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Executive Summary

This thesis explores the potential to power an Indigenous-led Aquaponic Greenhouse in the Alberta
Boreal Forest Natural Region with renewable thermal energy. In collaboration with LANDMARC and
Fort McKay First Nation (FMFN), the research aims to bridge the perspectives of systems engineering
and Traditional Ecological Knowledge (TEK) to propose a feasible and culturally aligned greenhouse
design supplied by renewable heating alternatives.

The main objective of this study is to examine and develop the most critical areas of the Aquaponic
Greenhouse project to get a better understanding of the problems that need solving. Focusing on the
techno-economics of the renewable heating supply sets a clear guideline and remains a critical factor
for project success. The main purpose of the research is to support the FMFN project developer in
decision-making by evaluating the technical-, economic-, social-, and environmental performance of
suitable renewable heating alternatives for the greenhouse. The main research question is put forward
as follows:

What are potential renewable energy alternatives to sustainably meet the thermal demand of an
Indigeonus-led community-scale Aquaponic Greenhouse in the Alberta boreal forest?

Following a broad literature review and a theoretical grounding in the value sensitive design, design
science research, and systems thinking, the study develops an integrative framework to capture socio-
technical, economic, and ecological aspects within the project. Stakeholder values are systematically
identified and translated into technical design requirements and key performance indicators. The out-
come presents a conceptual Aquaponic Greenhouse design that balances traditional practices, com-
munity preferences, and efficient growing methods with a combination of nutrient-film technique and
soil-based growing beds. A techno-economic analysis is conducted to compare three renewable heat-
ing technologies (biomass boilers, biodigester system with biogas, and ground source heat pumps
(GSHP) and two hybrid configurations in comparison to a natural gas boiler. The analysis considers
an operational life cycle of 20 years for the greenhouse and its heating system. A multi-criteria inte-
gration is carried out using the Best-Worst Method in which the project developer assigns weights to
performance indicators in the domains of technical, environmental, social, and economic criteria. The
project is in its conceptualization phase before implementation.

The findings indicate that while natural gas remains difficult to compete with in financial terms, it fails
to align with social and environmental values. By contrast, hybrid systems score highest according
to a multi-criteria assessment. Importantly, the study underscores that a passive solar greenhouse
design, featuring south-facing glazing, night curtains, and thermal energy storage, is crucial in reducing
the thermal demand by up to 47 % on average. Such energy-saving measures mitigate overall costs,
reduce reliance on fossil fuels, and pave the way for more ambitious renewable solutions. Furthermore,
the analysis reveals that scaling up the greenhouse size improves financial viability, although a pilot
approach is recommended to manage risks and maintain system reliability.

Potential renewable heating alternatives to sustainably meet the thermal demand of an Indigenous-led
community-scale Aquaponic Greenhouse in the Alberta boreal forest are first of all passive solar uti-
lization within the building design with a combined use of night curtains and thermal storage elements.
In addition to that, a hybrid solution with biodigester (biogas) for base loads and grid-connected natu-
ral gas provision for flexible peak demand is recommended if the biodigester solution can be scaled
and improved by different measures to move away from fossil-powered energy over time. The second
potential renewable heating alternative is the combination of GSHP as a base and biomass boilers for
peaks. This hybrid option demonstrates advantages in cooling capabilities for summer and improved
scalability opportunities than natural gas. The heat pump can initially be powered from grid electricity
but replaced over time by partial or full renewable electricity from solar photovoltaic which is conceiv-
able with Alberta’s high solar potential. The first hybrid option is more cost-effective, scalable, and
flexible but environmentally more harmful. The second option requires higher upfront costs but can be
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seen as cleaner and demonstrates greater opportunities of becoming completely off-grid in the future
but can only be scaled on the biomass boiler side. Standalone technologies that can be eligible in
certain contexts are biomass boiler systems for smaller greenhouse sizes in which a constant resource
flow is secured, or ground source heat pumps for exceptionally large greenhouses when high capital
investments can be provided easily.

Overall, the thesis concludes that an Indigenous-led Aquaponic Greenhouse project in Fort McKay can
be both economically viable and culturally appropriate, provided that the design process integrates TEK,
embraces community engagement, and systematically evaluates renewable heating technologies. The
proposed framework and model can serve as a replicable guiding strategy for similar socio-technical
initiatives aiming to strengthen food sovereignty, reduce greenhouse gas emissions, and promote In-
digenous self-determination.

The holistic and integrative nature of this study introduces several limitations. While the research
aims to address the technical, economic, social, and environmental dimensions of the project, time
constraints required compromises in the depth of analysis. Key areas such as the techno-economic
analysis and value-sensitive design were prioritized, but a comprehensive exploration of the policy
landscape including financial subsidies or regulatory frameworks for clean energy projects was beyond
the scope of this thesis. The early stage of the project was another limiting factor. The analysis is
an initial approximation of understanding broad connections where many aspects were uncertain and
could change quickly.

This study advanced academic discourse by demonstrating how Traditional Ecological Knowledge can
be meaningfully incorporated into conventional engineering frameworks, supported by Value Sensi-
tive Design (VSD), systems engineering approaches, and multi-criteria decision-making (MCDM). The
research process itself was transparent about its challenges and successes, shedding light on how
integrating values into engineering can yield novel insights and practical applications, but also expose
methodological gaps. Although certain plans like a participatory BWM community survey was canceled
due to time constraints, the attempt underlined the importance of inclusive, community-oriented ap-
proaches and opened avenues for future exploration. By highlighting the synergies among TEK, VSD,
and MCDM, the work underscores the potential for holistic, value-driven innovations in socio-technical
systems. Ultimately, the study’s interdisciplinary nature including cultural values, social challenges,
ecological relationships, and advanced engineering methods demonstrates how complex, uncertain
contexts can foster both meaningful collaboration and methodological evolution.

The research discovered a majority of topics to be explored from very specific identified gaps regard-
ing the project to more broad and conceptual ideas that might be applicable to various other fields.
The nature of the holistic and integrative framework provided a creative space to investigate multiple
challenges from different perspectives and yielded valuable insights that can be further developed and
analyzed.



Acknowledgements

This master thesis has been a long and stormy journey with ups and downs, both challenging and
rewarding. As Henry Ford wisely stated, "When everything seems to be going against you, remember
that the airplane takes off against the wind, not with it”. Fortunately, | did not have to go this journey
alone and had more support than | could ever have asked for to lift me up.

I would like to begin by expressing my sincere gratitude to my thesis committee which supported and
guided me throughout the course of this research and whose valuable insights and critical feedback
significantly refined the quality of my work.

| am deeply grateful to Luis for being my mentor from the very start of the project, for coaching me both
professionally and personally, for always taking time to support me and finding the right motivating
words in challenging times, for providing honest feedback and helping me grow, for all the inspiring
discussions on all kinds of levels, and in general for the ongoing collaboration.

| extend special thanks to Jafar for listening to my concerns and taking me on as a master’s student
without hesitation, for the continuous patient guidance and generous flexibility, for the expert advice and
extended interest, for the outstanding support and understanding, and for teaching me as a professor
and chair.

My appreciation also extends to Ming for instantly meeting me to discuss the topic, for showing genuine
interest and offering valuable advice, for asking the right questions, and for all the support.

| am profoundly grateful to Ryan for immediately welcoming me, for all the inspiring discussions and
innovative ideas, for the enthusiasm and cooperation, for the trust and letting me be part of the project,
and for all the insightful meetings and flexibility.

Special thanks to Jenny for the early guidance, for supervising me, for all the support within LAND-
MARC, and for thoughtfully introducing me to new fields and areas.

| also want to thank all other LANDMARC researchers for their support and collaboration, for the inter-
esting debates, and for being part of this welcoming working group.

Sincere appreciation is expressed to Beve for leveling up my skills in Fusion 360, for all the inspiring
technical debates, for all the support, and mostly for procrastinating work to help me out.

Heartfelt gratitude is extended to Ekin for always being there for me, for supporting me professionally
and emotionally throughout the time, for all the love and extraordinary patience, and for encouraging
and strengthening me in difficult times.

My deepest gratitude goes to my family, whose love, understanding, and moral support provided me
with the resilience to complete this thesis.

Immense gratitude is extended to my closest friends who have always been surrounding me during this
endeavor and act as my vital support system on every level.

Benjamin lemhényi Hanko
Delft, February 2025

11



contents

Executive Summary i
Preface iii
Nomenclature Xi
1 Introduction 1
1.1 Problemstatement . . . . . . . .. ... 1
1.2 Definition ofkeyconcepts . . . . . . . . L 3
1.2.1 Traditional Ecological Knowledge and reciprocal restoration . . . . . ... .. .. 3

1.2.2 Aquaponic Greenhouse . . . . . . . . . . . . . ... 4

1.2.3 Renewableenergy . . . . . . . . . ... 6

1.3 Knowledge gaps . . . . . . . . . 6
1.4 Objectives, scope, and research questions . . . . ... ... ... ... ......... 8

2 Literature Review & Theory 10
2.1 Screening process and topiccoverage . . . . . . . ..o e e e 10
22 Mainfindings . . . . . . . . e 12
2.3 Integrative problem-solving paradigms . . . . . . .. ... oo 14
2.3.1 Systemsengineering . . . . . . ... e 14

2.3.2 Designscienceresearch . . . . . .. . . . ... e 16

2.3.3 Valuesensitivedesign . . . . . . . . ... 17

3 Research Methodology 18
3.1 Researchapproach . . . . .. .. . . . . . ... 18
3.2 Integrative research framework . . . . . . . . .. ... 19
3.3 Datacollection . . . . . . . . . 23
3.4 Limitationsofthestudy . . . . . .. .. . . . ... 24

4 Community-Centric Evaluation 25
4.1 Stakeholderanalysis . . . . . . . . . L 25
4.2 Values . . . . . . e 27
4.3 Aquaponic Greenhouse . . . . . . . . . L 28
4.3.1 Valuesourceanalysis . . .. .. . .. . . ... 28

4.3.2 Results and value alignment . . . ... ... ... .. .. ... .. ... 33

4.3.3 Value-based narrative . . . .. . .. .. . ... ... 34

4.4 Renewable heatingsystem . . . . . . .. ... L 35
441 ValuesourceanalySis . . . . . . . . . . . e 35

4.4.2 Value-based narrative . . . . .. . .. ... 36

4.4.3 TechnologyandKPlselection . . . ... ... .. ... .. ... ... ........ 38

5 Aquaponic Greenhouse Design 40
5.1 Constraints, objectives, and attribute selection . . . . ... ... ... ... ....... 40
5.2 Modeldesignconcept . . . . . . . . . 42
521 Overview . . . . . e 42

522 Systemsizing. . . . . ... e e 42

523 CADmodel . . . . . . . . e 44

524 Thermaldemand . . . . . . . . . . . . . . . ... 46

6 Techno-Economic Analysis 49
6.1 Modeldesignconcept . . . . . . . . . 49
6.1.1 Overview of renewable heating technologies . . . . . .. ... ... ....... 49

v



Contents Y%
6.1.2 Basecase: Naturalgasboiler. . . . .. ... ... ... ... . . . 50

6.1.3 Biomass: Agro-pelletboiler . . . . . .. ... ..o 52

6.1.4 Balloon digester: Biogas boiler . . . . . . ... ... ... oL 54

6.1.5 GSHP: Closed-loop horizontalsystem . . . . . . ... ... ............ 56

6.1.6 Hybrid integration and optimization . . . . . .. ... ... .. ... ... .. 57

7 Model Results 60
7.1 Aquaponic Greenhouse . . . . . . . . . . . ... e 60
7.1.1 Produce . . . . . . .. e e 60

712 Costsandrevenues . . . . . .. . . . . . e 61

7.1.3 Thermal load curve and passive solareffect . . . . . ... ... ... .. ..... 62

7.1.4 Sensitivity analysis . . . . . . . L 63

7.2 Techno-economic heating comparison . . . . . . . .. ... ... ... ... .. 64
7.21 Costsandincome . . . .. . . . . . . . . .. 64

7.2.2 NetPresentValue . . . .. ... . . . . . . ... .. 66

7.2.3 Carbon emissions . . . . . . . ... e e e 67

7.2.4 Sensitivityanalysis . . . . . .. 68

8 Multi-Criteria Integration 71
8.1 Multi-criteria decision-making: Best-Worst Method . . . . . . . . ... ... L. 71
8.1.1 IntroducingBWM . . . . . . .. 71

8.1.2 Application and projectintegration . . . . .. ... ... . .. 0oL 72

8.1.3 Results . . . . . . . e 75

9 Discussion 76
9.1 Indigenous leadership in global sustainability . . . .. .. .. ... ... ......... 76
9.2 Reflection on the research framework . . . . . . . .. .. ... ... ... . ...... 77
9.2.1 Challenges of integratingvalues . . . . ... .. ... ... ... ......... 77

9.2.2 Synergies between TEK and applied approaches . . . . . . ... ... ... ... 78

9.3 Viability of renewable thermal energy alternatives . . . . . . . . ... .. ... ... ... 79

10 Conclusion 82
10.1 Key insights fromthe study . . . . . . ... .. ... ... ... ... . ... .. ..., 82
10.1.1 Summaryoffindings . . . . . . . . ... . 82

10.1.2 Answer to the research question . . . . . . . . .. .. .. ... ... ... ... 83

10.2 Recommendations for the FMFN AG project. . . . . . . . ... .. ... ... ... ... 85
10.3 Contributions and CoSEMrelevance . . . . . . . . . . . . . . .. .. ... .. ... ... 86
10.4 Limitations and futureresearch . . . . . . . . . . .. . ... .. .. ... .. 87
References 89
A Appendix 94
A.1 Literaturereview . . . . . . . ... 94
A.2 Applying the conceptofbricolage . . . . . . .. .. ... ... . ... ... ... ... 95
A.3 LANDMARC: Protection of PersonalData . . . . ... ... ... ............. 95

B Appendix 112
B.1 Aquaponic Greenhouse proCess . . . . . . . . . o v it e 112
B.2 Climatedata . .. .. . . . . . . . . . e 113
B.2.1 MildredLake . . . .. . . . . . . . .. 113

B.2.2 Fort McMurray Airport . . . . . . . . 114

B.3 Sensitivity analysis: Hybrid options . . . . . . . . ... ... 114
B.3.1 Hybrid-1BN . . . . . . . e 114

B.3.2 Hybrid-2GB . . . . . . . .. 115

B.4 Linear BWM Questionnaire . . . . . . . . . . . . . e 115

C Appendix 116
C.1 Cashflow statements from TEA . . . . . . . . . . . . . . . . . . . . . ... 116
C.1.1 Basecase: Naturalgasboiler. . . . . . ... ... ... ... ... . .. 116

C.1.2 Biomassboiler . . . . . .. . . ... 124



Contents

vi
C.1.3 Biodigester (Biogas boiler) . . . . . . ... .. .. 132
C14 GSHP . . . e 140
C.1.5 Hybrid-1BN . . . . . . 148
C.1.6 Hybrid-2GB . . . . . . . . 156



List of Figures

1.1 Trilemmaoflanduse [19] . . . . . . . . . . . . e 1
1.2 Fort McKay: Geographical context[56,58] . . .. ... ... ... ... ... ...... 2
1.3 Types of greenhouses used incolderclimates . . . . . . ... ... ... ......... 4
1.4 Main types of hydroponics used in aquaponicsystems . . . . . ... .. ... ...... 5
1.5 Coupled vs. decoupled aquaponics [2] . . . . . . . . . . . o e 5
1.6 Renewable energy for the provision of useful thermalenergy . . . ... ... ... ... 6
1.7 Canadian renewable energy projects [83] . . . . . . . . . ... ... oL 7
1.8 Canadian Indigenous renewable energy projects [83]. . . . . . . .. .. ... ... ... 7
2.1 SCreening ProCESS . . . v v v v vt e e e e e e e e e e e e e 10
2.2 Framework of the systems engineering concept[36] . . . . ... ... ... ....... 15
2.3 Narrowing the field of observation [36] . . . . . . . . . .. .. .. ... ... ... ... . 15
2.4 Design science research framework [86] . . . . . . . . . ... ..o 16
3.1 Systems Design Thinking Approach . . . . . . . . .. ... ... 18
3.2 Integrative holistic research framework . . . . . . . .. .. ..o oL 20
3.3 Process framework AG: From values to narratives . . . . . . . ... ... ... ..... 21
3.4 Process framework RHTs and KPIs: From values to selection . . . . ... ... ... .. 22
4.1 Quadruple Helix StakeholderMap . . . . . . . . . . ... ... 25
4.2 Power-Interest Grid: Direct Stakeholders . . . . . .. .. ... ... oL 26
5.1 System design of an AG in Nepal’s Himalayanregion[60] . . . . .. .. ... ...... 41
5.2 Generalconcept . . . . . . . . e 42
53 CAD model: Mainview . . . . . . . . . e 44
5.4 CAD model: Inside arrangement . . . . . . . . . .. ... 45
5.5 CAD model: Reflective backside . . .. ... .. ... ... ... .. ... . ... ..., 45
5.6 CAD model: Storagespace . . . . . . . . . .. 45
5.7 CAD model: Frontview . . . . . . . .. . . . 46
6.1 Renewable heatingsystems . . . . . . . . . . ... ... 49
6.2 Hybrid optimization: Biodigester (Biogas) & Natural gas boiler . . . . . . ... ... ... 58
6.3 Hybrid optimization: GSHP & Biomass boiler . . . . . ... ... ... ... ... .. .. 58
7.1 CAPEX and OPEX: Non-heating 392m? . . . . . . . . .. . ... ... . ... ...... 61
7.2 Costs and revenues: Non-heating over increasing AGsize . .. ... ... ....... 62
7.3 Thermal load curve comparison: 392m? . . . . . . . . . . ... ... e 63
7.4 Passive solar effect overincreasing AGsize . . . . . . ... ... oL 63
7.5 Sensitivity analysis: Base case 392m? . . . . . . .. ... L 64
7.6 CAPEXheating: 392m? . . . . . . . . . 65
7.7 OPEXheating: 392m? . . . . . . . . e 65
7.8 Costs and additional income: 392m? . . . . . . . ... ..o 66
7.9 NPVoverincreasing AGsize . . . . . . . . . e 67
7.10 Carbon emissions over increasing AGsize . . . .. . . . . . . ... ... ... 67
7.11 Sensitivity analysis: GSHP 392m? . . . . . . . . . ... 68
7.12 Sensitivity analysis: Biodigester 392m?. . . . . . . .. ..o Lo oL 69
7.13 Sensitivity analysis: Biomass 392m? . . . . . . ... 69
9.1 Paradox of Indigenous-led sustainability . . . . ... ... ... .. ... . . . ... 76
9.2 Base heatingand peakdemand . . .. .. ... .. ... ... .. 81

vii



List of Figures viii

10.1 Methane gas production over the waste samples for a 24 h incubation period [87]. . . . 85
A.1 Asking a multiplicity of questions . . . . . . ... ... ... 95
B.1 AGIPOdiagram . . . . . . . . . . e 112
B.2 RETScreen climate data: MildredLake . . ... ... ... ... ... .. ........ 113
B.3 RETScreen climate data: Fort McMurray Airport . . . . . . . ... ... ... ...... 114
B.4 Sensitivity analysis: Hybrid-1BN 392m? . . . . . .. .. ... ... ... ......... 114
B.5 Sensitivity analysis: Hybrid-2GB 392m?> . . . . . . . . ... oo oo 115
B.6 BWAM criteria weighting: Project developerresponse . . . . . .. .. .. ... ... ... 115



List of Tables

2.1 Topic coverage of research in Alberta and similar Canadian climate zones . . . . . . .. 11
2.2 Topic coverage of research in otherregions . . . . . ... .. ... ... ......... 12
41 Typesofvalues[39] . . . . . . . . . . . e 27
4.2 Project values: Aquaponic Greenhouse . . . . . . ... .. ... ... ... L. 28
4.3 Inductive coding: Projectvalues . . .. .. .. ... .. ... .. ... 29
4.4 Designer values: Aquaponic Greenhouse . . . . . . . . ... ... .. 29
4.5 Inductive coding: Designervalues . . . . . .. .. ... ... 30
4.6 General stakeholder values: Aquaponic Greenhouse . . . . . . ... ... ........ 30
4.7 Stakeholder values from gardening interviews: Aquaponic Greenhouse . . . .. .. .. 31
4.8 Inductive coding: Stakeholdervalues . . . . . . .. .. ... ... ... ... ... 32
4.9 Top counted categories of valuedomains . . . . . .. .. ... ... ... ... ... . 33
4.10 Percentage of assigned value type across value domains . . . . .. .. ... ... ... 33
4.11 Project values: Renweable heatingsystem . . . ... ... ... ... .......... 35
4.12 Designer values: Renweable heatingsystem . . . . ... ... ... .. ......... 35
4.13 Stakeholder values: Renweable heating system . . . ... ... ... ... ....... 36
4.14 Deductive coding: RHT selectonandKPIs . . . . ... .. ... ... ... ....... 36
415 Technology selection . . . . . . . . . . 39
4.16 KPIs and their definition . . . . . . . . . ... 39
5.1 Building constraints and objectives . . . . . . ... oo oo 40
5.2 Growing system constraints and objectives . . . . .. .. ... oL 41
5.3 Agquaculture: Brown Bullhead Catfish . . . . . .. ... ... ... ... .. ........ 43
54 NFT:Basil . . . . . . . 43
5.5 Soil-based: Lettuce . . . . . . . . . .. 44
5.6 External components for heat transfer calculation . . . . . . ... ... ... ....... 46
5.7 Monthly heating degree days (HDD): 18C° . . . . . . . . . . . . 47
5.8 Daily solar radiation (I) and thermal energy release . . . . . . ... ... ... ..... 48
6.1 Heatingsupply . . . . . . . 50
6.2 Hot water boiler systemsizing. . . . . . . ... Lo 51
6.3 Cashflowstatement . . . . . . .. . . . . . . ... .. 52
6.4 Heatingsupply . . . . . . . . e e 53
6.5 Hotwater boiler systemsizing. . . . . . . . . ... 53
6.6 Cashflowstatement . . . . . .. . . .. . ... 54
6.7 Heatingsupply . . . . . . . 54
6.8 Hot water boiler systemsizing. . . . . . ... oL 55
6.9 Cashflowstatement . . . . . . . . . . . . . ... ... 56
6.10 Heating supply . . . . . . . . . . e e 56
6.11 Heat exchanger systemsizing . . . . . . . . . . ... . . . ... ... 57
6.12 Biogas and natural gas shares with corresponding NPV . . . . . .. .. ... ... ... 58
6.13 GSHP and biomass boiler shares with corresponding NPV . . . . . .. ... ... ... 59
7.1 Guiding production variables and parameters . . . . . ... ... ... L. 60
7.2 Annual production per growing space and corresponding nutritional values . . . . . .. 61
8.1 KPIsandmetrics . . . . . . . . . . . e 73
8.2 Performance values of KPImetrics . . . . . . .. ... .. ... ... ... 74
8.3 Performance matrix . . . . . .. .. 74
8.4 Final ranking of heating technologies based on KPlweights . . . . . ... ... ... .. 75

ix



List of Tables X
9.1 Comparison of NPV and multi-criteria scoring . . . . . ... ... ... ... ....... 81
A1 Listof literaturereviewed . . . . . . . . ... 94



Abbreviations

AFN
AG
AHP
BWM
CAPEX
CEA
CHP
COE
CO,
DWC
ECCC
EU
FMFN
GHG
GSHP
HDD
1A
IPO
IPLC
ISC
KPI
LANDMARC
MMR
MOU
NFT
NPC
NPV
NRCan
OPEX
Pl

PV
PVE
RAS
RHT
RQ
SE
SQ
STC
STE
TEA
TEK
TES
TR
UNDRIP
VSD

Nomenclature

Assembly of First Nations
Aquaponic Greenhouse

Analytic Hierarchy Process
Best-Worst Method

Capital Expenditure
Controlled-environment Agriculture
Combined Heat and Power
Cost of Energy

Carbon Dioxide

Deep Water Culture

Environment and Climate Change Canada
European Union

Fort McKay First Nation
Greenhouse Gas

Ground Source Heat Pump
Heating Degree Days

Indoor Agriculture
Input-Process-Output

Indigenous Peoples and Local Communities
Indigenous Services Canada

Key Performance Indicator

Land Use Based Mitigation for Resilient Climate Pathways
Mixed Methods Research
Memorandum of Understanding
Nutrient Film Technique

Net Present Cost

Net Present Value

Natural Resources Canada
Operational Expense
Power-Interest

Photovoltaic

Participatory Value Evaluation
Recirculating Aquaculture System
Renewable Heating Technology
Research Question

Systems Engineering
Sub-Question

Solar Thermal Collector

Solar Thermal Energy
Techno-Economic Analysis
Traditional Ecological Knowledge
Thermal Energy Storage
Transdisciplinary Research

United Nations Declaration on the Rights of Indigenous Peoples
Value Sensitive Design

el



List of Tables

Symbols
% Volume of the fish tank [n
SD Stocking density [kg/l]
FFR Fish Feed Ratio [% body weight]
WG Weight gain per fish [kglyear]
AYiish Annual fish yield [ka]
Niish Number of fish [amount]
FF Fish feed requirement [kg/day]
FRR Feed Rate Ratio for NFT [9/(m?)]
PD Plant density [plants/m?]
HC Harvesting cycle [days]
Y Yield [kg/m?]
A Planting area [m?]
Nbasil Number of basil plants [amount]
AYpasil Annual yield of basil [kg]
AYettuce Annual yield of lettuce [kg]
U Asotal Total heat transfer coefficient [W/°C]
U U-value [W/(m? - °C)]
Acomponent Surface area of component [m?]
(heating Thermal energy demand [kWh/month]
HDD Heating Degree Days [°C-day]
Dy, Daytime hours ratio
Tsolar Daily solar radiation [kWh/(m?/day)]
T Solar transmittance [%]
Q@ Solar absorptance
SF Shading factor [%]
Qsolar-gains Immediate solar gains [KWh/month]
Qneating,supply Required heating supply [kWh/month]
n Thermal efficiency
cv Calorific value [kWh/m?3
Cm Maintenance cost [$ CAD/kKWh]
Sz Sizing factor [I/kW]
Efco Emissions factor [kg CO,/fuel-unit]
Prin Minimum power requirement [kW]
Vinin,buffer Minimum buffer tank volume [1]
Qgas Required natural gas [m3/month]
Qbiomass Required biomass [t/month]
Vorganic_waste Required organic waste [I/month]
Vivater Required water [/month]
E Electrical energy requirement [kWh]
Lifespan Project lifespan [years]
r Discount rate [%]
Pyas Natural gas price [$ CAD/kKWh]
Pejectricity Electricity rate [$ CAD/kKWh]
Chish-feed Fish feed cost [$ CAD/kg]
Prish Sales price of fish [$ CAD/kg]
Poasil Sales price of basil [$ CAD/kg]
Bettuce Sales price of lettuce [$ CAD/Kkg]
CAPEX Capital expenditures [$ CAD]
OPEX Operating expenses [$ CAD]
NPC Net Present Cost [$ CAD]
NPV Net Present Value [$ CAD]
CO, Carbon dioxide emissions [t CO:2]
Swaste Waste management savings [$ CAD]



List of Tables xiil

Porset Carbon offset price [$ CAD/]




Introduction

“It is the craziest thing in human history. We’ve built the greatest society that mankind has ever known

- a global society. We communicate across continents, we think nothing of jumping on an airliner for a

meeting in Zurich or Seattle or Shanghai. And yet all of this, everything we have created, rests upon a
finite fluid resource that we’re busy burning away. Did you ever think about this?”

(John Ironmonger, Not Forgetting the Whale)

1.1. Problem statement

“‘Humanity is conducting an unintended, uncontrolled, globally pervasive experiment whose ultimate
consequences could be second only to a global nuclear war (...) Far-reaching impacts will be caused
by global warming and sea-level rise, which are becoming increasingly evident (...) The best predictions
available indicate potentially severe economic and social dislocation for present and future generations
(...) ltis imperative to act now.” (World Conference on the Changing Atmosphere, Toronto 1988 [54])

Climate change relates to global shifts in temperatures and weather, induced by human activities
through the burning of fossil fuels, that generate greenhouse gas emissions (GHG), trapping the sun’s
heat and thereby contributing to global warming [81]. Consequences of climate change involve severe
droughts, water scarcity, wildfires, rising sea levels, flooding, melting polar ice caps, and catastrophic
storms among others [81]. Global food systems are in crisis, threatening the food security of a quarter
of humanity while another quarter experiences unhealthy over-consumption [19]. At the same time,
the impacts of industrial agriculture are pressuring terrestrial ecosystems, and biodiversity is facing
mass extinction around the globe [19]. Solutions to address the three colliding global crises of climate
change, dysfunctional food systems, and biodiversity degradation are described as the "trilemma of
land use” [19], illustrated in Figure 1.1. Demands on land use for climate protection, food security,
and biodiversity conservation are strongly competitive and one can seemingly only be resolved at the
expense of the other two [19].

Climate protection Biodiversity conservation

Food security

Figure 1.1: Trilemma of land use [19]
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The biggest contributors of global CO, emissions, historically (1751 to 2017), are North America and
China, each counting 29% of global cumulative emissions, followed by the European Union (EU) with
22% [72]. Canada ranked among the second highest emitting countries or regions per capita in 2021
[32]. While there is an ongoing debate about how to correctly measure CO, emissions to fairly assign
responsibilities and blame, certainly the least responsible actors are the most negatively affected by
the outcomes.

Fischer et al. [19] present global political strategies to policymakers for sustainable land stewardship,
which acts as a guiding principle to solve the trilemma of land use [19]. "Humankind must accept
and assume its responsibility for land in order to mitigate climate change, conserve biodiversity, and
safeguard food security. [...] The focus should be on halting the destruction of terrestrial ecosystems
and on investing massively in their conservation and restoration” [19].

Paradoxically, the people who have been sustainable land stewards for millennia, practicing all the solu-
tions asked for before climate change, are Indigenous Peoples and Local Communities (IPLC) whose
rights were revoked. Concurrently, IPLCs such as First Nations in Canada, face all major identified
crises of climate change, dysfunctional food systems, and mass extinction of biodiversity within their
traditional land, to a disproportionally high degree [74]. Despite Canada’s abundance of land, only 7 %
of the total land is used for agricultural practices due to reduced soil quality and unsuitable climate and
terrain [90]. Climate impacts related to food security, are particularly present in northern and Indige-
nous communities, where effects of reduced thickness of ice, thawing permafrost, and unpredictable
and extreme weather events are threatening food safety [74]. Climate-related disruptions across the
food system are complex and impact critical dimensions of food security as entire ecosystems are al-
tered on which traditional supply patterns have relied on [74]. In the case of the Fort McKay First Nation
(FMFN) community, the entire ecosystem of their traditional land was (and is) altered, not only because
of climate impacts but also oil sands mining.

NORTHWEST TERRITORIES
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Figure 1.2: Fort McKay: Geographical context [56, 58]

Fort McKay is located in northern Alberta alongside the Athabasca River and the FMFN community
is inhabited by 800 members of Dene, Cree, and Métis, sharing a border with the Fort McKay Métis
Community [22]. The community lies in the center of both the Boreal Forest Natural Region and the
large-scale Athabasca oil sands extraction area as shown in Figure 1.2.

Boreal forests are found in high-latitude environments interwoven by low-lying wetlands in which freez-
ing temperatures occur for around half a year and trees are able to reach a minimum height of 5 m [1].
Boreal forests are considered the single largest pool of living biomass on the earth’s surface, therefore
being critically important in global carbon dynamics and estimated to sequester around 20 % of total
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carbon generated by global forests [43, 27]. 28 % of the world’s boreal zone (552 million hectares) is
found in Canada which stores carbon, purifies air and water, and regulates the climate not only for the
country but the globe [30].

The vast disturbance of the land due to mining operations has had ecological, social, and cultural
impacts on the community, receiving criticism from members. Environmental concerns include dust
development, rise in volatile organic compounds levels in the air, contaminated reclaimed land, water
salinity levels, and insufficient topsoil, preventing the successful growth of plants and gardening efforts
[14]. Additional concerns involve cultural loss due to limited access to the land and degradation of
traditional supply patterns such as hunting, trapping, fishing, growing, and collecting plants for medicinal
purposes [14]. Nevertheless, FMFN signed a Memorandum of Understanding on a prospective oil
sands lease development together with Suncor, the second largest oil producer in Canada [21]. The
agreement ensures that the First Nation will be in charge of governing oil sands activity on the reserved
land and provides the opportunity for the community to financially benefit from it [79]. The Fort McKay
Sustainability Department seeks to preserve FMFN’s way of life by maintaining its ability to exercise
Treaty (Section 35) and inherent rights as well as traditional land use practices, in collaboration with
industry and government for responsible resources [23].

The community has been an engaging partner in the Canadian case study of LANDMARC (Land Use
Based Mitigation for Resilient Climate Pathways), which is a 4-years funded EU-funded project within
HORIZON 2020 that assesses the potential of land-based negative emission solutions in land use
sectors such as agriculture and forestry [48]. In cooperation with 17 international partners, areas ex-
plored jointly with FMFN include soil carbon sequestration, use of biochar, afforestation and wetland
restoration, use of BECCS (Bioenergy with Carbon Capture and Storage), and controlled-environment
agriculture (CEA) [48].

The challenging environmental conditions surrounding Fort McKay demand for adaptive and innovative
ways of revitalizing traditional practices with the aim of having access to nutritious and culturally appro-
priate food and strengthening food sovereignty efforts [11]. One prime example and success story from
a northern community is the Inuvik Community Greenhouse which is considered the most northern com-
mercial and community greenhouse in North America that is capable of providing local and sustainable
fresh produce during summer months north of the Arctic Circle [80]. Fort McKay First Nation aspires
to revitalize and define their own sustainable local food production system. The vision is to develop a
year-round growing community greenhouse that incorporates an aquaponic system and is powered by
renewable energy. This aligns very well with the five multi-benefit strategies of sustainable land stew-
ardship proposed by Fischer et al. [19]: (1) Expand efforts to restore terrestrial ecosystems massively;
(2) Develop an interconnected system for protected areas; (3) Promote diversify-based agriculture; (4)
Transform dietary habits; (5) Shape the bioeconomy with a focus on biomass.

1.2. Definition of key concepts

1.2.1. Traditional Ecological Knowledge and reciprocal restoration

Note: The following passages were left unchanged as it is not my place to explain or define Traditional
Ecological Knowledge (TEK). Excerpts are shown from Kimmerer [45], who is "the founder and director
of the Center for Native Peoples and the Environment, whose mission is to create programs which draw
on the wisdom of both indigenous and scientific knowledge for our shared goals of sustainability” [46]:

The idea of reciprocity with land is fundamental to many indigenous belief systems. Indeed, such beliefs
serve as the foundation for what have been described as “cultures of gratitude.” In such cultures,
people have a responsibility not only to be grateful for the gifts provided by Mother Earth, they are
also responsible for playing a positive and active role in the well-being of the land. They are called
not to be passive consumers, but to sustain the land that sustains them. Responsibilities to the more-
than-human world are simultaneously material and spiritual, and, in fact, the two are inseparable. The
traditional ecological knowledge of indigenous peoples is rich with prescriptions, both philosophical and
pragmatic, for this practice of giving back to the land.

Among my Anishinaabe people, we share a teaching known as “the prophecy of the seventh fire.” This
teaching relates that, with the coming of strangers to our shores, many changes will befall our people.
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It is said that the land will become fragmented, plants and animals will be lost, that the people will
be scattered and divided from their homelands, and that the language spoken for millennia will nearly
disappear. As we know, these things have come to pass. Our peoples live on tiny remnants of their
original homelands, and our language and culture face many threats. The prophecy explains that the
plants and animals will become diminished, the waters undrinkable, and the air itself changed. This,
too, we know has come to pass. We are also taught that in the time of the seventh fire, there will be a
fork in the road. The people remaining on Earth must make a choice either to continue on the path that
leads to destruction of life as we know it or to choose a different future — one of renewal. It is said that
should the remaining people choose the path toward life, they will turn back along the road from which
they have come and begin to pick up the pieces that have been scattered along the road—remnants
of language, the old stories and songs, seeds and ragged patches of plants, wandering animals and
birds, and together they will begin to put the world back together again. The people will reclaim their
responsibilities for taking care of the land, and thus heal the land and the people. The prophecy of the
seventh fire speaks, | think, of reciprocal restoration.

Reciprocal restoration is the mutually reinforcing restoration of land and culture such that repair of
ecosystem services contributes to cultural revitalization, and re- renewal of culture promotes restora-
tion of ecological integrity. Based on the indigenous stewardship principle that “what we do to the land
we do to ourselves,” restoration of land and culture are inseparable. This approach arises from a cre-
ative symbiosis between traditional ecological knowledge and restoration science, which honors and
uses the distinctive contributions of both intellectual traditions. Reciprocal restoration recognizes that it
is not just the land that is broken, but our relationship to it. Reciprocal restoration encompasses repair
of both ecosystem and cultural services while fostering renewed relationships of respect, responsibility,
and reciprocity. All flourishing is mutual. Reciprocal restoration is grounded in the positive feedback
relationship between cultural revitalization and land restoration. Revitalizing language and culture pro-
tects and disseminates TEK, and builds relationships of reciprocity and respect, all of which are good for
the land. What'’s good for the land is good for the people. The fate of the land and the consequences for
culture are much more strongly linked for Native peoples than for those in the dominant culture. Thus,
ecological restoration in indigenous communities takes on a special depth and dimension.

In the dominant materialistic worldview, humans are understood as standing outside nature, as ex-
ogenous forces whose interactions with nature are generally considered negative. What is “new” to
Western science often has antecedents in indigenous knowledge, articulated millennia ago.

1.2.2. Aquaponic Greenhouse

Greenhouses are a form of protected cultivation in which crops are grown inside of the structure, cov-
ered by transparent material that is permeable to sunlight but protects from unfavorable weather con-
ditions and extreme climate while trapping heat [57]. They allow to control of the environment such
as temperature, humidity, and ventilation to improve crop yields and can be classified into closed and
semi-closed greenhouses [51]. A semi-closed greenhouse is a novel greenhouse that is highly effi-
cient in hot and arid climates but not suited for cold climates. Closed greenhouses create a stable
environment and protect plants from pests and diseases [51]. Agricultural greenhouses can be further
classified based on their shape or other characteristics. Types of greenhouses found in colder climates
include chinese-style, quonset, even span, passive solar, and gothic arch as displayed in Figure 1.3
[62].

a) Chinese-Style b) Quonset c) Even span d) Passive solar €) Gothic arch

Figure 1.3: Types of greenhouses used in colder climates

Maraveas et al. [51] identify gothic arch greenhouses as particularly suitable for regions with heavy
snowfall due to their efficient shedding of snow. Another related concept that is growing in popularity
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is CEA, a technology-based approach to food production that includes indoor agriculture and vertical
farming [88]. Commonly applied techniques are hydroponics, aquaponics, aeroponics, soil-based and
hybrid systems that can be applied in greenhouses [29].

Aquaponics is a combination of aquaculture and hydroponics and known as as an efficient method
that solves wastewater problems in aquaculture and nutrient management issues in hydroponics by
integrating both processes in a symbiotic way [2]. Hydroponics as part of aquaponics is a type of
horticulture in which crops or medicinal plants are grown with water-based mineral nutrient solutions
instead of soil. The three main types of hydroponics used in aquaponic systems are media-based
growing beds, nutrient film technique (NFT), and deep water culture (DWC) as illustrated in Figure 1.4.

a) Media-based b) Nutrient film technique c) Deep water culture
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Figure 1.4: Main types of hydroponics used in aquaponic systems

All types of aquaponics require a fish tank or pond for aquaculture which has little influence on the
functioning of the design setup [2]. The fish in the tank consume provided fish food and excrete excess
nutrients into the water, which is pumped to the hydroponic system and is used as the nutrient source for
plants [2]. The microorganisms in the biofilter play a crucial role in translating nutrients into receptive
forms for the plant, and also reduce the nitrogenous compounds together with the plants before the
water is redirected into the fish tank since high levels of nitrogen are toxic for the fish [2]. A functioning
system balances the nutrient cycle between fish, plants, and microbes in a self-sustaining manner in
which only fish food has to be provided as a food source to cultivate fish and plants, which all benefit
mutually from each other. The design of aquaponics is categorized into coupled and decoupled systems
as shown in Figure 1.5.

a) Coupled system b) Decoupled system
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Figure 1.5: Coupled vs. decoupled aquaponics [2]

In coupled systems (1-circle loop systems), the water is pumped from the aquaculture unit into the
hydroponic unit and back in a single closed loop [2]. This is the more simple form in which fish and
plants grow in the same water quality which can impose stress on either fish or plants, resulting in
lower yields. Those systems do not require an additional biofilter and sump tank and are commonly
used in combination with media-based growing beds [2]. Decoupled systems consist of a recirculating
aquaculture system (RAS) and a hydroponic unit which are separate from each other and only con-
nected by a one-way valve to provide water to the plants [2]. They are commonly used with NFT or
DWC which require an additional biofilter and sump tank but can fulfill different nutrient requirements
and ideal water quality for the respective living organisms [2]. Such a system can improve yields and
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support intensive production of fish and plants which is preferred for larger-scale aquaponic farms but
comes at higher costs. The combination of CEA with a decoupled RAS and hydroponic growing unit is
defined as an Aquaponic Greenhouse (AG) in this study.

1.2.3. Renewable energy

Renewable energy is defined as natural energy resources that are replenished at a higher rate than
they are consumed and can be classified into three general categories for the provision of final or useful
energy [82, 44]. Geothermal heat, solar energy, and gravitational forces of planets are the three main
categories of renewable energy as depicted in Figure 1.6.
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Figure 1.6: Renewable energy for the provision of useful thermal energy

Those three sources produce various energy flows in energy conversion processes found in nature [44].
Wind, hydropower, wave and ocean current, and biomass all result from the conversion of solar energy.
Heat pumps are strictly not classified as geothermal energy as they use the heat of the earth’s surface
from solar radiation rather than from the earth’s core. Solar heat provision by passive systems such as
using solar radiation through architectural measures is also considered renewable energy [44]. For this
research, solar energy is classified as energy conversion from direct solar radiation. Wind, hydropower,
and biomass are named as such without referring to solar energy as an overarching theme. Geothermal
heat pumps are nevertheless described as geothermal energy to avoid any confusion. All sources
exhibit variations in energy density and require certain boundary conditions such as suitable locations.
The type of final energy utilized can be thermal, chemical, mechanical, or electrical energy. This study
focuses on thermal energy output, although other conversion processes may also be applicable.

1.3. Knowledge gaps

Exploring the practicability of a renewable-powered AG in this unique context remains highly uncertain.
The vision of the FMFN’s project developer of establishing a renewable-powered community-scale AG
might seem technically manageable and straightforward to evaluate. However, from a systems thinking
perspective in which relationships and interactions between organizations, ecosystems, social struc-
tures, and technicalities at hand are examined, the project becomes significantly more complex. The
attempt to understand the interactions of all systems combined already proves to be a major challenge,
particularly in this social context.

Historically, IPLC experienced Canadian-imposed colonial practices (systems of oppression induced by
settlers towards Indigenous Peoples) that have caused severe social and material inequities and threat-
ened their lives and health across many generations [75]. Efforts towards reconciliation and against
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systemic racism of Indigenous peoples have been progressing slowly. As recently as 2007, the Cana-
dian Government voted against the United Nations Declaration on the Rights of Indigenous Peoples
(UNDRIP) but adopted the UNDRIP into federal law in 2021 as one of the first countries around the
world [66]. Furthermore, industrial oil sands mining activities are causing expansive land disturbances
within the community but simultaneously generate income that is used for social services of its mem-
bers, which also advances indirect dependencies on fossil fuels [20]. IPLC such as FMFN uphold
worldviews and values that can be profoundly different from Western-centric ideals but the changing
environment pushed such communities into adopting Western ways of living to preserve the social
welfare of the community, often at the cost of cultural loss. The greenhouse project in Fort McKay rep-
resents more than a technical food production system and its renewable energy supply. It is an effort
to regain control of shaping the community’s future in line with their values.

Beyond the social complexities of the greenhouse project, there is also the challenge of bridging two dif-
ferent worldviews. TEK has not been integrated into engineering principles due to its limited acceptance
as a theoretical method in Western science, as it follows a different rationale and its outcomes are not
measurable by conventional scientific standards. The challenge lies in evaluating such intangible val-
ues from a fundamentally different perspective and integrating them into well-established engineering
principles that rely on measurable data.

Even the technical aspects of renewable energy provision for this application reveal knowledge gaps.
Established renewable energy projects are mostly located in the South of Canada where climate con-
ditions are more favorable. Researchers from the University of Alberta have updated a mapping tool
illustrating Canadian renewable energy projects greater than 1 megawatt, including Indigenous renew-
able energy projects which are shown separately in Figure 1.7 and Figure 1.8.
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Figure 1.8: Canadian Indigenous renewable energy projects [83]

Incorporating an aquaponic system in a greenhouse makes it a 24/7 operation since it involves a natural
process in which a nutrient cycle has to be perfectly balanced and cannot just be paused temporarily.
The fish and plants require constant inside climatic conditions, especially regarding temperature. They
are vulnerable to temperature fluctuations, which can lead to the mortality of both species and, con-
sequently, the collapse of the entire system. Guaranteeing stable conditions with renewable energy
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in a climate where average temperatures drop to -20C° in winter, will be one of the most critical chal-
lenges in this project. Renewable energy is highly context-dependent, making it challenging to apply
concepts from different geographical regions. Figure 1.7 demonstrates a general lack of renewable
energy projects within the surrounding Northern region. Figure 1.8 shows an even greater gap for
Indigenous-led renewable energy projects.

1.4. Objectives, scope, and research questions

The main objective of this study is to examine and develop the most critical areas of the AG project to
get a better understanding of the problems that need solving. Focusing on the techno-economics of
the renewable heating supply sets a clear guideline and remains a critical factor for project success.
The main purpose of the research is to support the FMFN project developer in decision-making by eval-
uating the technical, economic, social, and environmental performance of suitable renewable heating
alternatives for the greenhouse. A natural gas boiler serves as a benchmark for the comparison. Other
major objectives and requirements are to create an initial value-sensitive design prototype of the AG
and to estimate the thermal demand of it. The research does not include a detailed analysis of the
various fields but aims to cover the broader picture holistically.

The study tries to integrate TEK and social values into the research design in an attempt to explore
ways to exercise value-driven engineering. On an academic level, this means that ways of embedding
(traditional) values into engineering principles are explored and tested. Approaches to transdisciplinar-
ity are investigated by considering well-suited stakeholder engagement processes that can influence
design decisions. Fundamentally, the study aims to facilitate a process in which recommendations can
be drafted based on what community members perceive as important in their own understanding. As a
researcher, | can select the tools and methods that allow for such considerations and conduct the anal-
yses. In summary, the study attempts to produce research outputs that are beneficial to the community
while adhering to standards expected from academic research. The main research question (RQ) is
put forward as follows:

What are potential renewable energy alternatives to sustainably meet the thermal demand of an
Indigeonus-led community-scale Aquaponic Greenhouse in the Alberta boreal forest?

The thesis focuses on evaluating the viability of renewable heating technologies to supply an indigenous-
led aquaponic greenhouse within the Fort McKay community, located in the Natural Region of the
Boreal Forest in northern Alberta, Canada. A techno-econnmic assessment is conducted in a value-
sensitive and integrative manner that considers an operational life cycle of 20 years for the AG and its
heating system. The project is in its conceptualization phase before implementation. The study only
accounts for electrical energy demand that is linked to costs of the aquaponic system and greenhouse
building, or cost-related to an input requirement of a reviewed heating technology. Renewable energy
technologies that produce electricity and combined heat and power (CHP) are excluded. The design
of the greenhouse is only covered at a surface level and related costs are a general approximation with
an estimated deviation of around + 10%. Only direct project stakeholders are considered for the anal-
ysis and direct stakeholder engagement is established with the project developer. Further stakeholder
engagement is achieved via indirect sources.

The thesis is structured according to the research process flow and segmented by chapters that chrono-
logically answer the sub-questions (SQs) in that given order. It starts with a literature review that creates
the foundation for the study and also identifies topic coverage among academic literature, thus exam-
ining knowledge gaps. A theoretical background is provided on integrative problem-solving paradigms
that guide the research methodology. In the methodology chapter, theories are applied to the study,
and an integrative holistic framework is presented that was developed based on initial findings with a
focus on contextual factors. Applied methods and tools are described after addressing data collection
and protection. In the final section of chapter 3, limitations of the study are clarified. Chapter 4 is the
starting point for the evaluation of the project and aims to answer sub-question 1:

SQ1: How do the key values, needs, and preferences of project developers, designers, and stake-
holders shape the greenhouse design, as well as technology- and Key Performance Indicator (KPI)
selection for the renewable heating system?
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The chapter evaluates the FMFN community and its values linked to the project. A self-constructed
process based on value sensitive design (VSD) is applied to identify project, designer, and stakeholder
values. Narratives are developed to translate the values either into design implications or implications
regarding technology- and KPI selection. A final selection of renewable heating technologies (RHTs)
and KPlIs for the performance evaluation are provided. Chapter 5 presents design artifacts of the AG
to answer sub-question 2:

SQ2: What embodies a value-sensitive and sustainable AG design, and what are its operational re-
quirements and thermal energy demand?

Design objectives and modeling concepts are described and presented to be incorporated in the techno-
economic analysis (TEA). The TEA in Chapter 6 focuses on the thermal energy supply of renewable
heating systems and addresses sub-question 3:

SQ3: What are the selected renewable heating technologies’ technical specifications and operational
requirements compared to a natural gas boiler, and how do these influence their associated costs?

The TEA is incorporated within the model, and costs are assigned to components and processes for
thermal demand coverage by the selected RHTs. The model simulates a 20-year operational cycle,
emphasizing the economic metric of Net Present Value (NPV). Model results are presented in Chapter
7 which are used for a multi-criteria integration in Chapter 8. The multi-criteria analysis allows for
answering sub-question 4 by accounting for non-economic indicators:

S$Q4: How do the heating technologies compare in terms of technical, environmental, social, and eco-
nomic indicators, and how are these KPIs prioritized based on the project values?

The prioritization of KPIs by the project developer facilitates an aggregate ranking of technologies based
on co-developed indicators. This multi-criteria ranking is compared to the NPV scoring of the TEA, to
assess how the choice for a certain technology is influenced by incorporating other-than-economic
values. All research results are synthesized and discussed in Chapter 9. The chapter reflects on the
combined use of methods within the research framework and elaborates on limitations. The viability
of renewable heating alternatives is deliberated to answer the main research question in Chapter 10.
Key findings are first summarized based on posed sub-questions, and recommendations are provided
for the FMFN project. Finally, the main research question is addressed more broadly before proposing
future research based on the study outcomes.



Literature Review & Theory

“I'm still confused, but on a higher level.”
(Enrico Fermi)

2.1. Screening process and topic coverage

The selection process shows how the reviewed literature was selected. The main rationale of the search
was to examine existing studies in the field of TEA or similar feasibility approaches for an Indigenous-
led Aquaponic Greenhouse in the Alberta Boreal Forest Natural Region of Canada. Prompting for
this specific area did not return any results in the TU Delft Library, ScienceDirect, and Google Scholar
databases. The further search was split into three streams to find academic literature that covers
relevant parts of the research topic, but in combination allows for valuable insights for an integrative
analysis. 20 papers were included in the final selection as shown in Figure 2.1.
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Figure 2.1: Screening process

The first stream focused on the regional context and more broadly on greenhouses and renewable
energy. After screening for eligibility and excluding studies on renewable energy integration that did
not apply to greenhouses, eight feasibility studies with either a Canadian or local context were selected.
Secondly, assessments in the area of greenhouses and renewable energy for remote communities were
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scrutinized. The term "Indigenous communities” was replaced by remote communities due to a lack of
results and to keep the search more flexible and inclusive for other communities. Studies addressing
profoundly different climate zones were excluded. The final focus was set on evaluations of renewable
energy linked to aquaponics, in which literature was excluded that did not address energy demand or
climate conditions. A final list of literature reviewed including title, year, authors, and journal is provided
in Appendix A.1.

The topic coverage can be interpreted as initial findings and confirms knowledge gaps in academic
literature. Table 2.1 shows TEAs and other studies conducted in Alberta or similar Canadian climate
zones, whereas Table 2.2 lists TEA and relevant research in other regions. Both tables provide addi-
tional information about the exact location, the type of renewable energy assessed, and if the study is
related to 'greenhouses’ (Gr.) or ’aquaponics’ (Aq.) and deals with aspects of ‘community’ (Co.), 'rural’
(Ru.), and/or ’Indigenous’ (In.).

Table 2.1: Topic coverage of research in Alberta and similar Canadian climate zones

Nr. Location Renewable energy Gr. Aq. Co. Ru. |In.
Techno-economic analysis
1 Community of Kuujjuaq Geothermal energy systems - - YY) Y) (Y)
(Nunavik, CA)
2 Cochrane (Ontario, CA) Bioenergy systems - - YY) () -
3 Trout Lake First Nation Solar PV, wind, hydrogen, - - Y) ) ()

(Northern Alberta, CA)

Combined Heat and Power (CHP)

4 Fort McMurray Pilot dry batch anaerobic digestion - - - (Y) -
(Northern Alberta, CA)
5 Alberta, CA Wind and geothermal energy - - - - -
6  Alberta, CA Thermal energy from solar radiation  (Y) - ) () -
Other relevant research
7 Community of Kuujjuaq Deep geothermal energy source - - Y) ) ()
(Nunavik, CA)
8 Edmonton (Alberta) & Northern  Agrivoltaics (solar PV) (Y) - - - -
Pine (Saskatchewan), CA
9 Northern and subarctic - (Y) - Y) () ()
communities, CA
10  Northern communities, CA Thermal energy storage system (Y) - Y) ) ()
11 Canadian landscape Wind, hydro, solar, biomass, wave, - - - - -
tidal
12 Fort Albany First Nation - - ) &) ) ()

(Ontario, CA)

Generally, it can be seen that only a few studies in Alberta and Canada (Table 2.1) deal with green-
houses, and only one covers aquaponics. The majority of studies refer to communities in rural or remote
areas of which most can be identified as Indigenous communities. Within the category of TEA, only one
study examines greenhouses, and two assessments are conducted for IPLC. The renewable energy
sources evaluated in TEA include geothermal energy (2), bioenergy (2), solar photovoltaics (PV) (1),
wind (2), and solar thermal energy (STE) (1). Additionally, non-TEA assessments include one geother-
mal energy, one solar PV, and one STE evaluation. The type of renewable energy assessed aligns
well with findings of conducted research by Barrington-Leigh and Ouliaris [8] on estimating renewable
energy potential for the region of Alberta.

Table 2.2 shows topic coverage in regions outside of Canada. Here, on the contrary, research could
be found that dealt with greenhouses and aquaponics but fewer that address remote communities and
none about IPLC. Two of the TEAs review multiple renewable energy alternatives for the application of
an AG, whereas the remaining ones are TEAs solely about the AG without evaluating renewable energy
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supply. Noticeable is also that four out of all studies in other regions assess STE as a renewable energy
option.

Table 2.2: Topic coverage of research in other regions

Nr. Location Renewable energy Gr. Ag. Co. Ru. |In.

Techno-economic analysis

13 Himalayan region of Nepal Wind, solar energy, geothermal ac- (Y) (Y) - (Y) -
quifiers, TES, biogas

14 LaPaz Solar energy Y) ) (&) () -

(Baja California Sur, MX)

15 Ames (lowa, US) - )y & - - -

16 Ohio, US - ) (Y) - - -

17  Seville (Andalusia, ES) - ) ) () - -

Other relevant research

18  Global Solar PV, wind, geothermal energy, (Y) (YY) (Y) - -
biofuels, thermal storage systems

19  Global Solar greenhouse technologies (Y) - - - -

20 Global Hybrid renewable energy systems - - YY) () -

2.2. Main findings

Canada has several unique geographical characteristics including abundant land area, and large inland
and ocean water with some of the largest tidal ranges in the world, generating 60.8% of total electricity
with hydropower [8, 41]. Wind power ranks second in renewable electricity sources with high potential
sites generally more clustered in the southern regions of Alberta and Saskatchewan [8] Biomass is also
utilized as a renewable energy source, particularly through forest products in the boreal forest region,
and also by producing biofuels through organic waste [8]. However, the total Canadian energy supply is
mainly provided by fossil fuels accounting for 75.5% (coal, oil, and natural gas) and the country also has
an exceptionally high per capita consumption of energy of which 40% is used for heating [41, 8]. Alberta
and Saskatchewan have by far the highest energy footprint per capita in the country, presumably due to
their heavily resource-dependentlarge scale economies [8]. At the same time, Alberta holds extensive
potential for utilizing solar energy since it ranks second in the amount of solar irradiation received
among all provinces in Canada, particularly in winter [40]. Geothermal energy has not been harnessed
at large-scale even though studies have shown its potential in satisfying a large portion of Canada’s
energy demand [8].

Piché et al. [62] reviewed greenhouses in North America and identified 8 community greenhouses in
Canada. Growing sizes range from 30 - 810 m? and growing seasons are less than 6 months except for
one in Invermere which is a Chinese-style greenhouse located in the south of Canada. Itis also the only
one that uses seasonal geothermal storage as heating. The remaining ones either have no heating at
all, which explains the short growing seasons, and one uses gas heaters. Piché et al. [62] concludes
that northern greenhouses are often not suited for cold climates because of their design, lacking ther-
mal energy storage, and passive solar utilization which can maintain minimum temperatures inside
the greenhouse above 10 °C. Imafidon, Ting, and Carriveau [40] identified that the heating demand of
northern greenhouses accounts for 70 - 80 % of the total energy requirement and modeled the thermal
energy of a passive Chinese-style greenhouse in Alberta which operates without any additional energy
requirement but uses STE. As the name suggests, those can grow vegetables in northern China where
temperatures fall below 10°C in winter. Due to Alberta’s high solar potential, Imafidon, Ting, and Car-
riveau [40] concludes that the CSG is more economically viable than a traditional greenhouse and also
other studies reported annual heat savings of 55 % compared to traditional greenhouses. [77] also
found that greenhouse projects in the north of Canada are a possible way for communities to create
local food production with additional social and cultural benefits.
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The TEAs for aquaponics mostly assessed experimental setups with one type of fish and one type of
vegetable with a growing area of less than 50 m?. Xie and Rosentrater [89], Zappernick et al. [91],
and Lobillo-Eguibar et al. [50] made similar findings by identifying the greenhouse facility as the high-
est cost in initial investments while labor costs and vegetable market prices were the most sensitive
parameters influencing profitability. Xie and Rosentrater [89] concluded in their evaluation of a tilapia-
basil aquaponic system in lowa that unit costs and environmental impacts decreased when the scale
increased and indicated that a growing area of 75.6 m? was profitable with basil prices at 60 USD/kg.
Zappernick et al. [91] and Wilkinson et al. [88] recommend diversifying vegetable production and in-
tegrating food production systems, for instance, aquaponics with soil-based production. Zhang et al.
[92] conducted a comparative study of integrating renewable energy in aquaculture and found that airlift
pumps can result in energy savings of up to 40 %. Solar technologies, particularly solar thermal energy,
wind, biofuels, and geothermal heating are identified as promising technologies to reduce costs for the
high energy demand. Geothermal energy can be restricted depending on the geological conditions of
the region, and obtaining a constant biogas yield with anaerobic digestion remains challenging.

Goel and Sharma [28] analyzed the performance of different renewable energy scenarios for rural
applications and concluded that rural electrification with renewables can reduce carbon dioxide (CO,)
emissions to 99 % but highlight that renewable-based electricity may not always be a cost-effective
option unless supported by the government. Biomass energy is identified as being highly efficient and
lowering the cost of energy while hybridization of energy sources is recommended to increase reliability.
Priyanka et al. [64] demonstrate that building heating is among the most significant sources of diesel fuel
consumption in North America in which only one-third of thermal capacity is converted into electricity
resulting in high levels of waste heat. Their analysis concludes that the base case (fossil-fuel powered)
provides the lowest cost of energy (COE) at 0.516 USD/kWh and net present cost (NPC) at 4.26 million
USD to supply the Trout Lake community in northern Alberta. However, the hybrid system consisting of
solar PV, wind, battery, and the fuel-cell system has the highest efficiency (93.5 % renewable fraction)
with 0.6765 USD/kWh COE and 5.55 million USD NPC, therefore being the most economical and
environmentally sustainable system to satisfy the total energy demand of the community. Gorjian et al.
[29] come to the conclusion in their assessment of solar technologies for agricultural greenhouses, that
the whole or partial energy demand of greenhouses can be provided by solar energy. The utilization
of thermal energy storage (TES) (such as solar thermal collectors) for a solar greenhouse is essential
and the combination benefits the long-term operation, particularly in regions with severe cold climates.
Solar PV is recommended as a viable option to drive electrical components in the greenhouse.

Hayes et al. [37] performed a TEA of a digestion-compost process for remote oil sands mining camps
in northern Alberta and found that renewable energy projects in Alberta are commonly supported via
capital support, varying between 25-33 % for biogas projects. The study concludes that to achieve a
simple payback of 4 years or less, waste disposal costs of 115 - 195 USD are required which is likely
exceeded. Blair and Mabee [10] evaluated community-scale bioenergy systems for a forest-based
community in Ontario and identified biomass boilers and CHP technologies as technologically mature
and thus being competitive to traditional natural gas heating systems. They conclude that biomass
heating systems are one of the lowest-cost ways to significantly reduce GHG in the short term.

There is alack of papers examining geothermal energy potential, especially for a project like a community-
scale AG. Miranda et al. [53], Rahmanifard and Plaksina [65], and Miranda, Raymond, and Dezayes
[52] conducted studies to evaluate geothermal energy as a renewable source to supply arctic and sub-
arctic off-grid communities that relate to large-scale geothermal power plants. For that, a minimum
depth of 4 km needs to be reached to make it feasible. Rahmanifard and Plaksina [65] assessed the
feasibility of using inactive wells for geothermal energy in the region which can reach down to 7 km in
depth and found that the use of existing wells can reduce the cost of energy by 30-60 %.

Finally, Parajuli et al. [60] conducted a study that comes closest to this intended research by assessing
potential renewable energy alternatives for an AG in the Himalayan Region of Nepal. They state that
no research has focused on identifying viable renewable energy sources for an AG to fulfill energy
requirements and site-specific practices in that region. The potential of lowering energy costs, reducing
fossil-fuel consumption, and increasing profitability while addressing food-related challenges in diverse
climate conditions was analyzed. The system design aligns well with recommendations from previous
research and includes passive solar utilization with solar collectors, night insulation, and anaerobic
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digestion with biogas and geothermal aquifers. Wind energy and solar PV are used for electricity
generation. Parajuli et al. [60] highlights that environmental parameters required inside depend upon
cultivated species and plants which can be influenced according to climate conditions. Findings include
that STE and insulation can significantly reduce heating requirements in a simple and efficient way and
keep internal temperature 4-10 °C higher than external [60]. The use of geothermal energy can reduce
costs by 35 % and anaerobic digestion to produce biogas is especially suitable for the socio-economic
context characterized by livestock farming [60]. It was also found that a considerable amount of heat
loss occurs during night which can be prevented by using night curtains. Generally, the energy modeling
showed that heat loss was responsible for the high energy demand and results indicated that solar PV
electrification for heating purposes seems to require extravagant financial and technical resources that
cannot be met in that region. Passive solar heating is strongly recommended in combination with
integrating locally available energy.

The literature review clearly demonstrates multiple gaps in existing research. Current community green-
house projects in the region exhibit short growing seasons and are generally kept simple with most of
them not using additional energy inputs, and if so, only from non-renewable energy sources. This works
well with limited costs during operations but exclusively yields crops during summer when temperatures
are suitable to grow plants. However, integrating an aquaponic system within the greenhouse makes
it a continual operation with high energy demands that require a constant inside climatic environment.
Table 2.1 and Table 2.2 showed that there is lacking research in identifying renewable energy alterna-
tives for an AG in the context of the Alberta Boreal Forest Natural Region. Contextual factors are highly
relevant and distinct contexts can require completely different solutions which makes it challenging to
apply solutions from studies conducted elsewhere. Most studies even addressed other applications
or experimental setups that do not reflect a community-scale AG. Most importantly, only a few studies
included the social and cultural dimensions of Indigenous Peoples and mostly chose the type of cultiva-
tion based on profitability or resource availability. Aligning the needs, values, and traditional practices
of IPLC with innovative solutions and assessing low-cost renewable energy options to supply such a
community project, has not been done so far. High uncertainties remain regarding the technical and
economic feasibility of meeting the thermal demand with renewable energy sources in this severe cli-
mate. The potential of passive solar heating systems, bioenergy, and geothermal energy has not been
evaluated, despite their high suitability for the context and reduced initial investment costs compared
to more common sources such as wind and solar PV. Notably, none of the studies used a holistic or
transdisciplinary approach in their analysis that integrates socio-technical aspects.

2.3. Integrative problem-solving paradigms

2.3.1. Systems engineering

Systems engineering (SE) can be seen as a way to incorporate stakeholder needs and participation in
managing sustainable and environmental systems and works both as a discipline and a process [18].
As a discipline, it adopts a holistic life-cycle perspective and continuously evolves to include relevant
insights from other fields, wherein as a process, a transdisciplinary and integrative approach is offered
to ensure the successful creation, deployment, and eventual retirement of engineered systems with
regard to technological and social systems [18]. SE applies systems principles, concepts, scientific-,
technological-, and management methods [76]. Engineering is used in the widest sense and systems
can relate to people, products, services, information, processes, or natural elements that work together
artfully for some purpose [76]. Transdisciplinarity refers to decision-making around shared objectives,
collective understanding, and joint learning in real-world contexts and can be applied to system levels
from straightforward to highly complex, but is especially crucial in unfamiliar and socio-technical sce-
narios [18]. In contrast, an integrative approach alone may suffice when a situation is less complex
or has been encountered before, as a solution path can be more easily recognized although technical
or other challenges may still arise [18]. Systems principles follow systems thinking and the systems
sciences, forming the basis of SE including mental models, system archetypes, holistic thinking, sep-
aration of concerns, abstraction, modularity and encapsulation, causal loop diagrams, systemigrams,
and systems mapping [18]. Figure 2.2 visualizes the framework of the systems engineering concept
with emphasis on the systems engineering process model.
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The methodology of systems engineering should be applied to complex problems that are difficult to
understand, or significantly merged with the environment, but it is not meant to solve challenges where
the mutual influence is already clear and doesn’t require deeper examination or deliberation [36].

SE-Principles

Systems Thinking

Problem-solving Process
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Methods & tools Methods & tools
for Systems Design for Project Management

Figure 2.2: Framework of the systems engineering concept [36]

At the start of a project, the areas in need of development or definition may require closer examination
or adjustments, and the main components of the problem need to be identified including factors that
influence them as well as mutual dependencies [36]. From a systems thinking perspective such compo-
nents are the system’s elements and their relationships, but also relationships to environmental factors
[36]. Only after a clear definition and structuring of the problem in agreement with both planners and
client, should detailed qualitative and quantitative analyses be conducted to determine the scope of the
design and systematically develop initial solution drafts [36]. This relates to the first basic principle of
the SE process model, namely to proceed from the general to the detailed illustrated in Figure 2.3.
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Figure 2.3: Narrowing the field of observation [36]

The second important SE guiding principle is "variant creation” which relates to keeping the design
solution space as broad as possible with regard to the level of consideration, and to not being convinced
by the first solution that comes up as there are multiple solutions to any problem [36]. The third principle
is an expansion of the above two and is about making a distinction between the solution (actual system’s
life cycle) and the project itself that realizes the solution both logically and temporal [36]. In systems
engineering, multi-criteria decision-making (MCDM) is a widely used approach for choosing a solution
among multiple alternatives within the design space.
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MCDM is a discipline that navigates decision-making for selecting the best alternative from a set of de-
fined potential solutions subject to multiple attributes or criteria [85]. Decision analysis is the systematic
and quantitative approach and component of MCDM for evaluating alternatives when multiple conflict-
ing criteria must be considered [85]. Stemming from this, multi-criteria decision analysis (MCDA) can
be considered a theory itself that provides a stepwise process for solving decision problems with the
advantage of not being limited to a single aspect or unit such as monetary considerations [85]. MCDA
can be carried out for any kind of benefits and criteria depending on the formulated problem and ob-
jectives [85]. It highlights both positive and negative impacts of potential solutions, acknowledging
trade-offs rather than an optimal solution [85]. The first step is to understand the exact nature of the
problem which is part of the SE process. Secondly, objectives among the project or stakeholders need
to be clarified as those are a guide to the result [85]. Defining criteria that are linked to the objectives
is the next and particularly important step in MCDA [85]. The following steps involve developing a list
of options, evaluating the options, calculating scores based on the data input, and finally documenting
the results for monitoring and future use [85].

2.3.2. Design science research

Design Science Research (DSR) is rooted in engineering and learning science and aims to advance
human knowledge by creating innovation artifacts such as constructs, models, and methods for solving
practical problems [86]. Artifacts are applied to a certain context to improve that context in terms
of a utility that the system, the people, and implemented methodologies together determine whether
the goal is achieved [38]. DSR produces knowledge of how things should be designed by human
agency, so-called Design Knowledge. DSR generates new ideas for adapting successfully to a dynamic
environment. Such innovative ideas are communicated to the related community and academia as
knowledge that provides the base for implementation and areas of future research [38]. Figure 2.4
illustrates the conceptual DSR framework in which the environment represents the core problem space
[86].

The environment consists of people, organizations, and existing or planned technologies, along with
the goals, tasks, issues, and opportunities perceived by stakeholders, which help define the needs
that DSR addresses [86]. Those needs should be interpreted given strategies, structures, culture, and
working processes of an organization or community, and together they establish the research problem
from the researcher’s perspective, ensuring that research activities remain relevant to stakeholder con-
cerns [86]. A strong knowledge base that comprises theories, frameworks, tools, constructs, models,
and methods is essential to be applied in the construction phase to establish potential solutions [86].
Methodologies guide the evaluation phase, ensuring the use of methods from social sciences such as
interviews, surveys, focus groups, or others to assess outcomes [86].
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Figure 2.4: Design science research framework [86]
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DSR’s main focus is solving real-world problems within various application domains in which researchers
identify a concrete need by analyzing the environment and by relying on existing studies, to check if
sufficient DK is available [86]. Only if gaps exist, DSR is applied to develop innovative solutions by
integrating, revising, or extending existing knowledge through iterative build and assessment cycles
until they meet stakeholder needs [86].

2.3.3. Value sensitive design

DSR and value sensitive design are both approaches for creating or developing artifacts like technolo-
gies, systems, and processes but they address different areas in the design and research process.
VSD is a more human-centered approach that guides the being with technology with moral values and
positions researchers, designers, engineers, policymakers, and anyone working within socio-technical
systems in ways that prioritize the well-being of humans and the natural world [25]. The provision of
theory, methods, and practical approaches to systematically incorporate human values into technical
design in a systematic is the key objective to drive technological innovation [25]. VSD processes are
fluid and responsive to the context while offering an interactional way forward with an emphasis on
well-being, dignity, and justice [25]. Within VSD human values are defined as: "What is important
to people in their lives, with a focus on ethics and morality” [25]. Value sensitive design is used to
shape situations and processes in design theory by acknowledging the highly interactive relationship
between technology and human values [25]. Theoretical methods include the analysis of stakeholders;
Differentiation between designer, project, and stakeholder values; Individual, group, and societal lay-
ered analysis; Integrative and iterative conceptual, technical, and empirical assessments; co-evolution
of technology and social structures; and a guiding principle of committing to the progress and not for
perfection [25]. The methods are thought of to be combined with other existing technical tools, and
ultimately, VSD promotes human flourishing by broadening goals and adopting new ways and criteria
to judge the quality of technological design [25]. VSD highlights the following:

1. ”"Proactive orientation toward influencing design. Value sensitive design is oriented toward influ-
encing the design of technology early in and throughout the design process” [25].

2. "Carrying critical analyses of human values into the design and engineering process. Value sen-
sitive design is committed to design and engineering methodologies that bring critical analyses
of human values into the design process” [25].

3. "Enlarging the scope of human values. Value sensitive design embraces a broad spectrum of
human values that arise in the human context” [25].

4. "Broadening and deepening methodological approaches. Value sensitive design’s emergent meth-
ods draw on anthropology, design, human-computer interaction, organizational studies, psychol-
ogy, philosophy, sociology, software engineering, and others” [25].



Research Methodology

“We need to manage holistically, embracing all of our science and traditional knowledge - all sources
of knowledge. We can do that from the household to government to international relations.”

(Allan Savory)

3.1. Research approach

The research follows a systems design thinking approach as part of systems engineering, that aims to
incorporate systems thinking into design, by approaching complex socio-technical challenges in a holis-
tic, human-centered, and iterative way. Buchanan [13] define a system as being ”[...] a relationship of
parts that work together in an organized manner to accomplish a common purpose”. Systems thinkers
try to understand and solve complexity by examining the relationships between parts of a system, and
by looking at the system as a whole rather than breaking it down into isolated components [13]. Re-
lationships refer to human relationships with each other but also their relationships with artifacts and
nature [13]. Systems thinking methods emerged from the recognition of social systems and the impor-
tance of actively engaging stakeholders in early stages to capture their vision, ideas, needs, and values
[63]. Integrating systems thinking into design principles can support designers in achieving more sus-
tainable designs by better understanding the dynamic surrounding environment [63]. This is done by
encouraging stakeholders within a system to shape the design and plan for themselves [63]. Anyone
who plans, manages, organizes, or designs with social systems should embrace systems thinking [63].
Figure 3.1 introduces the socio-technical system under consideration.
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Figure 3.1: Systems Design Thinking Approach

In this research, the social system refers to the FMFN community, where the project developer envi-
sions building an aquaponic greenhouse to enhance sustainable development and address various
economic, social, and environmental challenges. The AG can be seen as a technical system that
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serves a social purpose and is directly linked to the technical renewable heating system. The envi-
ronmental conditions, particularly climate impacts, interact strongly with all three presented systems.
The primary focus of this study is to assess the viability of renewable energy options for the project
by comparing heating alternatives to a natural gas scenario through a techno-economic analysis. A
conventional engineering approach might involve estimating the thermal demand, selecting feasible
solutions based on predefined criteria, and conducting a precise techno-economic analysis using well-
established performance metrics for System 3. However, this approach may not fully align with the
preferences of an Indigenous community. If the thermal demand does not correspond to a building
design that the community finds acceptable, or if the selected heating technologies are not culturally
adopted due to performance metrics that do not reflect community priorities, the feasibility of the solu-
tion may be compromised.

To avoid such a narrow focus within engineering, a transdisciplinary approach is applied. Transdisci-
plinary researchers engage with actors outside of academia in addition to working interdisciplinary to
bring together academic objectives for learning and research with societal objectives arising from stake-
holder needs [61]. Transdisciplinary research (TR) deals with complex and real-world challenges that
require joint problem framing (JPF) between stakeholders inside and outside of academia where both
scientific and practical needs exist and in which the integration of knowledge and values from various
perspectives are necessary [61]. One way of conducting TR is by employing participatory research
such as co-development, co-design, co-research, and knowledge co-production. Such collaborative
concepts have gained increased attention within global sustainability and are increasingly adopted for
complex socio-ecological systems [73]. Collaboration and co-development are vital in projects where
concrete implementation of a solution is a key objective that community members are closely engaged
with, and impacted by the scientific question at hand [73]. In this research, co-development relates to
collaborating with the project developer and incorporating community values into the design processes
of the AG and renewable heating system. The study seeks to create space for FMFN to participate in
decision-making processes in community-engaged research.

Collaborating with Indigenous communities in a research context requires careful thought about how
the research is conducted and needs to deal with the skepticism of many Indigenous Peoples towards
researchers. There is an Alaska Native saying: "Researchers are like mosquitoes; they suck your
blood and leave” [16]. Unfortunately, research on Indigenous Peoples was historically used by colonial
powers to extend political control over communities, such as the “classifying and labeling” of Aboriginal
Australians in an attempt to "manage” them in the early years of Australian colonization [16]. Even
today, research related to IPLC continues to be inappropriate, by using culturally insensitive research
methodologies that neglect the needs and cultural norms of IPLC, or by presenting the research’s
goal as benefiting the community’s well-being when its primary purpose appears to serve academic
objectives instead [16]. Collaboration between academia and IPLC must clearly point out what and
for whom expected benefits are to be, the values of research participants need to be acknowledged,
and researchers need to understand the power of integrating Indigenous methods into research design
[16]. However, using Western rational science to interpret TEK can be problematic itself and tends to
misrepresent reality which will be further addressed in Section 3.4.

As a result, this study seeks to merge suitable and appropriate methods for the stated context. Mixed
methods research (MMR) is applied to integrate rather than separate all means of data which also
relates to the type of implementation process, integration in certain stages, theoretical perspectives,
and methodological approaches such as quantitative and qualitative research. [17]. MMR design
requires multiple methodologies, interdisciplinary approaches, and various philosophical perspectives
for different parts of the research to generate more comprehensive and meaningful results [17]. An
integrative research framework was established to fill the gap of lacking transdisciplinary studies that
integrate socio-technical dimensions in their analysis with a holistic framework.

3.2. Integrative research framework

With the TEA as the central objective, a reverse engineering rationale could be applied to identify re-
quired data from the previous step: To conduct the TEA, the thermal demand is required, for which a
greenhouse design artifact is needed, for which again community values need to be identified. The con-
cept of bricolage was very useful in supporting decision-making for the "right” methods to fill the toolbox,
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but also because the view is aligned with the Indigenous research methods of storytelling and personal
reflection. Bricolage sees research methods actively in which processes and narratives are shaped by
bringing our own understanding of the research context together with previous experiences and meth-
ods applied [9]. "The bricoleur is aware of deep social structures and the complex ways they play out
in everyday life, the importance of social, cultural, and historical analysis, the consciousness of the re-
searcher, the complex dimensions of what we mean when we talk about understanding” [9]. Bricoleurs
reject and counter deterministic views of social reality and monological reductionism by accounting for
relationships between the scientific and the moral, the quantitative and qualitative, and by embracing
uncertainty and disorder [9]. Being aware of the assumptions and purpose of the researcher finding its
way into the research and influencing what knowledge is produced, and that empirical data can yield
fundamentally different interpretations based on who is looking at it from what perspective, are key
characteristics [9]. It is important to acknowledge ongoing power relations and dominant discourses
shaping the research process and regulating what kind of knowledge is produced and validated, and
whose voices are legitimized [9]. The initial step in searching for methods, induced by the concept, was
to brainstorm and ask a multiplicity of questions about the research and assign them to paradigms or
methods (see Figure A.1in Appendix A). Step-by-step a comprehensive integrative research framework
was built illustrated in Figure 3.2.

FMFN weedback # Aguaponic wLeedback Renewable
Community Greenhouse heating
Value Sensitive Values M Design Science Artifacts (m\h\m Systems
Design W Research W Engineering
e e \
i Thermal demand x ic !
Literature review Techno.logy —— Artifact creation il economic !
selection i analysis !
Stakeholder KPI selection Multi-criteria
engagement and weighting integration

Feedback | Recommendation for context-specific AG design, renewable

thermal energy alternatives, and relevant considerations

Reflection on framework, broader implications for subarctic
communities, and future research suggestions

Legend

[ Sygemj Methodology Main method Process Co-developed factors Information flow

Results &
outcomes

Figure 3.2: Integrative holistic research framework

Generally, the research study transitions from a broad perspective to a more focused scope, and si-
multaneously from a human-centered evaluation to a technology-centered analysis, according to a
funnel approach (or "from the general to the detail” approach [36]). The framework is divided into three
systems of which each is guided by an overarching integrative problem-solving paradigm that utilizes
various methods. Only the most relevant methods or processes are shown in the visual framework. In
reality, the systems, processes, and methods have a greater degree of overlap and interaction with
each other in constant feedback loops and iterations. The literature review served as a first way of
topic exploration within content analysis. It was used for scoping, establishing the framework, and
feeding relevant information and findings to different parts of the study. The methodological framework
is described according to the research flow process and explains how methods and tools are applied
within the study. It clarifies how results are generated and further used within research paradigms and
systems.

Multiple methods from VSD were applied in Chapter 4 Community-Centric Evaluation. A broad stake-
holder analysis was conducted by mapping indirect and direct stakeholders of the project on a Quadru-
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ple Helix Stakeholder Map. Direct stakeholders were plotted on a Power-Interest Grid to prioritize
stakeholders for further analysis. In line with VSD, stakeholders were classified into the value domains
of project developer, designer, and other direct stakeholders, emphasizing roles rather than entities
[25]. Including the designer (myself) allows for personal reflection and identifying influences towards
the research. A process framework was established for identifying community values based on VSD
methods, facilitated by direct engagement with stakeholders through qualitative data gathering to un-
derstand the diverse perspectives. Project values were identified within LANDMARC meetings of the
FMFN sustainability working group. Designer values were identified by reflecting upon my role and
positionality as a researcher to the subject, participants, and broader context of the work. Finally,
stakeholder values were derived from literature about FMFN and LANDMARC interviews with elders
from the community about gardening practices. Two iterations of the process were developed. First, a
broader elicitation using value source analysis, qualitative coding, value tensions, and value scenarios
was carried out for the Aquaponic Greenhouse in Section 4.3. Secondly, an adjusted process was
applied for the renewable heating system in Section 4.4 with a more specified focus on technology-
and KPI selection for the TEA. Figure 3.3 visualizes the first process iteration.

Source Value domain Inductive codes Value alignment Narratives

i LANDMARC meetings | Project values Project vision
h project

Instrumental
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7 Y values preferences

Gardening interviews:
FMFN Elders H

Figure 3.3: Process framework AG: From values to narratives

The value source analysis aims to make values from stakeholder sources of each value domain trans-
parent to acknowledge Indigenous values and integrate TEK. This was done by inductively codifying
articulated values into categories and deductively assigning a type of value to them. A quantitative
comparison of value categories and value types between the project developer, designer, and stake-
holders facilitated an assessment of value alignment (or value tension) [25]. Value tensions require
mitigation strategies within the project [25]. In the final step, value-based narratives (value scenarios)
were developed, reflecting project vision, designer influence, and stakeholder preferences. Narratives
can capture contextualized insights into lived experiences engagingly. This makes narrative inquiry
especially useful for socio-technical environments as they allow for complexity [25]. Furthermore, nar-
ratives are closely linked to the Indigenous method of storytelling which is an act of presenting a narra-
tive, making it strongly compatible in this research. The narrative intends to summarize and translate
the articulated values, thus giving design implications for chapter 5. To account for a more neutral
interpretation of the value sources, Al was applied to create the narratives. This avoids biased choices
of what | regard as important, particularly as my own values are included. A language model identifies
text without placing any meaning to it. The data input provided was the full latex code of Chapter 4.
The advanced reasoning model of ChatGPT o1 was applied in a temporary chat that is not saved to
the history, not memorized by the Al, and not used for its training models to ensure data protection [59].
The following prompt was given:

Prompt 1 for the AG design narrative: "Develop a value-based narrative (or value scenario in Value
Sensitive Design language) out of the entire value source analysis with regard to the Aquaponic Green-
house and its design, that reflects the project vision, the designer influence, and the stakeholder needs
and preferences.”

The second iteration focused specifically on renewable heating systems in which deductive coding
was applied for renewable heating technologies and KPIs as guiding categories. The objective was
to derive a final selection of heating technologies to be assessed in the techno-economic analysis in
Chapter 6 and to select measurable KPIs to evaluate the performance of the technologies. Here, the
value identification supported a co-development process of selecting context-specific and appropriate
technologies to review and KPls as performance metrics. Figure 3.4 demonstrates the process for the
second iteration.
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Figure 3.4: Process framework RHTs and KPIs: From values to selection

Value alignment was unnecessary since the values all relate to the specific categories of technology-
and KPI selection where a solution was explored that includes the articulated values. Again, a value-
based narrative was developed out of the results. In this case, the narrative provided implications for
technology and KPI selection. An adjusted prompt was applied using the same Chat GPT o1 model:

Prompt 2 for the renewable heating system narrative: "Develop a value-based narrative out of the
entire value source analysis with regard to the renewable heating system, particularly regarding tech-
nology selection and KPI selection. It should reflect the project vision, the designer’s influence, and the
stakeholder needs and preferences.”

A final selection of technologies and KPlIs is provided at the end of Chapter 4 in Section 4.4.3 based
on combined findings from the literature review and outcomes of the value analysis. The narratives
as well as technology- and KPI selection are outputs used for the following parts of the research as
demonstrated in Figure 3.2.

For the Aquaponic Greenhouse design in Chapter 5, DSR principles were employed and various arti-
facts were developed. A general input-process-output (IPO) diagram was first created to understand
the physical system in place which is shown in Appendix B.1. Constraints were listed based on the
project developers’ input. A requirements elicitation process was applied in which objectives were cat-
egorized into functional and non-functional related to the AG design and the renewable heating system
based on the literature review and narratives. The narratives had the important functions of translat-
ing the values and preparing the data to be useful for the following methods. A major component of
this study was the development of a comprehensive and integrated techno-economic systems design
model implemented in Microsoft Excel. The first part handles the system sizing of the AG to deter-
mine the greenhouse size. A second artifact creation process was to translate the ground area of the
building into a 3D model which was carried out with the software Autodesk Fusion 360. The rendering
shows an initial value-sensitive AG design of the greenhouse and validates the system spacing inside.
With a 3D design at hand, the external surfaces could be defined to estimate the heating demand. The
thermal requirements were calculated within the Excel model based on monthly averages using the
heating degree day calculation method. Climate data was obtained from Clean Energy Management
Software developed by the Canadian government. The locations of Mildred Lake and Fort McMurray
Airport provided NASA weather data which were used to represent Fort McKay.

The focus of the thesis was set on the renewable heating system for which more conventional engi-
neering methods were applied. A techno-economic analysis (Chapter 6) and multi-criteria integration
(Chapter 8 were incorporated within the Excel model. The community-centric evaluation established
the foundation for integrating values and TEK into the design. The preliminary AG design ensured that
thermal demand requirements could be more accurately calculated. To link the thermal demand to the
heating supply, relevant operational parameters were defined and calculated. A base case was first
established that focuses on assigning relevant capital expenditures (CAPEX) and operating expenses
(OPEX) to the greenhouse building, RAS, and growing systems to model food and fish production.
Parameter values were validated by experimental studies. The heating supply for the base case as-
sumes a natural gas boiler system that serves as a benchmark for comparing the thermal performance
to renewable heating alternatives. Monthly figures were extrapolated for an entire year. Cash flow
statements within the model calculate NPC and NPV among others over a lifecycle of 20 years. Based
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on the base case, the model was adjusted step-by-step to reflect each renewable heating technology
in a separate sheet. The single input variable allows for variation of the fish tank volume, facilitating
outputs for different aquaponic system sizes which is proportional to the greenhouse size and thermal
demand. Variables and parameters are therefore strongly connected and dependent on each other. A
sensitivity analysis was performed for the AG without considering the heating supply and was only then
carried out for each renewable heating option accounting for the whole system. The general separation
of heating and non-heating-related costs was important to better understand the cost breakdown during
operation.

While the AG narrative gave design implications for the greenhouse, the second narrative supported
technology and KPI selection for the renewable heating system. The TEA was conducted for the se-
lected technologies and built in a way that the co-developed KPIs can be measured. With this, the
first five steps of an MCDA process were already given. The problem was formulated, objectives and
stakeholder needs were identified, criteria were defined that are linked to the objectives, and a list of
renewable heating options was provided and evaluated [85]. The use of MCDA in the multi-criteria
integration enabled the inclusion of technical, environmental, and social indicators in a multi-criteria
ranking. Within the TEA, data could be prepared accordingly by selecting metrics that reflect the KPIs.
However, the TEA ranked renewable heating options according to NPV. Performance indicators from
the technical, social, and environmental domains were part of the assessment but not incorporated into
a ranking based on non-monetary criteria. MCDA allowed for a more comprehensive ranking that could
be compared to the NPV score. Most importantly for this application, MCDA was a means to directly
integrate stakeholder values into decision-making. A fundamental part of MCDA is to assign weights to
the defined criteria which reflect the importance of that specific criteria relative to the others. This part
of MCDA was essential for synthesizing results in this study which can be achieved by various MCDA
methods.

The best-worst method (BWM) developed by Rezaei [67] was applied to obtain weights in Chapter 8.
BWM is a pairwise comparison-based method that reduces complexity while maintaining more accu-
rate outcomes and ensuring consistency in the answers provided. This was vital in this research where
the goal was to integrate traditional values into engineering principles. The project developer assigned
weights to the previously defined criteria following the BWM process in a guided online meeting. BWM
generates better results than simple weighting methods and other comparison-based methods while
simultaneously checking for consistency, and the weighting could be isolated from the rest of the pro-
cess. Against the condition of criteria independence, the Weighted Sum Model was applied to combine
normalized scores with weights to the performance scores of the heating alternatives to compare NPV
scores to the multi-criteria ranking. The use of the method is further reflected upon in Section (reflection
bwm).

3.3. Data collection

Conducting research with an Indigenous community is often motivated by the goal of contributing to
the community’s well-being or advancing social justice. However, conflicts may arise regarding the
knowledge that is revealed or shared [16]. The knowledge and data must be protected and handled
in agreement with community participants while different community values must be accommodated
and acknowledged as much as possible [16]. In this research study, data was collected under the
umbrella of the LANDMARC project under HORIZON 2020 and dealt with according to the General Data
Protection Regulation. Community contact was established through an ongoing partnership between
LANDMARC and Fort McKay in a supervised manner. Data inputs from LADNMARC were given only
by permission and handled strictly confidential. No personal data is displayed without having consent
for it and sources are not fully presented in case of regulatory conflicts. The research was conducted
in cooperation with the project developer of the greenhouse project to whom research findings were
regularly presented and discussed in ongoing LANDMARC meetings of the FMFN sustainabilty working
group. The use of data from the meetings was agreed upon by the participants. The POPD in Appendix
A.3 addresses the ethical implications and data protection measures related to managing personal data
for research carried out within LANDMARC.

Through a value source analysis in Section 4, community values were acknowledged and made trans-
parent in an attempt to integrate TEK in this study. Another issue in participatory research deals with
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the question of who receives credit for the gained knowledge. Cochran et al. [16] explains that ”[...] itis
important to understand that knowledge gained from Indigenous communities is both local and specific
to a given research effort, but it is also global in terms of history and potential impact”. In this research,
it is ensured that intellectual property (IP) rights from research outcomes remain for and with the com-
munity. Key design elements of the Aquaponic Greenhouse are currently part of a patenting process
in collaboration with the project developer. For that reason, critical elements were removed and will
not be shown. The research also ensures that relevant findings, suggestions, and recommendations
are fed back to the community in a culturally appropriate manner.

3.4. Limitations of the study

The holistic and integrative nature of this study introduces several limitations. While the research
aims to address the technical, economic, social, and environmental dimensions of the project, time
constraints required compromises in the depth of analysis. Key areas such as the techno-economic
analysis and value-sensitive design were prioritized, but a comprehensive exploration of the policy
landscape including financial subsidies or regulatory frameworks for clean energy projects was beyond
the scope of this thesis. The early stage of the project was another limiting factor. The analysis is
an initial approximation of understanding broad connections where many aspects were uncertain and
could change quickly. At the same time, new ideas were tested in a developed research framework.

Incorporating Traditional Ecological Knowledge into engineering principles was challenging due to high
uncertainties. The exploratory nature of the study in a context that dealt with differing cultural beliefs
was not always easy to align with the academic requirements of my studies at TU Delft. The program
has guidelines and evaluation criteria for my thesis in place that ask for clear design and/or engineering
approaches that were taught. This is an understandable standard procedure in any University but
limited to how TEK could be integrated and its role in this research. Generally, following a human-
centered approach including values in an engineering setting was challenging and contradictory since
the aim was to break down something highly subjective and intangible into a measurable process. The
categorization and interpretation of values within the value-sensitive design approach were subject to
bias as it was carried out by myself. A mitigation strategy applied was the use of Al to develop narratives
out of the analysis.

Stakeholder engagement was an essential part of the research established through the project devel-
oper and indirect sources such as interviews and literature. However, direct engagement with other
community members was not achieved. A community survey was planned and organized for the multi-
criteria integration to reflect stakeholder values in addition to project values. Due to difficulties in simply
translating the weighting process to a survey, the expiring LANDMARC project, and general time con-
straints, the survey was excluded from this thesis. Important perspectives articulated directly by FMFN
members are thereby not included in the multi-criteria ranking. However, follow-up research strategies
to conduct the survey outside of this study were discussed in a LANDMARC meeting together with the
project developer.

More specific limitations within the modeling part were challenges in obtaining cost data from Canadian
suppliers that further limited accuracy and required reliance on European data which may not fully re-
flect regional differences in market dynamics. Incorporating well-established validation processes was
difficult in this unexplored field. Parameters in the model were largely validated based on experimental
studies or studies that did not fully reflect a similar environment. Sustainability metrics such as carbon
emissions and energy efficiency were included but a full life cycle assessment of the greenhouse and
heating systems was not conducted. This limits the ability to fully evaluate long-term environmental
trade-offs. Additionally, the research findings and models were tailored to the specific socio-technical
and environmental context of Fort McKay and may not be transferable to other regions without adjust-
ments for local conditions.

These constraints along with general uncertainties surrounding the feasibility of renewable heating
technologies in northern Alberta, underscore the need for further research and empirical testing.



Community-Centric Evaluation

“A business that makes nothing but money is a poor business.”
(Henry Ford)

4.1. Stakeholder analysis

The identification of stakeholders is an important first step to get an overview of the environment. FMFN
collaborates with various government entities, industry partners, academia, and other communities in
different areas and on different levels. Diverse interests and interdependencies can strongly influence
sustainability projects, such as the AG project. Having a sense of the distinct power relations among
stakeholder groups helps to identify and to understand different needs and perspectives. Figure 4.1
shows a broad classification of context-relevant stakeholders for this research. Stakeholders shown in
light blue represent indirect stakeholders who do not necessarily interact with the system at hand but
can be affected by it [25]. Those are external stakeholders from government bodies, the private sector,
and academia. Stakeholders in dark blue are direct stakeholders from the FMFN community or ones
that directly interact with the system [25].
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Figure 4.1: Quadruple Helix Stakeholder Map
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Governments range from federal to municipal level and can also include agencies that focus on a spe-
cific field or topic such as Indigenous Services Canada (ISC), Natural Resources Canada (NRCan),
and Environment and Climate Change Canada (ECCC). ISC supports First Nations, Inuit, and Métis
communities in socio-economic development; NRCan promotes sustainable forestry and clean energy
projects; and ECCC is responsible for environmental policies, climate action as well as funding for car-
bon offsets [33, 34, 31]. Intersecting governmental and academic stakeholders typically bridge research
and policy implementation such as environmental organizations, NGOs, or other institutes. Universities
in Alberta showcase community-focused research and Indigenous collaboration while placing a strong
focus on sustainability studies [84, 5]. Government bodies linked to the private sector can be innovation
drivers, energy regulators, or carbon offset actors. Relevant industry sectors cover energy, oil sands
mining, environmental services, agriculture, forestry, and tourism. One stakeholder that interacts with
all 4 fields is the Assembly of First Nations (AFN), which represents Canadian First Nation communi-
ties by creating dialogues about rights, concerns, and priorities between First Nations, governments,
businesses, and the general public [4].

Direct stakeholders can be categorized into companies or organizations relevant to certain areas of
the greenhouse project such as LANDMARC partners, farms, timber-, construction-, heating-, and
aquaculture suppliers; and FMFN community stakeholders like the project developer, members, the
band council, and various community departments and facilities. The direct stakeholders are mapped
on a Power-Interest (PI) Grid in Figure 4.2, displaying high or low power in affecting the project as
well as high or low interest regarding the implementation. Greenhouse suppliers are merged into a
single stakeholder reflecting all companies involved in providing greenhouse-related services. The
Fort McKay Sustainability Department and FMFN Environmental Protection are also combined into
one stakeholder "FMFN Sustainability Environment” for the Pl analysis.
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Figure 4.2: Power-Interest Grid: Direct Stakeholders

The PI Grid can be seen as a matrix that is made up of four fields to which stakeholders are assigned:
(1) Stakeholders with low power and low interest who require minimal contact, (2) Stakeholders with low
power but high interest whose needs should be met, (3) Stakeholders with high power but low interest
who should be kept informed, and (4) Stakeholders with high power and high interest who represent
decision-makers in this case.

The Fort McKay Group of Companies (FMGOC) is an oilfield construction and services company owned
by FMFN including business units of strategic services, logistics, mechanical and heat treatment ser-
vices, and joint ventures [24]. FMGOC is assigned to category 1 as their field of work mostly addresses
sectors that are not relevant to the greenhouse project, although they also address sustainability top-
ics and heat treatment services that could be of interest. Category 2 includes greenhouse suppliers,
FMFN divisions (Health, Sustainability & Environment, Education, and Social Development), and most
importantly all FMFN community members. Greenhouse suppliers have an economic interest in being
chosen to provide services for greenhouse implementation but exhibit limited power. FMFN Health-,
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Youth-, and Day Care have a high interest because the greenhouse project also aims to improve the
health of community members by providing fresh produce which could be part of the facility’s nutri-
tional plan. The same holds for the Elsie Fabian School that additionally, could incorporate practical
educational programs with the greenhouse. The FMFN Sustainability and Environmental Protection de-
partments can have a high interest in promoting and supporting all aspects of sustainable development,
specifically the application of renewable energy and potential carbon offsetting. The FMFN Social De-
velopment areas might see opportunities such as employment and other benefits that the project brings
along. The high interest of community members stems from the idea of providing community-based
growing plots for those interested in gardening or other community-based activities that could be car-
ried out in the greenhouse. The Band Council is appointed to category 3 as their interest in the project
itself might be limited but they have a regulatory function and are responsible for approval which makes
them also an indirect decision-making. They can heavily influence project developments. Finally, the
project developer and LANDMARC Canada are designated to category 4 with high interest and high
power. The project developer is the project owner who intends to implement the greenhouse vision
as a social enterprise in Fort McKay. LANDMARC is not a decision-maker but influences decisions as
researchers collaborate and work closely together with the project developer. The main stakeholder
focus for further analysis is on the project developer and community members, which are marked with
dotted lines in Figure 4.2.

4.2. Values

The search for academic literature in an attempt to define "values”, quickly resulted in a realization
that value theory seems to remain unresolved and unavoidably leads to the exploration of deeply philo-
sophical questions such as: Is value determined by personal preferences or independent of human
perception? Many scholars define human values in the domain of personal and cultural belief sys-
tems, moral guiding principles of a social group, or worldviews [3, 35]. This makes things problematic
if the aim is to identify Indigenous values with a Western scientific approach. According to Groenfeldt
[35], the dominant Western concept of rational science has developed into a global standard for the
judgment of any society and belief. However, Western and Indigenous beliefs and worldviews are in-
herently different. The understanding and meaning of values might already be distinct and individual.
My own understanding of it probably differs as a so-called Third Culture Individual (TCI) who grew up
bilingual in five different countries up to the age of 13. Chun [15] states that the Hawaiian language
does not have any word for values, morals, and ethics which apparently is not unusual for traditional
cultures since morals are a fundamental part of their daily life. This indicates how differently it might be
perceived by various cultural societies. Keeping all that in mind, for this research values are defined as
"what is important to people in their lives, with a focus on ethics and morality” adopted from the VSD
approach by Friedman and Hendry [25].

In academic literature, values are increasingly categorized into intrinsic, instrumental, and relational
values which started to be more adopted within studies from 2016 in addition to the classification of
instrumental and intrinsic (non-instrumental) values [39]. Table 4.1 defines the three types of values
and summarizes relevant associations for better understanding.

Table 4.1: Types of values [39]

Value type Definition Relevant associations

Instrumental Means to achieve human ends or satisfy hu- Strongly associated with anthropocentrism,
man preferences and intended as usefulness utilitarianism, and technocratic approaches
for humans, utility, or benefits

Intrinsic Values expressed independently of any ref- Strongly associated with ecocentric world-
erence to people as valuers regardless ofim- views and moral obligations towards other
portance or usefulness to humans species; Weakly associated with altruistic val-

ues and spirituality
Relational Values of meaningful and reciprocal human  Strongly associated with broad values such

relationships beyond means to an end (with
nature and among people through nature)

as stewardship, responsibility, care, affection,
reciprocity, harmony, justice, and spirituality
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Himes et al. [39] conducted an extensive literature analysis to classify each of those value types accord-
ing to its core meaning while considering different worldviews to support codification in empirical studies.
The meaning of instrumental, intrinsic, and relational values can overlap, as they are context-specific
and depend on perspectives of different knowledge systems [39]. Oversimplified, one could say that
Western worldviews are more represented by instrumental values, while Indigenous worldviews are
more associated with relational values.

Within VSD, stakeholders are understood by roles rather than actors to account for duties, contextual
identities, and circumstances [25]. An important distinction that follows from this rationale is the one
between project values, designer values, and stakeholder values, which are defined as value domains
in this research. Project values relate to the project goals and are articulated by the project developer;
designer values are personal and professional ethical values that are reflected upon by the designer,

individually; and stakeholder values relate to all other direct stakeholders [25].

4.3. Aquaponic Greenhouse

4.3.1. Value source analysis

Table 4.2 shows expressed project values related to the Aquaponic Greenhouse including a catego-

rization of the articulated value and its associated value type.

Table 4.2: Project values: Aquaponic Greenhouse

Articulated value

Category

Value type

Stakeholder: Project developer

Connecting community members for shared learning and
preservation of traditional knowledge

Education; TEK; Reciprocity

(Instrumental);
Relational

Improving well-being and health of community members  Health; Care (Instrumental);
by supplying fresh produce Relational
Attract tourism to show people that FMFN is a Economic development; Instrumental;
progressive community that can lead in sustainability Sustainability; Pride Relational

Pave the way for future generations to ensure prosperity

Social development;

(Instrumental);

for the community Economic development Relational
Concern for members who struggle e.g. with supplying Health, Care, Responsibility ~ Relational
their kids by themselves while working hard everyday

The weather conditions are increasingly fluctuating, Climate impacts; Food Instrumental;
impacting the community and calling for both climate security; Safety Relational
change mitigation and adaptation strategies

Vision of an indoor ecosystem with community space, Food security; Health; Instrumental;
clean air, and fully automated which can be a stopping Innovation; Economic Relational
point for tourists development

Regain control of our own development and shape itina  Autonomy; Self- Instrumental;
way that resonates with our culture and traditions while determination; TEK; Relational
adapting to the external circumstances Innovation; Responsibility

Cultivating catfish with spiritual meaning in aquaponics, Self-determination; TEK; Instrumental;
and growing medicinal plants due to decreasing soil Innovation Relational
quality and land conversion on outside

Revitalize our food system and maintain traditional Self-determination; TEK; Instrumental;
culture of harvesting Innovation Relational

Supply the school and other facilities with healthy food

Health; Reciprocity; Care

(Instrumental);

and use the greenhouse for sharing and learning Relational
We are done with other people telling us what to do and Autonomy; Self- Instrumental
how to do things, money is not the issue determination; Justice

Testing growth of potatoes (among others) with self-built Plant species; Innovation; Instrumental;
aeroponics system for starch-rich diet of community Care Relational
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Table 4.3 highlights the count of assigned topic categories for the articulated project values.

Table 4.3: Inductive coding: Project values

Nr. Category Count Nr. Category Count
1 Innovation 5 10 Autonomy 2

2 Health 4 11 Education 1

3 TEK 4 12 Sustainability 1

4 Self-determination 4 13 Pride 1

5 Care 4 14 Social development 1

6 Economic development 3 15 Climate impacts 1

7 Reciprocity 2 16 Safety 1

8 Responsibility 2 17 Justice 1

9 Food security 2 18 Plant species 1

Table 4.4 shows designer values associated with the Aquaponic Greenhouse. In VSD, it is essential to
be transparent about the researcher’s values regarding the project to identify bias and subjectivity since
every researcher brings his own mindset to work that comes with underlying objectives, influencing the
research and design [25]. Of course, it is already biased to identify one’s own values but having that
awareness can lead to a more neutral assessment.

Table 4.4: Designer values: Aquaponic Greenhouse

Articulated value Category Value type
Stakeholder: Designer and researcher (myself)

Concern for climate change and its impacts on vulnera- Climate impacts; Care; Relational
ble actors Justice; Sustainability

Analytical systems design thinking with data-driven solu-  Systems engineering; Instrumental
tions but also care for aesthetics Aesthetics

Curiosity and interest for natural processes and non- Curiosity; Nature; Intrinsic; Instru-
human species, also to address sustainability Sustainability mental
Prioritization of stakeholder needs and contextually ap- Respect; Responsibility; Instrumental;
propriate recommendations as an external observer TEK Relational
Awareness of cultural differences and need for under- Care; Responsibility; TEK Instrumental;
standing diverse knowledge systems for suitable cultural Relational
integration in design

Collaborating with the community and feeding back re- Collaboration; Reciprocity Instrumental;
search results that might be supportive Relational
Critical of economic model but awareness of lacking al- Justice; Economy Instrumental
ternatives and necessity of project success

Interest in innovative design regarding environmental Innovation; Sustainability; Instrumental
and social sustainability Social development

Responsible for technical prioritization of efficiency and Responsibility; Efficiency; Instrumental
reliability to propose functioning solutions Reliability

Values are derived from a positionality statement that examines personal background, role within the
project, relationship to stakeholders, and impact on outcomes. Table 4.5 highlights the count of as-
signed topic categories for the articulated designer values.
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Table 4.5: Inductive coding: Designer values

Nr. Category Count Nr. Category Count
1 Sustainability 3 10 Nature 1

2 Responsibility 3 11 Respect 1

3 Justice 2 12 Reliability 1

4 Care 2 13 Efficiency 1

5 TEK 2 14 Reciprocity 1

6 Climate impacts 1 15 Economy 1

7 Systems engineering 1 16 Innovation 1

8 Aesthetics 1 17 Collaboration 1

9 Curiosity 1 18 Social development 1

Stakeholder values identified from the literature are displayed in Table 4.6. The table encompasses

broader values associated with FMFN community members and the band council.

Table 4.6: General stakeholder values: Aquaponic Greenhouse

Articulated value

Category

Value type

Stakeholder: FMFN community members [26]

Muskeg as reliable sources for water, travel corridors,
medicine, material and food for both people and animals

Nature; Health; Animals

Instrumental; In-
trinsic; Relational

Health concerns (asthma) and ensuring healthy sustain- Health; Care; Sustainability;  Instrumental;

able populations of culturally important species to main- TEK; Self-determination; Relational

tain cultural heritage Responsibility

Earth and air are not healthy so we are not healthy Health; Reciprocity; Spiritu- Relational
ality

Stakeholder: FMFN community members [78]

Limited access to cultural sites (I can no longer go where  TEK; Autonomy Instrumental;

| want when | want) Relational

A changing environment means a loss of our identity Environmental protection; Relational

because our interaction with the land is being removed Identity; Spirituality; Justice

Stakeholder: FMFN community members [7]

Networks for harvesting as well as spiritual and social TEK; Social development; Relational

exchange extend beyond confined reserves which is not  Spirituality; Autonomy

acknowledged

Stakeholder: FMFN Band Council [20]

Prosperity by participation in economic oil sands develop- Economic development; Instrumental;

ment, as involvement in local resource activities remains Dependency; Social devel- Relational

the best hope for social well-being of First Nations

opment; Responsibility

Table 4.7 summarizes values from gardening interviews with elders. In the interviews, three elders
who are involved in different gardening practices are asked about those activities. They could reflect
potential greenhouse users and provide valuable insights linked to challenges and needs.



4.3. Aquaponic Greenhouse

31

Table 4.7: Stakeholder values from gardening interviews: Aquaponic Greenhouse

Articulated value Category Value type
Stakeholder: FMFN Elder - Interview 1

Experiences with local wildlife, including wolverines and Animals; Nature; Respect Relational
massive bears, visiting his garden, but he has a good

understanding of the local fauna

Adaption of gardening system, making it bear-proof (be- Adaption; Care; Innovation; Instrumental;
cause of risk for bear) and adding low-cost digester as Waste recycling; Affordabil- Relational
compost from local shops is too expensive ity

Limited soil-depth (1 foot) with permafrost underneath Climate impacts; Land con- Instrumental
peatland avoiding plant growth in most areas version; Failed crops

Plants grown: bushes, fruits, potatoes, cabbages, some Plant species; Successful Relational
massive zucchinis, cucumbers, various types of toma- crops

toes. peppers, corn, sprouts, railroad grapes, Haskap,

Honey, and Saskatoon berries

Giving away spare vegetables to other members when Reciprocity; Care; Respect Relational
harvest is plentiful

Some unsuccessful planting due to water evaporation in Climate impacts; Failed Instrumental
May (remaining frost) resulting in shorter planting season  crops

Privileged to have time for gardening in a working town Appreciation; Economy; Instrumental
like Fort McKay, as it requires constant monitoring of soil ~ Patience; Retirement

and patience, mostly affordable for retired people

“Use what you have in your garden as much as possible.  Re-use; Waste recycling; Relational
There is no need to spend a lot of money when you have  Affordability; Self-sufficiency

the resources available”

Self-sufficient garden management with occasional help Self-sufficiency; Reciprocity;  Relational
from his children and grandchildren to whom he actively Education; TEK

passes on knowledge of his experience

Stakeholder: FMFN Elder - Interview 2

Siblings in Ontario on farming land stated that the per- Greenhouse; Farming; Per- Relational
ception of greenhouses is not entirely positive ception

Third year gardening with learning by doing and learns Practical; Education Instrumental
from her mistakes

Started growing plants in her basement after retirement Climate impacts; Failed Instrumental
but it did not succeed due to cold temperatures. crops

Hose drip system for automated watering which she Adaption; Innovation; Effi- Instrumental
would replace with a connected rainwater irrigation sys- ciency

tem

Has a greenhouse in usage from early spring, growing Greenhouse; Climate im- Instrumental
cucumbers (failed to grow) and tomatoes. pacts; Failed crops

Composting during winter to allow for land to regenerate, = Waste-recycling; Reci- Instrumental;
and mentions challenging bad soil quality requiring large  procity; Land conversion; Relational
amounts of dirt Manual work

Problems with invasive plants that are difficult and time- Pests; Manual work Instrumental
consuming to remove manually

Variety of crops including different types of tomatoes, Plant species; Successful Relational
carrots, green onions, beetroots, raspberry-, cranberry-, crops

and strawberry bushes

Failed crops due to green worms include potatoes, cu- Pests; Failed crops Relational
cumbers, cabbages

Tree leaves are unhealthy, probably caused by a lack of Health; Failed crops Relational

nutrients according to agricultural expert
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Articulated value Category Value type
Hesitant about continuing gardening due to challenging Health; Land conversion; Intrsumental

terrain, unhealthy labor with lack of soil beds, financial
reasons, and lack of support

Sharing harvest with neighbors and family members
while consuming grown tomatoes every week

Affordability; Manual work

Reciprocity; Care; Respect;
Self-sufficiency

Relational; Instru-
mental

Stakeholder: FMFN Elder - Interview 3

Leading Environmental Guardian, responsible for stew-
ardship of traditional land

Has a beautiful greenhouse, initially roofed with plastic
glazing which was removed for rain and sun exposure

Bad soil quality resulted in building an innovative dual
system of raised beds and fence, requiring less effort to
harvest variety of crops

Adaption of plastic canvas routing as rainwater irrigation
system

Not composting due to increased labor and lack of stor-

age options, but willingness to share his composting ma-

terials with other members

Stewardship; Responsibility;
Care; Sustainability

Pride; Aesthetics; Material,
Adaption

Efficiency; Adaptation; Inno-
vation; Manual work

Efficiency; Adaptation; Inno-
vation; Self-sufficiency
Manual work; Affordability;
Reciprocity; Care

Relational

Instrumental

Instrumental

Instrumental

Relational; Instru-
mental

Table 4.8 on the following page, highlights the count of assigned topic categories for the articulated

stakeholder values.

Table 4.8: Inductive coding: Stakeholder values

Nr. Category Count Nr. Category Count
1 Reciprocity 5 23 Animals 2
2 Adaptation 5 24 Sustainability 2
3 Care 5 25 Autonomy 2
4 Health 5 26 Dependency 1
5 Failed crops 5 27 Perception 1
6 Innovation 4 28 Aesthetics 1
7 Climate impacts 4 29 Pride 1
8 Affordability 4 30 Stewardship 1
9 TEK 4 31 Self-determination 1
10 Responsibility 3 32 Practice 1
11 Spirituality 3 33 Farming 1
12 Efficiency 3 34 Economic development 1
13 Manual work 3 35 Environmental protection 1
14 Waste recycling 3 36 Identity 1
15 Land conversion 3 37 Re-use 1
16 Greenhouse 2 38 Retirement 1
17 Education 2 39 Patience 1
18 Successful crops 2 40 Economy 1
19 Plant species 2 41 Appreciation 1
20 Pests 2 42 Justice 1
21 Nature 2 40 Material 1
2

22 Social development
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4.3.2. Results and value alignment

Table 4.9 lists the 10 most counted categories that were identified from the articulated values of each
domain. The blue-colored ones represent value categories that are shared across all three value do-
mains, and the green-colored ones appear in two of the three categories. This indicates a high level
of alignment of values between the project developer, designer, and other stakeholders. Note, that
those are categorizations of expressed values. For instance, the presence of "Traditional Ecological
Knowledge” within designer values does not mean that | hold TEK, but that my articulated value was
categorized into that, which relates to the importance of integrating TEK into the design.

Table 4.9: Top counted categories of value domains

Nr. Project values Designer values Stakeholder values
1 Innovation Sustainability Reciprocity

2 Responsibility Adaptation

3 TEK Justice Care

4 Self-determination Care

5 Care TEK Failed crops
6 Economic development Reliability Innovation

7 Reciprocity Innovation

8 Responsibility Affordability

9 Food security Reciprocity TEK

10 Autonomy Aesthetics Responsibility

Looking at all identified categories, 9 out of 50 categories are shared among all three domains, while
11 are shared across two domains. This confirms the high level of alignment when considering that a
majority of categories come from stakeholder values from the gardening interviews. Those articulated
values can be about very specific topics. The unshared categories do not imply value tensions but
can be explained by different contexts of value sources which becomes visible when observing the
assigned value types shown in Table 4.10.

Table 4.10: Percentage of assigned value type across value domains

Value type and combinations Project values Designer values Stakeholder values
Relational 38.46% 10% 40.63%
Instrumental & Relational 53.85% 30% 21.87%
Instrumental 7.69% 40% 37.5%
Instrumental & Intrinsic 0% 10% 0%
Instrumental & Intrinsic & Relational 0% 10% 0%

The largest part of project values (54%) were assigned to a combination of instrumental and relational
types, as the values expressed a means to an end. It is important to understand that the context of
the conversations in the project meetings mostly revolved around means to an end, namely to make
the greenhouse vision come true. However, the utility derived from the expressed project values was
always directed toward the collective well-being of the community and not toward a different goal. De-
spite that, 38% of values are purely relational which corresponds well with a similar number of around
40% of stakeholder values. In a different context, value types would shift more from instrumental to
relational ones. A similar rationale can be applied to designer values and also stakeholder values. As
a designer, your whole job is about finding appropriate means to achieve human ends for some stake-
holder group. In the case of stakeholder values, the higher proportion of instrumental values is due
to the context of the gardening interviews in which community members were asked about the practi-
cal implementation of growing practices, in which some kind of usefulness for someone is commonly
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present.

Overall, the highest alignment can be seen between project values and stakeholder values, which is
logical since the project developer is a community member, who is working on a greenhouse vision
for the community. Designer values are slightly distanced from the two as | am an external researcher
aiming to collaborate with the project developer in service to the community. Against this background,
i do not identify any sort of value tensions that demand ways of mitigation.

4.3.3. Value-based narrative

Avalue-based narrative was developed by Al based on the value source analysis regarding the Aquaponic
Greenhouse and its design:

A Day at the Fort McKay Aquaponic Greenhouse

Morning: A Community-Driven Start

At dawn, the doors of the Fort McKay Aquaponic Greenhouse open to a mix of Elders, youth, and
local families. Daylight streams through the greenhouse’s glass panes, illuminating rows of vegetables
growing via an aquaponic system that circulates nutrient-rich water from a small fish basin—carefully
chosen catfish, which carry cultural and spiritual meaning for some members of the community.

Midday: Knowledge Exchange and Traditional Ecological Knowledge

As the day progresses, the greenhouse transitions into an educational hub. Children from the Elsie
Fabian School arrive for a hands-on science lesson, while a group of older youth from the commu-
nity’s Environmental Protection Department sets up experiments comparing modern aquaponics with
traditional growing practices.

Afternoon: Balancing Costs and Benefits

After lunch, a band council member visits to discuss the greenhouse’s monthly operating costs with
the project developer. Although the community has well-established economic ventures in oilfield ser-
vices, this greenhouse represents a more localized, circular form of enterprise—where the success is
measured by community welfare, not just revenue.

Evening: Reflection, Reciprocity, and Looking Ahead

As the sun starts to set, the greenhouse transitions into a community gathering space. Visitors walk
among the plants, breathe the fresh air, and sample produce. Elders share stories of the land as it was
decades ago—when foraging, hunting, and harvesting on the land were primary ways of life. Younger
members propose ways to further integrate the greenhouse into local festivities and cultural events.

Conclusion

In this narrative, the Aquaponic Greenhouse emerges as an evolving communal resource—where
project values (community well-being, autonomy, TEK integration) intersect with the designer’s val-
ues (technological reliability, sustainability, and cultural respect) and the broader stakeholder values
(reciprocity, stewardship, affordability, and cultural identity). The shared emphasis on relational and
instrumental values shows a strong alignment across all parties: rather than any deep conflicts, most
differences center on specific techniques (e.g., pest management, composting systems) or on how to
balance cost versus complexity.

As the greenhouse continues to grow—both literally and metaphorically—it serves as a testament to
Fort McKay First Nation’s self-determination and resilience. By honoring the land and culture while em-
bracing purposeful innovation, the community stands as a model of how localized food and knowledge
systems can flourish, even amid challenging environmental and socio-economic conditions.
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4.4. Renewable heating system

4.4.1. Value source analysis

Table 4.11 shows expressed project values related to the renewable heating system, including deduc-
tive categories of renewable heating technology selection and concerning KPIs.

Table 4.11: Project values: Renweable heating system

Articulated value

RHT selection

KPIs

Stakeholder: Project developer

Attract tourism to show people that FMFN is a pro-
gressive community that can lead in sustainability
Fully automated system

Use organic waste from 260 homes and request ani-
mal manure from buffalo farm to produce biogas
Available grid access for natural gas and electricity

We are not renewable anywhere despite huge poten-
tial for using available resources, solar, water and
more

People will adopt renewables if we can provide a low
maintenance system that reduces water, electricity,
and other consumption

Self-sustaining technologies and awareness of reduc-
ing carbon emissions is growing

Harnessing the suns energy with solar panels or
many other ways

Visibility; Renewable

Visibility; Automation
Anaerobic digestion with
biogas

Hybrid; GSHP

Solar energy; Biogas;
Biomass

GSHP, Solar thermal
collectors

Low emission technolo-
gies
Solar PV; Passive solar;

Sustainability

Automation
Waste recycling; Re-use

Ease of operation
Self-sufficiency

Low maintenance; Af-
fordability

Off-grid; Carbon emis-
sions

Solar potential

Table 4.12 shows expressed designer values related to the renewable heating system, including de-
ductive categories of renewable heating technology selection and concerning KPls.

Table 4.12: Designer values: Renweable heating system

Articulated value RHT selection KPls

Stakeholder: Designer

Need for technical reliablility Well-established tech- Reliability
nologies

Thermal efficiency to reduce demand and costs Passive solar design Efficiency

Providing lowest cost possible but ensuring technical
performance

Hybrid systems can be balance out strength and
weaknesses of concerning renewable options

Systems need to be placed inside for better perfor-
mance and increased lifespan

Exploration of passive solar systems due to Alberta’s
high solar potential

Preference of circular system with efficient re-use of
waste inputs from AG

Importance of evaluating resource availability within
community

Interest in Earthships: Off-grid sustainable green
buildings

Biodigester
Hybrid systems
Boiler technologies

Solar thermal collectors;
Passive solar design;
Thermal storage

Biodigester; Biomass

Biodigester; Biomass;
GSHP; STC

Passive and active solar;
Biodigester; GSHP

Low-cost; Reliability
Share of renewables
Lifespan

Thermal capacity; solar
potential

Waste recycling; Re-use
Resource availability

Off-grid; Self-sustaining
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Table 4.13 shows expressed stakeholder values related to the renewable heating system, including

deductive categories of renewable heating technology selection and concerning KPls.

Table 4.13: Stakeholder values: Renweable heating system

Articulated value

RHT selection

KPIs

Stakeholder: FMFN Elder - Interview 1

Adaption of gardening system with low-cost digester

as compost from local shops is too expensive

Use of leaves, rotten trees, coffee grains, peelings,

eggshells, and grass clippings as compost that gener-

ates its own heat during Fall

“Use what you have in your garden as much as pos-
sible. There is no need to spend a lot of money when

you have the resources available”

Anaerobic digestion

Anaerobic digestion;
Indirect heating

Anaerobic digestion;
Indirect heating

Waste recycling; Re-use;
Affordability

Waste recycling; Re-use;
Affordability

Resource availability;
Waste recycling; Re-use;
Affordability

Stakeholder: FMFN Elder - Interview 2

She mentions that if she could collect, store, and

build a connected system, she would use rainwater

Circular systems

Resource availability;
Re-use

Stakeholder: FMFN Elder - Interview 3

Anaerobic digestion

Collective resources;

Not composting due to increased labor and lack of

storage options, but willingness to share his compost-

ing materials with other members

Labor-intensity

Table 4.14 highlights the count of identified categories for all value domains.

Table 4.14: Deductive coding: RHT selection and KPIs

Nr. RHT selection Count Nr. KPls Count
1 Biodigester 4 1 Re-use 6
2 Anaerobic digestion 4 2 Waste recycling 5
3 Passive solar design 2 3 Affordability 4
4 GSHP 2 4 Resource availability 3
5 Solar thermal collectors 2 5 Reliability 2
6 Hybrid systems 2 6 Low-cost 2
7 Biomass 2 7 Efficiency 1
8 Solar PV 1 8 Off-grid 1
9 Circular systems 1 9 Carbon emissions 1
10 Boiler technologies 1 10 Self-sufficiency 1
11 Solar energy 1 11 Lifespan 1
12 Visibility 1 12 Automation 1
13 Renewable 1 13 Thermal capacity 1
14 Well-established systems 1 14 Share of renewables 1
15 Low emission technologies 1 15 Collective resources 1
16 Circular systems 1 16 Labor-intensity 1

4.4.2. Value-based narrative

A value-based narrative was developed by Al based on the value source analysis regarding renewable
heating systems with a focus on technology and KPI selection:
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Selecting and Implementing a Renewable Heating System

Morning: The Vision and the Urgency
In a meeting room at the FMFN band office, the project developer lays out a vision:

“We want a system that showcases our potential for sustainability—something that makes visitors say,
‘This community is leading the way.” We have organic waste from hundreds of homes, manure from a
local buffalo farm, and abundant sunlight. How can we harvest these resources for heat?”

The developer’s enthusiasm is fueled by the desire to attract tourism, reduce carbon emissions, and
create a fully automated model that highlights community self-sufficiency. At the same time, a sense of
urgency underpins the discussion. The greenhouse cannot risk crop failure in harsh winter conditions.
The designer voices the need for technical reliability:

“It's crucial that we have consistent heat even on the coldest nights. A purely off-grid system might
struggle without backup. Hybrid solutions could balance strengths and weaknesses.”

They agree to gather more input from the broader FMFN community, ensuring the final renewable
heating technology aligns with local needs and capacities.

Midday: Community Voices on Resource Use and Labor

A community workshop at the greenhouse site brings together Elders, gardeners, and the Environmen-
tal Protection team. Posters and sketches illustrate anaerobic digestion (biodigester), solar thermal
collectors, and ground-source heat pumps (GSHP). People circulate between stations, sharing their
experiences. One Elder, who has been composting for years, lights up at the mention of an on-site
biodigester:

“We throw out so much—kitchen scraps, coffee grounds, even fallen leaves. All of it could become
heat. | love the idea, but is it affordable? Many can’t spend lots of money or time on fancy systems.”

Another Elder expresses mixed feelings:

“I don’t have time or space to compost, so | skip it. But if neighbors want my scraps, I'm happy to share.
If you build a big system, who will run it?”

A younger gardener looks at the solar station sketches:

“I've seen solar panels and tubes. They work well, but we need to make sure we capture enough
sunlight in winter. We can’t rely on just that if the sun is low or it's snowing.”

By mid-afternoon, the designer and project developer have a clearer sense of how any chosen RHT
must balance: community resource availability, affordability, low labor intensity, and consistent perfor-
mance in a subarctic climate.

Afternoon: Designing KPIs Around Values

Back at the office, the core team refines their Key Performance Indicators (KPIs). Each KPl is linked to
values expressed by both the project developer and stakeholders, with the designer adding technical
depth:

Waste Recycling & Re-Use - Why it Matters: Elders and the developer share a vision of turning house-
hold and buffalo waste into valuable energy.

Affordability & Low Maintenance - Why it Matters: High-cost or high-labor systems deter community
uptake and long-term success.

Reliability & Technical Performance - Why it Matters: Harsh winters threaten greenhouse production.
A system that fails in extreme cold undercuts the entire Aquaponic Greenhouse project.

Resource Availability & Adaptability - Why it Matters: FMFN'’s local feedstocks (manure, organics),
land conditions, and climate patterns shape realistic RHT options.
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Share of Renewables & Carbon Reduction - Why it Matters: The project developer wants to showcase
real climate action.

Collective Resources & Labor-Intensity - Why it Matters: Some Elders want to share compost; others
don’t have storage space or time. Efficiency is key.

Evening: Converging on a Hybrid System

By late evening, the project developer, the designer, and a few community representatives sit around
a table covered in sticky notes and feasibility graphs. They tentatively decide on a hybrid solution:

Biodigester for Baseline Heat The community’s organic waste and buffalo manure become the primary
energy source. This aligns with shared values of re-use and circularity, directly addressing the Elder’s
statement: “Use what you have.” The design includes an automated feedstock hopper to reduce labor-
intensity. Maintenance is still necessary (checking pH, temperature) but minimized via sensors.

Passive Solar Enhancements The greenhouse itself is reoriented and equipped with improved insula-
tion and possibly a solar thermal collector. This lowers overall heat demand, matching the designer’s
push for thermal efficiency and harnessing Alberta’s abundant sun where possible.

Natural Gas Backup or Grid-Tied Electricity A fallback system ensures reliability when temperatures
plunge below —30°C or if feedstock supply runs low. Although the community wants to reduce reliance
on fossil fuels, a partial backup is seen as prudent until the biodigester and passive solar elements
prove themselves.

As the discussion winds down, a sense of collective ownership takes root. People imagine walking
visitors through the greenhouse and pointing out the boilers powered by upcycled community waste,
the solar tubes shining in the winter light, and the backup system quietly on standby—an embodiment
of FMFN’s commitment to self-sufficiency, innovation, and cultural values.

Conclusion

By weaving together project goals (showcasing sustainability, self-sufficiency), designer concerns
(technical reliability, efficiency, cost), and stakeholder preferences (waste recycling, low labor, af-
fordability), the renewable heating system becomes more than a technical fix. It is a communal
endeavor, rooted in shared values of resourcefulness, respect for the land, and collective well-being.

4.4.3. Technology and KPI selection

The literature review identified various renewable energy technologies as promising for a community-
based AG such as in the context of Fort McKay. Geothermal energy including seasonal geothermal
storage for use in colder months, large-scale geothermal power plants utilizing geothermal acquifiers
through existing wells, and geothermal heat pumps show great potential. Possible cost reductions of
around 35% are estimated for geothermal energy and even 30 - 60% when using existing wells [60, 65].
However, there is a lack of papers examining geothermal energy despite its large potentialaquifers and
geological conditions of the region can be a limiting factor [92]. Project and designer values from the
values source analysis could not be directly linked to geothermal energy but indirectly support GSHP.

Solar technologies, in particular the integration of solar thermal energy storage such as solar thermal
collectors are identified as beneficial. Gorjian et al. [29] conclude in their assessment of solar technolo-
gies that a large, amount of a greenhouse’s energy demand can be covered by solar energy. Solar PV
is recommended to drive electrical components but not for covering thermal demand, since it requires
extravagant financial and technical resources [29, 60]. Furthermore, solar PV will produce most of the
energy in summer where it is not needed for heating and cannot be stored in large amounts. Wind
energy is also more compatible with electrical demand as additional conversion processes are linked
to energy losses and storage remains challenging. Solar technologies also resonate well with identified
project and designer values.

Biomass energy is recognized as highly efficient regarding energy conversion and reduction of costs
[28]. Blair and Mabee [10] identified biomass boilers as one of the lowest-cost ways to substantially
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reduce GHG in short term. Biomass boilers and CHP technologies seem to be competitive with tra-
ditional natural gas heating systems [10]. Biomass aligns well with all values in the sense that waste
recycling and re-use of resources arethe highlighted. Most stakeholder values refer to composting, but
any biomass with a minimum calorific value can be used for a biomass boiler even eliminating one step
of producing a gas first.

Anaerobic digestion coupled with biogas is especially suitable for a socio-economic that is characterized
by livestock farming [60]. Achieving a constant yield of biogas remains challenging though and other bio-
fuels apart from biogas are suggested as well [92]. In Alberta, renewable biogas projects are commonly
backed by financial support in the range of 25-33% [37]. Project values include the idea of using organic
waste from the community directly and also from a buffalo farm which reflects designer considerations
of resource availability. Additionally, stakeholders are familiar with the composting (anaerobic digestion
process) to produce fertilizer which is an additional benefit for the greenhouse context.

The narrative suggests a hybrid solution, in the end, consisting of a biodigester solution for baseline
heat enhanced by passive solar elements, which is backed up by the grid. This heating system setup
is very much supported by the recommendations of the literature. A final selection of technologies to
review is listed in Table 4.15.

Table 4.15: Technology selection

Nr. Type of energy Technology selection

1 Bioenergy Biomass boiler

2 Bioenergy Bio digester with biogas boiler

3 Geothermal energy Ground source heat pumps

4 Bioenergy & fossil fuel Hybrid 1: Bio digester with biogas (natural gas) boiler

5 Geothermal & bioenergy Hybrid 2: Ground source heat pump and biomass boiler

Table 4.16 shows the jointly chosen KPIs based on suitable TEA integration and defines each indicator.

Table 4.16: KPIs and their definition

Nr KPI Definition
Technical
1 Reliable The heating system is reliable if it can be trusted to heat the greenhouse consis-

tently without failures

2 Easy to operate  The heating system is easy to operate if it can function by its own without need-
ing much additional manual work

Environmental

3 Climate-friendly = The heating system is climate-friendly if its net greenhouse gas emissions im-
pact is close to zero

4 Waste recycling  The heating system is recycling waste if biological waste from the greenhouse
produce can be re-used to heat the greenhous

Social
5 Off-grid The heating system is off-grid if it's powered by renewables that are self-
sustaining
Economic
6 Affordable The heating system is affordable if the financial costs of equipment and opera-
tion are low

The KPIs were selected based on the results in Table 4.14, where similar indicators were merged.
Rezaei [71] used similar indicators in an MCDM approach for sustainable energy prioritization. Re-
source availability was excluded due to uncertainties in this project context despite its importance.



Aquaponic Greenhouse Design

“Ultimately, the only wealth that can sustain any community, economy or nation is derived from the
photosynthetic process - green plants growing on regenerating soil.”

(Allan Savory)

5.1. Constraints, objectives, and attribute selection

Constraints and objectives were summarized and listed based on the narratives from the previous

section in Table 5.1 and Table 5.2.

Table 5.1: Building constraints and objectives

Greenhouse building

Attributes

Constraints

Dimensions
Snow shedding
Clean air

Water irrigation
Storm resistance

Max length of 100m due to property restriction
Steep angle of roof

Air filters, closed greenhouse, CEA

Design directing water flow

Materials, structure, multi-layer glazing

Functional objectives

Good heat retention

Water collection
Wildlife interference
Good heat distribution
Solar energy utilization

Spatial optimization

Night curtains, closed greenhouse, insulation, hydronic radiant heating, ther-
mal energy storage

Design allowing to capture water flow
Closed greenhouse for protection of both human and animals
Hydronic radiant heating: infloor or direct piping under growing area

Passive solar design, solar gains, thermal energy storage, arrangenment of
growing system, south orientation

Arrangement of growing systems and aquaponic system

Non-functional objectives

Community activities

Storage space

Space for solar panels
Traditional elements
Attract tourism

Allocation of culturally welcoming space for community and non-growing re-
lated activities such as education, recreational space

Storage along backside, 2nd layer before entrance for heat retention
Roof or front

Incorporation of familiar and traditional design aspects in architecture
Aesthetic design

40
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Table 5.2: Growing system constraints and objectives

Growing system

Attributes

Constraints

Aquaponics
Constant inside climate
System reliability

Hydroponics combined with nutrient solution from aquaculture
Closed greenhouse, Hydronic radiant heating

Decoupled aquaponics, sump tank, variety of crops, combination of growing
systems

Functional objectives

Lighting

Profitability

Waste recycling
Composting

Good space utilization

Supplement lighting for winter using growing lights

Use of NFT, DWC, and gravity-fed airlift pumps

Collection of waste from produce and fish for inputs as heating

Collective composting and shared use for fertilizer

Vertical farming, arrangement of systems for fast harvesting, cylindrical cen-

tered fish tank

Non-functional objectives

Traditional practices Incorporate soil-based system for medicinal plants and community gardening

Fish type selection Catfish because of suitability and spiritual meaning

Education Allow for visual presentation of processes

Table 5.1 shows constraints, functional and non-functional objectives as well as attributes that relate to
the design choice, and Table 5.2 lists the same for the growing system inside the building.

Parajuli et al. [60] evaluated the viability of renewable energy sources to meet the energy demand of an
Aquaponic Greenhouse in the Himalayan Region of Nepal, by analyzing the potential of lowering the
cost of energy (COE), reducing fossil-fuel consumption, and increasing profitability while addressing
food-related challenges. They also showcased a design from which implications could be derived and
used, visualized in Figure 5.1.
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Figure 5.1: System design of an AG in Nepal’'s Himalayan region [60]

Passive solar heating with night insulation is strongly recommended as well as integrating locally avail-
able energy. The building design uses passive solar elements with an insulated north wall as thermal
storage but the shallow angle would not prevent snow shedding. The aquaculture tank and growing
beds are separately arranged on each side with space for system components in between. Structural
components are not well-defined and could be underdeveloped for stormy weather. Section 5.2 con-
nects design choices to the model.
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5.2. Model design concept

5.2.1. Overview

The most relevant attributes incorporated in the model are the selection of Brown Bullhead Catfish for
aquaculture as they can survive in lower water temperatures but are also resistant to fluctuations. A
combined use of NFT and soil-based growing systems was selected to allow for the traditional way
of growing medicinal plants or deep root vegetables. NFT was prioritized over DWC as it is more
efficient in water usage, achieves higher yields, and is well-established in vertical farming. A passive
solar design is applied, trying to keep the size as small as possible to reduce the thermal demand
while maintaining steep angles for snow shedding. The basic model principle with a given example of
calculated parameters is visualized in Figure 5.2.

Surface of tank

5m?

Total agricultural Greenhouse
Fish tank volume Amount of fish NFT horizontal ~ Annual yield: Basil area ground surface
{ so001 600 68 m? m 184 m2
I —— Stocking
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Sizing & costs i Base case - 32,200 kWh -
for renewable ! )
heating ! Solar gains UA: Heat transfer North wall
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|

Thermal storage
-21,207 kWh

UA: Heat transfer Side wall

Figure 5.2: General concept

The model uses the water volume of the fish tank as the singular input variable, determining greenhouse
size, and all cost considerations later on in the TEA. A range between 5000 liters and 11000 liters was
set to be reviewed which is based on technical requirements and constraints related to the greenhouse
size. A greenhouse with a tank volume of less than 5000I would restrict the passive design and not
serve the purpose of a community-scale project. On the other hand, a greenhouse bigger than 11000l
would exceed the dimension constraint of staying within 100 meters in length. This again, relates to the
passive solar design which in this model only increases in length (towards East and West) to preserve
the proportions in which the passive solar effect is utilized. Within aquaponics, stocking density and
Fish Feed Ratio (FRR) are the most important parameters that allow for calculating the growing size in
relation to how much nutrients the aquaculture system can provide. The soil-based system was fixed
in relative size to the NFT system (1/2 of horizontal or vertical). With the growing space size, yields
can be estimated, and total greenhouse ground surface size can be defined based on additional space
allocation.

In the next step, a visual model was created to show the design and also validate the spacing arrange-
ments of the major components. In addition, to the ground surface, all dimensions of the external
building surfaces are specified now which is required to calculate and estimate the thermal demand.
U-values and surface areas allow for calculating heat transfer (or heat loss in this case). Savings from
using night curtains, solar gains, and thermal storage capacities of the passive solar design were con-
sidered to reduce the thermal demand. The general thermal demand estimation could be used as the
starting point for the TEA.

5.2.2. System sizing

The system sizing parameters are responsible for balancing the interactions between aquaculture and
hydroponics and determining the space allocation within the greenhouse. The tables in this section
summarize the fixed and derived parameters for aquaculture, NFT, and soil-based systems. For the
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model, Brown Bullhead Catfish is selected as the fish type, basil production is assumed for NFT, and
lettuce for soil-based. The fish tank volume (V) is the key input variable that impacts all other parameters
such as overall greenhouse productivity. Table 5.3 shows the assumed values for the fixed parameters
and also defines derived ones.

Table 5.3: Aquaculture: Brown Bullhead Catfish

Symbol Parameter Value Unit

\% Fish tank volume (input) 5000 - 11000 [1]

Fixed parameters

SD Stocking density 0.05 [ka/l

FFR Fish Feed Ratio 1.65 [% of body weight]
waG Weight gain per fish 0.5;0.8 [ka]

Derived parameters

AY Annual yield (cycle) [ka]

N Number of fish [amount]

FF Daily fish feed requirement [kal

Fixed parameters like stocking density and fish feed ratio are standard practices for maximizing fish
growth while maintaining water quality. Derived parameters are key factors for the cost analysis of
greenhouse operations. The formulas below show their relationship.

AYs FFR
e FF = Ngn WG =

AYjh =V - SD,  Nish = W 100

The NFT system is sized based on the nutrient output of the fish tank. Fixed parameters such as FFR,
plant density, and harvesting cycles determine yields as shown in Table 5.4.

Table 5.4: NFT: Basil

Symbol Parameter Value Unit

Fixed parameters

FRR Feed Rate Ratio 40 [g/m?]

PD Plant density 20 [plants/m?]
HC Harvesting cycle 50 [days]

Y Yield 2 [kg/m?]
Derived parameters

A Planting area [m?]

N Number of plants [amount]
AY Annual yield [ka]

The planting area is essential for space arrangements of the greenhouse design. Number of plants
is used for assigning normalized aquaponics-related costs per plant. The annual NFT vyield is a key
influencing factor for income and profitability. Values are calculated as follows:

FF 1000 360
ANET = —55 > Vbasi = PD - Anpr, AYbasi = 74—
HCyasi

TRE - Ypasil - ANFT

The simpler soil-based system including four parameters is displayed in Table 5.5.
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Table 5.5: Soil-based: Lettuce

Symbol Parameter Value Unit

Fixed parameters

HC Harvesting cycle 50 [days]
Y Yield 4 [kg/m?]
Derived parameters

A Planting area [m?]
AY Annual yield [kal

The planting area of the soil-based system is defined in the ratio of one-quarter of the total NFT system,
Asoil-based = ANFT - i. Annual yield is calculated in the same way, AYetuce-

About 25% of the total greenhouse size is considered for general space allocation, community space,
and additional equipment. 75% relates to the sum of fish tank surface area and planting areas. The
ground surface provides the base for a 3D model and allows for component arrangement considera-
tions.

5.2.3. CAD model

Note: Major design elements of the model cannot be shown due to an ongoing patenting process and
IP rights.

The CAD model represents the smallest evaluated size of 259 m? ground surface using a 5000l fish tank
for the aquaculture system. The whole design was focused on utilizing passive solar energy as much
as possible while balancing structural simplicity and making it visibly appealing as shown in Figure 5.3.
Keeping it compact optimizes energy efficiency which had to be slightly compromised by the steep
angles to ensure proper snow shedding. Another advantage of the steep angles is for cooling effects in
summer, as they allow for placing ventilation outlets along the top where most heat is trapped. Opening
them will create a perfect airflow if the air is sucked in from the bottom front which can probably cool
the building without any additional energy requirements.

Figure 5.3: CAD model: Main view

The space-saving cylindrical fish tank is placed in the center where it can directly access all growing
systems within a short distance, thereby requiring less piping and other connecting elements. The
inside is visualized in Figure 5.4. The north wall is modeled as a 60cm brick wall to retain a high
amount of heat which can be released during night, and receives most solar radiation during winter
months when the sun angle is low. Because of the passive solar effect, growing arrangements are
limited because the sun can only be obtained from one side which also poses issues with shadowing.
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North wall

Figure 5.4: CAD model: Inside arrangement

For that reason, it's clearly visible that the soil-based system as the smallest and lowest one is placed
towards the front, after which the horizontal NFT is elevated just so much that enough radiation reaches
the vertical NFT system. Note that in reality, it transmits much more radiation to the north wall.

Reflective color

Figure 5.5: CAD model: Reflective backside

The backside uses reflective colors with low solar absorptance to prevent heat in summer (Figure 5.5).
From the side (with removed lower back) the storage space becomes visible which extends along the
entire length illustrated in Figure 5.6. It could be used for machinery, fuels like biomass, any gardening
equipment, and possibly even for integrating a biodigester. The north wall also releases heat towards
the back, keeping it warm and improving anaerobic digestion for higher biogas yields. The closed back
will also increase the temperature in winter as it acts like an entrance room.

Storage

Figure 5.6: CAD model: Storage space
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The frontis fitted with a small roofing area to cover the north wall from solar radiation during summer, and
to provide a structure to attach the rolling curtains. It’s also meant for mounting solar thermal collectors
or solar panels for electrical energy demand. The building design also facilitates the integration of an
irrigation system for water collection and sustainable use. It could be fully connected and automated
with a drip system for the soil-based system.

Night rolling curtain, solar panels, solar thermal collectors

Figure 5.7: CAD model: Front view

The CAD model validates the spacing and arrangement of the components inside and translates the
ground surface into a 3-dimensional model which is required to calculate the thermal demand.

5.2.4. Thermal demand

The thermal demand is calculated with the Heating Degree Method which requires U-values which
measure how much a structure allows for heat transfer. Multiplying the U-value with the surface of a
structure provides UA which reflects the overall heat transfer. The thickness of a material is already
included in the U-value. Table 5.6 lists all considered external surfaces with the assumed U-value.

Table 5.6: External components for heat transfer calculation

Components / Symbol Parameter Value Unit

Fixed parameters

North wall U-value 0.8 [W/(m?*C°)]
East and west wall U-value 1.2 [W/(m?*C°)]
Roof back U-value 1.2 [W/(m?*C°)]
Roof front U-value 1.2 [W/(m?*C°)]
South glazing U-value 25 [W/(m?*C°)]
South wall U-value 1 [W/(m?*C°)]
Insulated ground U-value 0.3 [W/(m?*C°)]
Night curtain U-value 15 [W/(m?*C°)]

Derived parameters

A Surface area [m?]

The total U A is the sum of all components which represent the building. The formula had to be slightly
adjusted due to the use of night curtains. Glazing has the highest U-value showing the highest heat
losses. When using a night curtain, a combined U-value of curtain and glazing is applied which de-
creases heat losses. For daytime, U-values are summed up as listed in Table 5.6 excluding the night
curtain. During night the combined U-value of south glazing and night curtain is used.

UAtotaI_day = Z UAcomponent

components

UAtotaI_night = Z UAcomponent + UAcombined_gIazing, curtain

components
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The combined U-value is 0.94 which is a significant reduction that comes close to the heat transfer
coefficient of the north wall which has the key function of storing and releasing heat. Sunset and
sunrise data were obtained to specify day hours and night hours within a day. U Agay and U Anignt are
multiplied by the ratio of day hours and night hours respectively.

Table 5.7 shows the monthly heating degree days (HDD) for Mildred Lake and Fort McMurray Airport
which were the closest accessible weather stations by RETScreen based on NASA data. The full
climate data set from RETScreen is shown in Appendix B.2. HDD is a measure that estimates heating
requirements by examining the difference between a baseline indoor and average outside temperature.
When the outside temperature exceeds the indoor temperature, the HDD value becomes zero. Table5.7
presents HDD for each month which is the sum of all daily values. July is the only month in Mildred
Lake where its above 18C° and no heating is required.

Table 5.7: Monthly heating degree days (HDD): 18C°

Month / Symbol Parameter Value Value Unit
Fixed parameters Mildred Lake Fort McMurray Airport

January HDD 1107 1172 [°C-day]
February HDD 848 921 [°C-day]
March HDD 750 803 [°C-day]
April HDD 426 456 [°C-day]
May HDD 242 245 [°C-day]
June HDD 63 102 [°C-day]
July HDD 0 43 [°C-day]
August HDD 50 87 [°C-day]
September HDD 216 267 [°C-day]
October HDD 465 456 [°C-day]
November HDD 747 810 [°C-day]
December HDD 977 1094 [°C-day]
Derived parameters

Dh Daytime hours ratio

Q Thermal demand [kWh/month]

The thermal demand of the greenhouse is a critical factor in determining the heating requirements to
maintain a stable internal climate throughout the year. The formula calculates the total thermal energy
required to offset heat loss, accounting for heat transfer through all external surfaces during both day
and night.

UAgay - HDD - 24 - D, U Anignt - HDD - 24 - (1 — Dy,)
(@heating = 1000 + 1000

Solar gains are an essential consideration in reducing the overall heating demand. The south-facing
glazing allows sunlight to penetrate the greenhouse during the day, immediately heating the interior.
The formula incorporates factors such as the daily solar radiation, glazing area, transmittance of glazing,
absorptance, and shading factor. These gains are subtracted from the thermal demand as they reduce
heating requirements. Additionally, calculations of thermal storage capacity are applied using the same
formula but specifying the area to the north wall and the fish tank with more accurate absorptance
factors. The formula estimates storage capacity and can therefore be used for heat release capacity
under the condition that about the same amount of heat stored is released again. This condition is
given for the north wall and water within the fish tank. Table 5.8 depicts average daily solar radiation
levels for each month and parameter values.
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Table 5.8: Daily solar radiation (I) and thermal energy release

Month / Symbol = Parameter Value Value Unit

Fixed parameters Mildred Lake Fort McMurray Airport

January Isolar 0.58 0.77 [kWh/m?/day]

February Tsolar 1.44 1.81 [kWh/m?/day]

March Isolar 2.92 3.45 [kWh/m?/day]

April Tsolar 4.59 4.82 [kWh/m?/day]

May Tsolar 5.48 5.53 [kWh/m?/day]

June Isolar 5.68 5.84 [kWh/m?/day]

July Tsolar 5.55 5.63 [kWh/m?/day]

August Tsolar 459 4.66 [kWh/m?/day]

September Isolar 3.06 3.02 [kWh/m?/day]

October Isolar 1.67 1.79 [kWh/m?/day]

November Isolar 0.80 0.87 [kWh/m?/day]

December Isolar 0.36 0.55 [kWh/m?/day]
Solar transmittance 70 [%]

Q@ Solar absorptance 0.4;0.9 -

SF Shading factor 60 [%]

Derived parameters

Qsolar Immediate solar gains [kWh/month]

Qrelease_n-wall Thermal energy release: North wall [kWh/month]

Qrelease_fish-tank Thermal energy release: Fish tank [kWh/month]

Solar gains and thermal energy storage as part of the passive solar design in addition to night curtains,
are calculated by the provided formula below:

T SF
Qsolar-gains = Aglazing X Isolar X (m) X Qglazing X (100) x days of month
T SF
Qrelease_n—wall = An—wall_visible X Isolar X (ﬁ) X Qn-wall X 100 x days of month

T SF
Qrelease_ﬁsh-tank = Afish-tank X Isolar ¥ (m) X Ofish-tank X <100> x days of month

The total thermal demand for each month is calculated by accounting for all factors of heat transfer
through external surfaces, solar gains, and thermal energy storage as provided in the formula. This
ensures that the model accurately reflects the performance of the greenhouse under varying seasonal
conditions.

Qheating-new = Qheating - (Qsolar-gains + Qrelease_n-wall + Qrelease_fish—tank)

Passive solar applications reduce the initial thermal demand and result in improved energy efficiency
of the greenhouse which aligns with the project’s sustainability goals. This detailed approach provides
a reliable estimate of heating requirements but also provides the foundation for calculations regarding
the renewable heating supply in Chapter 6. The integration of a passive solar design and advanced
insulation measures underscore the importance of combining architectural and technical solutions to
meet the thermal demand effectively.



Techno-Economic Analysis

"The use of solar energy has not been opened up because the oil industry does not own the sun.”
(Ralph Nader)

6.1. Model design concept

6.1.1. Overview of renewable heating technologies

Figure 6.1 provides a comprehensive overview of selected renewable heating technologies to meet the
thermal demand of the AG. Five systems are highlighted including passive solar design, solar water
collectors (STCs), a geothermal heat pump, a biodigester to produce biogas, and a biomass boiler.
These systems have been selected for their compatibility with the greenhouse, local climate conditions,
and the goal of achieving sustainable, efficient, and reliable heating performance throughout the year.
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Figure 6.1: Renewable heating systems

The passive solar design serves as the foundation, minimizing thermal demand through natural heat
capture and retention, while other technologies act as supplementary heating sources. These systems
were chosen for their ability to integrate seamlessly with hydronic radiant heating, a method preferred
for its uniform heat distribution, which is essential for maintaining optimal growing conditions in the
greenhouse. Hydronic radiant heating doesn’t require very high temperatures and the piping can be
laid directly under the growing areas or underfloor. The advantages of a water-based system are its
efficiency, steady release of heat, and that it doesn'’t interfere with the air, humidity levels, and co.

49
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amount which are all factors that can negatively impact plant growth if those are suddenly altered. The
heating technologies can all connect either via a hot water boiler or a water tank with a heat exchanger.

Solar water collectors use heat pipe evacuated tube technology in a closed-loop configuration to cap-
ture solar energy and transfer it to a water-based heat exchanger. This heated water is then stored and
can be used as an additional heat source for hydronic radiant heating. These collectors are especially
effective in sunny conditions and provide renewable energy to the system. Solar thermal collectors
were excluded from the analysis because of unjustifiable system sizing dimensions that require ex-
travagant financial resources. The problem in this context remains that STCs can never meet the peak
demand and strongly overproduce in summer. An attempt to use it for partial coverage with GSHP also
did not yield any positive results.

The geothermal heat pump operates using a horizontal closed-loop system buried underground. The
loop absorbs heat from the ground which maintains a relatively stable temperature year-round. This
heat is then transferred via the GSHP to the heating system. GSHPs are highly efficient and ensure a
consistent heating supply, especially during colder months when solar gains are limited.

A biodigester processes organic waste to produce biogas that can be burned to generate heat. The
resulting heat is transferred to the hydronic heating system through a hot water boiler. In addition to
providing a renewable energy source, a biodigester supports waste recycling and provides fertilizer
through an anaerobic digestion process.

A biomass boiler uses solid organic material derived from plants or animals with an acceptable calorific
value as fuel to generate heat. The system burns the biomass in a controlled manner and transfers
heat to a water-based heat exchanger. Biomass is a reliable renewable energy source, particularly in
regions with access to agricultural byproducts or forestry residues.

6.1.2. Base case: Natural gas boiler

The selection of renewable heating technologies and their integration with the greenhouse model is
implemented in the Excel-based TEA. The Excel model serves as the computational backbone for
evaluating the performance, costs, and preliminary feasibility of each renewable heating alternative
under varying operational conditions. The base case for heating the AG utilizes a natural gas boiler
as a well-established and cost-effective heating method suitable in the Alberta context. It serves as a
benchmark for performance comparison. Table 6.1 outlines the fixed and derived parameters for this
system, which draws data from the heating demand model.

Table 6.1: Heating supply

Symbol Parameter Value Unit

Fixed parameters

Lifespan Project lifespan 20 [years]

n Thermal efficiency 0.95 [%]

cVv Calorific value 11 [KWh/m3]
Cm Maintenance cost 0.0018 [$CAD/KWh]
Sz Sizing factor 10 [I/kW]
EFcon Emissions factor 1.962 [kg CO,/m?]
Derived parameters

Qheating_supply Heating requirement [kWh/month]
Prin Min. power requirement [kW]

Qgas Required natural gas [m3/month]
Vinin, buffer Min. buffer tank size 1l

CO- CO- emissions [t CO2]
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The thermal demand of the greenhouse serves as the basis for determining the heating supply require-
ments by simply dividing the boiler’s thermal efficiency to account for system losses. The resulting
value is the demand that it has to supply with its efficiency.

Qh | Qheating Q Qheating, supply
eating, su = as — T~
g, supply n ’ ¢} cV

The formula is provided above alongside the calculation to obtain the required gas to meet that demand.
The boiler’'s minimum power requirement is determined by the peak demand of the coldest month which
is mostly January. Monthly kWh are scaled down to kW which provides the peak power output the boiler
has to be capable of providing.

Qheating supply
Prin = k f :
min = peak demand o (days of month x 24

The peak demand is the key factor for the system sizing of the boiler and buffer tank. The combination
ensures adequate hot water storage for maintaining stable heat distribution throughout the greenhouse.
The minimum buffer tank size is determined by the sizing factor.

Vinin, bufter = Prmin X S

CO, emissions across the lifecycle are calculated by summing up monthly gas requirements and mul-
tiplying it by the emissions factor and the project years. The outcome should be provided in t instead
of kg.

EF
CO;y = Z ans X ngz X tiifespan

Table 6.2 lists the different applied boiler and buffer tank sizes sizes for the evaluated range of green-
house sizes and their respective costs.

Table 6.2: Hot water boiler system sizing

Symbol Parameter 1 2 3 4 Unit
Viessmann Vitodens 100-W | B1HE Central Boiler

P Power output 120000 150000 199000 225000 [BTU/N]
Choler Cost 6713 7333 8033 9083 [$CAD]
Buffer tank / Accumulator Tank (Cordivari)

Vioufter Buffer tank 500 800 [1]
Chufrer Cost 1420 1775 [$CAD]

The boiler sizes are calculated by the condition of meeting the peak demand. As soon as the peak
demand exceeds the boiler power output, the next largest size is utilized within the model.

C1-boiler if Prin < P4

CZ-boiIer if P < Poin < P2
OS—boiIer if Py < Phin < P3
Ca-boiler if Py < Prin < Py

Cboiler =

The same rationale is applied to the buffer tank size with regard to the minimum volume.
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Chufter = C1—buffer if Vmin, buffer < V lpuffer
uffer = .
C2-buffer if Vmin, buffer = Vlbuffer

The most essential fixed parameters for the financial analysis based on a cashflow statement over the
whole lifecycle period, are provided in Table 6.3.

Table 6.3: Cash flow statement

Symbol Parameter Value Unit

Fixed parameters

r Discount rate 12 [%]

Pyas Natural gas price 0.0134 [$CAD/kWh]
Pejectricity Electricity rate 0.16 [$CAD/KWh]
Cish-feed Fish feed cost 2 [$CAD/kg]
Prish Sales price of fish 8.8 [$CAD/kg]
DPoasil Sales price of basil 7.5 [$CAD/kg]
Plettuce Sales price of lettuce 5 [$CAD/kg]
Derived parameters

OPEX Operating expenses [$CAD]
CAPEX Capital expenditures [$CAD]
NPC Net present cost [$CAD]
NPV Net present value [$CAD]

Derived parameters are summed into OPEX and CAPEX to calculate NPC and NPV with a discount rate
of 12%. Detailed OPEX and CAPEX related parameters are not displayed. Revenues are calculated
as the produce of fish, basil, and lettuce times the outlined sales prices in Table 6.3.

X CAPEX, +OPEX; ”z”: revenues, — costs,

NPOheating = ; (1+7")t 1+r

6.1.3. Biomass: Agro-pellet boiler

Biomass heating is a renewable alternative to conventional fossil fuel systems that uses organic ma-
terial as a primary fuel source. Table 6.4 presents the key parameters of the biomass system used to
calculate the biomass fuel requirement. The calculation follows the same approach as for gas require-
ments but converts the fuel into tonnes instead of cubic meters, as the input is solid material rather
than gas.
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Table 6.4: Heating supply

Symbol Parameter Value Unit

Fixed parameters

n Thermal efficiency 0.9 [%]

cv Calorific value 4.5 [kWh/kg]

Cm Maintenance cost 0.006 [$CAD/KWh]
Sz Sizing factor 50 [I/kW]

F Diesel fuel consumption 0.25 [I/km]
EFcoo Well-to-wheel diesel 2.9 [kg CO,/

Derived parameters

Qbiomass Required biomass [t/month]

The formula for determining the required biomass is given as:

Qheating,
Qbiomass = 7heatgg</supply x 1000

A Biomass heating system requires solid biomass that cannot be supplied by the grid and needs to
be purchased or obtained somewhere and supplied in large amounts. A box truck transport with 6t of
load capacity is assumed to handle those operations. The transport is the only emission accounted
for in the model as the combustion itself is considered carbon neutral because the organic material
already absorbed carbon during its growth which is released again. The condition for carbon neutrality
is a cycle of sustainable sourcing in which new organisms are planted. The formula for calculating
transport emissions is shown below:

CO, = yearly pickups x distance x 2 x F' x EFgop X tjfespan

Table 6.5: Hot water boiler system sizing

Symbol Parameter 1 2 3 4 Unit
KEPO ENERGREEN AC

P Power output 35 60 70 [kW]
Choiler Cost 10300 18900 20600 [SCAD]
Buffer tank / Accumulator Tank (Cordivari)

Vbutter Buffer tank 1500 2000 3000 4000 1]
Chufrer Cost 3200 3900 5685 7460 [$CAD]

Table 6.5 outlines the various system sizes and related costs that are selected under the previously
explained conditions regarding minimum peak demand. The mathematical notation reads as follows:

Ci-poiter i Prin < Py
Choiler = § Copoiter  if P1 < Prin < P
Capoiter 1T Po < Prin < P3

C1-buffer if Vmin, buffer < V‘I-buffer
C CZ-buffer if V1-buffer S Vmin, buffer < V2-buffer
buffer = .
C3-buffer if V2-buffer S Vmin, buffer < V3-buffer

C4—buffer if V:”:—buf'fer < Vmin, buffer < V4—buffer
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Table 6.6: Cash flow statement

Symbol Parameter Value Unit

Fixed parameters

r Discount rate 12 [%]

Plyood-chip Wood chip price 95 [$CAD/]

Prsiset Carbon offset price 110 (t4) [$CAD/]

Plaste-manage Waste management 85 [$CAD/H]
price

Derived parameters
COqoffsets Carbon offsets [$CAD]
Swaste Waste management savings [$CAD]

Values of the fixed parameters are displayed in Table 6.6. One major assumption within the model
is that the greenhouse project generates carbon offsets as a renewable energy source that can be
monetized. Income from offsets is calculated by taking natural gas emissions as the baseline and
subtracting emissions linked to biomass (transport) from it. This value can be sold by the offset price
which increases every year and is formulated below.

COyoffsets = (CO2natyral gas — CO2piomass) X Pofiset

Since any solid material with an acceptable calorific value can be burned, organic waste from the AG
such as roots and trees from plants are defined as a resource. Assuming that 18% of the sellable part
can be re-used for heat generation resulting in savings:

Swaste = AYpIants x 18% x Puaste-manage X tiifespan

Waste management costs of agricultural waste are around 85% CAD/t. Waste that cannot be reused
must be handled and paid for. Against this logic, re-use potential is calculated as additional income
since it is not subtracted from technologies without waste recycling capabilities.

6.1.4. Balloon digester: Biogas boiler

The biogas boiler system uses a biodigester to convert organic waste and water into biogas which
is subsequently burned by the same principle as a natural gas boiler to generate thermal energy. A
balloon digester is a cost-effective and simple elastic structure that extends as it is filled with biogas.
Table 6.4 outlines the key parameters used to evaluate the biodigester and biogas boiler setup.

Table 6.7: Heating supply

Symbol Parameter Value Unit

Fixed parameters

n Thermal efficiency 0.728 [%]

cv Calorific value 5.5 [kWh/kg]
Chm Maintenance cost 0.008 [$CAD/kWh]
Sz Sizing factor 10 [I/kW]

Vgas, burner Consumption rate burner 5.0 [m3/h]

Derived parameters

Vorganic-waste Required organic waste [/month]
Vivater Required water [/month]
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In contrast to direct utilization of fuel, the required inputs assessed are organic waste and water to
produce biogas. Biogas primarily composed of methane CH, and carbon dioxide CO, need a burner
in addition to the boiler for which a combined thermal efficiency is applied. Table 6.8 shows the sizing
options for the burner, boiler, and biodigester. The burner ranges from 60kW to 150kW which covers
all greenhouse sizes and is separately depicted in the table even though it's one single burner.

Table 6.8: Hot water boiler system sizing

Symbol Parameter 1 2 3 4 Unit
Biogas burner BG300-2

P Power output 60 150 [kW]
Churner Cost 9690 9690 [$CAD]
Osby Parca Trio Boiler 65

P Power output 65 130 [kW]
Choiler Cost 10000 15000 [$CAD]
Sistema 40

Viyaste, in Waste input 250 500 750 1000 [l/day]
Viaater, in Water input 500 1000 1500 2000 [I/day]
Chiodigester ~ Cost 7000 14000 21000 28000 [$CAD]

The boiler size selection is again based on peak demand but the digester size depends on water
requirement in this case.

Critn — C"1-boiler if Pmin < Pl
poller C’2-boiler if Pl < Pmin < P2

C1—biodigester if Vwater < V1—water, in

o CZ-biodigester if V1-water, in < Vwater < V2-water, in
Obiodigester - P . .
CS-biodigester if V2-water, in S Vwater < V3-water, in

C4-biodigester if Vé-water, in S Vwater < V;t-water, in

Required organic waste is derived from the daily input specifications of the supplier but needs to be
adjusted based on the thermal demand because the production will also decrease in warmer months.
For that, the ratio between required biogas and produced biogas is used for correction.

. . required biogas
Vorganic—waste = Vwaste, in X days of month x ( d J )

produced biogas

According to specifications, water input equals two times animal manure input which is stated as:

Vivater = 2 X Vorganic-waste

The biodigester also applies for waste management savings in two different ways: The fish manure
produced from the aquaculture can be collected and fed into the digester, and for this project, it is
assumed that animal manure can be collected from a buffalo farm.
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Table 6.9: Cash flow statement
Symbol Parameter Value Unit
Fixed parameters
Puater Water rate 10.93 [$CAD/m?]
Plaste-manage Waste management 50 [SCAD/]
price
cr Conversion rate of fish 0.3
Derived parameters
Swaste Waste management savings [$CAD]

To derive the amount of fish excrement, a conversion rate of 30% from fish feed to fish waste is assumed
which means that the fish takes in 70% of the feed into its body.

days of months x 12 < P "
1000 waste-manage lifespan

Swaste, aquaponics — FF xcrx

Savings calculations for the farm are straightforward. It should be mentioned that the labor and transport
costs are not displayed but are considered and balanced out the additional income through the waste
management service.

Swaste, farm — E Vorganic—waste X Pwaste—manage

6.1.5. GSHP: Closed-loop horizontal system

GSHP operates by extracting heat from the ground via an underground looped piping network that is
filled with a water-antifreeze solution. This fluid absorbs heat from the earth and transfers it to the
heat pump, where it is compressed and upgraded to a higher temperature. The heat is then distributed
through the hydronic radiant heating system. GSHP’s high system efficiency of 410% makes it econom-
ically attractive during operation despite much higher investment costs. Table 6.10 shows specification
parameters.

Table 6.10: Heating supply

Symbol Parameter Value Unit

Fixed parameters

n System efficiency 41 [%]

Ipn Horizontal loop 150 [mA]

D2 Piping per m/m? 5 [m/m?]

Chipe Cost of pipe 7 [$CAD/m]
Clabour Labor installation cost 22.5 [$CAD/m?]
Cm Maintenance cost 0.003 [$CAD/KWh]
EFco2, Aberta Emissions factor Alberta 490 [g CO,e/kWh]
EFco2, Quebec Emissions factor Alberta 1.7 [g CO,e/kWh]
Derived parameters

Prin, ref Min refrigeration power [t]

lpipe Pipe length [m]

Cinstallation Total installation cost [$CAD]

E Electrical energy requirement [$CAD]
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Min power is converted to t as it relates to refrigeration from which the pipe length can be determined.

Prin, ref = Prmin x 3.51685,  lpipe = Iph X Prin, ref

The piping values are required to estimate ground loop installation costs that are quite significant be-
cause of excavating activities and laying a large piping network including labor and backfill.

lpipe = Qheating
, = ==
Ipm2 Tlsystem

Cinstallation = Cpipe X lpipe + Clabour X

Systems sizing is shown in Table 6.11 demonstrating high investments of the heat pump.

Table 6.11: Heat exchanger system sizing

Symbol Parameter 1 2 3 Unit
Nordic W Series Liquid to Water Heat Pumps

P Power output 10 15 20 [t]
Cheatpump Cost 39972 49310 55505 [$CAD]

The same conditioned rationale applies again but with power displayed in refrigeration t instead of kW.

C’1—heatpump if Pmin, ref < Py
C(heatpump = CZ-heatpump if Pl < Pmin, ref < P2
C’S-heatpump if P2 < Pmin, ref < PS

6.1.6. Hybrid integration and optimization

Hybrid options were chosen based on initial NPV results and technical suitability. Biodigester and nat-
ural gas showed synergies because the burner and boiler selected for biogas also support natural gas
provision. This reduces investment costs and a grid-backed solution eliminates the low system reliabil-
ity of the biodigester system. In cases of disruptions of supply, the system would not fail. It also reduces
the high labor and maintenance requirements of a biodigester system but maintains the advantages of
recycling potential from composting and fertilizer production as well as waste management treatment
from produce. It represents a highly circular option that is still reliable and allows for testing optimized
biogas yields from anaerobic digestion. It also facilitates scaling up the biogas provision because the
natural gas supply is so flexible and cheap. A drawback is the not fully renewable energy option and
CO, emissions are higher which also depends on the assigned share.

The system was optimized based on NPV results for the range of reviewed greenhouse sizes illustrated
in Figure 6.2.
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Figure 6.2: Hybrid optimization: Biodigester (Biogas) & Natural gas boiler

Each line in the graph represents a greenhouse size. The Y-axis indicates the NPV per kWh while the X-
axis shows the share of the biodigester in the hybrid construct. Conversely, is the natural gas proportion
the opposing value, for instance, if you look at 20% on the X-axis, this relates to a hybrid solution of
20% biogas and 80% natural gas. A share was determined for each greenhouse size by optimizing for
a positive value with a biogas share larger than 50% and opting for high points for increased biogas
utilization. This means that for example if the second line from the bottom is examined: looking at 50%,
the line continues to the right and starts dropping after 80%. In this case, 80% share of biogas would
be selected as there is not a large difference in the NPV value but the goal is to increase renewable
energy share. Table 6.12 shows the selection of proportions used in the TEA for Hybrid-1BN.

Table 6.12: Biogas and natural gas shares with corresponding NPV

Share/AG size 260m? 304m? 348m? 392m? 436m? 481m? 525m?
Biogas share in (%) 40 80 70 60 60 50 50
N_gas share in (%) 60 20 30 40 40 50 50
NPV in (CAD/kWh) 0.01 0.02 0.05 0.08 0.09 0.09 0.11

The second option only allowed for the combination of GSHP and biomass boiler because it was sup-
posed to be a fully renewable option and biodigester as well as GSHP are both the least economically
feasible options, leaving only the mentioned choice. Technically they go well together because GSHP
can provide a steady thermal input while biomass boilers can react quickly to sudden needs but are
more prone to disruptions within the supply chain. The second optimization based on NPV outcome is
visualized in Figure 6.3.

[$CAD/KWh]
0.20
0.15
0.10 260 m2
304 m2
0.05 348 m2
392 m2
——436 m2
005} ——481m2
——525m2
(0.10)
(0.15)
0 10 20 30 40 50 60 70 80 90 100 [%] GSHP

Figure 6.3: Hybrid optimization: GSHP & Biomass boiler
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The share was determined in the same rationale by optimizing for a positive value with a GSHP share
larger than 30% though to maintain the cooling capabilities for summer and opting for high points
to increase NPV value since both technologies are renewable. Table 6.13 displays the selection of
proportions used in the TEA for Hybrid-2GB.

Table 6.13: GSHP and biomass boiler shares with corresponding NPV

Share/AG size 260m? 304m? 348m? 392m? 436m? 481m? 525m?
GSHP share in (%) 30 40 30 40 40 60 50
Biomass share in (%) 70 60 70 60 60 40 50

NPV in (CAD/kWh) 0.02 0.05 0.09 0.10 0.13 0.12 0.14




Model Results

“All models are wrong, but some are useful.”
(George E.P. Box)

7.1. Aquaponic Greenhouse
7.1.1. Produce

Table 7.1 introduces the most relevant parameters that will reappear and act as a reference for the
following presentation of results. Fish tank volume is the only input variable in the model, while all
other parameters such as greenhouse size, thermal demand, and financial analysis are calculated
based on it. The greenhouse sizes are closely linked to the fish tank volume because the AG design
was built around it. Greenhouse sizes are used as reference points for varying production and thermal
energy demand. The size of 392 m? with an 8000 liter fish tank volume is used as a reference for
comparing results in the following sections since it reflects the center size. To demonstrate the range
and to get a feeling of what the sizes mean, the total annual produce of fish, basil from the NFT system,
and lettuce from the soil-based system are displayed in Table 7.1. Furthermore, the monthly supply
shows how many adults can be supplied by the greenhouse for an entire month assuming a caloric
intake of 2000 kcal, and the thermal demand is stated in MWh.

Table 7.1: Guiding production variables and parameters

Viishtank Unit AGi :;2331 Unit '23:::;" Cﬁ':r':::; Unit
5000 [ 260 3.2 [t 42 Adults 96 [MWh]
6000 n 304 3.9 [t 50 Adults 110 [MWh]
7000 0 348 45 [t 58 Adults 123 [MWh]
8000 [ 392 52 [t 67 Adults 137 [MWh]
9000 [ 436 58 [t 75 Adults 150 [MWh]
10000 [ 481 6.4 [t 83 Adults 164 [MWh]
11000 [ 525 7.1 [t 92 Adults 178 [MWh]

The center-range size marked in blue, provides a total annual produce of 5.2 tons which can nourish
67 adults for a month. The thermal demand of the passive solar design AG is 137-megawatt hours for
the Albertan context. Table 7.2 compares the annual production of the three systems relative to the m?
of growing space.

60
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Table 7.2: Annual production per growing space and corresponding nutritional values

Systems Aquaculture catfish NFT Basil Soil-based Lettuce Unit
50 14 29 kg/m?
Annual produce [kg/m’]
59500 3888 4896 [kcal/m?]

The aquaculture system has the highest density as the fish tank yields heavier fish on a much smaller
surface. When comparing NFT to a soil-based system it must be considered that lettuce weighs more
than basil, increasing the value. But looking at calories per m? still provides the soil-based system with a
higher value even though lettuce provides slightly fewer calories per 100 grams. Of course, the fish tank
produce needs to be included in that comparison as it is a connected system, but it could be worthwhile
to compare a fully soil-based greenhouse to the AG since the costs associated with a soil-based system
are significantly lower. A soil-based greenhouse would also have less limiting requirements towards the
heating system and is more flexible in terms of temperature fluctuations, which could result in further
cost reduction.

7.1.2. Costs and revenues

This section analyzes non-heating related CAPEX, OPEX, and revenues that almost have to solely
hold up against all other costs to show profitability in the model rationale.

The upper part of Table 7.1 displays a broad cost breakdown of the total CAPEX (in 1000 $CAD) related
to the building and growing systems, decreasing from bottom to top. Building material and construction
labor have the highest upfront costs which was also identified by Lobillo-Eguibar et al. [50] in their
economic sustainability assessment of small-scale aquaponic systems for food self-production. Next
on the line is the vertical NFT system with 36,000 $CAD which is double the amount of the horizontal
NFT. But the vertical system also utilizes space much better which is essential to maintain smaller sizes
in order to reduce the thermal demand. Growing lights also comprise a significant portion of investment
(almost the same as the vertical NFT), particularly when considering that they only represent the surface
area of the horizontal NFT system in the model. The soil-based system is placed on the front with
glazing above it which doesn’t allow for mounting anything and the vertical NFT probably receives
enough light from the growing lights as it is close by. The aquaculture system is relatively affordable
and soil-based as mentioned earlier by far leading in terms of cost efficiency. The CAPEX structure
highlights the dependency on advanced systems like the NFT setup, which supports higher yields and
resource efficiency. However, the notable cost of labor and materials underscores the necessity for
strategic sourcing and potential local resource utilization to minimize financial burdens.

CAPEX I ] I
fotal CAPEX
Aquaponics I4‘ -101 B Material
[ Labor (construction)
aae 13 NFT-vertical
Building 55 ‘ 1 [ Growing lights
[ NFT-horizontal
. - . [ Aquaculture
90 100 110 120
OPEX Total
Aquaponics 73| 209 OPEX
I Maintenance
Building 113 ] Electricity
[J  Labour (harvesting)
1 1 1

0 20 40 60 80 100 120 140 160 180 200
k SCAD

Figure 7.1: CAPEX and OPEX: Non-heating 392m?

The lower part of Table 7.1 outlines the operational expenditures of the reference greenhouse size
of 392m?, showcasing recurring costs that are essential for sustaining operations. Within operations,
the aquaponic system is the more cost-intensive part. The largest component is maintenance costs



7.1. Aquaponic Greenhouse 62

of which a major portion comes from fish feed costs. Electricity requirements result from supplying
the growing lights, which are assigned to the building in the graph, and calculated under the condition
of having 16 hours of light per day which is supplemented by LED lighting as soon as daylight hours
become shorter after the summer months. A smaller fraction of electricity input is needed to drive
the pumps of the aquaponic system. Labor costs are less than electrical supply but remain high at
73,000 $CAD over the whole life-cycle (undiscounted). This emphasizes the energy-intensive nature
of aquaponic systems.

The proportion of discounted CAPEX and OPEX are shown as negative costs in Figure 7.2. Addition-
ally, the relationship between costs and revenues across increasing greenhouse sizes is examined,
and normalized per unit of produce for comparability. CAPEX and OPEX are plotted against the rev-
enue streams generated from fish, basil, and lettuce produce. The findings reveal that as greenhouse
size increases, both CAPEX and OPEX slightly decrease due to economies of scale and enhanced pro-
ductivity. The produce sales remain proportional per unit but larger greenhouse sizes show a higher
total value because of reduced costs. Even small cost reductions can be decisive as the sales are the
only income and have to outweigh the total heating costs. This trend suggests that larger AG sizes are
more economically viable, reinforcing the importance of scalability in aquaponic greenhouse projects.
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Figure 7.2: Costs and revenues: Non-heating over increasing AG size

The combination of CAPEX, OPEX, and revenue data underscores the importance of balancing initial
investments with operational efficiency. The interplay between high CAPEX, particularly in labor and
materials, and ongoing OPEX, driven by maintenance and electricity, presents a dual challenge for
economic sustainability. Strategies to mitigate these costs, such as energy-efficient systems or locally
sourced feed, could greatly enhance profitability. Furthermore, scaling up the greenhouse size emerges
as a critical factor for achieving financial viability, as larger systems leverage fixed costs more effectively
and provide higher total revenues.

7.1.3. Thermal load curve and passive solar effect

This section evaluates and compares the thermal energy demand between passive solar use and non-
passive solar utilization over the year, thereby quantifying the passive solar effect.

The annual thermal load curve illustrated in Figure 7.3, highlights the greenhouse’s heating require-
ments across all months for the size of 392 m?. The green surface reflects the thermal demand without
night curtains and passive solar utilization, while the dark blue load area demonstrates the actual ther-
mal demand of the modeled passive solar AG. The light blue line shows the percentage of heating
reduction from the passive solar design relative to the initially calculated heating requirement (without
passive solar use). The peak demand is visible around December and January, while the demand sig-
nificantly drops in the warmer months. The passive solar effect has an immense impact on heat reduc-
tion across all months and accelerates in spring when the sun comes closer to Earth. From that point,
heating requirements are eliminated from April until September while the green area demonstrates a
continuous thermal demand even in peak summer. In summary, passive solar heating provides sub-
stantial energy savings during transitional months, offsetting significant heating needs and linked costs.
It is undoubtedly the most cost-effective renewable heating alternative out of all.
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Figure 7.3: Thermal load curve comparison: 392m?

Figure 7.4 illustrates the annual heating demand per unit over the range of evaluated greenhouse sizes.
The pink line shows the average annual heating reduction in percentage. The graph demonstrates that
the passive solar effect amplifies with increasing greenhouse size which is also reflected in the decreas-
ing thermal demand. This can be explained by how the model sizes larger greenhouses, namely, by
expanding the length towards East and West which increases the surface of the glazing while the north
wall keeps the same distance from the glazing. This allows more solar radiation to enter the building
for immediate solar gains but particularly thermal energy storage of brick wall and fish tank that absorb
the heat and release it during night.
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Figure 7.4: Passive solar effect over increasing AG size

In addition to decreasing CAPEX and OPEX with increasing greenhouse size, also the significantly
reduced thermal demand further pushes costs down with larger sizing. The following section examines
the impact of variation for the most relevant input variables such as CAPEX and OPEX within the model.

7.1.4. Sensitivity analysis

To evaluate the robustness and adaptability of the non-heating related AG parameters, a sensitivity
analysis was conducted. This analysis explores the influence of key variables on the overall NPV value
of the base case. The base case focuses on operations of the aquaponic system without comparing
heating alternatives yet. A natural gas boiler system is modeled which needs to be included to display
the NPV. The variables, however, have no direct impact on the heating technologies. The analysis
provides insights into how fluctuations in parameters, such as investment costs, operational expenses,
and energy prices, can affect system viability in general, visualized in Figure 7.5.

The graph shows all input variables on the left with corresponding unit measurements. On the most right
the respective input values of the variables are displayed. A high and medium impact was chosen for
negative scenarios in which the input variable was increased or decreased by 20% for high impact, and
by 10% for medium impact. Increased costs for instance result in a lower NPV value while increased
sales prices result in higher sales and therefore also higher NPV. The low impact was selected only for
positive impact on the NPV such as the mentioned increased sales price or reduced costs. The orange
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dotted line demonstrates the threshold of a positive NPV value. Any impact exceeding the line towards
the left represents a negative NPV for that impact. The numbers next to the impact bars reflect the
change in NPV by percent, meaning that an impact with -100% would match with the orange dotted
line because the impact of the changing variable would decrease the NPV by 100% resulting in zero.

Input variables

Basil sales price [SCAD/kg] - <175

42

Stocking density [kg/I] - -0.05

Feed Rate Ratio [g/m* - -30
Lettuce sales price [SCAD/kg] - -5
Greenhouse CAPEX [k $CAD] |- -113.948

Aquaponics CAPEX [k $CAD] |- -102.226

anjea jndur surjoseg

Fish feed cost [SCAD/kg] - =42

Electricity rate [SCAD/kWh] - -10.16

NPV 21,362 $CAD
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Figure 7.5: Sensitivity analysis: Base case 392m?

The only variable that can push the NPV of 21,362 $CAD towards the negative area with a 20% al-
teration, is the basil sales price of the NFT system, making it the most sensitive variable. This again
was a finding of Lobillo-Eguibar et al. [50] in their study, where vegetable market prices were the most
sensitive parameters influencing profitability, validating the model. The high sensitivity of this variable
is because the NFT system is 4 times the size of the soil-based lettuce production, and as mentioned
earlier almost the only generation of income. Reducing the price will strongly impact the NPV but the
same holds for increasing it on the positive side.

The following most sensitive parameters are stocking density and feed rate ratio. Both variables are
linked to the sizing of planting area based on the aquaculture system. The stocking density dictates the
amount of fish held in the tank, thereby also defining the amount of nutrients available for the plants.
The FRR is a key metric in aquaponics which relates the amount of fish feed to the growing area as this
is what is converted by the fish and released to the plants to balance the cycle. Increasing the stocking
density by 20%, or decreasing the FRR by the same value, results in a 60% decrease of the NPV. The
FRR shows the only non-linear change in impacts because a change in this variable does not match
with the greenhouse design.

The smaller lettuce production still ranks high on sensitivity for the same reason as basil sales, followed
by capital investments in the building and aquaponic system. Fish feed costs alone have a surprisingly
high impact on NPV, followed by electricity rates for lighting and pumps. Labour costs, fish sales prices,
and maintenance costs are on the lower end of evaluated variables but still result in a higher change
in NPV than the change in impact.

7.2. Techno-economic heating comparison

7.2.1. Costs and income

This section further analyses costs and additional income with regard to heating. CAPEX, OPEX, and
income of the renewable heating systems are compared to natural gas provision.
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Figures 7.6 show the composition of CAPEX for each heating technology in a mid-range greenhouse
scenario (392 m?). The CAPEX includes the purchase and installation of the hydronic radiant installa-
tion which stays the same across technologies, the main heating system such as the hot water boiler,
additional components, and the buffer tank.

Total
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Biogas 59

Hybrid-2GB 57

Hybrid-1BN CAPEX 452
Bl Hydronic radiant heating
Biomass ] Main heating system 442
[ Additional elements
[ Buffer tank

Natural gas
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Figure 7.6: CAPEX heating: 392m?

GSHP has the highest CAPEX due to the expensive heat pumps and ground loop installation with total
upfront costs of 103,000 $CAD. Natural gas on the other hand requires only 29,000 $CAD as initial
investments. A biomass boiler comes closest to a natural gas boiler in terms of costs with a total of
42,000 $CAD. Both hybrid options are centered within the mid-range, which is an unexpected result at
first since hybrids require double the investment. However, Hybrid-1BN can share the burner and boiler
with natural gas which lowers overall equipment costs relative to a standalone biogas system because
the digester decreases in size while the other machinery stays the same which is clearly visible in the
graph when comparing Biogas and Hybrid-1BN. Hybrid-2GB still requires slightly less upfront cost than
the biodigester which requires balloon digesters on top of the already expensive biogas boiler system.

The OPEX accounts for recurring costs such as fuel (gas, electricity, water), maintenance of the heating
system, transport and labor requirements, and cooling. The comparison is depicted in Figure 7.7.

Total

Biodigester 3 60 | 18 ‘ 236
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Figure 7.7: OPEX heating: 392m?

Natural gas remains dominant with regard to low operational costs, followed by the Hybrid-2GB option.
The hybrid options take place between the technologies they combine which is logical and also applies
to CAPEX. The Biodigester system also experiences high operational costs due to greater labor inten-
sity and transport requirements, assuming that resources have to be obtained from the buffalo farm or
similar way in a 100km radius. Biomass and GSHP are in the same range around 160,000 $CAD for the
whole life-cycle (undiscounted). GSHP has a more stable and lower operating expense of electricity as
the only major input, increasing reliability as long as the electricity source is also reliable. GSHP is also
the only technology that is capable of cooling in summer, thus eliminating cooling costs. Hybrid-1BN
demonstrates moderately higher costs than GSHP at 173,000 $CAD as the second highest.

Within the model, each system’s combined costs can be compensated by the mentioned sales of
aquaponics and soil-based production, or through secondary offsets such as carbon credits and savings
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by offering a waste management service to external actors like the buffalo farm, or by avoiding waste
management fees due recycling capabilities. Figure7.8 illustrates CAEPX and OPEX (discounted per
kWh) as negative costs, and carbon offsets as well as waste management savings as additional posi-
tive income. The difference is displayed on the left. In this graph the proportional intensity of CAPEX
and OPEX for each technology becomes more visible.

I Difference
Bio digester [ 0.17
Biomass [ -0.05
. Costs & revenues
Hbrid 1y 016 | ] caPEX
Bl OPEX
Hybrid 2 - B [ Carbon offsets
: 0.21 ] Waste management
Natural gas - —0.41
=0.71
GSHP - : ~0.45
i
-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6

$CAD per kWh

Figure 7.8: Costs and additional income: 392m?

Overall, the biogas system scores the best in the sense that it holds the potential to fully compensate
for its high costs by carbon offsets and waste management. The biodigester can recycle AG waste and
serve as a waste disposal site for external enterprises which could be capitalized if an offer is less than
waste disposal fees. Biomass follows due to similar offsets and a tiny amount of recycled biomass from
the AG produce, but mostly due to the lower CAPEX and OPEX. the hybrid options are again clearly
a product of the single technologies and are found in the mid-range again. Natural gas has low-cost
requirements but does not apply for carbon credits and shows no recycling capabilities.

The natural gas option remains the cheapest in any financial metric, but some renewable alternatives,
especially biomass and biodigester (and their hybrid companions) show potential for additional cost
offsets and long-term stability if resources can be secured locally. As a standalone technology, the
biodigester system seems too expensive and unreliable. The main cost-driving factor is the frequent
pickup of large amounts of animal manure. A better solution could quickly make it economically com-
petitive.

7.2.2. Net Present Value

The net present value incorporates both up-front and ongoing costs, and the AG produce plus any
secondary income discounted over 20 years with 12%. It is used as a metric to compare the feasibility
of project alternatives. Figure 6.12 compares NPV values for the selected heating technologies across
all greenhouse sizes. the heating technologies are listed on the left from highest to lowest NPV while
the respective value for 392 392m? is indicated on the right side. The different sizes are displayed in
colors from small (red) to large (green). NPV values are shown in $CAD per kWh of the general thermal
demand for each size.

It's visible that natural gas and biomass as heating technologies are stronger with smaller sizes but
flat out a bit at larger sizes. The hybrid options have too high upfront costs to cover smaller sizes but
show an increased NPV for the mid to large range. Hybrid-1BN always outperforms the full biodigester
solution due to decreased natural gas integration costs. The biogas system also doesn’t cope well
with small sizes but shows great stability and increases at a larger scale. GSHPs are not suited for
small sizes in a standalone setting because of the extravagant capital investments. When scaled up
though, the spread of investment over higher production volumes can yield a respectable stable NPV.
The development from highly negative to positive comes fast at the end range. It would be interesting
to assess the behavior of further size increase. Hybrid-2GB remains behind a standalone biomass
boiler but demonstrates high synergies considering GSHP’s much worse performance alone in terms
of costs. If the biomass boiler covers peak loads in the hybrid setting, the required pump capacity can
be lowered which also lowers the capital cost of GSHP significantly.
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Figure 7.9: NPV over increasing AG size

The graph clearly confirms that larger greenhouse sizes are more economically viable by showcasing
higher NPV value for any technology. Besides economic metrics, carbon emissions were evaluated as
part of the TEA.

7.2.3. Carbon emissions

To assess environmental sustainability, Figure 7.10 displays total carbon net emissions over the 20-
years period for each system as a major indicator.
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Figure 7.10: Carbon emissions over increasing AG size
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Emission calculations follow the methodology from Section 6.1.3, which considers both direct com-
bustion and upstream/transport factors. The graph can be read similar to Figure 6.12 as it displays
calculated emissions across greenhouse sizes in t of CO, per MWh. The model calculations are linear,
resulting in equal emissions per MWh in varying sizes except for the hybrid options. Due to the varying
share of technologies in different sizes, the net emissions impact can change.

Natural Gas is by far the highest emitting technology, reflecting its fossil-fuel origin. GSHP can show-
case the lowest emissions but also the second highest, depending on the origin of the electricity used to
power the heat pump. With the Alberta electricity mix, it cannot be defined as a renewable energy. This
drastically changes if the electricity supplied comes from renewable sources. The same logic applies
to Hybrid-2GB which partly consists of GSHP in addition to a biomass boiler. Hybrid-1BN is also quite
carbon intense with a 40% natural gas boiler proportion. Bio digester and biomass would come close to
carbon neutrality without transport requirements which are the main part of their calculated emissions.

From a climate perspective, biomass, biodigester, GSHP, and Hybrid-2GB offer the largest emissions
cuts, especially if resources are locally obtained and the electricity grid’s emissions factor improves
over time.

7.2.4. Sensitivity analysis

A sensitivity analysis was conducted for each renewable heating technology for the reference size of
392m? to illustrate how changes in critical parameters affect the system’s NPV. For the evaluation of the
sensitivity of the heating technologies, a benchmark impact was incorporated to assess what kind of
value is required for certain variables to arrive at the same NPV output as the natural gas boiler. It was
applied only to input requirements, such as fuel and other materials, as well as the transport distance for
collecting inputs since these parameters can be more flexibly adjusted, reduced, or eliminated through
various means

Figure 7.11 illustrates the sensitivity of critical variables for GSHP with an NPV value of -3,114 $CAD.
The graph follows the same rationale as Figure 7.5 from the previous Section 7.1.4. The benchmark
line for the base case NPV is displayed as a green dotted line whereas the orange dotted line again
shows the transition to a negative (in this case positive) NPV. The mentioned benchmark impact is
combined with the low impact but visible through the bar reaching the NG (natural gas) line with the
displayed altered input value that is required to compete with a natural gas boiler. The remaining values
that do not show a value and do not reach the line show results of a 5% change towards a positive
impact in the input variable.
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Figure 7.11: Sensitivity analysis: GSHP 392m?

GSHPs are strongly dependent and highly sensitive to electricity rates. A 20% alteration in electricity
rate can decrease the already negative NPV by another 420%. On the contrary, a reduction from 0.16
$CAD per kWh to 0.1 $CAD in electricity pricing would increase the NPV of GSHP by 788% to the same
scale as a natural gas boiler. The CAPEX also demonstrates high sensitivity but cannot be significantly
reduced in a standalone system
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Figure 7.12 depicts the biodigester system’s sensitivity with an NPV value of 11,277. The high impact
for transport distance was adjusted since a 20% alteration of the baseline input of 100 km does not
reflect realistic changes for the context. The high impact therefore relates to 200 km while the medium
impact calculates with 150 km.
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Figure 7.12: Sensitivity analysis: Biodigester 392m?

The graph clearly illustrates that the primary challenge for the biodigester system is resource availability,
which is closely linked to the transportation of organic waste inputs. Even small increases in transport
distance can quickly resultin a negative NPV. Conversely, reducing the distance from 100 km to 75.5 km
aligns the NPV with that of a natural gas boiler. This presents both an opportunity and a risk for biogas
systems, emphasizing the importance of securing local resources before implementation. Reducing
the water rate from 10.93 CAD/m? to 3.35 CAD/m? would raise the NPV to match that of a natural gas
system. This analysis highlights the significant potential of a biodigester system, despite economic
challenges. Securing local resources and lowering water costs could position a biogas system among
the most financially viable renewable technologies evaluated.

Figure 7.13 shows the sensitivity analysis of a biomass boiler system which demonstrates the highest
NPV of renewable heating technologies at 17,178 $CAD.
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Figure 7.13: Sensitivity analysis: Biomass 392m?

Unlike other renewable options, biomass has relatively stable fuel prices and is also less sensitive to
price fluctuations. However, transport distance can still significantly impact NPV, though not as severely
as in the biodigester case. The baseline wood chip price was set at 95 CAD/t, and reducing it to 80
CAD/t would align the NPV with that of natural gas. During the research, the most accurate estimate of
usable solid biomass for an agro pellet boiler was obtained at 63 CAD from a local recycling company.
This highlights the significant potential of this technology, particularly when local resources are secured.
Additionally, a 25% reduction in transport distance would bring the NPV in line with that of natural gas.
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The sensitivity of the hybrid options effectively demonstrates the combined sensitivity of the evaluated
technologies, with NPVs falling within similar ranges. Hybrid-1BN has an NPV of 12,884 CAD, while
Hybrid-2GB shows a slight increase to 14,168 CAD for a system size of 392 m2. The graphs are shown
in Appendix B.3. Transport distance remains the most sensitive variable in the biogas (60%) and natural
gas (40%) combination, where minor changes can turn the NPV negative. Reducing the sourcing radius
to 65.7 km or lowering the water rate to nearly zero would raise the NPV to match that of a standalone
natural gas boiler. Similarly, the second hybrid solution is highly sensitive to transport distance due to
its 60% biomass share and to electricity rates because of its 40% GSHP supply. Making it competitive
with a natural gas boiler would require reducing the transport distance to 23 km, lowering the electricity
rate to 0.134 CAD/kWh, or decreasing the biomass price by 53.5 CAD/t. Hybrid-2GB demonstrates
strong potential and flexibility in achieving better economic performance through various adjustments.
Additionally, if properly managed, it is the cleanest option in terms of environmental impact.



Multi-Criteria Integration

“Sometimes you make the right decision, sometimes you make the decision right.”
(Phil McGraw)

8.1. Multi-criteria decision-making: Best-Worst Method
8.1.1. Introducing BWM

The value identification facilitated a better understanding of community values and what FMFN stake-
holders perceive as important. Guided by VSD principles, a value-sensitive AG design could be es-
tablished that reflects those values. The techno-economic analysis was conducted based on those
design specifications which were incorporated into a technical and financial feasibility analysis, that
provided valuable insights about the characteristics of the renewable heating technologies as well as
performance indications for a set of potential alternatives that showcase different strength and weak-
nesses. The results can certainly support in a decision-making process but I'm not the one to decide
on behalf of the community. One major goal of the study is to integrate traditional values into engi-
neering principles for which BWM developed by Rezaei [67] was applied. It illustrates how community
members can express their priorities, which can then be incorporated into a decision-making process
to generate a ranking based on their given preferences.

BWM is an established tool that helps decision-makers to systematically assign weights to criteria
based on stakeholder input to then rank a set of alternatives accordingly [67]. Compared to other multi-
criteria approaches, such as the Analytical Hierarchy Process, BWM typically requires fewer pairwise
comparisons, and reduces complexity without compromising on robust outcomes. Furthermore, BWM
incorporates an inherent mechanism to mitigate cognitive biases of decision-makers throughout the
process including both anchoring bias and equalizing bias [70, 69]. For this research, BWM was applied
to obtain weights of KPIs defined in Table 4.16 in Section 4.4.3.

Step 1 of conducting BWM is to determine a set of decision criteria (¢4, ¢z, ..., ¢n) and present it to the
decision-maker. In this application, the decision-maker is the FMFN greenhouse project developer, and
the decision criteria are the co-developed KPlIs for which weights are obtained that relate to importance.

In Step 2, the decision-maker chooses the most important and the least important indicators. The BWM
process was conducted through the linear BWM solver provided under htips:/bestworstmethod.com/.
The method was introduced first before guiding the project developer through the process in an online
meeting. The excel sheet which also served as the questionnaire was filled out jointly.

In Step 3, the decision-maker determines his preference of the most important indicator over all other
indicators on a scale between 1 and 9. The resulting Best-to-Others vector relates to:

Ag = (aB1,aB2, ..., aBn),
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in which ag; indicates the preference of the most important indicator B over indicator j. agg = 1 must
be given [67].

In Step 4, the decision-maker provides his preference of all indicators over the least important indicator
using the same scale. The resulting vector relates to:

Aw = (a1w, a2w, .., anw),

in which a;w indicates the preference of the indicator j over the least important indicator W. aww = 1
must be given [67].

In the final Step 5, the optimal weights (w7, w3, ..., w}) are obtained mathematically by minimizing the
maximum differences of |wg — ap;jw;| and |w; — a;www | following the model:

minmjax{|w3 — apjw;|, |wj — a;www|}

subject to:
ij =1, w; >0, forall j.
J

This relates to the following linear model that outputs the optimal weights (wj,w3,...,w}) and the
objective function value ¢ [68]:

min &

subject to:
lwp — apjw;| <&, forall j,

lw; — a;www| <€, forall 7,
D wi=1,
j

w; > 0, forall j.

The consistency ratio returns a number between 0 and 1, representing higher consistency if the value
is closer to 0. Liang, Brunelli, and Rezaei [49] proposed the following approach to compute the consis-
tency ratio CR:

CR= max CR;

in which:

apjXa;w—aB
CRJ _ GBWXG;‘/A/—G;‘{//V7 apw > 1a
O, apw — 1.
The calculated ratio is then matched with an associated threshold value which is provided by Liang,
Brunelli, and Rezaei [49] based on the number of criteria and applied scale. The linear BWM solver

was used to obtain weights and calculate the input-based C R. The associated threshold value is 0.3337
for six criteria and the maximum value of 9 applied by the decision-maker on the scale [49].

8.1.2. Application and project integration

In the case of the greenhouse project, KPIs have been defined and a set of alternatives to be evaluated
corresponds to potential heating alternatives to meet the thermal demand of the AG. The KPIs have
to be linked to metrics that reflect the performance. The metrics do not necessarily have to be a
number value but they need to be transferable to a numbered scale. The KPIs were jointly defined
and categorized into technical, environmental, economic, and social indicators. Assigned metrics were
selected based on the data availability of the TEA. Table 8.1 lists and defines all KPIs for this project
and shows assigned metrics that represent the KPIs for the multi-criteria assessment.

The indicator Reliable combines two metrics: (1) the number of technologies implying if it's a hybrid
system that is backed by a second technology and thus more reliable; and (2) maintenance costs for
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the heating system which is a common metric used for reliability, which avoids that the hybrid use of two
unreliable technologies receives a high score due to the first metric. An average of the two metrics is
applied, expressing equal importance for the indicator Reliable. The reason for using a combined scale
was the importance of accounting for the increased reliability of using a hybrid option. The performance
values illustrated in Table 8.3 demonstrate that the application of equal weights resulted in a more
accurate representation of reliability since the hybrid options score the highest followed by a natural
gas boiler. This validates the use of equal weights for simplicity and does not require further adjustment.

The rationale for applying BWM in this study was to provide a simple way of expressing values for
community members which can be quantified and transformed into a ranking that is easy to follow. The
calculations in between that process were not meant to be dealt with by participants which is also the
reason why performance metrics of the KPIs were not part of any external weighting process. This
part was purposefully held in isolation to account for cultural differences and to not complicate things
for participants. Initially, ways were explored for community members to take part in the BWM process
through a survey without any deeper knowledge and understanding of the whole project, which could
not be finalized due to time constraints and other complications. This approach was also conflicting
with BWM as a method designed for decision-makers and experts which will be further discussed in
Section 9.2.1. The aggregation of dependent criteria is commonly also not accepted due to potentially
misleading results by criteria interaction. However as mentioned earlier, this was necessary to compare
NPV scores to multi-criteria scores and provide a more conclusive outcome. The early project stage
doesn’t allow for an actual decision on a technology yet but the ranking illustrates how technology
preference can change based on the weighting of different indicators or values.

Table 8.1: KPIs and metrics

KPI Definition Metric Unit
Technical
Reliable The heating system is reliable if it can be trusted to Ntechnologies &  [amount] &
heat the greenhouse consistently without failures Chnaintenance [$CAD]
Easy to operate The heating system is easy to operate if it can function  Ciapour + [$CAD]
by its own without needing much additional manual Clransport
work
Environmental
Climate-friendly The heating system is climate-friendly if its net green- CO; [t CO2]

house gas emissions impact is close to zero

Waste recycling The heating system is recycling waste if biological Vivaste [kg]
waste from the greenhouse produce can be re-used
to heat the greenhouse

Social

Off-grid The heating system is off-grid if it's powered by Share renewables  [%]
renewables that are self-sustaining

Economic

Affordable The heating system is affordable if the financial costs Clevelized—heat  [SCAD/KWh]

of equipment and operation are low

Ease of operation is indicated by combined labor and transport costs. In the model, some technologies
require transportation to obtain the fuel which is reflected by the transport costs. Climate-friendly relates
to net emissions impact of CO,. Waste recycling indicates how much of the amount of waste that is
produced in the AG, the heating system can use at heating input. Off-grid is considered a social
indicator related to self-sufficiency and independence, represented as the share of renewable energy
within the heating system. For the final indicator Affordable, the levelized cost of heat was selected as
a metric which is a ratio of NPC per kWh.

The metrics allow for evaluating the performance of the KPIs for each renewable heating alternative.
GSHP was split into two distinct categories because their emissions are dependent on the type of
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electricity that is supplied (Section 7.2.3). GSHP_A assumes electricity input from the Alberta mix,
and GSHP_R assumes electricity provision according to the Quebec mix which is mainly supplied by
hydropower, representing renewable energy in this case. The hybrid-2GB alternative also includes
GSHP as a technology and was also split into hybrid-2GB_A and hybrid-2GB_R for the assessment.
The performance values are illustrated in Table 8.2.

Table 8.2: Performance values of KPI metrics

Metric Ng Bm Bg GpA GpR HA1 H2A H2R Unit

Ntech 1 1 1 1 1 1 2 2 [amount]
Crmaint 259 911 1502 410 410 940 700 700 [$CAD]

Ciye 0 2239 7448 0 0 4469 1343 1343 [$CAD]

CO2 26 1 2 16 0 12 8 1 [t CO2]
Vivaste 0 792 1517 0 0 1517 792 792 [kga]

Share 0 100 100 0 100 60 60 100 [%]

Cheat 0.27 0.53 0.8 068 0.68 0.61 0.61 0.55 [$CAD/kWh]

Ng: Natural gas; Bm: Biomass; Bg: Biogas; GpA: GSHP_A; GpR: GSHP_R; H1: Hybrid-1BN; H2A:
Hybrid-2GB_A; H2R: Hybrid-2GB_R.

To make the KPIs comparable based on the metrics, the values are normalized using Min-Max normal-
ization. The normalization translates performance values onto a scale from 0 to 1, where 0 represents
the minimum value and 1 the maximum value. Depending on if a higher value expresses a better per-
formance or a worse, the formula for Normalized(X;;) or Inverted (X;;) was applied which is shown
below:

ij — ming(zi;) max; (zij) — i

Normalized(z;;) = ,Inverted(z;;) =

max; (z;;) — min; (z;;) max; (z;;) — min; (z;;)

The BWM steps to obtain optimal weights for the KPIs was carried out by the FMFN project developer
with a consistency ratio of 0.083 which is well below the associated threshold of 0.3337 and thereby
fully acceptable. The obtained weights of the KPIs and the corresponding normalized performance
scores of the heating technologies are displayed in Table 8.3.

Table 8.3: Performance matrix

KPI Weight Ng Bm Bg GpA GpR HA1 H2A H2R
Affordable 0.317 1 0.52 0 0.24 0.24 0.36 0.47 0.47
Off-grid 0.178 0 1 1 0 1 0.6 0.40 1

Reliable 0.178 0.61 0.29 0 0.53 0.53 0.88 1 1

Waste recycling  0.178 0 0.52 1 0 0 1 0.52 0.52
Climate-friendly ~ 0.119 0 0.98 0.92 0.37 1 0.55 0.68 0.99
Easy to operate  0.031 1 0.7 0 1 1 0.4 0.82 0.82

The KPI Affordable was considered the most important one, and Easy to operate the least important
indicator. Off-grid, Reliable, and Waste recycling were regarded as equally important by the project
developer followed by Climate-friendly. The normalized performance scores show values between 0
and 1 in which 0 = the worst performance and 1 = the best.

The weighted sum model is used to calculate the total score for each technology in which each perfor-
mance value is multiplied by the weight of matching KPl and summed up. This provides a final score
for each heating alternative based on the obtained weights of the KPIs which presents a ranking.
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8.1.3. Results

Table 8.4 presents the ranking of the heating technologies based on the prioritization of KPIs from the
BWM process by the project developer.

Table 8.4: Final ranking of heating technologies based on KPI weights

Rank Total score Heating system
1 0.741 Hybrid-2: GSHP (Renewable electricity) & Biomass boiler
2 0.633 Hybrid-1: Biogas (with biodigester) & Natural gas boiler
3 0.625 Biomass boiler
4 0.597 Hybrid-2: GSHP (Alberta electricity mix) & Biomass boiler
5 0.497 Ground Source Heat Pump (Renewable electricity)
6 0.465 Biogas with biodigester
7 0.456 Natural gas boiler
8 0.456 Ground Source Heat Pump (Alberta electricity mix)




Discussion

“Discussion is an exchange of knowledge; an argument an exchange of ignorance.”
(Robert Quillen)

9.1. Indigenous leadership in global sustainability

To return to and develop the discussion initiated in the introduction, this section will further investi-
gate Indigenous-led sustainability. It is important to understand the underlying causes of the problems
that are dealt with. Historically, IPLC experienced colonial oppression by settlers who structured their
economies around exploiting people such as IPLC and resources to directly benefit them. A growth-
driven system that undermined traditional values was forced onto IPLC which caused the majority of
problems that remain today. Resource extraction like oil sands mining continues to result in vast distur-
bance of traditional land, disrupting traditional ways of harvesting. Concurrently, the same economic
system caused climate change, with severe global impacts and further challenges for IPLC (Note that
the term "economic system” is a great generalization and simplification for many factors). A global strat-
egy to fix climate change that has been identified by Fischer et al. [19] among others, is sustainable
land stewardship which has been carried out by IPLC for millennia. This whole context in which this
project takes place seems highly paradoxical, as visualized in Figure 9.1.
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Figure 9.1: Paradox of Indigenous-led sustainability

The value identification in Chapter 4 found that Indigenous values are relational while Western values
tend to be instrumental. Traditional values and TEK are about relationships regarding reciprocity, re-
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spect, responsibility, and relevance for the sake of giving without asking for something in return [47].
Acknowledging Indigenous values now in global sustainability by advocating for sustainable land stew-
ardship is problematic and again, follows the rationale of Western instrumental ways of thinking despite
the good intentions. Now that it can be helpful to fix a problem, it is promoted but those values were
undermined all along when climate change was not regarded as a threat. Indigenous-led sustainabil-
ity projects should be carried out for reasons of reconciliation by providing ways of self-determination
without burdening IPLC with responsibilities to fix climate change. Sustainability will be an outcome be-
cause Indigenous values are inherently sustainable. The paradox related to such projects is that they
have to take place within the economic system, which is the major barrier to success. I’'m assessing the
economic feasibility of renewable heating alternatives in this study because without proving economic
sustainability, projects won’t receive funding or cannot be implemented. An underlying problem is that
economic valuation commonly doesn’t account for environmental and social costs or benefits if they
cannot be translated into monetary terms. The example of oil sands mining activities in the Athabasca
region demonstrates very well that short-term profits are prioritized without accounting for environmen-
tal and social costs. The challenge also relates to this study in which only carbon offsets were included
in the TEA as they are monetized. Other values were integrated into the previous and following parts.

However, the synergies between sustainable land stewardship as a mitigation strategy and traditional
ecological knowledge can still be beneficial for IPLC. It can act as a means to receive funding for
projects like the FMFN greenhouse projects to shape their own future, regain independence, and revi-
talize traditional ways. There are opportunities to monetize such as carbon offsets, which can improve
community well-being. It could follow a similar rationale as the participation in the oil sands mining
industry which creates economic security which is used for the community. The difference is that those
projects are sustainable and have less value tensions while conserving the land. The identified project
values for the AG project confirm the prioritization of collective well-being and sustainable land man-
agement. Skinner et al. [77] confirms the finding that greenhouse projects in northern Canada are a
possible way to create local food production with social and cultural benefits.

9.2. Reflection on the research framework

9.2.1. Challenges of integrating values

The research study explored ways of integrating TEK and values into engineering principles from dif-
ferent angles. A choice was made to apply a value sensitive design approach for the broadest part of
the study. The initial process of identifying community values was guiding for the following analysis but
showed difficulties. Values are intangible and subjective and can be interpreted with huge variations
depending on the observer. VSD does not provide a clear guideline on how to precisely apply methods
but can be seen as an open-minded and flexible paradigm that provides a toolbox to choose appropri-
ate methods for a certain context. The three types of values were useful for the analysis but also seem
vague and demonstrate varying definitions across studies. The inductive coding facilitated a more spe-
cific categorization of relevant values for the study but exhibited a high potential for bias. Mitigation
strategies included the use of Al but also the iteratively applied nature of all analyses which cannot be
highlighted well enough by presenting the results. The question remains how it can be assured that
my own interpretation and categorization of articulated values was not biased and that potential value
tensions did apply? The value tensions in VSD reflect the degree of functioning and collaboration be-
tween stakeholders within a project. When diverging interests or moral values are present, it will impact
cooperation and project outcomes. Throughout the thesis, trust was built among all project stakehold-
ers, including LANDMARC researchers, the project developer, and myself, and it continued to grow on
all sides. Meetings became more frequent in which results were presented, discussed, and progress
was aligned. The articulated values from the project developer were not expressed in one meeting but
accumulated over time in dynamic conversations which were shaped and also developed in certain
directions. Only the end result can be shown in this study but through direct interaction with people,
there is some feedback that cannot be read from lines of paper. Another aspect to be mentioned is
the long-lasting relationship between the case leaders of LANDMARC and the project developer who
guided me through the process and consistently supported the collaboration. The assurance of miss-
ing value tensions is validated by those interactions and also reflected in initial results such as the
proposed greenhouse design which was received with enthusiasm by the project developer. To me, it
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is clear that there were no value tensions within the working group of the project and with the project
developer.

However, when it comes to stakeholder values, the situation changes. | didn’t have any direct contact
with other community members and a large part of the analysis had to be based on secondary sources
and assumptions. | cannot be sure how well or badly values are aligned also because the stakeholders
are a large group of individuals that exhibit different values. This was possibly the greatest limitation
and challenge within the study because initially, it was clear that the community members are the most
important stakeholders that are affected by the problems and solutions at stake. The study intended
to mobilize greater transdisciplinary and participatory approaches. The community survey mentioned
in Section 8.1.2 was an idea of a participatory valuation process using BWM that would have demon-
strated greater relevance. A dominant challenge was to simplify the BWM process in a survey to
be applicable to this context. BWM displays huge advantages in reducing complexity while providing
reliable results with inherent mechanisms to reduce human biases, and in confirming consistency in
responses [67, 70]. However, BWM is intended for decision-makers and experts within the field of ap-
plication. Even though the process is relatively simple and easy to conduct when explained, achieving
the same result in a self-explanatory survey was difficult. With the project developer, the process was
immediately carried out with perfect consistency in about 5 minutes. But it has to be noted that the
project developer is an expert in this project with a well-established understanding of not necessarily
all detailed technical processes but innovative solutions, TEK, and seeing the bigger picture. At some
stage, a decision was made to apply a simpler method such as SMARTER for criteria weighting before
the survey was dropped for this study. Even so, using a simpler method comes at the cost of accuracy in
the responses. A vision worth exploring might be to apply the rationale of participatory value evaluation
(PVE) which is an innovative evaluation framework specifically designed to assess the social welfare
effects of public policies by capturing individuals’ preferences regarding the most suitable public project
alternatives [55]. PVE positions individuals in a decision-maker’s seat to evaluate policy options in an
online environment where no previous knowledge is required. The survey for the greenhouse project
attempted to frame the valuation of KPIs for the renewable heating system in a similar way by asking
from a perspective of what would you choose if you were the project leader and had to decide. This
procedure can strengthen community efforts since it demands ownership and responsibility in a playful
way without fearing any consequences for the decisions. Looking at the identified community values
of reciprocity, responsibility, care, and others, this would seem achievable in a positive manner for the
community and the context. The survey was only postponed and might reintroduce some of the ideas
when implemented.

9.2.2. Synergies between TEK and applied approaches

The greenhouse design was driven by value-sensitive engineering principles that integrated stake-
holder views and attempted to incorporate Traditional Ecological Knowledge early on. Throughout
the research process, synergies could be recognized between TEK and systems thinking. Systems
thinking as part of systems engineering, is a holistic approach to problem-solving that analyzes rela-
tionships between people, the environment, and other systems to understand how they influence the
functioning of the system as a whole. TEK is also relational and fundamentally about reciprocity which
became evident in the AG design process. The exploration of a circular design was about relationships
of ecological processes such as the aquaponic system that balances a nutrient cycle in a symbiotic way
for fish and plants. The analysis focused on detecting circular resource flows and re-use potential by
looking at what other systems require. It could translate in a broader sense to reciprocal relationships
between systems. It was strongly present for any natural process and highlighted in the preferred op-
tions of the stakeholders such as the biodigester solution that functions on the principle of anaerobic
digestion. Various types of community waste can be collected to feed the digester, raising the question
of which materials are most suitable for optimal biogas production. A biodigester produces fertilizer
that can be used for replenishing the soil (or land) to grow plants again. The resources needed for the
biomass boiler are also found in nature, particularly in forests that could be linked to the community.
The main difference in the relationships between TEK and systems engineering is that Indigenous reci-
procity is about the sake of the relationship itself and giving something back. In systems engineering,
it's about understanding the interactions to find a better solution that has a means to an end.
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Systems thinking facilitated ways of addressing multiple issues in this project like integrating values
within the design and also through the multi-criteria analysis. BWM has proven to be well suited as a
tool to integrate non-monetary criteria such as values because the ranking process can be adjusted
to its own defined criteria and contexts. MCDM and MCDA demonstrated strong synergies with VSD
principles. The initial steps are notably similar or can be similar if MCDM is applied in a context where
human values and justice are emphasized. Both frameworks show synergetic potential with TEK as
well as Indigenous methods and have proven to be flexible in addressing suitable parts within the
research framework. BWM also demonstrated high potential despite the mentioned difficulties in the
previous section. The entire potential of integration with participatory processes could not be explored
yet but the current application can certainly be seen as a full success. BWM played a crucial role in this
study by integrating various essential components and generating more meaningful results. TEK and
systems engineering methods could demonstrate stronger synergies and potential for integration if TEK
was more acknowledged and accepted in Western science. Relationships within the research process
and between participants also contributed to strengthening the technical viability of the greenhouse.
Meetings with LANDMARC partners and the project developer demonstrated a clear synergy between
the technical and social domains, fostered innovation, and improved the design.

9.3. Viability of renewable thermal energy alternatives

The first renewable heating technology assessed was passive solar energy utilization which is incor-
porated within the building design. The model accounts for the use of night curtains, immediate solar
gains through solar radiation of the South-facing glazing, and thermal energy storage capabilities of
the north wall (bricks) and the fish tank (water). Piché et al. [62] concluded that passive solar utilization
achieves to maintain minimum inside temperatures of 10°C in northern Canadian greenhouses, with-
out any additional heating. Imafidon, Ting, and Carriveau [40] modeled a Chinese-style greenhouse
(a popular type of a passive solar greenhouse) and validates greater economic viability compared to
traditional greenhouses with heat savings up to 55 % which is even more than the 42-47 % that the
model in this study estimates. The use of a passive solar design is indispensable in this climate context
and by far the most cost-effective renewable heating technology as it is incorporated into the building
architecture. Passive solar designs are flexible and can be achieved through different architectural
ways which makes them adaptable to needs and also costs. The calculations of the model were based
on a suggested Aquaponic Greenhouse design which is undergoing a patenting process that verifies
also the social acceptance of it. Another cost-effective way to reduce the thermal energy demand is
by crop variation. A variety of crops makes the system more reliable in general, and adapting crops to
the season and temperature requirements can lower heating requirements as long as it doesn’t affect
the aquaculture system.

Another initially considered solar technology is solar thermal collectors, which proved less viable for
northern Alberta conditions. The fundamental challenge is that solar irradiance is highest in summer,
yet the greenhouse requires most heat in winter. Although solar collectors may still be used as a
minor contributor such as pre-heating water, they do not constitute a reliable renewable option. On the
contrary, solar panels (solar photovoltaic cells) for collecting electrical energy could be highly feasible
since electricity is also needed in summer due to Alberta’s high solar potential.

GSHP emerged as having high efficiency but is linked to considerable up-front costs in terms of both
capital investment and installation complexity. GSHP are more justifiable for larger greenhouse sizes
when the system benefits from economies of scale or subsidies. The only input requirement of GSHP
is electricity which can alter carbon emissions heavily depending on type of electricity supply. The
model compared a fossil-fuel-powered Alberta electricity mix to the one of Quebec which is nearly fully
renewable-based (hydropower). Obtaining renewable electrical energy in Alberta most likely increases
costs and the electricity mix also determines carbon credit approval. Using renewable energy sources
decreases net emissions dramatically. One major advantage of GSHP is its cooling capabilities to
avoid critical maximum temperatures in summer. The heating potential through the passive solar design
remains uncertain. Itis unclear if simple ventilation mechanisms can keep the greenhouse at moderate
temperatures but the design provides good prerequisites for increased airflow removal of hot air through
the ridge. Installation costs of GSHP can be reduced by synchronizing it with the greenhouse building
construction. Excavation costs can be shared and coordinated with the hydronic radiant heating system.
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The size of the loop system equates to the power output of the GSHP and therefore needs to be
determined before building construction. Scaling the system afterward will add significant costs. GSHP
demonstrates high sensitivity to electricity rates which could have the same positive impact. Any kind
of incentives regarding Alberta’s electricity prices could make it much more viable.

Biodigesters are highly sustainable and allow for circular solutions that recycle waste products to con-
vert them into energy. For the project, aquaponic waste and plant produce residues can be recycled
into the digester. However, the amount of produced AG waste accounts for 1.7 % of the average re-
quired input. For a mid greenhouse size to meet peak demand in January, 712 | of animal manure and
double the amount of water have to be fed into the digester. Obtaining additional community resources
or animal manure from a farm is essential. However, the model results suggest that transport and
labor costs related to the pick-up and collection of waste can quickly spike in costs if the location is too
far away. Locally available resources should be assessed. A rainwater collection system could also
be beneficial for digester input requirements but also for irrigation. Another challenge is the impact
of temperatures on the performance of the anaerobic digestion. The biogas yields are greater with
higher temperatures and will decline if it gets too cold. This requires an inside location of the digester
which can generate an unpleasant smell. The back-storage of the proposed AG design could be a
feasible option as it is heated by the north wall but separate from the inside of the greenhouse and
enables a close connection distance. A biogas system could be viable if the produced gas in summer
can be stored for the heating demand in winter, but such storage dimensions would certainly require
higher investment costs. Another issue of a digester-biogas solution is the reduced reliability because
of secondary conversion, which makes it prone to disruptions. The high costs of a biodigester-biogas
solution emerge from additional burner and biogas boiler requirements and the large input volumes in
operation. For the greenhouse, a pure biodigester option could still be beneficial for waste recycling,
fertilizer production, and for instance using the gas for a simple cooking stove in a kitchen area within
the building.

By contrast, a biomass boiler relies on wood residues or similar feedstock, which is often easier to
manage than a biodigester. Blair and Mabee [10] evaluated bioenergy systems for a forest-based
community in Ontario and concluded that biomass boilers and CHP technologies are competitive with
natural gas heating systems. The TEA results also identify biomass boilers as the most economically
feasible option out of all renewable heating technologies assessed, presenting an NPV value relatively
close to that of a natural gas boiler. Transport distance is also a sensitive parameter but not as sensitive
as in the biodigester option. The biomass boiler type applied in the model is an Agropellet boiler which
can take in a variety of less processed solid waste with lower calorific value. The model calculates
with a value of 4.5 kWh/kg which relates to the value of plant stems as a waste recycling option. Plant
residues from the greenhouse produce would cover 2.3 % of the total demand. Biomass boilers can
reduce greenhouse gas emissions significantly and are highly suitable for forest-based communities
that have locally available resources.

Because each technology alone has notable strengths and drawbacks, hybrid systems can balance
complementary benefits, thus ranking the highest according to the KPI weights assigned by the project
developer. Table 9.1 presents the final ranking of the multi-criteria scoring to the average NPV ranking
of technologies. The multi-criteria scoring accounted for electricity input of Albertan electricity (AE) and
renewable electricity (RE) for GSHP and the second hybrid option which explains the two additional
systems.

The multi-criteria score shows an inherently different ranking than the NPV scores. The only similarities
are low scores of GSHP and standalone biodigester. The difference is surprising since affordable was
the most important chosen indicator which is reflected in the levelized NPC of heat within the multi-
criteria ranking, and yet natural gas only comes into second last place in the total score. It shows
nicely how a prioritization of different indicators can drastically change if other values than economics
are incorporated. In this application, the importance of being off-grid, reliable, and to recycle waste
displaced natural gas as a viable solution despite its economic advantage. Particularly, the hybrid
options though perform very well on those criteria.
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Table 9.1: Comparison of NPV and multi-criteria scoring

Rank NPV score Heating system Rank Multi-criteria score  Heating system
1 0.15 Natural gas boiler 1 0.741 Hybrid-2GB (RE)
2 0.12 Biomass boiler 2 0.633 Hybrid-1BN
3 0.10 Hybrid-2GB 3 0.625 Biomass boiler
4 0.08 Hybrid-1BN 4 0.597 Hybrid-2GB (AE)
5 0.06 Biodigester (biogas) 5 0.497 GSHP (RE)
6 -0.03 GSHP 6 0.465 Biodigester
7 0.456 Natural gas
8 0.456 GSHP (AE)

Hybrid options are more reliable because they have backup technologies in case one fails. Only natural
gas showed higher reliability among single technologies. There is another reason why the hybrids
perform so well. Renewable heating technologies can be classified into two types: (1) Technologies to
cover baseline demand, and (2) technologies for peak demand. GSHP and biodigester fall under base
heating technologies because they can cover a constant and steady demand but are slow at adapting
to fluctuations. Natural gas and biomass boilers, on the contrary, can immediately step in and heat
up fast. The hybrids exactly merge those opposing characteristics. Combining GSHP with biomass
boilers takes away the peak, for which the model was sizing the technologies, illustrated in Figure 9.2.
The same holds for the biodigester which only has to cover the demand below the baseline while the
agile natural gas boiler can cover the parts above the base. In terms of economics that’s very beneficial
because the high-investment technologies exhibit large cost reductions and low operational costs are
exploited for GSHP and biodigester. The use of renewable electricity for GSHP is preferred in the
ranking, but even the fossil-fuel-supplied GSHP ranks in 4th place because it's a smaller system in the
hybrid constellation. An advantage of GSHP is the capability to cover the cooling demand in summer
that is within the load capacity.

Thermal demand Cooling demand ——Base heating

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Figure 9.2: Base heating and peak demand

All the highly ranked heating systems on the multi-criteria score, present positive and reasonable NPV
values since affordable was ranked the most important indicator. The first hybrid option was quite
accurately predicted by the Al-generated narrative, but it was based on the value source analysis
which gave implications for that. In summary, the hybrid options demonstrate great opportunities to
adjust them in the right way to fit the context and benefit FMFN on different levels. They have to be
implemented in a strategically thoughtful way to embrace all advantages and reduce risks. Further
integration with a rainwater collection system, local sourcing, and alignment with available subsidies or
other incentives to reduce electricity rates can have a profound impact on profitability and success.
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Conclusion

“In some Native languages the term for plants translates to ‘those who take care of us’.”
(Robin Wall Kimmerer)

10.1. Key insights from the study
10.1.1. Summary of findings

This research explored the technical, economic, social, and environmental feasibility of meeting the
thermal demand of a year-round, community-scale Aquaponic Greenhouse in Fort McKay. Grounded in
both systems engineering and value-sensitive design, it also took an exploratory approach to integrating
TEK into engineering. The following key findings can be presented:

The narratives accurately captured project-, designer-, and stakeholder values linked to the AG design
and renewable heating technologies. Accordingly, the Aquaponic Greenhouse embodies sustainable
development that integrates TEK with modern technology to promote food sovereignty, environmental
stewardship, and cultural resilience. Designed as a food production system and a community hub, the
AG facilitates knowledge exchange, strengthens the local food system, and fosters self-determination.
Its implementation underscores the importance of aligning technical feasibility with community values,
ensuring that innovations support long-term sustainability while remaining accessible and practical.
This balance is particularly evident in the selection of renewable heating systems, where stakeholder
engagement plays a crucial role in determining the most suitable technology for the subarctic climate.
Community statements reveal a preference for a hybrid heating system that combines a biodigester,
passive solar enhancements, and a backup energy source, ensuring reliability, affordability, and min-
imal labor intensity. The project developer’s vision of showcasing climate leadership aligns with lo-
cal priorities, including waste recycling, affordability, technical performance, and resource adaptability.
The resulting system improves self-sufficiency, cultural preservation, and environmental responsibility.
Ultimately, the FMFN Aquaponic Greenhouse stands for Indigenous resilience and innovation, demon-
strating how localized food and energy systems can thrive even in the face of challenging environmental
and socio-economic conditions. Passive solar utilization substantially reduces the thermal demand and
serves as the main guiding principle for the design process. Across all greenhouse sizes, passive solar
elements reduce annual heating requirements by up to 47%, confirming that low-cost design solutions
can yield significant economic and energy benefits. The proposed greenhouse design showcases an
extended symmetrical steep angled opposing roof in which a brick wall runs alongside the center that
acts as a huge thermal battery. The growing beds are arranged according to the sun angle with a stor-
age area on the backside for machinery and even an integrated biodigester solution. Boiler systems of
the heating technologies can also be placed on the separated backside.

Several renewable energy alternatives show potential for sustainably meeting the thermal demands
of an Indigenous-led community-scale Aquaponic Greenhouse in the Alberta boreal forest. Passive

82



10.1. Key insights from the study 83

solar design emerges as the foundational, most cost-effective technology, integrated into the architec-
ture to capture solar gains and store heat in the thermal mass of the north wall and fish tank. Solar
thermal collectors proved less suitable in this subarctic context, while GSHP offers high efficiency but
demonstrates significant up-front costs and depends on electricity, thus highlighting the importance
of sourcing low-carbon power for carbon credit eligibility. Biodigesters provide a circular option by re-
cycling organic waste into heat and fertilizer, yet sufficient feedstock and labor requirements can limit
feasibility. Biomass boilers using locally available wood residues present a competitive, lower-emission
alternative to natural gas in terms of cost-effectiveness. Ultimately, hybrid systems that combine base-
line technologies like GSHP or biodigester with flexible peak-load options such as biomass or natural
gas balance reliability, affordability, and environmental goals. Such hybrids are especially well-suited
for community contexts where off-grid resilience, waste recycling, and reduced carbon footprints are
prioritized, making them the most viable pathway to sustainably heating an Aquaponic Greenhouse in
northern Alberta.

An Indigenous-led sustainability initiative, such as the FMFN greenhouse project, paradoxically at-
tempts to solve the challenges brought upon the community through the economic system which
has historically undermined Indigenous Peoples and contributed to climate change but now demands
economic feasibility for funding and implementation. Rooted in traditional ecological knowledge and
values like reciprocity, respect, and responsibility, Indigenous approaches to land stewardship offer
long-lasting sustainable practices, but Western frameworks typically require market-driven justifications.
Despite this tension, engaging in projects like the AG can provide pathways to self-determination, eco-
nomic security, and the revitalization of traditional values. The research highlights the importance of
recognizing the inherent sustainability of Indigenous values, even if they are evaluated through predom-
inantly Western economic metrics. Ultimately, the study underscores that integrating relational values
into land management can simultaneously address environmental challenges and strengthen commu-
nity well-being. Indigenous-led efforts are viable and beneficial for both reconciliation and sustainability
on all pillars.

The research demonstrates that integrating Traditional Ecological Knowledge and community values
into engineering processes can strengthen both the social and technical dimensions of sustainability
projects. Specifically, a VSD approach proved flexible for identifying and structuring core community
values, though it highlighted the subjective nature of values and the risk of researcher bias. lterative
interactions between researchers, the project developer, and other collaborators helped to mitigate
potential bias by providing regular feedback and clarifications. However, the lack of direct community
engagement posed a major limitation in ensuring full alignment with stakeholder values. Despite these
challenges, the study found a pronounced synergy between TEK and systems thinking which empha-
size relational processes and holistic perspectives. TEKs inherent focus on reciprocity resonates with
systems thinking analysis of feedback loops and resource flows. A link that is also evident in design
elements of biodigesters or biomass boilers that recycle waste into usable energy or fertilizer. However,
a key difference remains that systems thinking mostly treats relationships as a means to an end while
TEK upholds reciprocity for its own sake.

Moreover, MCDM methods such as BWM proved valuable for incorporating non-monetary criteria into
design choices. Although challenges were present in simplifying BWM for broader community par-
ticipation, the method successfully integrated multiple project criteria and enabled more meaningful
and context-specific comparisons of renewable heating technologies. By combining VSD, TEK, and
systems engineering methods, the research demonstrated that engineering projects can be enriched
when they move beyond purely technical or economic metrics and embrace different knowledge sys-
tems. Overall, this study demonstrates that an Indigenous-led AG can be both socio-culturally relevant
and technically robust, provided that design and engineering decisions integrate traditional values in a
meaningful way and consider resource constraints.

10.1.2. Answer to the research question

In this section, a direct response to the guiding research question "What are the potential renewable
energy alternatives to sustainably meet the thermal demand of an Indigenous-led community-
scale Aquaponic Greenhouse in the Alberta boreal forest?” is provided.



10.1. Key insights from the study 84

Sustainability is commonly framed around the three pillars of environmental-, social-, and economic
sustainability. The chosen KPlIs reflected those domains with an additional technical indicator. To
sustainably meet the thermal demand within the RQ can therefore be understood as referring to all four
aspects with regard to the renewable heating supply of the Aquaponic Greenhouse. The multi-criteria
ranking provided a score based on the KPIs and expressed prioritization by the project developer using
BWM for the FMFN context. According to that scoring, the four highest-ranking technologies are: (1) a
hybrid option between a fully renewable-powered GSHP and a biomass boiler, (2) another hybrid option
between a biodigester solution that uses a combined boiler for natural gas and biogas, (3) a standalone
biomass boiler, and finally the same hybrid option ranking 1st but with electricity provision from the grid
for the GSHP. The ranking provides a general tendency of favored technologies for the FMFN context
but should not be seen as a static result for various reasons. The aggregation with the weighted sum
model was carried out against the condition of clearly showing dependencies across indicators. This
can result in shifting ranking scores that are not fully accurate and the calculations of the performance
scores did not account for a changing environment. There are more factors to be considered from
the TEA results. What the multi-criteria scoring accurately determined is the preference for hybrid
solutions. The TEA showed that standalone renewable heating technologies are unfeasible due to
high risks of reliability issues that can potentially disrupt the entire AG process resulting in major losses
on all levels. Another validation of the multi-criteria scoring relates to the strong synergetic interplay of
hybrid solutions that are composed of a base load- and a peak load technology which is the case for
both hybrids assessed. However, what is not reflected in the scoring is the significant impact on NPV
and possibly other indicators as soon as certain parameters change. Considering the early stage of the
assessment and high uncertainties, it is very likely that various parameters will be altered throughout
further and more detailed analysis when project implementation comes closer. The sensitivity analysis
showed how drastically the NPV can be altered when the "right” or "wrong” knobs are turned. Another
vital factor to include is community acceptance. A technology can showcase the best performance on
all indicators but can still be socially and culturally rejected by community members. Finally, scalability
and gradual development of technology deployment are additional factors that were not considered in
any analysis. The model assumes a fully deployed and integrated system whereas in reality, the option
remains to start with a pilot project to test certain conditions and gradually build a system.

The RQ cannot be answered by defining certain technologies as the best solution. Within CoSEM, we
were taught to identify trade-offs rather than optimal solutions. Moreover, one could even say context-
specific trade-offs. Theoretically, it could be the case that another forest-based community in Alberta
solely values economic sustainability for which a natural gas boiler would sustainably meet the thermal
demand although it is not a renewable heating technology on which this study sets a focus. Assuming
that other Indigenous communities in the Alberta Boreal Forest Region share similar values as FMFN,
the following answer can be given:

Generally, biodigester and biomass boilers show high potential as renewable heating technologies in
this context as they fulfillimportant boundary conditions. Both technologies require inputs that are found
in nature and demonstrate closer cultural familiarity. The reuse potential is high and byproducts from
other processes can be used to fuel the systems. However, both technologies become economically
significantly more feasible when resources can be sourced in close proximity which is likely in forest-
based communities with surrounding agricultural activities in place. A biodigester consumes large
amounts of water which impacts overall profitability profoundly if free water can be obtained. Accounting
for reliability and scalability hybrid options out of the two technologies are suggested that start off with
a grid-connected backup source. It is not necessarily more sustainable to immediately implement a
whole fully renewable system because of uncertainties and also high upfront costs. A grid connection
can avoid huge problems in early implementation phases and ensures that disruptions are minimized.
Scalability is an important consideration that is not given to all technologies. GSHPs for instance cannot
be easily scaled once they are implemented because of elaborate ground loop installations linked to
high costs. Scaling this technology would basically mean digging out an entire trench to extend the
loops but then a new heat pump is also needed as the loops are adjusted to the power of the GSHP.

From this research, under the assumption that the mentioned conditions are met, potential renewable
heating alternatives to sustainably meet the thermal demand of an Indigenous-led community-scale
Aquaponic Greenhouse in the Alberta boreal forest are first of all passive solar utilization within the
building design with a combined use of night curtains and thermal storage elements. In addition to that,
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a hybrid solution with biodigester (biogas) for base loads and grid-connected natural gas provision
for peak demand is recommended if the biodigester solution can be scaled and improved by different
measures to move away from fossil-powered energy over time. The second potential renewable heating
alternative is the combination of GSHP as a base and biomass boilers for peaks. This hybrid option
demonstrates advantages in cooling capabilities for summer and improved scalability opportunities
over natural gas. The heat pump can initially be powered from grid electricity but replaced over time by
partial or full renewable electricity from solar PV which is conceivable with Alberta’s high solar potential.
The first hybrid option is more cost-effective, scalable, and flexible but environmentally more harmful.
The second option requires higher upfront costs but can be seen as cleaner and demonstrates greater
opportunities of becoming completely off-grid in the future but can only be scaled on the biomass boiler
side. Standalone technologies that can be eligible in certain contexts are biomass boiler systems
for smaller greenhouse sizes in which a constant resource flow is secured, or GSHP for exceptionally
large greenhouses when high capital investments can be provided easily. In principle, however, | would
advise against it without any backup for an Aquaponic Greenhouse where the reliability of the heating
system is non-negotiable.

10.2. Recommendations for the FMFN AG project

A recommendation is forwarded on the aquaponic greenhouse project in FMFN based on the findings
of this study. The two hybrid options include biodigester and biomass boilers which align well with the
values and the context of local resources that can be used to supply the systems. As a first step, it
is therefore recommended to assess the availability of potential resources, first within the community,
and also in close proximity. For biomass boilers, any solid biomass that demonstrates a calorific value
of around 4.5 kWh / kg or more should be considered. Any accessibility to forest-based resources can
be helpful, such as residues from timber and logging companies that cannot be sold or accumulated
during processes. To maximize biogas yields, important factors that determine the performance of the
anaerobic digestion process are crude fiber, ash, nitrogen, crude protein, fat, carbohydrates, and dry
matter [87]. A comparison of waste products, in terms of methane gas production, conducted in a
techno-economic analysis by Al-Wahaibi et al. [87] is shown in Figure 10.1.
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Figure 10.1: Methane gas production over the waste samples for a 24 h incubation period [87]

Rice, date fruits, bread, and legume beans show high biogas production, but the exact mixture should
be discussed with the supplier.

The holistic integrative research analysis provided important findings to narrow down the problem but
did not account for a detailed evaluation of specific areas of the topic. For the greenhouse project,
it is generally recommended to start developing the implementation process step-by-step, because
of uncertainties that can be linked to high costs. It is suggested to first evaluate CHP technologies
(with biomass boilers) and the integration of renewable energy with the electrical demand. A detailed
design of the greenhouse should be finalized first since the entire energy requirement is dependent
on it. For that, assumed values in the established model can be replaced with exact identified costs
and components through suppliers to increase accuracy. The model can be further extended based
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on the requirements and needs of the project. The results can provide a good understanding of the
economics and through the model, different scenarios can be simulated. It is advised to establish
a purely soil-based scenario and compare it to the Aquaponic Greenhouse. The soil-based system
proved to achieve high yields with significantly lower costs. The reasoning behind it is to employ a
testing strategy for implementation that allows for scaling.

The starting point could be a greenhouse that incorporates soil-based growing beds with hydroponic
systems to test growing conditions before connecting the RAS to it. The layout can account for the
aquaponics components that are first filled with soil-based growing beds which are easy and inexpen-
sive to remove. Initially, leaving out the aquaponic system makes the heating system more flexible to
test with a reduced thermal demand. Heating will consume the most energy in the greenhouse so its
possible to test renewable electrical energy integration like solar PV in this setting [40]. The implemen-
tation of a scalable pilot project greenhouse is recommended. A greenhouse size needs to be selected
so that the model can help as it can simulate various sizes. It is proposed to choose the biggest green-
house size possible based on available financial resources to achieve the highest passive solar effect
that will reduce costs for any following considerations. For the heating system, it is advised to initiate
a grid backup to ensure reliability during the testing phase. The grid backup can be chosen based on
the two hybrid options from the analysis: (1) a natural gas boiler with a biodigester, and (2) a GSHP
system with a grid-connected electrical supply and a biomass boiler. This decision is irreversible be-
cause GSHP has to be installed before or alongside the construction of the building. This pilot setup
ensures reliability while being flexible to test, the the hydroponic part of the aquaponic system, resource
flow and operation of either biodigester or biomass boiler depending on resource availability, and the
link to renewable energy for electrical components. With the biomass boiler, CHP technologies can be
tested to supply the heat pump with electricity. Solar PV also holds great potential regarding Alberta’s
high solar radiation potential, which could also be used to drive the heat pump by renewables. For the
biodigester solution, storage potential could be tested and developed to store larger amounts during
summer that can be used for heating in winter. The biogas production could be optimized and synchro-
nized with resource flows. Once the energy demand side is fully operational, the aquaculture system
can be implemented which should also be tested beforehand with a small experimental setup.

Another recommendation for the project is to generate additional income. A consideration could be
to sell medicinal plants emphasizing that they are grown in an Indigenous-led sustainability project
that contributes to climate change mitigation and carbon emissions reduction. Of course, this must
be aligned with participating in the offset market in alignment with the renewable energy project. This
could align well with reciprocal values and benefit both the community and customers that prefer natural-
sourced medicinal products, crafted from traditional ecological knowledge.

10.3. Contributions and CoSEM relevance

The research study contributed to academia in multiple ways. Various novel topics were explored and
discovered. The general attempt to integrate TEK into conventional engineering methods and apply a
combination of VSD and systems engineering principles within the study generated results or maybe
learnings which are also important contributions. Challenges within the research process were made
transparent just as successful outcomes. Synergies between TEK, VSD, and MCDM could be iden-
tified which can be further explored in other studies. The integration of values into engineering was
successfully carried out and might be applicable to other studies or projects. The study also revealed
gaps and issues that need to be addressed and further explored. The idea of a participatory BWM
community survey process was initiated but had to be canceled. The exploratory and curious nature
of the study opened up multiple areas in need of development. Another important contribution was
to showcase Traditional Ecological Knowledge to bring awareness to Indigenous methods and other
knowledge systems from which Western science can learn, adopt, and integrate a lot. Making those
values transparent is essential as long as it is done in a respectful and supportive way. The contri-
butions were facilitated by a highly uncertain context which is a major aspect that complex systems
engineering commonly deals with. Complex socio-technical systems are handled in interdisciplinary
settings. Innovations are fostered while accounting for ethical issues. Diverging stakeholder interests
need to be managed in international environments. This study clearly brought together a multiplicity
of elements according to typical CoOSEM character and even more. The interplay of technology, cul-
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tural values, social challenges, ecological relationships, integrative methodologies, and engineering
approaches surely challenged me as a researcher and demanded to cope with uncertainty in a dynam-
ically changing environment.

10.4. Limitations and future research

The research exhibits limitations that are identified and linked to suggestions of further research to
close the gaps. The holistic approach attempted to address multiple areas from different angles to get
a complete and broad picture of the problem. The goal was not to conduct a detailed analysis but to
show which areas need further development.

A major part was the overarching model that connected the design with the techno-economic analysis.
The model is based on a multitude of assumptions that had to be made for the numerous parameters
involved. Parameters were validated through studies with experimental setups that demonstrated var-
ied parameters across studies. The multitude of references within the model resulted in high sensitivity.
Minor changes in parameters can have a great impact throughout the calculations until the output of
the NPV. Therefore, accuracy needs to be increased. Further detailed design considerations that are
based on the findings of this research can improve social, environmental, economic, and technical
sustainability and bring the project closer to implementation.

A community survey was planned to incorporate stakeholder values which could not be conducted
anymore due to time constraints. For the stakeholder values, only indirect sources could be used to in-
terpret and identify such values. Stakeholder engagement is a vital part of the research that particularly
emphasizes the inclusion of voices by the ones most affected by the greenhouse project, which are the
community members. The greenhouse design and energy supply should be designed in consultation
with the wider community to understand the needs and preferences better and facilitate the integration
of TEK. A detailed design of the greenhouse should be carried out which includes a structural analy-
sis with material properties and simulation of forces and weather conditions. Rainwater collection and
irrigation should be included, as well as air filtration, ventilation, fans, sensors, and insulation with a
proper detailed layout and complete components. With that obtained data, the thermal demand can be
obtained by dynamic thermal modeling. The model in this research used average monthly climate data
inputs which simplified the simulation. For instance, peak demand does not reflect the actual coldest
temperature in the month. Software like HOMER, RETScreen, or EnergyPlus can be used for esti-
mating the thermal demand and also simulating and comparing renewable energy supply. A complete
analysis including CHP technologies, biogas storage options, renewable electrical energy, and cooling
requirements can be carried out. RETscreen is an energy planning software developed by the Govern-
ment of Canada that supports a whole process of planning, implementation, monitoring, and reporting
in early project phases and focuses on renewable energy. Benchmarking, performance evaluation,
and financial analysis can be performed. Closing identified knowledge gaps can make it possible to
advance the rationale of this conducted research to a more detailed level in which impacts can be more
accurately estimated to better integrate fields that could not be evaluated to promote further circularity
applications such as in water requirements and most importantly local community resource utilization.
Linking those ideas could outperform natural gas even in financial terms and bring major benefits to
FMFN.

A policy analysis was not conducted but can yield valuable findings and insights into opportunities for
grants, subsidies, carbon offsets, and other unexplored areas. The sensitivity analysis showed clearly
how altering the right variables can have profound positive impacts on the outcome. The policy land-
scape could offer ways to apply such cost reductions through sustainability incentives. Particularly,
the domain of Indigenous rights might uncover findings that need to be addressed or new possibilities.
As an example, despite all the dysfunctions and challenges related to carbon offsets, is the British
Columbia Assembly of First Nations [12] developing community-led land-based carbon credit projects
that are in line with respecting and affirming Indigenous rights. It has been confirmed by various inter-
national organizations that there is a clear correlation between acknowledging Indigenous rights and
decreasing deforestation rates, increasing biodiversity, and strengthening the conservation of carbon
sinks [12]. A dialogue with governmental bodies has been established to discuss opportunities and
challenges in current carbon policies and related frameworks [12]. Such considerations can be linked
to the broader debate of Indigenous land stewardship in global sustainability and might support First
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Nations in regaining control over their traditional land.

Another way of acquiring funding could be through the private sector. Not only through direct funding but
also by collaborations for instance in which companies within the agricultural and/or renewable energy
sector might invest in testing technologies with such a project and can therefore support developments
on the financial side. Organizations might also be interested in exploring new pathways for sustainability
projects for which TEK can be highly valuable and explored for various applications of integration.

Finally, further means and improved ways of integrating values such as TEK into engineering should
be explored since it can yield highly adapted and meaningful results for all stakeholders. This research
tested a holistic framework that showed increased benefits on all sides and used multi-criteria analysis
with BWM as a means to integrate values without the need to monetize on intangible commodities.
The principle of incorporating values into well-established research processes such as VSD could be
applied to various fields and organizations. For instance, if employees in a company could participate
in decision-making by expressing their values in a similar way, rather than acquiring the knowledge for
all technicalities at hand, it could most likely solve various challenges and include the people more in a
community-led way. It would probably result in more sustainable decisions on all levels while increasing
well-being and other benefits.

This research study discovered a majority of topics to be explored from very specific identified gaps
regarding the project to more broad and conceptual ideas that might be applicable to various other fields.
The nature of the holistic and integrative framework provided a creative space to investigate multiple
challenges from different perspectives and yielded valuable insights that can be further developed and
analyzed.
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Figure A.1: Asking a multiplicity of questions
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Short Summary of results

This Deliverable describes the project’s approach to the Ethics Requirements of our grant agreement.
Specifically, it names our Data Protection Officer and outlines our approach to ethics and data sharing in our
case studies. This document should be read alongside our forthcoming Data Management Plan, which is due
in month 6 (December 2020).
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This report
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Preface

Negative emission solutions are expected to play a pivotal role in future climate actions and net zero
emissions policy scenarios. To date most climate actions have focussed on phasing out fossil fuels and
reducing greenhouse gas emissions in, for example, industry, electricity, and transport. While zero
emission trajectories in these sectors will remain a priority for decades to come, it is expected that
residual GHG emissions will remain. To be able to fulfil the Paris Agreement and meet the world’s

climate goals research, policy and markets are increasingly looking at negative emission solutions.
This is why the nineteen LANDMARC consortium partners work together in order to:

° Estimate the climate impact of land-based negative emission solutions, in agriculture,
forestry, and other land-use sectors
° Assess the potential for regional and global upscaling of negative emission solutions

° Map their potential environmental, economic, and social co-benefits and trade-offs

LANDMARC is an interdisciplinary consortium with expertise from ecology, engineering, climate
sciences, global carbon cycle, soil sciences, satellite earth observation sciences, agronomy, economics,
social sciences, and business. There is a balanced representation of partners from academia, SMEs,
and NGOs from the EU, Africa, Asia and the Americas, which ensures a wide coverage of LMTs
operating in different contexts (e.g. climates, land-use practices, socio-economic etc.) and spatial

scales.

The LANDMARC project consortium:

7 _
TU Delft l I “ Climate and Sustainability

Delft University of Technology

e wbican R
AG ROINSIDER (( B cleafe

I KASSEL O <combndge
V E RSITAT bioclgar econometrlcs

ingenieria y servicios agrarios y forestales S.L.U,

% ambienta

clarity from co

SE| stocknoim Oko-Institut eV, &>
' Environment ?@% Koninklijk Nederlands Institut fir angewandte 6k¢|;9.: ‘ Biorecro
Institute s st Institorefor Applied Ecology  “ga®®
sesureco US 10 lab
%JS % sustainability & resilience y yersiTy . Inno a space
B OF SUSSEX

> ClHT cotive mza riCh

Centro Inlsmaclonal de Agricultura Tropical L
7 Ciencia para cultivar el cambio W€ EMpOwWer communities

Page |2



05 %
LANDMARC -
Table of Contents
PrETACE. 1. et b et bbb bbbt a bbbt bt h e et bt b sttt eaeeaeen 2
TabIE Of CONTENTS ..ottt s e b ere e e e sresae e 3
ACKNOWIEUGEIMENTS ...ttt e et e e e et e e e e st e e e e e s abbeeeeeataaeeesnbaeeeeaasbeeesensareeesstaneas 4
EXECULIVE SUMIMI@IY 1ottt e et e e e e s e e sttt e e e e e s s e sa s be e bt e eeeeseesassassssbaaeeeeeessansnnsnrnneee 5
O [ 4o e (¥ Tt e o E OSSP PO UPIOPPUPION 6
2. Data ProteCtion OFffiCEN ..ottt st sttt 7
3. Safeguarding the Rights of Research PartiCipants ........cocoouerierieniiiieeeeee e 8

3.1 Research Participants Interaction with LANDMARC .........uviiiiiiiieeeiiieec et 8

3.2 SAfEEUANTING IMBASUIES ....ccuveeeeiieeieeetee e st e eee et e e et e e ta e e saaeessbeeesteessseeanseeensseessseeenseeeansessnneas 8

33 UNToreseen Data SNAriNG ......c..vei oot et e et e e e e et r e e e enraea s 8

3.4 Data ManagemMeENT PIan.......ccuiiiiie e eciee ettt te e s tae et e e e ate e staeetaeesnsaesnsaeensseennns 8
Appendix A — Consent Form Template for Participant INterviews ............ccceeveniiiniiiiiiniiiniiecneee 9
Appendix B — Consent Form Template for Participant Surveys and Workshops..........cccceeecvieeinveennenn. 13
D9.1 Page |3



Lby

LANDMARC

Acknowledgements

This report has been produced as part of the LANDMARC project.

Disclaimer:

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant
agreement No 869367 (LANDMARC).

The sole responsibility for the content of this report lies with the authors. It does not necessarily reflect the opinion of the
European Union. Neither INEA nor the European Commission are responsible for any use that may be made of the information

contained therein.

While this publication has been prepared with care, the authors and their employers provide no warranty with regards to the
content and shall not be liable for any direct, incidental or consequential damages that may result from the use of the
information or the data contained therein. Reproduction is authorised providing the material is unabridged and the source is

acknowledged.

D9.1 Page |4



Lby

LANDMARC

Executive Summary

This Deliverable describes the project’s approach to the Ethics Requirements of our grant
agreement. Specifically, it names our Data Protection Officer and outlines our approach to
ethics and data sharing in our case studies. This document should be read alongside our
forthcoming Data Management Plan, which is due in month 6 (December 2020).
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Introduction

D9.1 is described in the LANDMARC grant agreement as follows:

‘The beneficiary/beneficiaries must confirm that it has appointed a Data Protection Officer (DPO) and
the contact details of the DPO are made available to all data subjects involved in the research. For host
institutions not required to appoint a DPO under the GDPR a detailed data protection policy for the
project must be kept on file. A description of the technical and organisational measures that will be
implemented to safequard the rights and freedoms of the data subjects/research participants must be
submitted as a deliverable. For instances when personal data are transferred from the EU to a non-EU
country or international organisation, confirmation that such transfers are in accordance with Chapter
V of the General Data Protection Regulation 2016/679, must be submitted as a deliverable. For
instances when personal data are transferred from a non-EU country to the EU (or another third state),
confirmation that such transfers comply with the laws of the country in which the data was collected
must be submitted as a deliverable. If applicable, for further processing of previously collected personal
data, an explicit confirmation that the beneficiary has lawful basis for the data processing and that the
appropriate technical and organisational measures are in place to safeguard the rights of the data
subjects must be submitted as a deliverable. Data Processing Agreement/Addendum (or equivalent)
with data processors (i.e. LinkedIn, Twitter, etc.) who store or process personal data, must be kept on
file.”

To meet these requirements, in this Deliverable we:

e Name our Data Protection Officer.

e Qutline ethics requirements of our case studies and provide brief details of data transfer
between countries and partners. Note that we will expand upon this in our Data Management
Plan, due in month 6 (December 2020).
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Data Protection Officer

The data protection officer for LANDMARC will be:
e Erik van Leeuwen (Data Protection Officer, TU Delft)

Department: Universiteitsdienst, Directie Legal Services, Legal Affairs
Address: Stevinweg nr. 1, Postbus 5, 2600 AA Delft
The Data Protection Officer will be named on relevant project documents, alongside the case study

lead(s) and other key LANDMARC contacts.
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Safeguarding the Rights of Research
Participants

1.1 Research Participants Interaction with LANDMARC

Research participants will interact with LANDMARC via interviews, surveys and workshops. Our project
plan foresees most of these activities taking place in person, however due to the current COVID-19
pandemic we may make greater use of online technologies. If this is the case, we will update this
Deliverable to detail the systems we are using, and how we will check their compliance with GDPR and

other applicable data protection regulations.

1.2 Safeguarding Measures

LANDMARC will implement the following safeguarding measures:

e The project as a whole will follow the ethical research procedures of the coordinating
institution, TU-Delft.

e Informed consent will be used to engage research participants. Participants will be provided
with information sheets detailing how their data will be used, how their data will be stored
and their rights. Examples of these sheets are shown in Appendix A — Consent Form Template
for Participant Interviews.

e Personal data will be stored securely on institutional servers, encrypted media and in locked
filing cabinets. Personal data can be stored securely on Bitrix24 the centralised LANDMARC file
sharing system at TU Delft but accessible only to the researcher who collected the data. We
have set up customised feature in Bitrix24 to ensure personal data is protected. This enables
researchers to have secure backup of the data particularly for smaller organisations without
additional back-up systems. However, the researcher collecting the data may also chose not
to store the information on Bitrix24 if they have secure backup in their own institution. Only
anonymised data resulting from the case studies will be shared.

e We have no plans to transfer data that is not already publicly available between EU and non-
EU countries. Please see section 1.3 for details of our process for any unforeseen data sharing

need.

1.3 Unforeseen Data Sharing

In the event of a currently unforeseen need for data sharing later in the project, the co-ordinator will
a) review the need for data sharing, b) determine whether data sharing is allowable under the consents
that research participants have provided and c) broker legally binding data sharing agreements

between the relevant parties.

1.4 Data Management Plan
The LANDMARC data management plan will be completed by December 2020 and updated regularly
throughout the project. The plan will detail procedures for data collection, storage and sharing.
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Appendix A - Consent Form Template for
Participant Interviews

LANDMARC: Land-use based Mitigation for Resilient Climate
Pathways XXXX Country Case Study Research

CONSENT FORM FOR PROJECT PARTICIPANTS

Sponsor(s): European Union HORIZON 2020: The EU Framework Programme for Research and
Innovation and xxx

Researcher: xxx

Researcher contact details: xxx
Interviewee name: xxx
Interviewee contact details: xxx
Date: xxx

1. Background purpose of the study:

Land-based negative emission solutions are expected to play a pivotal role in future climate
actions and policy scenarios. To date most climate actions have focussed on phasing out fossil
fuels and reducing greenhouse gas emissions in, for example, industry, electricity, and transport.
While zero emission trajectories in these sectors will remain a priority for decades to come, it is
expected that some residual GHG emissions will remain. To be able to fulfil the Paris Agreement
and meet the world’s climate goals research, policy and markets are increasingly looking at land-
based negative emission solutions.

This is why the nineteen LANDMARC consortium partners work together in order to:

. Estimate the climate impact of land-based negative emission solutions, for example in
agriculture, forestry, and other land-use sectors

. Assess the potential for regional and global upscaling of negative emission solutions

. Map their potential environmental, economic, and social co-benefits and trade-offs

2. What will | be asked to do?

We anticipate that the interview will last for approximately between 30-60 minutes. We will take
written notes and will be making a digital recording of the interview. We may be accompanied by
a research-assistant who will also takes notes to ensure the accuracy and completeness of the
information we use. The following precautions will be taken to protect your anonymity and
confidentiality.

You are under no pressure to participate in the interview. You are free to decline to answer
guestions on topics that you do not wish to discuss. You are free to break off the interview at any
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time or to withdraw from the interview altogether at any point of time. Any information collected
to that point will be destroyed if you do not wish of us to use the information.

3. What type of information will be collected?

You will not be identified in the research findings either directly or indirectly unless we have your
permission to do so. Even after receiving your permission, we will not identify or quote you in any
publication (e.g. direct quote or paraphrase your comment) without allowing you to verify the
accuracy of quotes that are being used. Information collected will be restricted to questions
relevant to your official role (length of time in this position, responsibilities, prior relevant
experience).

Please put a check mark on the line corresponding to your willingness to be identified:

You may quote me and use my name: Yes No

4, Can we contact you for further research?
You may contact me in the future for further research related to the LANDMARC project:

Yes No

4, What are the possible risk and benefits of taking part?

Since confidentiality is being provided, there are no risks are foreseen in relation to participation.
Benefits would include potential contribution to developing low-carbon scenarios that could feed
into the decision making process including the contribution to the knowledge base informing the
policy-making process in XXX country, which may have the potential to improve the quality of
policy-making.

5. What happens to the information provided?

All information collected will be kept in institutional servers (where available), or if institutional
servers are not available, in password-protected electronic files on the hard drive of their secured
computers. Data collected will be retained in secure filing cabinets for 3 years after the completing
of the project. All data with your personal information (e.g. full name and contact details) will be
destroyed after the research study is completed unless you have agreed for us to contact you at a
later date. Summaries of some interview content may be provided to other researchers in the
team, but this will be provided in a format that will ensure that your identity cannot be
ascertained.
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6. What will happen to the results of the research study?

The results of the survey/workshops will be used to help formulate assumptions and what-if
conditions for the quantitative models to assess the extent of synergies, conflicts, and risks
associated with different low-carbon technological pathways.

7. Who is organising and funding the research?

LANDMARC has received funding from the European Union under the Horizon 2020 programme
through Grant Agreement No 869367.

The co-ordinating institution, has approved the study and XXXX researcher will be carrying out the

research for the XXX country case study.

9. Signatures (written consent):
Your signature on this form indicates that you:

1) Understand to your satisfaction the information provided to you about your participation in this
research project,

2) Understand that your participation is voluntary, that you can choose not to participate in part
or all of the project, and that you can withdraw at any stage of the project without being penalised
or disadvantaged in any way

3) Consent to the processing of your personal information for the purposes of this research study.
You understand that such information will be treated as strictly confidential and handled in
accordance with the General Data Protection Regulation, the co-ordinating institutions’ country
requirements and the relevant ethics approval process.

Participant’s Name: (please print)

Participant’s Signature

Date:

Researcher’s Name: (please print)

Researcher’s Signature:

Date:
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8. Contact for further information, questions or concerns

If you have any further questions or want clarification regarding this research and/or your
participation, please contact:

LANDMARC’s Coordinator:

- Drlenny Lieu; j.lieu-1@tudelf.nl at Delft University of Technology or the Co-coordinator
- Eise Spijker; eise@jin.ngo at JIN Climate and Sustainability
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Appendix B - Consent Form Template for
Participant Surveys and Workshops

LANDMARC: Land-use based Mitigation for Resilient Climate
Pathways XXXX Country Case Study Research

PARTICIPANT INFORMATION SHEET TEMPLATE FOR SURVEYS AND
WORKSHOP PARTICIPANTS

Sponsor(s): European Union HORIZON 2020: The EU Framework Programme for Research and
Innovation and xxx

Researcher: xxx

Researcher contact details: xxx
Interviewee name: xxx
Interviewee contact details: xxx

Date: xxx

1. Background purpose of the study:

Land-based negative emission solutions are expected to play a pivotal role in future climate
actions and policy scenarios. To date most climate actions have focussed on phasing out fossil
fuels and reducing greenhouse gas emissions in, for example, industry, electricity, and transport.
While zero emission trajectories in these sectors will remain a priority for decades to come, it is
expected that some residual GHG emissions will remain. To be able to fulfil the Paris Agreement
and meet the world’s climate goals research, policy and markets are increasingly looking at land-
based negative emission solutions.

This is why the nineteen LANDMARC consortium partners work together in order to:

. Estimate the climate impact of land-based negative emission solutions, for example in
agriculture, forestry, and other land-use sectors

. Assess the potential for regional and global upscaling of negative emission solutions

. Map their potential environmental, economic, and social co-benefits and trade-offs

2. Invitation to participate in LANDMARC:

You have been selected to participate in the study due to your expertise about relevant issues
and/or because you had personal involvement with the specified case (either directly or indirectly)
allowing you to provide first-hand knowledge of subject area or current events. A total of XXX
people have been invited to participate in the XXX country/regional case study and XXX in the
whole project.

D9.1 Page |13



Lty

LANDMARC

3. Do | have to take part?

You are under no pressure to participate in the research. If you decide to take part, you can
proceed to fill out the survey provided in the link: XXXXXXXXX or respond to invitation to attend the
workshop(s). The survey will take around XXX minutes/the workshop will take place on XXX date
from XXX to XXX

When filling out the survey/attending the workshop, you are free to decline to answer questions
on topics and questions that you do not wish to answer/discuss.

You will also be asked if you can be contacted for follow up questions, clarifications or further
participation over the duration of the project.

4, What are the possible risk and benefits of taking part?

Since confidentiality is being provided, there are no risks are foreseen in relation to participation.
Benefits would include potential contribution to developing low-carbon scenarios that could feed
into the decision making process including the contribution to the knowledge base informing the
policy-making process in XXX Country, which may have the potential to improve the quality of
policy-making.

5. What happens to the information provided?

All information collected will be kept in institutional servers (where available), or if institutional
servers are not available, in password-protected electronic files on the hard drive of their secured
computers. Data collected will be retained in secure filing cabinets for 3 years after the completing
of the project. All data with your personal information (e.g. full name and contact details) will be
destroyed after the research study is completed unless you have agreed for us to contact you at a
later date. Summaries of some interview content may be provided to other researchers in the
team, but this will be provided in a format that will ensure that your identity cannot be
ascertained.

6. What will happen to the results of the research study?

The results of the survey/workshops will be used to help formulate assumptions and what-if
conditions for the quantitative models to assess the extent of synergies, conflicts, and risks
associated with different low-carbon technological pathways.

7. Who is organising and funding the research?

LANDMARC has received funding under the European Union Horizon 2020 programme through
Grant Agreement No 869367.

The co-ordinating institution, has approved the study and XXXX researcher will be carrying out the

research for the XXX country case study.
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8. Contact for further information, questions or concerns

If you have any further questions or want clarification regarding this research and/or your
participation, please contact:

LANDMARC's Coordinator:

- Drlenny Lieu; j.lieu-1@tudelf.nl at Delft University of Technology or the Co-coordinator
- Eise Spijker; eise@jin.ngo at JIN Climate and Sustaina<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>