greenhouse with wastewater filtration? 
A range of additional sub-questions to be addressed in the analysis include:  
 
1. What are the pertinent objectives and criteria for operating sustainable greenhouses in Alberta? 
2. How does a geothermally-heated greenhouse with wastewater filtration compare to a 

conventional greenhouse as per the selected criteria? 
3. How do the greenhouses compare with regards to their contributions to Canada’s SDGs – 

specifically SDG 2 (zero hunger), SDG 6 (clean water and sanitation) and SDG 7 (affordable and 
clean energy)? 
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2. Background 
 

2.1  Energy Use in Alberta 
 
Alberta is the energy powerhouse of Canada, with 88 per cent of national energy production derived from 
the province’s oil sands, oil and gas (OG) operations and coal mines (Natural Resources Canada, 2019). 
In Alberta, about 30 per cent of gross domestic product and about six per cent of total employment is 
dependent on the mining and OG extraction industries (Statistics Canada, 2019). Fossil fuels have been 
the dominant industry in Alberta and a driving economic force for the country for decades. 

While Alberta is not at direct risk of energy insecurity, the industry has been negatively impacted by 
competition from other oil-producing nations. Not able to keep up with the competition, a growing 
number of companies are forced to file for bankruptcy or to move their headquarters out of the province 
or country. Indeed, in 2019 over a hundred companies in Western Canada relocated to the United States. 
Of those that remain, 90 per cent of small businesses state that the OG sector is critical to their survival, 
with many forced to close up indefinitely due to the downturn. It is estimated that in 2019 there were over 
70 per cent more business insolvencies in Alberta as compared to the previous low in 2015 (Pelletier, 
2019). 

The province’s ardent commitment to fossil fuels is now seeing major social and economic drawbacks. 
The rising number of business insolvencies in Alberta – specifically those in the industry – means that 
companies are forced to do mass lay-offs and are failing to properly wrap up existing projects. As such, 
many companies are unequipped or not financially able to cover the costs of properly ‘abandoning’ their 
OG wells across the province. ‘Abandoning’ is the process companies are legally obliged to carry out 
when OG wells are depleted or no longer considered economical, whereby companies plug the well’s 
borehole with cement and restore the surface area to pre-operative conditions. In cases where companies 
cannot afford this process due to insolvency, they resort to handing the well over to the provincial 
government in a ‘suspended’ (inactive) state, and it is thereafter considered an “orphan well.” As of 
December 2019, an estimated 93,000 orphan and inactive wells were distributed across Alberta, costing 
the province over CAD$100 billion in liabilities – acquiring the name: “the orphan well crisis” 
(Olszynski, 2019). 

The orphan well crisis is a pressing issue in Alberta and is expected to create major economic and social 
consequences. It is anticipated that the province will diversify its energy industry, especially given 
Canada’s explicit commitment to the Sustainable Development Goals, however, its long-term focus on 
one type of energy has delayed the development of an attractive renewable energy industry. Fortunately, 
the budding sector is looking to make use of the existing infrastructure. In Alberta, OG wells have 
boreholes ranging between 500 m and 6 km deep. These depths allow industry operators to access deeply-
buried fossil fuels, though they also exhibit an intriguing co-product: geothermal heat in the range of 
60°C-120°C (Enerpro Engineering et al., 2016).  

Supported by Canada’s SDG 7.a, promoting investment in energy infrastructure and clean energy 
technology (Government of Canada, 2020), past studies speculate that there is sufficient geothermal heat 
for industrial and commercial applications in Alberta, and conclude that geothermal projects are 
technically feasible in the province. Further, researchers regard re-purposing inactive orphan wells for 
power generation or for direct-use heat as a lucrative business opportunity – as it will minimize the 
impacts of the province’s orphan well crisis, display long-term economic viability, and displace GHG 
emissions. There is mounting interest in the technical and economic arenas of these projects, however 
there is limited research in the social and environmental sectors. As such, this report aims to bridge this 
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gap by incorporating the social, environmental and economic aspects of the industry in tandem, through 
an application of direct-use geothermal heat to vegetable greenhouse operations. 

Alberta’s Geothermal Hotspots: 

The Canadian Geothermal Energy Association (CanGEA) acts as the collective voice of Canada’s nascent 
geothermal energy industry and aims to accelerate the exploration and development of its geothermal 
resources, only one of which is being exploited in Canada. The association anticipates energy transitions 
to flourish in Alberta in the coming years as a response to the federal SDG recommendations, and 
recognizes geothermal technology as a top contender. CanGEA outlines that geothermal development will 
proceed in two phases in Alberta. Phase 1 will develop direct heat sources, such as for greenhouse 
operations. Phase 2 will use the higher temperature sources to generate power for industrial applications 
(Kent, 2017).  

Phase 1 of CanGEA outlines several areas, specifically well-sites, in Alberta that are suitable for direct-
use heat. Namely, 60,935 wells are classified as such, exhibiting borehole temperatures above 60°C (Fig. 
1). The majority of these are clustered around central-western Alberta, notably between Edmonton, Red 
Deer and Calgary – making this region the most lucrative area for future well repurposing. Of these wells, 
about 20 per cent are situated within 10 kilometres of a municipality – which is highly convenient for 
accessibility and labour.  

Re-purposing a pre-existing “well pair” is the ideal scenario for direct geothermal heat operations. 
Geothermal systems need an entry- and an exit-point to the underground reservoir and require the drilling 
of two deep boreholes to circulate the fluids – typically the costliest expense for geothermal operations 
(Enerpro Engineering et al., 2016). In OG operations, however, drilling a well pair is a commonality: one 
is a producing well, from which reserves are drawn, and the other is a water disposal well, which shoots 
steam into the reservoir to increase pressure and encourage fluid flow. Utilizing these pre-existing well 
pairs allows geothermal fluids to circulate as needed, while reducing the costs of additional drilling. Of 
the aforementioned 20 per cent of wells located near municipalities in central-western Alberta, 391 are 
well pairs (Fig. 2). Of these, one producing well can be matched with several water disposal wells. As 
such, different well pair permutations can be explored to identify the perfect match for direct geothermal 
heat purposes – increasing viability and feasibility (Kent, 2017). This report will further narrow its 
analysis from the 391 well pairs that display 60°C geothermal heat to those strictly within the Edmonton-
Red Deer-Calgary region – which has a higher population and thus greater accessibility and labour. These 
can be identified as the top contenders for direct geothermal heat operations in Alberta.  
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Fig. 1. Distribution of “Direct Heat” oil and gas wells 
in Alberta, exhibiting geothermal temperatures below 
60°C isothermal depth. Blue are coolest and red are 
warmest (Kent, 2017). 

Fig. 2. Distribution of “Direct Heat” and water 
disposal wells (well pair) within 10 kilometres of a 
municipality and available for well pair filtering. 
Blue are coolest and red are warmest (Kent, 2017). 

 
 
 

2.2  Food Security in Alberta 
 
Despite Alberta’s role as the energy stronghold of the nation, Statistics Canada estimates that 11 per cent 
of households experienced food insecurity in 2016 (Roshanafshar and Hawkins, 2016). Food insecurity is 
hereby defined as “inadequate or insecure access to food because of financial constraints” (Tarasuk et al., 
2013). The defining characteristics that increase the odds of food insecurity in Alberta are: households 
that are reliant on social or employment insurance, those without post-secondary education, and those 
with children under the age of 18 – notably in single-parent households (Tarasuk et al., 2019). 
 
Food insecurity in Alberta is linked to geographic and climactic factors, and to income and employment – 
which, as outlined in section 2.1, has strong ties with the declining fossil fuel industry. Due to the 
growing number of business insolvencies in Alberta, estimates from late-2019 speculate that Alberta is 
exhibiting negative GDP growth throughout 2020, with the Albertan cities of Calgary and Edmonton 
showing the weakest economic performance of all major Canadian cities (Pelletier, 2019). In effect, the 
unemployment rate in Alberta is currently above 7 per cent, which is well above the Canadian average of 
5.5 per cent (Statistics Canada, 2020). In addition, one in four Albertans who used food banks in 2019 
were currently employed, or recently employed – the highest number in Canada (Orland and Fournier, 
2019). Effectively, as of 2019, the goal to ensure widespread food security is not being met.  
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Unfortunately for the local economy, a compounding factor to these statistics is the untimely coinciding 
of the COVID-19 pandemic with the oil price war between Saudi Arabia and Russia. The sweeping 
pandemic caused demand for fossil fuels to decrease sharply as global trade and transportation 
plummeted. Further, the price war between major global oil producers has essentially stripped other oil-
producing nations from their abilities to compete with the low prices – driving fossil fuel-dependent 
economies, such as Alberta’s, to a standstill. This has already had an incredibly negative impact on 
Alberta’s economy, which was fragile even prior the pandemic. It is anticipated to dive into a deeper 
recession than most provinces or nations. Experts expect Alberta’s economy to shrink by 1.5-2 per cent 
and the loss of 25,000 jobs in 2020 (Junker, 2020). These statistics are a morose indication of Alberta’s 
future economic outlook, and with further job losses anticipated in the coming months in Alberta, food 
insecurity is sure to become a pressing local issue. As such, it is imperative to the province to find 
agricultural strategies that can tackle this emerging need in alignment with Canada’s SDG 2.4 – to ensure 
sustainable food production systems by increasing productivity while preserving ecosystems 
(Government of Canada, 2020). 
 
 

2.3  Greenhouse Production in Alberta 
 
A historically-successful solution for mitigating local and regional food insecurity is to increase the 
number of greenhouse operations, which produce higher quality products and up to 10 times more yield 
per unit as compared to conventional field crops (Foresi et al., 2018). Greenhouses also present a smaller 
environmental burden than open-field agriculture through water savings and reduced pesticide use 
(Premanandh, 2011). In these tenets, greenhouses complement the Canadian Food Policy and SDG 2.4 to 
create an adequate supply of affordable, safe, high-quality and nutritious food for Canadians through 
sustainable food production systems (Government of Canada, 2017). 
 
Greenhouses have risen in popularity in Alberta over the years thanks to high crop quality, yield and 
value. An expansion of the sector in 2017 saw the development of 35 acres (~142,000 m2) of vegetable 
greenhouses in Southern Alberta – an injection of $43 million into Alberta’s economy and the creation of 
about 700 new jobs (Foisy, 2017). Alberta ranks as the fourth most productive greenhouse province with 
1.53 million square metres or 5 per cent of the nation’s total greenhouse area under glass and/or plastic 
(Laate, 2018). While local vegetable greenhouses reduce crop transportation distances and increase the 
availability of nutritious foods, Alberta continues imports over CAD $460,000,000 in fruits and 
vegetables from the United States annually (Agriculture and Agri-Food Canada, 2015). Researchers agree 
that food security in Alberta can be enhanced by increasing the number of greenhouses across the 
province – meaning less reliance on foreign imports, and the exponential increase of year-round local 
vegetable production and availability (Laate, 2018). 
 
Despite its positive impacts on food security, greenhouses tend to be energy intensive and a major 
contributor to the agriculture sector’s GHG emissions through burning fossil fuels for heat 
(Khoshnevisan, et al., 2014). Alberta’s cold climate requires greenhouses to consume high amounts of 
natural gas, with 79 per cent using it as the fuel of choice (Laate, 2018). Thus, using renewable energy, 
notably geothermal heat, to warm Alberta’s greenhouses is a solution that fits within the Canadian SDG 
and Food Policy guidelines to reduce the emissions from the agriculture sector (Kent, 2017).  

Greenhouse distribution: 

Alberta’s greenhouse operations of the most significant commercial size, area and level of crop 
production are located in a few regional areas. For reference, the major cities of the province and their 
surrounding regions can be found in Map 1 in the Appendix. Namely, the central regions of Edmonton 
and Red Deer each contain 19 per cent of the total number of greenhouses in the province. Edmonton has 
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the most mid-size commercial greenhouses, and Red Deer has the most small-scale greenhouses. These 
regions also have greatest number of growers and the second and third largest greenhouse areas in the 
province – over 300,000 m2 combined, almost half of which produce vegetables, namely cucumbers, 
tomatoes and peppers (Laate, 2018). Moreover, these areas show consistent weather conditions, irrigation 
and drainage, availability of space and labour, and infrastructure for vegetable production (Baudoin et al., 
2013), and are assumed to be favourable locations for further greenhouse development.  
 
Coincidentally, the region between Red Deer and Edmonton also contains well pairs within 10km of a 
municipality, as outlined in section 2.1. In combination with the fact that this region boasts high levels of 
greenhouse productivity, it is selected as the primary study area. Thus, this report will focus on the well 
pairs in this region for the direct geothermal heating of greenhouses. 
 
 

2.4  Water Use in Alberta’s Greenhouses 
 
To further enhance the comparison between the greenhouse models, an additional feature for 
consideration is greenhouse freshwater use. A major flaw of conventional greenhouses is that, despite 
only using a fraction of freshwater per unit of food as compared to open-field agriculture, they waste a 
significant amount of freshwater through ‘overdrain.’ ‘Overdrain’ refers to the surplus water that is given 
to the crops to prevent water stress (Lefers et al., 2016). The volume seeps through the greenhouse grow 
medium, and, enriched with nutrients and fertilizer, becomes wastewater (Calpas, 2003). Most 
conventional greenhouses in Alberta dispose of large volumes of this unfiltered overdrain directly into the 
ground or onto nearby fields (Laate, 2018). This unregulated discharge is a major contributor to the 
eutrophication of water bodies in Canada (Papadopoulos and Gosselin, 2007). Filters can reduce water 
losses and enhance nutrient recovery in greenhouses; however, the technology has not seen much 
application to date. As such, further research into the appropriate filtration technology is crucial. This is 
especially important given SDG 6.3: to halve the proportion of untreated wastewater and to substantially 
increase the recycling and reuse of water in Canada (Government of Canada, 2020). It is also in line with 
the Food Policy recommendation to ensure the conservation of the agriculture sector’s water and soil 
resources (Canadian Government, 2017). 
 
To address this research gap, several filtration methods for greenhouses are applied globally, though 
many are resource-intensive, expensive, or ineffective at removing pathogens (Raudales et al., 2017). 
Membrane filtration systems, however, are potential contenders that offer a range of qualities. The 
systems are characterized by a semi-permeable membrane that does not require chemicals or harsh 
reagents for filtration, making them more environmentally-friendly and less expensive than conventional 
filtration. Membrane filtration systems rely on a pressure differential to separate freshwater from the 
remnants, though this can be energetically-expensive to produce. Thermally-driven membrane filters, also 
known as membrane distillation (MD), are the most auspicious type and use heat energy to drive the 
filtration process. The supplied heat energy creates a phase change, whereby water vapour molecules pass 
through the membrane and condense in the relative coolness on other side (Khan and Martin, 2014; Pal, 
2017). The air gap membrane distillation (AGMD) subtype displays less costly design elements than its 
counterparts, has fewer losses in heat conduction and a lower risk of pathogenicity (Fig. 3). Moreover, up 
to 95 per cent of purified water is recovered in this system (Duong et al., 2015). The AGMD is thus a 
noteworthy contender for greenhouse filtration systems. However, the question remains as to how to 
produce the necessary heat energy in an economically-viable and environmentally-friendly way. 
 
To address this issue, renewable energy sources have historically been paired with AGMD to reduce costs 
and environmental impacts. Effectively, the AGMD has been paired with latent heat from biogas 
digesters, solar panels and industrial processes (Hausmann et al., 2012; Khan and Martin, 2015). 
Geothermal heat energy is another potential source of heat that is as of yet understudied with regards to 
AGMD filtration. Effectively, the AGMD only requires 40-90°C heat for operation (Khan and Martin, 
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2014; Pal, 2017). Thus, applying geothermal heat of 60°C to the AGMD is a promising opportunity for 
water filtration. In application to a geothermally-heated greenhouse, an AGMD filter can assist in 
filtering, and recycling both the freshwater and sludge components. Ultimately, the addition of this filter 
is anticipated to reduce water and nutrient losses and minimize negative downstream effects. 
 
 
 

 
 

Fig. 3. A schematic diagram of the air gap membrane distillation process (Alsaadi et al., 2013). 
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Literature Review 
 

2.5  The MCA Models of Comparison 
 
In order to effectively compare the greenhouse models, background information about their similarities 
and differences are needed. This section aims to describe the two greenhouse models and define them 
with regards to their contribution to food production, energy use and water use. The overarching qualities 
are summarized in Tables 1 and 3 and serve as the basis of comparison in the forthcoming MCA. 
 
Firstly, in consideration of the research aim, the northern latitude and harsh climate of the region demands 
intensive greenhouse heating and insulating properties (Ahamed et al., 2019). Thus, the technology and 
infrastructure of the two greenhouse systems is held consistent so as to minimize confounding factors. A 
study from 2019 identified the optimal infrastructure and technology for energy-efficient greenhouses at 
northern latitudes (Ahamed et al., 2019). The greenhouse, a 6000 m2 construct in Saskatoon, Canada, 
serves as the model for the hypothetical conventional and novel greenhouse systems up for comparison.  
 
The greenhouse in Saskatoon is assumed to transfer to the selected study area: Edmonton-Red Deer 
region. This assumption is based on the fact that Saskatoon, Red Deer and Edmonton sit at similar 
latitudes and are all residents of the Canadian Prairies, characterized by a semi-arid climate and with a 
consistent annual weather pattern. The average temperatures in Saskatoon range from -19°C in January to 
+25°C in July. The Edmonton-Red Deer region experiences between -16°C in January and +24°C in July 
(NSRD, 2019). Cloudiness, humidity and wind speed are also relatively constant across all three sites. 
These similarities in external climate conditions mean that a standard greenhouse will show similar, if not 
equal, productivity in both regions – as is assumed in this report. 
 
The greenhouse model has a six-spans gable roof that is covered with an air-inflated double-layer 
polyethylene film, and twin-wall polycarbonate (8 mm) that surrounds the sidewall. These materials have 
low thermal conductivity, minimizing thermal losses. Further, the East-West orientation of the 
greenhouse improves radiation transmission during autumn and winter months (Hernandez et al., 2002). 
The span width, the sidewall height, and the ridge height of both hypothesized greenhouses are 10 metres, 
4 metres, and 6.5 metres, respectively (Fig. 4). The dimensions and technical features are assumed to be 
the same for the theoretical conventional and the novel greenhouse systems that are to be compared. 

 

 
Fig. 4. Schematic diagram of an East-West orientated conventional greenhouse (adapted from Ahamed et al., 2019). 
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2.5.1 The Conventional Greenhouse System 
 

 
Food Production: 

 
As mentioned in section 2.3, the three major crop types produced in Alberta’s vegetable greenhouses are 
tomatoes, cucumbers and peppers. They are suitable for improving food security thanks to their high 
nutritional density, which substantially helps reduce malnutrition (Keatinge et al., 2011). After careful 
deliberation, tomatoes are selected as the crop of focus for this MCA as they display a higher input to 
output ratio than their counterparts. Tomatoes require lower temperatures than cucumbers and peppers: 
22°C in the day and 16°C at night. The tomato leaf length is the shortest, meaning there are less heat and 
water losses from evapotranspiration. Further, from one cropping cycle in the 6000 m2 greenhouse, 
beefsteak tomatoes have the highest yield at 55 kg/m2, or 330,000 kg tomatoes annually (Ahamed et al., 
2019). 
 
Energy Use: 
 
About 79 per cent of Alberta’s greenhouses in 2010 used natural gas for heating (Laate, 2018). Heating 
accounts for 15 per cent of operational costs, making it a hurdle for greenhouse operations as the second 
biggest annual expense. Tomatoes in this scenario have a lower annual heating requirement per square 
metre of floor area than cucumber and pepper, amounting to 1486 MJ/m2 annually, when following the 
climactic constraints outlined above. Given the conversion factors, 234,632 m3 of natural gas is consumed 
annually in the 6000 m2 tomato-crop greenhouse (Ahamed et al., 2019). Using the United States 
Environmental Protection Agency’s (EPA) conversion figures, consuming this volume of natural gas 
creates about 451.5 tonnes of carbon dioxide equivalent (CO2E). 
 
Water Use: 
 
In terms of water demand, conventional commercial greenhouses in Canada use 18.4 litres of irrigated 
water per kilogram of packaged tomatoes (Dias et al., 2017). In a 6000 m2 greenhouse, this amounts to 
6,072,000 litres per year. Alberta Agriculture, Food and Rural Development specifies that of this volume, 
tomato crops require 10 to 30 per cent overdrain (Calpas, 2003). Thus, with 330,000 kg of tomato 
production, between 607,200 litres and 1,821,600 litres are lost as overdrain annually. The majority of 
which is released, unfiltered, onto nearby fields or directly into the environment (Laate, 2018). 
 
 
Data for the conventional greenhouse: 
 
Taking crop yield, natural gas and water requirements into account, the conventional greenhouse system 
in the forthcoming MCA is characterized as below (Table 1). 
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Table 1. Summary of the annual yield, natural gas and water consumption of tomatoes in a 6000 m2 conventional 
year-round greenhouse in Alberta. 

Conventional greenhouse data Value Unit References 
Tomato yield 330 000 kg Ahamed et al., 2019 
Natural gas consumed 234 632 m3 Ahamed et al., 2019 
GHG emissions created 451.5 tonne CO2E EPA, 2019 
Total water consumed 6 072 000 L Dias et al., 2017 
Wastewater created - overdrain   Calpas, 2003 

o Lower limit: 10 % 
overdrain 

607 200 L  

o Upper limit: 30 % 
overdrain 

1 821 600 L  

 
 

2.5.2 The Novel Greenhouse System 
 
As mentioned previously, and in order to minimize the number of confounding variables, the novel 
geothermal greenhouse model with AGMD includes the same technological features and infrastructure as 
the conventional model (Fig. 4). As such, the annual tomato yield is assumed to remain the same, the 
differences lie in its energy use (geothermal heat), and water use (AGMD filter). 
 
 
Energy Use – geothermal technology:  
 
The following section outlines the technology requirements for re-purposing an OG well pair in Alberta 
to satisfy the heating requirements of a tomato greenhouse. 
 
The novel greenhouse system is based on ‘co-production,’ which is when pre-existing infrastructure (i.e.: 
OG well pairs) allow access to geothermal gradients for direct-use heating (Kent, 2017). Most systems 
utilize fluids in the 50°C - 100°C temperature range and can work with conventional water well drilling 
equipment. Specifically, the water cut at its existing flow rate, maximum 50 kg/s, is used (Hofman et al., 
2014). The water from the injection well is heated in the reservoir, exits through the producing well and 
then passes through a heat exchanger (Enerpro Engineering et al., 2016). 
 
To warm a greenhouse with geothermal heat, a heat pump is connected to a water-to-air heat exchanger 
system, which circulates closed-loop fluids to the air chamber (Rafferty, 2004). The fluid contained 
within is usually water or a saline mixture (Sanner et al., 2003). In the 15-10-5 heat exchanger, air is 
heated to 15°C above the required space temperature, being 22°C for tomato crops. The fluid to the heat 
exchanger must be 10°C above the required air temperature, and the geothermal fluid must be 5°C above 
the water exchanger fluid. For tomatoes, the minimum required geothermal fluid temperature is thus 52°C 
(Fig. 5).  

 
This high-efficiency heat exchanger, which uses lower temperatures for space heating, is used in several 
“non-volcanic countries” such as Switzerland and Sweden (Sanner et al., 2003). Moreover, the closed-
loop nature of the system makes the heating of infrastructure via geothermal heat emission-free without 
contaminating the underground reservoir (Enerpro Engineering, 2016). 
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Fig. 5. Tomato greenhouse heating with a geothermal isolation plate heat exchanger following the 15-10-5 rule 

(adapted from Kent, 2017). 

 
 
In terms of piping, chlorinated polyvinyl chloride is commonly used with geothermal fluids below 95°C 
for the distribution network and disposal lines. Two-pipe systems re-circulate the fluid through the 
reservoir so that the fluid and the residual heat are conserved. Restricting temperature losses to under 5 
per cent through piping is important and can be done by burying the hot water pipelines underground 
(Kent, 2017). To minimize confounding factors in this report, these piping and heat exchanger methods 
are assumed to be highly effective and heat losses are thus considered negligible.  
 
Next, a geothermal well pair with a reservoir of 60°C and a fluid flow rate of 10 kg/second can produce 
about 2.5 megawatts thermal (MWt), assuming 90 per cent efficiency (Banks, 2016). Nexov, a 
geothermal start-up company based out of Edmonton, provides the data for their prototype co-production 
well in Leduc, Alberta, which is anticipated to begin direct-use geothermal heating in the coming year. 
The well details for the anticipated project are provided below (Table 2). 
 
 

Table 2. Well details for the geothermally-heated infrastructure project. 

Well details Value Unit 

Borehole depth 1600 m 
Production fluid flow rate 10 kg/s 
Temperature of the reservoir 62 °C 
Extracted fluid temperature 55 °C 
Thermal energy produced 2.5 MWt 

 
 
In terms of economic feasibility, the geothermal system uses repurposed infrastructure, which 
significantly lowers the capital costs to around CAD$50 per kilowatt thermal (kWt). Given a greenhouse 
of 6000 m2, the investment costs are assumed to be recouped in five to ten years, as further detailed in 
Table 1 of the Appendix and confirmed by a representative of CanGEA (O’Connell, 2020). 
 
Following the provided specifications, it is estimated that novel greenhouse systems have 80 per cent less 
energy costs and 5-8 per cent reduced operating costs as compared to conventional greenhouses 
(Angelino, 2016). Moreover, seeing as the selected geothermal sites are within 10 kilometres of potential 
users, the greenhouses have increased long-term potential. The novel greenhouse in this MCA will adopt 
these specifications and operate with the provided geothermal fluid temperature of 55°C – a viable 
contender for the 52°C needed for tomato-crop production.  
 
 

Space 
22°CAirWaterWater

52°C

37°C

47°C 37°C

32°C 22°C

Tomato 
greenhouse 
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Water Use: 
 
To minimize the amount of overdrain and downstream eutrophication resulting from tomato greenhouse 
operations, AGMD is applied to the novel greenhouse system, which enhances water and nutrient savings 
as compared to the conventional greenhouse. The AGMD filter has a 95 per cent recovery rate and is the 
filtration method of choice in this system. The production flow rate of 10 kg/second slows to a rate of 6 
kg/hour, or 2.2 L/minute, in order to create the ideal filtration conditions for the AGMD unit (Hitsov et 

al., 2017). 
 
While the AGMD enables the recovery and re-circulation of clean water and of nutrient-rich sludge, it 
also calls into question the issue of pathogenicity (Newman, 2004). Most pathogenic microorganisms 
rapidly die off at temperatures exceeding 50°C (Krause et al., 2015). In this case, exposing the sludge to 
geothermal heat of 55°C for 10 hours will considerably lower the risks of contamination of the crops 
throughout the season, bringing the level of pathogenicity into the “safety zone” (Fig. 6).  
 
 

 
 

Fig. 6. Relationship between the temperature and the time required to inactivate pathogenic microorganisms, the 
available geothermal temperature of 55°C is shown in red (adapted from Krause et al., 2015). 

 
 
Thermal flow diagram: 
 
To sum up and to better visualize the layout of the novel system, a simplified diagram of the surface-level 
thermal heat flow between the well pair, the piping, heat exchanger, heat pump, AGMD unit and 
greenhouse is illustrated below (Fig. 7). The production well has an inflow geothermal fluid of 55°C, 
which passes on one side through the heat pump and the 15-10-5 heat exchanger to produce an outflow 
fluid of 37°C, as well as heated air of 22°C for space-heating. On the other side, the inflow fluid of 55°C 
passes through the AGMD thermal filter, where it is remains until the sludge’s pathogenicity levels fall 
into the “safety zone” (Fig. 6). Following these processes, the outflow fluid is passed back into the former 
water injection well, where it is re-heated in the geothermal reservoir. 
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Fig. 7. Diagram of the surface-level thermal heat flow in the geothermal greenhouse system for tomato-crops with a 
heat pump, heat exchanger and AGMD unit. Dashed line represents thermal air flow (adapted from Banks, 2016). 

 
 
Data for the novel greenhouse: 
 
Keeping in mind that the greenhouses produce the same yield and consume the same total volume of 
water, the novel greenhouse system as assessed in the MCA is characterized below (Table 3). The GHG 
emissions are calculated from the amount of fossil fuels burned for heating, equating to negligible values 
in this renewably-sourced system. 
 
Table 3. Summary of the annual yield, water consumption and savings, and electricity consumption of tomato crops 
in a 6000 m2 geothermally-heated year-round greenhouse featuring AGMD in Alberta. 

Novel greenhouse data Value Unit References 

Tomato yield 330 000 kg Ahamed et al., 2019 
GHG emissions from fossil fuels 0 tonne 

CO2E 
Thompson, 2016  

Total water consumed 6 072 000 L Dias et al., 2017 
Wastewater created  L Calpas, 2003; Duong et 

al., 2015 
o Lower limit: 10 % overdrain, 

95 % recovered 
576 840 L  

o Upper limit: 30 % overdrain, 
95 % recovered 

1 730 520 L  

o Average: 20% overdrain, 
95% recovery 

1 153 680 L  

 
 

22°C

Injection
Well

GreenhouseProduction
Well

55°C

Heat pump

37°C

15-10-5 Heat 
Exchanger

AGMD

50°C 
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3. Theoretical Framework 
 

3.1 Canada’s Sustainable Development and EWF Nexus 
 
The Canadian Sustainable Development Goals, as mentioned in research question 3, are based on the 
theory of ‘sustainable development,’ which was first defined as, “development which meets the needs of 
the present without compromising the ability of future generations to meet their own needs” (Brundtland, 
1987). The definition continues to be relevant today: it has formed the basis for many political initiatives 
and programs – including the United Nation’s Agenda 21 and Sustainable Development Goals – and is 
being increasingly included in business models at the commercial and industrial scales. Canada’s 
Sustainable Development Goals relating to reducing hunger (SDG 2), preserving clean water (SDG 6) and 
ensuring access to clean and affordable energy (SDG 7) are broached in Canadian greenhouse systems – 
which have the unique feature of handling all three resources in tandem. They are thus selected as the key 
goals assessed in the forthcoming comparison between greenhouse models.  
 
Sustainable development is often broken down into three “pillars:” the economy, the society and the 
environment (Fig. 8). These three make up a “nested model,” in which the economy is dependent on 
society, and both are dependent on the environment (Giddings et al., 2002). Good decisions, as those 
resulting from a robust MCA, require clear objectives first and foremost. Thus, these pillars are selected 
as the ‘ultimate objectives’ of the analysis, answering to what degree each greenhouse model impacts the 
economic pillar, relative to the social pillar, relative to the environmental pillar. Each pillar has a certain 
set of measurable indicator criteria, which are defined and explored in section 4.6. 

 
 
 
 
 
 
 
 
 
 

 
 

 
 
 

 
Fig. 8. The nested dependencies model of sustainability featuring economy, society and environment (adapted from 

Hermwille, 2017). 

 
The EWF nexus is often used in tandem with projects relating to SDGs 2, 6 and 7. However, while the 
SDGs are typically addressed as distinct entities, the EWF nexus seeks to create a balance between 
energy, water and food resources.  
 
Over time, EWF nexus thinking has emerged due to three drivers: 1) growing resource scarcities are 
increasing connections between sectors, 2) there are increasing resource supply crises, 3) sector-driven 
resource management strategies are failing (Al-Saidi and Elagib, 2017). In their application to complex 
systems, a dynamic and balanced nexus framework can uncover the emergent cross-sectoral interactions 
and highlight benefits that are overlooked when considering one sector at a time (Smajgl et al., 2015). 
Research shows that negative policy outcomes can be avoided, and leverage points can be identified when 

ENVIRONMENT 

SOCIETY 

ECONOMY 
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the interactions between sectors are considered simultaneously (Hussey and Pittock, 2012). As such, 
integrating systems’ EWF sectors maximizes the benefits of the outcome, and it is becoming increasingly 
imperative to address them in tandem.  
 
The greenhouse systems under investigation in this study possess distinct elements that contribute to a 
dynamic EWF nexus framework (Fig. 9). Furthermore, it is worth mentioning that while greenhouses are 
but a small part of the agricultural production in Alberta, they can act as a model for the large-scale 
development of EWF nexus implementation in Alberta and in Canada. 
 
First of all, the energy (heating) demand of greenhouses is contingent on the natural gas supply and on the 
availability of geothermal heat; the water demand is dependent on the availability of freshwater; and the 
food demand is mediated by the availability of locally-produced food and, indirectly, by the price of 
fertilizer and inputs. Further, energy and food are related in that heat and electricity – two forms of energy 
– enable greenhouse food production. Food production affects water resources through nutrient and 
fertilizer runoff into downstream waterbodies, and by needing to quench plant water stress. Water, in turn, 
can influence food production via irrigation. Finally, water and energy are related in that energy (heat) is 
needed for AGMD filtration, which leads to increased freshwater resources. Overall, the sectors are 
subject to three key drivers: Alberta’s population and average incomes, natural resource supply and 
climate change. 
 
 

 
 

Fig. 9. The energy-water-food nexus as it applies to the greenhouse case study (adapted from Smajgl et al., 2013). 
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In sum, greenhouses that handle EWF resources simultaneously exemplify the benefits of creating 
integrated systems that harness cross-sectoral interactions and synergies. In this report, this feature is 
compared between greenhouse systems and discussed in association with SDGs 2, 6 and 7. The systems 
can act as a model for furthering EWF nexus implementation in Alberta as a whole. 
 
 

3.2 Decision Theory 
 
In addition to the conceptual theories that form the bases for the research framework, decision theory is 
the foundation of the analysis. This report uses a multi-criteria analysis, a tool that assists decision-makers 
in making a decision without the researcher unintentionally making it for them. The MCA methodology is 
frequently used with regards to environmental decisions, and is becoming more prevalent over time 
(Geneletti, 2019). Nonetheless, the selections made while compiling an MCA can significantly impact the 
overall results. Throughout the analysis, the decision-maker must make choices in a systematic fashion to 
reduce error and uncertainties, though in the end, they can have profound effects on the final selection, 
even if unintentionally (Keeney and Raiffa, 1976). 
 
In accordance with this, decision theory is the foundation of MCA (Dodgson et al., 2009). The underlying 
assumption of decision theory is that the decision-makers do not wish to make decisions that contradict 
each other, and instead aim for coherent decision-making based on consistency of preference. The first 
theorem of decision theory is based on the concept of probabilities, whereby certain numbers can capture 
the likelihood of an event occurring. The second theorem is based on utilities, whereby numbers can 
reflect the subjective value of a risk and the decision-maker’s perception of risk. Finally, the third 
theorem is a guide for making decisions based on the first two: how to choose the course of action that 
will reflect the greatest sum of probability-weighted utilities. In its application, one assesses the 
probability and utility for each possible consequence of an action. Then one multiplies these values for 
each consequence and adds the products to obtain the overall utility of that course of action. This process 
can be repeated for each course of action and will eventually denote the action that results in the largest 
expected utility (Dodgson et al., 2009). When applied to multiple objectives, as in this report, the MCA 
effectively helps develop coherent and consistent preferences that are situated within context and generate 
results that inspire confidence.  
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4. Methods 
 
Multi-criteria analysis is a quantitative tool that is used by policy- and decision-makers to determine a 
relative preferred option. In order to make the choice between options, a formal MCA outlines a relative 
weighting system to judge selected objectives based on a set of measurable criteria. The overall 
performance of the options is based on an aggregated number of indicators, which provides a larger, more 
integrated perspective of a certain option prior to making a decision. The MCA has many advantages, 
which includes the explicit definition of objectives and criteria and the liberty of decision-makers to select 
them. The techniques that are used in scoring and weighting follow mathematical models and allow cross-
referencing with other relative values. A drawback of the MCA is the inherent subjectivity in the selection 
of objectives, criteria, weights and assessments, which is based on the researcher’s opinion (Dogdson et 

al., 2009). This drawback has been acknowledged throughout the methodology and analysis of the results. 
 
 

4.1  Decision Context 
 
The aim of the MCA was to compare the performance of two distinct greenhouses systems on the basis of 
the three pillars of sustainability: environment, economy and society. The ultimate decision thus 
depended on which of the options, conventional or geothermal greenhouses, performed better in the Red 
Deer-Edmonton context – as quantified by having a higher overall score. The time period between 2020 
and 2050 was selected as the temporal boundary as it represented the 30-year operating life of the 
greenhouses (Enerpro Engineering et al., 2016). The 30-year temporal boundary also allowed for 
cumulative, long-term effects to be judged while remaining within a timeframe constrained to the 
foreseeable future (Government of Canada, 2014).  In cases where the time scale was necessarily 
different, for example for Global Warming Potential which requires a hundred-year timeline, the 
discrepancy was noted. The scoring of the criteria kept these changes in account. Further, the impacts 
from the construction and operation of the systems were acknowledged, plus downstream processes, such 
as contamination of nearby water bodies.  

 
The primary stakeholders of the project were the greenhouse growers and the geothermal development 
outfits. The municipalities, policy-makers and members of provincial and federal government were also 
involved as secondary stakeholders. Albertans struggling with food insecurity are impacted by this 
decision as tertiary stakeholders. The resulting recommendations were intended for the policy-makers, 
geothermal development agencies and greenhouse operators interested in further expanding upon the 
initiative. 
 

 

4.2  Defining the Models 
 
The conventional and novel greenhouse models were both assumed to be located between Red Deer and 
Edmonton. This region was selected for the pre-existing horticulture (including such important assets as 
accessibility, knowledge, labour and commercial operators), and availability of geothermal well pairs.  
 
System Boundaries:  
 
Systems thinking was applied to determine the synergistic properties of the conventional and geothermal 
greenhouse models, which were considered to be complex, dynamic systems. Importantly, systems are 
defined by their boundaries, which help distinguish between what is included, and differentiate between 
the internalities and externalities (Cabrera, 2006). Selecting the elements that belong to a system versus 
those that do not is crucial to scientific systems analysis approaches (Olsson and Sjöstedt, 2004).  
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The boundary-selection process was nonetheless subject to the “boundary problem.” The selection of the 
boundaries was unavoidably influenced by the intuition, preferences and values of the researcher – which 
then had the potential to influence the facts and values of the system. Different value judgments 
(evaluations) can affect the boundary judgements of the system, which can then alter the facts 
(observations) (Ulrich, 2000). The systems were defined as below in consideration of such. 
 
First of all, the conventional greenhouse system – as is typically found in Alberta, encompassed the 
natural gas generator, the greenhouse building, the produced tomato crops, the waste water and the treated 
water reservoir. The external components of the system included the natural gas source, and the 
municipally-supplied electricity and treated water source. A system context diagram of the flows and 
boundaries for the studied conventional greenhouse in Red Deer-Edmonton is illustrated below (Fig. 10). 
The natural gas was supplied to the on-site generator, which created heat for the greenhouse. Municipal 
electricity provided lighting for the greenhouse. The treated municipal water arrived in the water reservoir 
and was distributed to the greenhouse crops as needed. Tomato crops and wastewater were outputs of the 
greenhouse. 
 
 

 
Fig. 10. Conventional greenhouse system. The dotted line represents the system boundary. Inside: natural gas 

generator, greenhouse, crops, wastewater, and water reservoir. Outside: natural gas, municipal electricity and treated 
water source. 

 
 
In comparison, the novel greenhouse system encompassed within its boundaries: the geothermal well pair, 
the greenhouse building, the produced tomato crops, the AGMD unit and the treated water reservoir. The 
external components of the system included the municipal electricity for lighting and the heat pump, and 
the treated water. A system context diagram of the flows and boundaries for the studied novel greenhouse 
in Red Deer-Edmonton is illustrated below (Fig. 11). The retrofitted geothermal well pair supplied heat to 
the AGMD and the greenhouse. The AGMD separated wastewater into pathogen-free sludge and purified 
water – which are both recycled into the greenhouse system directly and through the on-site water 
reservoir, respectively. The greenhouse system outputs were the tomato crops and the wastewater, which 
passed through the AGMD. 
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Fig. 11. Novel greenhouse system. The dotted line represents the system boundary. Inside: geothermal well pair, 

AGMD unit, greenhouse, crops, and water reservoir. Outside: municipal electricity and treated water source. 

 
 

4.3  Identifying the Options 
 
The options for comparison in the MCA were the two greenhouse systems in Alberta, Canada. Option 1, 
as it is hereafter referred to, was the conventional year-round tomato greenhouse as is currently 
operational in Alberta, consuming natural gas for heat. Option 1 did not have water or sludge re-
circulation and instead released wastewater, unfiltered, into the ground or onto nearby fields. Option 2 
was a hypothetical geothermally-heated year-round tomato greenhouse with an AGMD unit – as 
described in section 2.5.2. It also used municipal electricity and water but was characterized by two novel 
features: geothermal heat use and wastewater filtration. 
 
 

4.4  Identifying the Objectives and Criteria 
 
The objectives selected for this MCA were split into two levels: ultimate and immediate. The ultimate 
objective was to compare the level of sustainable development of the specified options over the ascribed 
time period. The immediate objectives were the “pillars” of sustainable development: the economic, 
social and environmental impacts of these options. In order to measure the contribution of each option to 
these objectives, a minimum of two criteria were considered from each pillar (Fig. 12). These criteria 
were selected to represent each pillar thanks to their relevance, measurability, timeliness and specificity. 
They are further defined as such in Section 4.6. 

 
Fig. 12. Decision-tree outlining the objectives and criteria for the greenhouse comparative case study. 
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4.5  Data Collection 

 
In this report, data was collected from a variety of sources, and a high standard of quality was maintained 
throughout. The data was collected from peer-reviewed or governmental sources, such as subsidiaries of 
the Government of Alberta, the Government of Canada and the United States Environmental Protection 
Agency. The time period for the extraction of sources was within the last 20 years (2000-2020) so as to 
maintain accuracy and relevance. The geographical region was constrained to Alberta, or when not 
available, to Canada. In cases where a range of figures was supplied for a criterion, the more conservative 
value was used to minimize bias. With criteria data relating to the conventional greenhouse, as few 
sources as possible were used to reduce redundancy – the majority were gathered from one peer-reviewed 
study: “Heating demand and economic feasibility analysis for year-round vegetable production in 
Canadian Prairies greenhouses” (Ahamed et al., 2019). This scientific study was selected due to its shared 
characteristics with the study area and for its peer-reviewed, robust results. The criteria data for the novel 
greenhouse were primarily taken from the CanGEA report “Potential for Geothermal Energy from Co-
Production in Alberta Using Existing Oil and Gas Wells: Alberta Geothermal Opportunity Overview” 
(Kent, 2017). The report by Kent was selected for its relevance to the context of this study, and for its 
close adherence to the scope of the project. 
 
While the data was held to a high-quality standard, certain limitations persisted. For example, the use of 
multiple data sources reduced the accuracy, as did the use of national-level data when local data was 
unavailable, though extrapolating out to the national, rather than global, level was done to reduce these 
impacts. Additional limitations were linked to the assumptions that were made during the scoring and 
weighting of the criteria, including the simultaneous use of a 30-year timeline for some criteria, and the 
100-year timeline for the Global Warming Potential (GWP) criteria. This was done to comply with 
international regulations for calculating GWP and to maintain the scientific rigor of the analysis.  
 

4.6  Criteria Definitions 
 
Table 4. Criteria, unit and description of the criteria, broken down into the economic, social and environmental 
categories. 

Criteria Unit Description 

Economic Criteria 

Investment cost  $ CAD The investment costs included the purchase of the building, the land, the 
machinery, the equipment, technological installations, construction of roads 
and connections to the grid network, engineering services, drilling and other 
construction work (Wang et al., 2009). The cost was calculated considering 
the 30-year operating life of the greenhouse, and followed the conditions 
described by Ahamed et al. in their 2019 study in the Canadian Prairies.  
The above data were summed for the cost of Option 1. Option 2 included the 
above costs plus the direct-use geothermal system, rated at CAD $ 50/kWt 
(Banks, 2016). It also counted the AGMD acrylic filter (active membrane 
size of 50 cm2), priced at CAD $4500 by manufacturer Sterlitech. In speaking 
with the manufacturer, the membrane uses a 55°C hot feed and a flow rate 
between 1 L/min and 3 L/min. The average flow rate of wastewater from the 
greenhouse is about 2.2 L/min. 
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Operational Cost  $CAD/kg 
tomatoes 

The operational costs included labour, heating and lighting, material input 
(fertilizer and chemicals), marketing, and products and services for operation 
of the system.  
Option 1 included all of the above costs as described in the model tomato 
greenhouse in the Canadian Prairies (Ahamed et al., 2019).  
Option 2 had 5 per cent fewer operating costs than the aforementioned, and 
80 per cent fewer energy costs (Banks, 2016). The AGMD allows 95 per cent 
recovery of water and sanitization of the sludge (Duong et al, 2015). Thus, 
re-using the sludge means growers will need to purchase fertilizer less 
frequently. This reduction in need was translated into a proportional 
reduction in costs. The operational costs were calculated per kilogram of 
tomato production. 
 

Payback Period  Years Payback period refers to the time period required for the investment’s return 
to pay off the sum of the original investment (Wang et al., 2009). 
In Option 1, the payback period of capital investment was calculated for the 
period of time required to recoup the capital investment as well as the various 
costs for vegetable production.  
In Option 2, the payback period included the above-mentioned capital costs 
and vegetable production. It discounted the initial cost of well-drilling by the 
OG company as this was outside the scope. 
 
 

Social Criteria 

Local food 
availability 

Transportation 
distance 

Food availability refers to the food that is physically present for human 
consumption from local production and from external imports (Pérez-
Escamilla and Segall-Corrêa, 2008).  The term “local” refers to production 
within one townsite. This criterion was scored on the basis of transportation 
distance, with farther distances rated as less favourable – as per the definition 
of food availability.  
Option 1 was primarily dependent on imports from the United States.  
Option 2, given the conversion of the well pairs, saw an increase in annual 
vegetable production, which enhanced provincial food availability and 
reduced import reliance.  
 

Job Creation  Yes/no Job creation refers to the employment from the construction, operation and 
decommissioning phases of a project. The existing data for full- and part-time 
employment in the conventional greenhouse industry in Alberta is about 4500 
jobs (Laate, 2018).  
This figure was assumed to be consistent across both options, meaning 
Option 1 saw no significant increase in number of jobs created over the 
lifespan of the greenhouse operation.  
Conversely, Option 2 was anticipated to create more jobs in the greenhouse 
sector from the novel geothermal development and the implementation of the 
AGMD filter. Indeed, about 46 jobs are anticipated to be created per 1 
MWe/5MWt based on global estimates (Kent, 2017). The growing number of 
greenhouses using geothermal heat in Alberta is anticipated to create more 
jobs for greenhouse growers and geothermal heat operators. 
Thus, a fair amount of job creation is anticipated, however, it is not known 
with certainty in the context of this report and over the 30-year temporal 
boundary; thus, the scale of scoring is binary.  
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Environmental Criteria 

Global Warming 
Potential 

tonnes CO2E / 
year 

Global Warming Potential (GWP) is a measure to compare the global 
warming impacts of different gases. GWP measures the energy absorbed by 
the emissions of one ton of gas as compared to one ton of carbon dioxide 
(CO2) over a 100-year timeline, generating a Carbon Dioxide Equivalent 
(CO2E) value. Carbon Dioxide has a CO2E of 1, Methane has a CO2E of 25 
and Nitrous Oxide has a CO2E of 298 (EPA, 2019).  
Based on the typical composition of natural gas in Alberta, the relative 
amounts of carbon dioxide, methane and nitrous oxide were calculated for 
heating Option 1.  
As for Option 2, the major GHG emissions from geothermal projects occur 
during the drilling phase (Kent, 2017). Seeing as the drilling process was 
already complete and no natural gas was burned for heat, the GWP value was 
determined to be negligible for Option 2. 
 

Freshwater 
Losses  

L/kg tomato Freshwater consumption is a common indicator of environmental impact in 
decision-making analyses (Pfister et al., 2009). The annual freshwater loss of 
each option was based on the amount of water consumed by a 6000 m2 
tomato greenhouse.  
Given the 10-30 per cent that was lost as overdrain in Option 1, the average 
water loss volume (20 per cent) was calculated.  
In Option 2, the AGMD allowed 95 per cent water recovery from which the 
overall average water loss of 20 per cent was derived and utilized. 
 

Potential for 
Eutrophication 

yes/no Canadian greenhouses contribute to significant amounts of phosphorus, 
nitrogen, and fertilizer runoff, which are costly for greenhouses and can have 
deleterious impacts on ecosystems, notably in downstream water bodies. 
Eutrophication is the most impactful result – causing anoxic water 
environments and fish killings (Harrison, 2016). The two options were 
compared for their capacity to induce eutrophication on a qualitative basis 
and were scored on a binary scale.  
Option 1, given the volume of wastewater lost to overdrain was determined to 
have higher potential for eutrophication of downstream water bodies over the 
30-year operating life of the greenhouse.  
Option 2, which had only 5 per cent of the overdrain losses, was determined 
to have lesser potential for eutrophication of downstream water bodies. 
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4.7 Scoring and Weighting of the Criteria 
 
The options were scored against each other using the options appraisal method, based on the selected set 
of criteria. The criteria with quantitative values were rated against each other on a scale of 0 to 5, where 0 
represented a very unfavourable performance or where the criteria were not applicable, and where 5 
represented a highly favourable performance. This was done to aggregate the criteria into a quantifiable 
value to be used in the evaluation (Tsoutsos et al., 2009). Some of the criteria did not have quantitative 
data and instead had qualitative information. As such, these criteria were evaluated using a binary scale 
that allowed them to be ranked along the same scale as the quantitative data. 
 
The criteria were thereafter weighted according to the weighted sum model based on their relative 
importance to the decision. The weighted sum model is the most commonly used method for single 
dimension decisions, rationalizing its use in this report (Pohekar and Ramachandran, 2004). The use of 
weighted averages assumes the “mutual independence of preferences,” meaning that the judged strength 
of one criterion is independent of the judged strength of another (Dodgson et al., 2009). The weighting 
was based on the opinions of different social groups. As such, an 8-part online questionnaire was sent out 
and completed by seven project stakeholders. These stakeholders included: the owners of small (16,000 
m2) and large (180,000 m2) commercial vegetable greenhouses in Alberta, representatives from a 
geothermal retrofitting company, a representative of CanGEA and a member of government from the 
town of Red Deer. The questionnaire results were averaged to generate the relative weight (importance) 
of each criterion. 

 
In the 8-part questionnaire, each criterion was described, and the stakeholders were asked to judge on a 
scale of 1 to 5 the importance of the criteria based on their experience in the industry: 
 
1 Very low importance 
2 Low importance 
3 Medium importance 
4 High importance 
5 Very high importance 
 
 
Following this step, data groupings were created. These grouping scales generated a range of values 
against which the scores were judged. Data was collected from a myriad of sources which quantified the 
impact of each criterion. Following this, the unfavourable and favourable outcomes for each criterion 
were assessed, with the grouping scale reflecting the industry standard and available research. The 
grouping scales were created as a function of the criterion’s unit of measurement and thus may not follow 
a linear distribution. 

 
The results were analyzed following a linear additive model, based on the assumption that the criteria 
were preferentially independent of one another and uncertainty was not built into the model. The model 
required a simple multiplication of the value score of each criterion by its weight, and then the addition of 
the weighted scores. This model of analysis is robust, effective and commonly used by decision-makers, 
underlining its use in this report (Dodgson et al., 2009). 
 
To determine the weighted score (y) of each criterion (x) for each option, a multiplication of the scores 
(sx) and weights (wx) was conducted (1). As such, the overall weighted score had a minimum value of 0 
and a maximum of 25. A higher weighted score represented a preferred outcome. 
 
 

   (1) 
 



 25 
 

 
4.8  Normalization and Sensitivity Analysis 

 
The weighted-score result for each pillar of sustainability was further manipulated to normalize the total 
per pillar (Np) to a value between 0 and 5. Thus, the overall normalized total (NT) was generated to rank 
the options against one another. Normalization of these values ensured that the three pillars were 
weighted evenly against one another despite each possessing a different number of criteria. 
 
To determine the normalized weighted score for each pillar (Np), the sum of all weighted scores from one 
option was divided by the sum of the weights for that pillar (2). The pillars were defined in the MCA as 
such: Economic pillar (Ne), Social pillar (Ns), Environmental pillar (Nev). 
 
 

  (2) 
 
 

The normalized overall total (NT) was determined by summing and then dividing the normalized results 
per pillar by 3 – the total number of pillars (3). The NT score acted as the final determinant of the 
comparison between the two options – whichever option possessed a higher NT was considered the 
preferred sustainable option. 
 

 (3) 
 
 

 
Sensitivity analysis: 
 
Following normalization, a sensitivity analysis was conducted to assess robustness. The analysis 
determined how significantly the overall totals depended on the particular preferences or weights. They 
sought to determine if replicable results appeared as the parameters were changed. In general, weights are 
subjective figures and may be vulnerable to more bias than scores (Dodgson et al., 2009). This was 
especially concerning given the qualitative nature of the data collection through surveys. The weighting 
for each sustainability pillar was therefore modified to reflect a potential change in preference. To do so, 
the weight for each criterion from one pillar was increased by 1, while the weights of the criteria in the 
remaining pillars were decreased by 1. If the criterion’s weight was already 5 (maximum possible 
weight), the weight was not increased further. Conversely, if the criterion was weighted 0 (minimum 
possible weight), it was not decreased further. The normalization of the newly-weighted totals followed 
the same process as described in the previous paragraph. The sensitivity analysis was repeated for each 
pillar of sustainability to determine any significant changes to the overall scores. 
 
 

4.9  Interviews 
 
The final aspect of the MCA was to determine the perspectives of the relevant stakeholders on the 
options. As such, four primary stakeholders agreed to provide their responses on two pre-selected 
questions in a semi-structured interview format:  
 

1) “What do you think of using geothermal heat to warm greenhouses in Alberta?”  
2) “Do you find this kind of project feasible in Alberta in the near future? Why or why not?”  
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The stakeholders who agreed to the interviews were: the owners of a small (16,000 m2) and large 
(180,000 m2) commercial vegetable greenhouses in Alberta, a representative from a geothermal 
retrofitting company in Edmonton, and a member of government from the town of Red Deer. 
 
Prior to responding, the stakeholders were given a brief description of the research project, the two 
models for consideration (the conventional greenhouse in Alberta and the geothermally-heated 
greenhouse), an overview of the methodology and the bases for comparison (economic, social and 
environmental factors). They were asked to provide their perspectives based on their past industry 
experience. 
 
The answers were recorded and examined the acceptability of the anticipated project from the relevant 
stakeholders’ perspectives. Conducting interviews in this way improved the speed of research by 
gathering multiple perspectives in a short amount of time and improved research outcomes by generating 
new knowledge (Stokes and Bergin, 2006).  
 
The personal identities of the stakeholders were not disclosed throughout this process. This step was done 
so as to ensure the interviewees’ right to privacy (Seidman, 2006). The results highlighted the key 
challenges and opportunities within the field, as based on the perspectives of a subset of primary 
stakeholders. 
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5. Results  
 
The following section is dedicated to the calculation of the MCA and serves to answer to the primary 
research aim: determining a reliable comparison between the impacts on sustainability of a geothermal 
greenhouse system with wastewater filtration versus a conventional fossil fuel-driven greenhouse in 
Alberta. The first section, 5.1, presents the collected and calculated data for each criterion that 
corresponds to each option. The values presented in this section are those used in the MCA calculations. 
Following this, section 5.2 contains the formal MCA and tallies the normalized scores for both options. 
Section 5.3 is the sensitivity analysis and probes for the existence of bias within the provided weights, 
answering whether the results can be replicated as the parameters change. Finally, section 5.4 outlines the 
stakeholder interviews – providing alternate perspectives and comments for consideration that were not 
included in the MCA. 
 
 

5.1 Criteria Data 
 
Firstly, the data relating to each criterion for the options are determined. Research question 1, which seeks 
to identify the pertinent objectives and criteria for operating sustainable greenhouses in Alberta, identifies 
the objectives as being economic, social and environmental. Further, the criteria chosen are the most 
relevant, specific and measurable to the analysis, and are described in detail in Table 4 in section 4.6. 
Following the qualification of these criteria, the quantification of their impact for each option is calculated 
and consolidated in Table 5 below. The criteria data are based on a range of industry, academic and 
governmental sources. The full calculations are located in Table 1 in the Appendix. 
 
Starting with the economic criteria, the capital investment costs for Option 1 are calculated per square 
metre in Canadian dollars and include, as the top expenses: the costs for the building ($82), the lighting 
($30), the heating system ($42.78), and the carts and trucks ($10.59), plus smaller expenses (Ahamed et 

al., 2019). Option 2 possesses all of these costs, plus the direct-use geothermal system fit for greenhouses 
($750 000 per hectare), and the AGMD unit ($4500) (Banks, 2016; Sterlitech, 2020). The operational 
investment costs for Option 1 are also calculated per square metre in Canadian dollars and include, as the 
top expenses: labour ($34.18), marketing ($17.37), and heating costs ($16.12), plus smaller expenses 
(Ahamed et al., 2019). Option 2 possesses the same costs, though has 95 per cent fewer fertilizer costs, 80 
per cent fewer energy costs and 5 per cent fewer operational costs (Banks, 2016). The discount rate used 
for these two criteria is considered to be 10 per cent (Ahamed et al, 2019). The payback period for Option 
1 is calculated as the time required to recoup the capital investment, including the initial capital cost and 
the required various costs for vegetable production. The same can be said for Option 2, though the 
geothermal addition increases capital costs. In speaking with a representative of CanGEA in February of 
2020, the payback period for the proposed geothermal project is estimated to be between five and 10 
years. The more conservative value of 10 years is used for the analysis. 
 
Next, in terms of social criteria, both food availability and job creation are based on qualitative data 
gathered from the research. Specifically, additional job creation from geothermal development and the 
implementation of the AGMD is anticipated in Alberta for Option 2. Geothermally, the operation is 
expected to produce 2.5 Megawatts thermal (MWt), from which about 23 jobs are anticipated (46 jobs per 
5 MWt) (Kent, 2017). This is a general, globally-derived estimate and the exact value is not known with 
certainty – it is thus quantified as such on a binary scale in Table 5. Conversely, Option 1 is not 
anticipated to see any significant job creation above that which is currently existing in the greenhouse 
sector in Alberta. 



 28 
 

Finally, for the environmental criteria, the GWP for Option 1 is calculated based on the 234 632 m3 (8500 
mmBtu) of natural gas consumed per year (Table 2) – whereby standardized natural gas has a CO2 factor 
of 53.06 kg per mmBtu and a CO2E of 1x; a CH4 factor of 1.0 kg per mmBtu and a CO2E of 25x; and a 
N2O factor of 0.1 kg per mmBtu and a CO2E of 298x (EPA, 2019). The burning of fossil fuels for heat are 
the factor being analyzed for GWP in this report, thus Option 2 is considered to have a negligible GWP. 
In terms of freshwater losses, Option 1 is calculated as having an average of 20 per cent overdrain – 
depicted as 20 per cent losses of freshwater per litre consumed. Option 2 has a 95 per cent water recovery 
rate (Duong et al., 2015). Thus, it has 5 per cent of the freshwater losses of Option 1. 
 
In sum, Table 5 identifies the relevant, specific and measurable data for Options 1 and 2 as taken from 
scientific and governmental sources. The data differs on all counts, reducing the potential for redundancy. 
Option 2 has higher capital investment costs and payback period, though Option 1 has higher operational 
costs over the 30-year operating life. Option 2 has increased food availability due to crop production 
being in Alberta (as opposed to the United States) and has a higher potential for job creation. Lastly, 
Option 1 has a higher global warming potential, a greater volume of freshwater losses, and has increased 
potential for eutrophication of downstream water bodies. 
 
 
Table 5. Selected criteria with their given units, as well as the data and sources for comparison of the two options 

 

Criteria Unit Option 1: Conventional Option 2: Novel 
  Data Source Data Source 

Economic Criteria 

Capital Investment $CAD 1,143,720 (Ahamed et al., 2019) 1,598,220 (Ahamed et al., 2019; Banks, 
2016, Sterlitech, 2020) 

Operational 
Investment 

$CAD/kg 
tomato 57.4 (Ahamed et al., 2019) 38.9 (Ahamed et al., 2019; Angelino, 

2016; Duong et al., 2015) 

Payback Period Years 2.42 (Ahamed et al., 2019) 10 (O’Connell, 2020) 

Social Criteria 

Food Availability 
Transport 
distance 

United 
States 

(Agriculture and Agri-
Food Canada, 2015) Alberta (Kent, 2017) 

Job Creation Yes/no No (Laate, 2018) Yes (Kent, 2017) 

Environmental Criteria 

Global Warming 
Potential 

Tonne 
CO2E / yr 451.5 (Ahamed et al., 2019; 

EPA, 2019) N/A (Gary, 2012) 

Freshwater Losses 
L/kg 
tomato 3.68 (Dias et al., 2017) 0.184 (Dias et al., 2017; Duong et al, 

2015) 
Potential for 
Eutrophication Yes/no Yes (Harrison, 2016) No (Harrison, 2016) 
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5.2 Multi-Criteria Analysis 
 
Research question 2, the comparison between conventional versus novel greenhouses in Alberta, is 
assessed through the MCA that is summarized by Table 6 below, the full calculations for which can be 
found in Table 1 in the Appendix. The data from Table 5 acts as the basis for comparison between the two 
options. In addition, the measurement scales for ranking the scores are based on academic, industry and 
governmental standards, as described.  
 
Regarding economic criteria, investment costs are scored on the range of costs typically encountered 
when starting a greenhouse operation in Alberta (CAD $676,000 to $1,900,000); the same can be said for 
the operational costs (CAD $33 to $64). The range for the payback period is given from a peer-reviewed 
meta-analysis that examined the economic factors for the use of renewable energies in greenhouses (1 to 
17 years). For the social criteria, the range for the food availability is determined based on proximity 
(transport distance), and the range for job creation is set on a binary scale (yes/no). Finally, for the 
environmental criteria, the range for GWP is based on the GWPs from burning the equivalent volumes of 
natural gas, propane and coal – the three most commonly-used fuels for heating greenhouses in Alberta 
(450 to 1158 tonnes CO2E/year). The range for freshwater losses uses the maximum and minimum 
amount possible: 30 per cent overdrain with no water recovery system (5.52 L/kg) versus 10 per cent 
overdrain with 95 per cent recovery AGMD unit (0.09 L/kg). Eutrophication levels are estimated on a 
binary scale (yes/no). 
 
Overall, Option 2 has a higher normalized result in all pillars, except economic (Ne). The economic scores 
differ by a small margin of 0.51 points. The social scores differ by three points between the two. The 
environmental scores show almost a two-point difference. Despite the slightly lower economic score, 
Option 2 displays a higher overall normalized total: 3.20 for Option 2 versus 1.74 for Option 1. Option 1 
and Option 2 possess distinct normalized totals for all criteria, reducing redundancy.
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Table 6. Summary and description of the results of the multi-criteria analysis. Normalized values per pillar and the overall normalized total are shown. Option 1 
is the conventional greenhouse model (yellow). Option 2 is the novel greenhouse (blue) 

Criteria Unit Weight       
Option 1: 

Conventional 
Greenhouse 

Option 2: 
Novel 

Greenhouse 

Economic Criteria                 

Investment Cost $CAD 3.7 
 >1,900,000  1,900,000 - 

1,594,000 
1,594,000 - 
1,288,000 

1,288,000 - 
982,000 

982,000 - 
676,000  <676,000  1,143,720 1,598,220 

 1  3    11.1 3.7 

Operational Cost $CAD/kg 
tomatoes 4.6 

>64 64 - 56 56 - 48 48 - 41 41 - 33 <33 57 43 

  1   3    4.6 13.7 

Payback Period years 4.0 
>17 17 - 13 13 - 9 9 - 5 5 - 1  <1  2.42 10 

  2  4   16.0 8.0 
  SUM: 12.3  Normalized economic value (Ne): 2.58 2.07 
Social Criteria                     

Food Availability Transportation 
distance 4.0 

International 
(non-USA) United States Canada Neighbour 

province Alberta Local United States Alberta 

  1     4   4.0 16.0 

Job Creation yes/no 5.0 
no     yes     no yes 
0     3     0.0 15.0 

  SUM: 9.0  Normalized social value (Ns): 0.44 3.44 
Environmental Criteria                 
Global Warming 

Potential 
tonne 

CO2E/year 4.7 
>1158 1158 - 981 981 - 804 804 - 627 627 - 450 <450 451.48 0 

        4 5 18.9 23.6 
Freshwater 

Losses L/kg tomatoes 4.7 
>5.52 5.52 - 4.16 4.16 - 2.81 2.81 - 1.45 1.45 - 0.09 <0.09 3.68 0.184 

    2   4   9.4 18.9 
Potential for 

Eutrophication yes/no 3.4 
yes     no     Yes No 
0     3     0.0 10.3 

  SUM: 12.9    Normalized environmental value (Nev): 2.20 4.10 

  Normalized total (NT): 1.74 3.20 
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To better visualize the comparison between the greenhouse types, the resulting scores are shown in 
contrast to one another and scored on a range of the minimum (0) and maximum (25) values, as depicted 
in Figure 13. Option 2, the novel greenhouse, performed best against six of the eight criteria. Option 1 
performed best with regards to only two criteria: the investment cost and the payback period. The totals 
reflect that Option 2 is the better performer overall.  
 

  
 
Fig. 13. Normalized scores of the conventional greenhouse, Option 1 (yellow) as compared to the novel greenhouse, 

Option 2 (blue) on a scale of 0 to 25 as per each of the relevant sustainability criteria. 
 
 
Figure 14 demonstrates the change in scores with respect to the MCA objectives: economic, social and 
environmental. The results are in keeping with those from Figure 13 and illustrate the better performance 
of Option 1 with regards to the normalized economic scores. Option 2 fares better with regards to the 
social and environmental objectives. The totals show that despite its lower score on the environmental 
side, Option 2 maintains the higher total score.  
 

 
 
Fig. 14. Normalized scores of the conventional greenhouse, Option 1 (yellow) as compared to the novel greenhouse, 

Option 2 (blue) as per the sustainability objectives. 
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5.3 Sensitivity Analysis 
 
Further to the results of the MCA, Option 2 demonstrates a higher total normalized score when economic, 
social and environmental parameters are changed in the sensitivity analysis (SA). The full calculations for 
the analyses can be found in the Appendix, Tables 2-4 and illustrated by Appendix Figures 2-4. The 
changes in individual scores and total scores are illustrated in the following section.  
 
The results from the MCA are shown in contrast to those of the SA in order to better visualize the 
changing parameters. The scores per objective and the total scores from the MCA analysis are shown in a 
darker shade. The scores from the sensitivity analyses for the changing economic parameters (SA-Ec), 
social parameters (SA-S) and environmental parameters (SA-Ev) are shown in lighter shades. The 
conventional greenhouse, Option 1, is shown in shades of yellow, and the novel greenhouse, Option 2, in 
shown in shades of blue. This graphical depiction allows a visual comparison of the change in scores, and 
to assess which objectives were most impactful on the total scores. 
 
Thus, as seen in Figure 15, the scores for each objective remain fairly consistent throughout: the highly-
weighted economic criteria bring the total score for Option 1 up to a maximum value of 1.78, and down to 
a low of 1.69 with the highly-weighted environmental criteria – a difference of 0.08 points. Conversely, 
Option 2 reaches a maximum total score of 3.24 when the social criteria are heavily weighted, and down 
to 3.19 when the economic and environmental criteria are heavily weighted – a difference of only 0.05 
points. As a result, neither option shows significantly changed scores throughout the sensitivity analysis, 
and Option 2’s total score remains higher throughout, making it the consistently favoured option. 
 
 

 
 

Fig. 15. Comparison of the results of the sensitivity analysis: the economic (SA-Ec), social (SA-S) and 
environmental (SA-Ev) scores are shown relative to the MCA results for both the conventional greenhouse, Option 

1, and the novel greenhouse, Option 2. 
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5.4  Interviews 
 
In accordance with the results of the MCA and in answer to research question 2, the majority of 
stakeholders see value in implementing the novel greenhouse (Option 2). The four primary stakeholders 
interviewed for this report share their perspectives on the matter, with each of their most salient points 
represented by direct quotes. Table 7 offers a summary of the interviewees, their position and their 
comments. The full interview transcripts are found in the Appendix, Table 5. The interviewees were 
asked to comment on the possibility of using geothermal heat to warm greenhouses in Alberta, and 
whether they find the initiative feasible in Alberta in the near future. 
 
 
Interview 1: Co-owner of a (small) 16,000 m2 commercial vegetable greenhouse near Red Deer, Alberta 

 
The first interviewee sees the opportunity as an intriguing one, stating that, “Having our own source of 
heat would mean we wouldn't have to worry about commodity prices of natural gas anymore.” He further 
agreed that the initiative is increasingly feasible given the recently-imposed carbon-tax in Alberta and 
Canada, stating he is more likely to join the initiative, “if governments continue to increase taxes.”  
 
 
Interview 2: CEO of a (large) 180,000 m2 commercial vegetable greenhouse in Southern Alberta 
 
Interviewee 2 sees the opportunity as being more beneficial to smaller businesses, explaining, “Our 
greenhouse is 45 acres (180,000 m2), and heating this with geothermal heat would be difficult. The 
investment costs to do this would be a long-term payback, which is not attractive. For now, with current 
natural gas prices, we will continue with natural gas boilers.” Regardless of the option, the CEO notes that 
improving local food availability is key and the main personal driver for starting his own greenhouse. 
“We want all Canadians to have a local option, all 12 months of the year,” he affirms. 
 
 
Interview 3: City representative for the town of Red Deer, Alberta 
 
Interviewee 3 is on board with Option 2, describing it as “a novel approach for a sustainable local 
economy in rural communities in Alberta.” The city leader affirms the importance of sustainable 
development to Alberta’s future, stating that “Alberta has to find a balance between its traditional fossil 
fuel economy and promoting the use of alternative sources of energy to address issues on job creation, 
economic development, and carbon footprint.” He explains that long payback periods are not a concern 
for his branch of local government due to having a long-term perspective, and that job creation is their 
number one priority. The final verdict, however, boils down to the business case, “if it makes financial 
sense, then why not.” 
 
 
Interview 4: Co-founder of geothermal retrofitting company in Edmonton, Alberta 

 
Interviewee 4 is enthusiastic and hopeful for the implementation of Option 2; however, she notes that the 
initiative faces roadblocks due to “stringent regulatory frameworks put forward by provincial and federal 
policy makers.” She comments that these frameworks need updating or removal to ensure the legislative 
success of the initiative going forward. 
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Table 7. Summary of the business affiliation, position and noteworthy comments provided by each of the 
interviewed primary stakeholders. The comments in favour of Option 2 are denoted with a “+”, those against with a 
“-,” and neutral comments a “o.” 

Interviews Business affiliation Position Comments 

1 Small greenhouse 
operator (Red Deer) Option 2 + Less reliant on fluctuating market prices of natural gas 

+ Less susceptible to provincial carbon tax 

2 
Large greenhouse 
operator (South 
Alberta) 

Undecided 
- Option 2 works better for smaller operations – not as 

feasible for large-scale operations 
+ Vulnerable to fluctuating natural gas prices 

3 City representative 
(Red Deer) Option 2 

+ Enhances sustainability of rural Albertan communities 
+ Balance between the traditional fossil fuel economy and 

alternatives 
o Dependent on business case making financial sense 

4 
Geothermal 
retrofitting outfit 
(Edmonton) 

Option 2 
+ Firm belief in this kind of project  
- Regulatory frameworks hinder geothermal development 

in Alberta and in Canada 
 
 
 
 
Overall, the interviewees share a general consensus in favour of the novel greenhouse system. The project 
is agreed to be a suitable response to reduce greenhouse operators’ environmental impacts and 
vulnerability to fossil fuel prices. Moreover, the initiative can help ease the provincial transition to 
alternate forms of energy. Nonetheless, the interviewees bring forward two key obstacles that stand in the 
way of the initiative: higher investment costs for large commercial vegetable greenhouses, the effects of 
the new federal carbon tax and the existence of stringent regulatory frameworks that hinder geothermal 
development in Alberta and in Canada. 
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6. Discussion 
 
 

6.1  Interpretation of the Results 
 
The primary aim of this report is to determine the greenhouse system in Alberta that fares best with 
regards to economic, social and environmental criteria. The results indicate that Option 2, the novel, 
geothermally-heated greenhouse featuring AGMD, has a higher score than the conventional greenhouse. 
In accordance with the research question, this suggests that Option 2 is the preferred greenhouse system 
in Alberta from the sustainability standpoint. In effect, the novel greenhouse scores higher, most 
importantly, with regards to the environmental and social criteria, and ranks less well on the economic 
criteria, though not so much as to upset the overall totals. Effectively, the MCA indicates that Option 2 
displays greater potential for increasing local food availability, creating jobs, and reducing greenhouse 
gas emissions, freshwater waste and nutrient run-off over the course of the 30-year operating life. The 
sensitivity analysis bolsters this assessment by confirming the final scores are not significantly affected 
by bias from the weights. As such, the proposed geothermal greenhouse with AGMD is demonstrated to 
be a complex system that has a substantial and corroborated benefit on two of the three pillars of 
sustainability. 
 
 

6.2  Implications of the Results 
 
These results are in keeping with research into the feasibility of geothermal greenhouse development in 
Alberta. Past research focused primarily on the technical requirements and economic viability of 
geothermal development in the province, and conclusively demonstrated that both technical ability and 
cost-competitiveness are anticipated for geothermal greenhouse operations in Alberta (Kent, 2017; Banks, 
2016). The research agrees that geothermal field development in Alberta can be further improved upon 
through innovative technology, such as Enhanced Geothermal System (EGS), or in an application to oil 
sands processing in the current OG industry – concurrently enabling an emergent energy transition 
(Hofmann et al., 2014; Majorowicz et al., 2013).  
 
While past studies highlight the technical and economic features of such geothermal initiatives, they 
disregard other important arenas. The contribution of this analysis to the social and environmental sectors 
is a novel benefit of this research that supplements the few existing sources. A small degree of research 
within the social arena in Iceland highlights that geothermal greenhouse agriculture improves local food 
security (Bailes and Jóhannsson, 2011). In addition, one Canadian study estimates that geothermal can 
create 17 times more jobs than natural gas plants and has significantly fewer GHG emissions (Thompson, 
2016). Seeing as Option 2 scores most strongly in the social and environmental arenas, enhanced 
investigation within the Albertan context is needed and would ultimately be of great value to the future 
development of the local and national geothermal industry. 
 
The results of the MCA also provide insight into Alberta’s greenhouses wastewater handling. As 
described in section 2.4, greenhouses in Canada waste an incredible amount of freshwater annually due to 
plant “overdrain” requirements. Further, the government is facing a growing environmental hazard across 
the province and country: waterbody eutrophication from agricultural run-off. Indeed, the recent growth 
of the greenhouse industry in Alberta means that there are more haphazard releases of unfiltered 
wastewater, with the majority of growers admittedly disposing of the waste onto nearby fields – with little 
regard for nearby water ecosystems. In accordance with these facts, the MCA results indicate that the 
AGMD is a beneficial feature of the Option 2 as the 95 per cent recovery rates allow for substantial 
reduction of freshwater and fertilizer leakage into the natural environment.  
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These results are in keeping with past research, which highlights that the positive implications of 
wastewater filtration go beyond the immediate effects. Effectively, the production of agricultural 
inorganic fertilizers, for greenhouses or otherwise, is fossil fuel intensive and accounts for 1 per cent of 
global energy demand (Ramírez and Worrell, 2006). In Canada in 2015, chemical and fertilizer 
production accounted for 25 mega tons CO2E emission annually. Nationally, the fertilizer production had 
more emissions than petroleum refining (21 MTCO2E), as well as more than the GHG heavy-hitters, iron 
and steel production (14 MTCO2E) and smelting and refining (10 MTCO2E), combined (Shrake and 
Foyer, 2020). Further to this, inorganic fertilizers, such as NO3, have been linked to the formation of the 
harmful GHG nitrous oxide, N2O, and its leaking into the environment, contributing to extraneous, and 
largely unaccounted for, GHG emissions (Newell Price et al., 2011). Preventing superfluous releases of 
nitrogen-based fertilizers in the environment is thus an important step in reducing fertilizer demand and 
production. While this study looked briefly at the recycling of fertilizer in the novel greenhouse, future 
research can further examine the life-cycle savings – both economic and environmental – from using 
AGMD in greenhouses; namely, the savings from fossil fuel displacement and GHG emissions. 
 
 

6.3  Limitations 
 
Despite the positive implications for furthering the geothermal industry in Alberta, the analysis is 
hindered by some key limitations. Firstly, as mentioned in section 3.2 and in consideration of the 
Decision Theory framework, it is possible that the selection of the criteria and of the system boundaries 
show researcher bias. The criteria were explicitly selected after thorough review and cross-referencing of 
data. However, the limitation is a nearly unavoidable constraint of the MCA methodology (Dodgson et 

al., 2009).  
 
Secondly, the MCA deals with a relatively small sample size of well pairs. The study of fewer than 400 
well pairs restricts the range of the study to quite a limited area, reducing the study’s generalizability 
(Ferguson, 2004). In addition, the weighting analysis is based on a relatively small number of survey 
respondents. With only seven responses, it is possible that the weights show some bias – a common 
challenge with small sample sizes (Martens et al., 2006). The sensitivity analysis was conducted in an 
attempt to counter this issue, and fortunately indicates that the biases, if present, are not so obvious as to 
impact the overall scores. However, the chance remains as a limitation to this report. Going forward, a 
potential method to reduce this limitation includes expanding the survey to include the voices of OG 
companies. These novel actors may see geothermal expansion in Alberta as a competing entity and thus 
provide opposing perspectives to those given by the geothermal researchers, governmental bodies and 
commercial greenhouse operators of Alberta, sidelining bias. 
 
A final limitation is the narrow scope of the MCA. The selection of two options as opposed to multiple 
was done to ensure that the results remain pertinent to the Albertan context. However, constraining the 
MCA to only two options effectively pits one option against the other. Despite being beyond the scope of 
the report, it is possible other alternatives were overlooked that may have proven themselves more 
advantageous or informative. Alternate permutations of the options for consideration include a 
geothermal greenhouse without AGMD, a conventional greenhouse with AGMD, or an “off-grid” 
geothermal greenhouse with AGMD that is independent of the municipality. Another option is a 
greenhouse that uses waste heat from a geothermal power plant, where heat is a side-product. This would 
lead to reduced capital investment for the greenhouse operator and a diversified income stream for the 
power plant operator (Kent, 2017). Many options are available for further research and would prove an 
interesting addition to the field. 
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6.4  Areas of Future Consideration 
 
While the study was comprehensive and assessed all three sustainability pillars, there is one key aspect 
that benefits from further investigation: the economic impacts of the newly-imposed carbon tax. The tax 
is anticipated to curb agricultural energy requirements in the province, and help the industry move 
towards renewable options and energy efficiency (Banks, 2016). As shown in the MCA, the emissions 
saved from a 6000 m2 geothermal greenhouse is about 451 tonnes CO2E per year. The environmental 
implications from these savings are incredible, and the economic savings from the carbon tax are 
estimated to amount to around CAD $13,000 annually (Banks, 2016).  
 
Related to this research, a conventional greenhouse is susceptible to the fluctuating market prices of 
natural gas. Indeed, this is a concern that is voiced by greenhouse operators, and it is confirmed by the 
research, which emphasizes the important relationship between Albertan greenhouses’ annual economic 
return and fluctuations in heating fuel price (Ahamed et al., 2019). In effect, the cost of heating a typical 
one-hectare tomato greenhouse with natural gas in 2016 was about CAD $ 80,000 annually after a 
significant drop from nearly CAD $ 180,000 in 2014 (Banks, 2016). These fluctuations are impactful on 
greenhouse growers in Alberta, the vast majority of whom are bound to this fuel type (Laate, 2018). The 
recently-implemented carbon tax would further impact these values, to the detriment of the grower’s 
annual operational costs. As such, it would be beneficial to further investigate the impacts of the carbon 
tax on Alberta’s greenhouses. It is anticipated that the tax will spark innovation into renewable, 
emissions-saving technology (Banks, 2016), and so it is possible that the carbon tax will serve to bolster 
the long-term economic viability of Option 2 – further improving its overall total in the MCA. 
 
Future investigation can also address the challenges brought forth in the interviews: namely, the 
application of geothermal to large-scale commercial greenhouse operations, and the regulatory 
frameworks hindering geothermal development in Alberta and in Canada. In answer to the first point, the 
analysis was focused primarily on the 391 well pairs available for development in Alberta. However, 
future research is anticipating the combination and development of more well pairs as they become 
available (Kent, 2017). Nonetheless, this comment highlights a limitation of the study: the initiative is 
most impactful for the development of future commercial greenhouse operations – large or small, rather 
than for the retrofitting of current operations – highlighting an important gap to be filled by future 
research.  
 
Secondly, governmental frameworks can be a major hurdle to geothermal development in Alberta. 
Canada has no operational geothermal power or heating facilities, despite having incredible potential and 
countless companies that operate geothermal energy plants across the globe. The primary setback to 
geothermal development in Canada is lack of interest by the government and by the energy industry 
(Lopoukhine, 2014). The first geothermal power plant in Canada is only just now being built in Alberta’s 
neighbour province of Saskatchewan (Coleman, 2019). The most significant roadblock to development in 
Alberta was that there was no regulatory framework for geothermal development. This means that the 
drilling rights, the resource ownership, the infrastructure and more were governed by a different set of 
rules. This made any attempt to develop the industry a complex and confusing process (Rieger, 2019). 
Fortunately, very recently in January of 2020, the province published an Electric Utilities Act named the 
“Small Scale Generation Regulation” (Government of Alberta, 2020) The act outlines the provincial 
regulations for small-scale and community-level geothermal generation and provides much-needed 
structure for the future development of geothermal in Alberta. This recent addition to the industry’s 
arsenal is sure to have monumental impacts on Phase 1 of small-scale geothermal development in the 
province and will help minimize the hurdle mentioned by the fourth interviewee. 
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6.5  Widening the Scope: Canada’s SDGs and EWF  
 
In considering the results, it is understood that geothermal greenhouses can effectively enhance the 
sustainability of the agriculture sector – most notably on the social and environmental fronts. Not only do 
the geothermal greenhouses with AGMD align with the government’s Food Policy recommendations to 
increase food production in a sustainable manner, but also with the federal commitments to the 2030 
Sustainable Development Goals. In effect, the novel greenhouse boasts positive impacts on all three 
SDGs 2.4, 6.3 and 7.a, as described. The following section thus ties into the theoretical frameworks that 
were selected as the bases for this report. 
 
Firstly, SDG 2.4 emphasizes the need for sustainable food production systems and resilient agricultural 
practices by 2030. The practices should increase productivity and production, while maintaining 
ecosystems, remaining resilient to climate change events and extreme weather, such as drought or 
flooding, and progressively improve land and soil quality (Government of Canada, 2020). While Option 1 
is suitable for improving Canadian agricultural productivity and food production, it is less beneficial in 
the environmental arenas – as was demonstrated by the MCA. In effect, Option 2 has the ability to 
exponentially enhance Canadian food production, while sidestepping the detrimental effects of nutrient-
loading nearby ecosystems. Both options preserve land and soil quality by minimizing the vast amount of 
land-use that is typically needed by conventional agriculture; however, Option 2 prevents wastewater 
dumping onto nearby fields. On the broader scale, the emissions saved from the displacement of natural 
gas for geothermal heat will have lesser impacts on climate change.  
 
Secondly, SDG 6.3 deals with the need to improve water quality by reducing pollution, eliminating 
dumping and minimizing the release of hazardous chemicals and materials by 2030. It also aims to halve 
the proportion of untreated wastewater and substantially increase recycling and safe re-use (Government 
of Canada, 2020). Greenhouses typically reduce the overall volume of water used in agriculture by 
minimizing the evapotranspiration that is inherently problematic to open-field agriculture. However, 
Option 2 corresponds best to SDG 6.3 thanks to the AGMD unit. The AGMD prevents the entry of 
nutrient-rich wastewater into nearby ecosystems. It also works extremely well to reduce the volume of 
untreated wastewater – by allowing 95 per cent recovery of wastewater. Furthermore, the combination of 
the AGMD with geothermal heat allows for the recycling and re-use of water in a safe and healthy way - 
by exposing pathogens to high temperatures for long periods of time - all without creating extraneous 
GHG emissions. 
 
Finally, SDG 7.a revolves around facilitating access to clean energy research and technology, including 
renewable energy, energy efficiency and cleaner fossil-fuel technology. It also aims to promote 
investment in energy infrastructure and clean energy technology (Government of Canada, 2020). In 
effect, Option 1 tends to be a proponent for the use of cleaner fossil-fuel technology thanks to the 
widespread use of natural gas: a “cleaner” version of the other fossil fuel alternatives like coal or diesel 
(Jaccard, 2006). Nonetheless, Option 1 fails to take into account the integration of clean energy 
technology and energy infrastructure. These criteria are met by Option 2, which encourages the 
investment into novel energy infrastructure and technology. It also contributes to the fields of renewable 
energy and energy efficiency, as stressed by SDG 7.a, by minimizing the GHG emissions that stem from 
conventional energy technology. 
 
In addition to the implications on Canada’s SDG commitments, greenhouse systems are characterized by 
their position within the EWF nexus. Greenhouses are exceptional in their simultaneous handling of the 
three EWF sectors and the SDGs described above: with SDG 2 relating to food resources, SDG 6 to water 
and SDG 7 to energy. The three sectors are broached as distinct entities in typical greenhouses; however, 
operators in Alberta would do well to harness this unique, integrative nature to identify points of mutual 
benefit, or synergies. Applying nexus thinking to the greenhouse system can encourage growers and 
policy-makers to identify benefits that are not found when only considering one or two sectors – for 
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example, the use of geothermal heat for two significant outcomes: food production and water filtration. In 
this way, Option 2 acts as a model for innovative technology in Alberta. The technology is thus 
characterized by its handling of multiple sectors in tandem to create mutual benefits that provide 
enhanced effects. 
 
In effect, research from within the Albertan context has failed to take into account the synergies that can 
result from integrating the EWF sectors. Upon widening the scope, research within the Canadian context 
has largely focused on the impacts of irrigation for food crops on water security, and the effects of 
hydropower for energy generation (Wheater et al., 2016). Further research into technologies and solutions 
that address all three sectors in tandem is imperative. To that end, there is growing interest in national 
EWF security, namely by the International Institute for Sustainable Development (IISD) headquartered in 
the Canadian prairies. The IISD stresses the importance of bringing an integrated EWF nexus into the 
mainstream. To do so, they aim to identify technological choices and investments that bring about EWF 
synergies that, when implemented in the real-world, create necessary changes (Bizikova et al., 2013). 
Effectively, the proposed geothermally-heated greenhouse with AGMD, which tackles all three sectors 
simultaneously, is an important application that is fit for this need. Thus, further investigation into the 
benefits and synergies of such an integrated system is of critical importance to ensure the future sanctity 
and preservation of Canada’s resources. 
 
In the end, growing global populations are leading to scarcer resources, and there is an increasing urgency 
to develop innovative policies, strategies and technologies that mitigate overconsumption in an integrated 
manner. As stated by the UK Foreign Secretary William Hague, climate, energy, water and food security 
form “the four resource pillars on which global security, prosperity and equity stand. Each depends on the 
others” (Hague, 2010). EWF are important resources that would benefit from further integration in 
Canada’s future development, though they are not the only ones that matter. Finding approaches that 
integrates multiple sectors, as in the novel greenhouse system, is an important way to determine nexus 
trade-offs and synergies. Encouraging innovations that culminate in integrated cross-sectoral 
development, as well as addressing the Canadian Sustainable Development Goals, is beneficial to 
widespread, long-term fruition and sustainable development at the provincial, national and global levels.  
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7. Conclusion 
 
This study demonstrated that a geothermally-heated greenhouse in Alberta featuring wastewater filtration 
has a more sustainable outcome than a conventional greenhouse over a 30-year operating life. The 
analysis highlighted the important criteria and objectives that characterize the greenhouse systems. The 
MCA determined the areas where the novel greenhouse performs best, and thereby provided novel 
insights into the often-overlooked social and environmental benefits. The analysis compared several 
distinct criteria and brought to light the synergies and trade-offs of the greenhouse systems.  
 
While the analysis offered conclusive empirical results, the interviews highlighted vulnerabilities of the 
system that may have been otherwise overlooked– notably the scaling up of the novel greenhouse model 
to larger operations, and the importance of having established and regulated governmental frameworks. 
The study was constrained by small sample sizes and a narrow scope. To better understand the 
implications of these results, future studies can widen the scope to include a bigger research area, and a 
more diverse set of interviewees. They can also determine the impacts of the carbon tax on the economic 
pillar of the analysis. 
 
Overall, the results act as a guide and framework for policy-makers and stakeholders that are seeking a 
wider perspective on geothermal development and agricultural sustainability in Alberta. MCA analyses 
are an important decision-making tool for stakeholders. As such, the recommendations to be distilled 
from this report are as follows: 
 

1. The novel greenhouse in Alberta is, overall, more positively impactful than a conventional 
greenhouse on an array of economic, social and environmental criteria over a 30-year timeline, 

2. The novel greenhouse performs better than the conventional greenhouse most importantly in the 
social and environmental arenas, 

3. The novel greenhouse utilizes innovative technology that promotes geothermal development in 
Alberta and challenges the existing fossil fuel monopoly, enhances food availability, and 
encourages beneficial wastewater management, 

4. The novel greenhouse is indicative of a lucrative innovation to promote Canada’s SDG 
commitments for 2030, and its synergistic handling of EWF resources 

 
In sum, this study illustrates how one complex system can have the desired capacity to benefit multiple 
issues at once. The novel greenhouse had impressive implications for Canada’s Food Policy, its EWF 
resources and its commitment to SDG 2 (zero hunger), SDG 6 (clean water and sanitation) and SDG 7 
(affordable and clean energy). The system serves as a model for enhancing technology and encouraging 
innovation that handles multiple goals in tandem, whether in relation to sustainable development, to EWF 
security, or other sectors. With growing global populations and the increasing scarcity of resources, it is 
important for the long-term benefit of nations to consider systems as integrated and dynamic entities. In 
sum, holistic systems perspective is beneficial for tackling complex situations in an effective and cross-
sectoral way, and is crucial for productive and sustainable development at the global scale.   
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Appendix 
 
 

1. Map of Alberta 
 
 

 
 

Fig. 1. Map outlining the major cities, water bodies and borders of Alberta (Brittanica, 2020). 
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2. MCA Criteria Calculations 
 
Table 1. Calculations used for determining the results of the multi-criteria analysis divided into economic, social 
and environmental sectors. 

 

Criteria   Option 1  Option 2 
Economic Criteria 

Investment Cost Unit Per unit Per 6000 m2 Per unit Per 6000 m2 

Greenhouse investment cost CAD/m2 190.62 1143720 190.62 1143720 
Direct use geothermal system CAD/ha 0 0 750000 450000 
AGMD system 1 unit 0 0 4500 4500 
Total  CAD  1143720  1598220 
Operational Cost Unit Per unit Per 6000 m2 Per unit Per 6000 m2 

Material costs CAD/m2 10.4 1872000 10.4 1872000 
Labour costs CAD/m2 34.18 6152400 34.18 6152400 
Marketing (includes transportation costs) CAD/m2 17.37 3126600 17.37 3126600 
Fertilizer & chemicals (95% recovery AGMD) CAD/m2 7.27 1308600 0.3635 65430 
Repair & maintenance CAD/m2 1.57 282600 1.57 282600 
Other cash costs CAD/m2 4.91 883800 4.91 883800 
Heating cost (80% less with geothermal) CAD/m2 16.12 2901600 3.224 580320 
Lighting cost CAD/m2 8.54 1537200 8.54 1537200 
Other electrical costs (80% less with 
geothermal) CAD/m2 4.95 891000 0.99 178200 

Total (Option 2 - 5% decrease overall costs) CAD  18955800  14062680 
Total CAD/kg  57.4  42.6 
Payback Period           
Tomato greenhouse   years   2.42   10 

Social Criteria 
Food Availability          
Total locality    USA   Alberta  
Job Creation           
Part-time     2500   2500 
Full-time     2000   2000 
New jobs created per Megawatt thermal    0   ~10 
Total     No   Yes 

Environmental Criteria 
Global Warming Potential Unit  Tons CO2E  Tonnes CO2E 

CO2 burned (1 CO2 = 1 CO2E) kg 451010 451.01 0 0 
CH4 burned (1 CH4 = 25 CO2E) g 8500 0.2125 0 0 
N2O burned (1 N2O = 298 CO2E) g 850 0.2533 0 0 
Total tons CO2E   451.4758  0 
Freshwater Losses Unit Total Per kg Total Per kg 
10% overdrain L 607200 1.84 30360 0.092 
30% overdrain L 1821600 5.52 91080 0.276 
Total Ave. L/kg   3.68   0.184 
Potential for Eutrophication           
Total     Yes    No 
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3. Sensitivity Analysis Calculations 
 
 
Table 2. Calculations for the first sensitivity analysis with normalized total following an increase in weight of the 
economic criteria (green), and a decrease in weight of the social and environmental (red). Option 1 represents the 
conventional greenhouse model, in yellow. Option 2 represents the geothermal greenhouse with AGMD, in blue. 
 

Criteria Unit Weight Option 1 Option 2 
Economic Criteria     Data Score Data Score 
Investment Cost $CAD 4.7 1,143,720 14.1 1,598,220 4.7 
Operational Cost $CAD/kg tomatoes 5.0 57 5.0 39 20.0 
Payback Period years 5.0 2.42 20.0 10 10.0 

Normalized economic value 14.7 2.66 2.36 
Social Criteria             

Food availability Transportation 
distance 3.0 United 

States 3.0 Alberta 12.0 
Job Creation yes/no 4.0 No 0.0 Yes 12.0 

Normalized social value 7.0 0.43 3.43 
Environmental Criteria             
Global Warming Potential tonne CO2E/year 3.7 451.48 14.8 0 18.5 
Freshwater Losses L/kg tomatoes 3.7 3.68 7.4 0.184 14.8 
Potential for 
Eutrophication yes/no 2.4 Yes 0.0 No 7.2 

Normalized environmental value 9.8 2.27 4.13 
Normalized total: 1.79 3.31 

 
 
 
 
Table 3. Calculations for the second sensitivity analysis with normalized total following an increase in weight of the 
social criteria (green), and a decrease in weight of the economic and environmental (red). Option 1 represents the 
conventional greenhouse model, in yellow. Option 2 represents the geothermal greenhouse with AGMD, in blue. 
 

 

Criteria Unit Weight Option 1 Option 2 
Economic Criteria     Data Score Data Score 
Investment Cost $CAD 2.7 1,143,720 8.1 1,598,220 2.7 
Operational Cost $CAD/kg tomatoes 3.6 57 3.6 39 14.4 
Payback Period years 3.0 2.42 12.0 10 6.0 

Normalized economic value  9.3 2.55 2.48 
Social Criteria             

Food availability Transportation 
distance 5.0 United States 5.0 Alberta 20.0 

Job Creation yes/no 5.0 no 0.0 yes 15.0 
Normalized social value 10.0 0.50 3.50 

Environmental Criteria             
Global Warming Potential tonne CO2E/year 3.7 451.48 14.8 0 18.5 
Freshwater Losses L/kg tomatoes 3.7 3.68 7.4 0.184 14.8 
Potential for 
Eutrophication yes/no 2.4 Yes 0.0 No 7.2 

Normalized environmental value 9.8 2.27 4.13 
Normalized total: 1.77 3.37 
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Table 4. Calculations for the third sensitivity analysis with normalized total following an increase in weight of the 
environmental criteria (green), and a decrease in weight of the economic and social (red). Option 1 represents the 
conventional greenhouse model, in yellow. Option 2 represents the geothermal greenhouse with AGMD, in blue. 
 

Criteria Unit Weight Option 1 Option 2 

Economic Criteria     Data Score Data Score 
Investment Cost $CAD 2.7 1,143,720 8.1 1,598,220 2.7 
Operational Cost $CAD/kg tomatoes 3.6 57 3.6 39 14.4 
Payback Period years 3.0 2.42 12.0 10 6.0 

Normalized economic value  9.3 2.55 2.48 
Social Criteria             

Food availability Transportation 
distance 3.0 United States 3.0 Alberta 12.0 

Job Creation yes/no 4.0 no 0.0 yes 12.0 
Normalized social value 7.0 0.43 3.43 

Environmental Criteria             
Global Warming Potential tonne CO2E/year 5.0 451.48 20.0 0 25.0 
Freshwater Losses L/kg tomatoes 5.0 3.68 10.0 0.184 20.0 
Potential for 
Eutrophication yes/no 4.4 Yes 0.0 No 13.2 

Normalized environmental value 14.4 2.08 4.04 
Normalized total: 1.69 3.32 

 
 
 
SA 1: Economic Parameters 
 
To begin with, when the weights for the economic criteria are increased by one point (maximum 5), the 
changes bring the NT closer to one another; however, Option 2 remains greater than Option 1. The Ne for 
Option 1 raises to 2.66 while that of Option 2 descends to 2.02. Option 1 trumps Option 2. Further, the Ns 

of both options lower slightly with the decrease in weights, and the Nev increase for both options. In sum, 
the overall normalized total changes slightly, with Option 1 increasing up to NT of 1.78, whereas Option 2 
lowers down by 0.01 points to NT of 3.19. As demonstrated in Figure 2 below, the scores from the multi-
criteria analysis are compared to those from the sensitivity analysis.  
 
Overall, while the economic scores for Option 1 increased in this sensitivity analysis, the increase did not 
have a significant enough impact to enable Option 1 to surpass the overall total score of Option 2. Option 
2 remains the favoured greenhouse model. 
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Fig. 2. Summary of the first round of the sensitivity analysis, representing normalized totals when economic criteria 
are heavily-weighted. Option 1 is shown in yellow and Option 2 is in blue. The MCA values are in a darker shade 

and the results of the sensitivity analysis (SA) in a lighter shade in the background. 

 
SA 2: Social Parameters 
 
Upon increasing the weights of the social criteria by one point (maximum 5) and decreasing the weights 
of the economic and environmental criteria, the normalized totals increase slightly and almost by an even 
amount for both. The social totals for both increase slightly. The economic totals decrease for Option 1 
and increase for Option 2 – bringing the values closer to even. Meanwhile, both options increase with the 
decrease in weight of the environmental criteria. Overall, Option 2 continues to remain greater to Option 
1. As in Figure 3, the scores from the multi-criteria analysis are compared to those from the sensitivity 
analysis. 
 
Overall, the social scores for both Options 1 and 2 increased slightly in this sensitivity analysis. However, 
these changes did not have a significant enough impact to enable Option 1 to surpass the overall total 
score of Option 2. Option 2 remains the favoured greenhouse model. 
 

 
Fig. 3. Summary of the second round of the sensitivity analysis, representing changes to the normalized when social 
criteria are heavily-weighted. Option 1 is shown in yellow and Option 2 is in blue. The MCA values are in a darker 

shade and the results of the sensitivity analysis (SA) in a lighter shade in the background. 
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SA 3: Environmental Parameters 
 
Finally, when increasing the weights of the environmental criteria by one point (maximum 5) and 
decreasing the weights of the economic and social criteria accordingly, the normalized totals decrease 
slightly for both. In terms of the environmental scores, both options see decreases. The economic criteria 
decrease for Option 1 and increase for Option 2 – bringing their scores closer together. The social criteria 
both decrease by only 0.01 points. Overall, Option 2 retains the greater score. As in Figure 4, the scores 
from the multi-criteria analysis are compared to those from the sensitivity analysis. 
 
Overall, increasing the weights of the environmental criteria caused the scores from both Options 1 and 2 
to decrease slightly in this sensitivity analysis. The effect was not so significant as to enable Option 1 to 
surpass the overall total score of Option 2. Option 2 remains the favoured greenhouse model. 
 
 

 
 

Fig. 4. Summary of the third round of the sensitivity analysis, representing changes to the normalized total when 
environmental criteria are heavily-weighted. Option 1 is shown in yellow and Option 2 is in blue. The MCA values 

are in a darker shade and the results of the sensitivity analysis in a lighter shade in the background. 
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4. Interview Transcripts 

 
Table 5. Full transcript from the interviews with four of the primary project stakeholders. The respondents gave 
their answers to Questions 1 and 2 in accordance with their industry experience. 
 

Interview 
Question 1: 
What do you think of using geothermal heat to 
warm greenhouses in Alberta? 

Question 2: 
Do you find this kind of project feasible in 
Alberta in the near future? Why or why not? 

1 
“It is definitely an intriguing idea.   Having our own 
source of heat would mean we wouldn't have to worry 
about commodity prices of natural gas anymore.” 

“Yes, I do.  Especially if governments continue to 
increase taxes on carbon.” 

2 

“This is a great idea for smaller business. Our 
greenhouse is 45 acres with the new expansion, and 
heating this with geothermal heat would be difficult. 
The investment costs to do this would be a long-term 
payback, which is not attractive. For now, with current 
natural gas prices, we will continue with natural gas 
boilers. Our natural gas boilers are very efficient, and 
we have a heat storage tank that increases this 
efficiency. We heat the tank during the day and feed 
the CO2 to the plants. Then we turn the boilers off at 
night and use the heat in the tank. This allows us to 
really reduce our carbon footprint!” 

“Yes, I think this could work for smaller 
operations. Local is our mandate. We want all 
Canadians to have a local option, all 12 months 
of the year!” 

3 

“More interested in the business case than the initial 
cost. Am prepared to invest high dollars up front if it 
makes good business sense. 
In municipal government we are in for the long run so 
can afford a longer payback period. 
I have limited knowledge in this technical area but if 
the business case is there for it to make financial sense, 
then why not.” 

“Yes, Alberta has to find a balance between its 
traditional fossil fuel economy and promoting the 
use of alternative sources of energy to address 
issues on job creation, economic development, 
and carbon footprint.” 

4 “It makes perfect sense!” 
“Not feasible in the near future due to stringent 
regulatory frameworks put forward by provincial 
and federal policy makers.” 

 





 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


