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A B S T R A C T   

The purpose of this study is to develop a design framework for retrofitting a light industrial building with a 
hybrid renewable energy-assisted hydroponics farming system for production of fresh food in rural north Ca-
nadian communities. This design protocol is targeted at facilities in rural areas of northern Canada, which could 
benefit from better access to fresh food, especially given the harsh climate as well as the long and limited 
transport routes. The process includes 1) a review of the existing building; 2) estimation of design loads for 
system sizing, such as temperature and humidity control, adequate lighting, airborne carbon, and water; 3) 
multi-objective genetic algorithm optimization of the hybrid renewable energy system for minimal operating cost 
and emissions; and 4) comparison of costs and greenhouse (GHG) emissions of the proposed farming operation 
with the traditional food supply chain. To demonstrate the proposed methodology, a case study building in a 
rural community in Alberta, Canada was evaluated for retrofit. The results showed that the GHG emissions 
generated from local hydroponic lettuce production, aided by a hybrid renewable energy system (HRES), are 
three times greater than those emitted by transporting an equivalent quantity of food from southern California, 
USA. On the other hand, the life cycle cost showed that the cost to produce lettuce from the case study facility is 
comparable to the price of lettuce available from traditional import, which shows a promising potential to 
provide fresh and cost-competitive food in the community, among other qualitative benefits gained from this 
empowering opportunity.   

1. Introduction 

Food insecurity in remote aboriginal families was reported to be as 
high as 65% in 2016 [1]. The various challenges experienced by the food 
supply chain; originating in warm growing climates and terminating at 
the hundreds of small communities scattered across Canada’s north are 
partially responsible for this issue. The long transportation distances, 
some of which are not accessible year-round; not to mention the added 
supply chain disruptions caused by global pandemics [2–4], coupled 
with severe weather conditions, result in food waste, high retail costs, 
and decreased shelf life for commonly imported produce in northern 
provinces and territories [5]. A potential solution to this ongoing 
problem is installing medium-scale community indoor farms, such as 
greenhouses or plant factories, that provide fresh and cost-effective 
food. 

Greenhouse and controlled-environment agriculture using 

hydroponics are becoming increasingly popular due to their capability 
of maintaining favourable microclimates as compared to open-field soil- 
based agriculture, which results in higher product quality and yield [6]. 
However, these production methods have higher energy demands than 
open field farming due to space conditioning, even in warm climates [7]. 
The territories and northern parts of the mainland provinces experience 
harsher heating seasons and higher energy costs [8], which can pose a 
problem for applying indoor farms. To overcome these challenges, 
greenhouse and hydroponic farms in northern rural communities must 
be designed and operated with sustainability in mind, particularly to 
address space heating and indoor climate control. 

Various researchers have proposed unique and unconventional de-
vices, or combinations thereof in a ‘hybrid renewable energy system’ 
(HRES), for use in greenhouses or growing facilities. Their goal was to 
improve the efficiency of the heating and cooling systems and reduce 
reliance on traditional fossil fuels. Since many greenhouses are 
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traditionally designed to take advantage of passive solar gain and sun-
light, solar energy systems are a common point of interest in existing 
research. Bambara and Athienitis [9] addressed the performance of 
greenhouses with roof-mounted solar PV to optimize simultaneous 
passive solar gain and electricity generation. Meanwhile, the case of a 
ground-source heat pump (GSHP) coupled with solar photovoltaics (PV) 
has seen success in heating greenhouses in both Turkey [10] and Italy 
[11]. Similarly, Esen and Yuksel [12] successfully demonstrated the 
potential of using biogas, ground, and solar energy HRES to heat a 
greenhouse through a full winter, also in Turkey. In these cases, the use 
of a GSHP has the added benefit of providing cooling during warmer 
periods, which further improves energy efficiency. Furthermore, the 
energy storage using phase change material (PCM) in mild climates, 
such as North Africa and Turkey, has been explored for night-time 
heating or capturing heat from a GSHP [13]. Overall, these studies are 
evidence of potential low energy consumptions of greenhouse design 
and operation solutions across various climates. However, three main 
gaps appear to be present in the research listed. 

Firstly, the HRESs documented above are highly dependent on the 
mild climatic conditions of their locations; the cases listed were largely 
centred around the Mediterranean region. In the Canadian context, 
much less research has been found on this topic; only some passive 
greenhouse design technologies have been explored. For example, 
joining a greenhouse to a retail centre supplemented with on-site PV 
generation, waste heat recovery, and energy sharing was simulated to 
achieve net-zero performance in central Alberta [14]. Moreover, 
greenhouse envelope design for the extreme arctic was reviewed, and 
the researcher concluded that insulating the north wall of the building, 
thereby optimizing heat loss and solar gain, can extend the growing 
season by at least a month [15]. In general, research tends to be limited 
in colder climates applications. 

Secondly, there is a lack of research that utilizes optimization to 
determine the optimal control strategy of an HRES, which would be 
critical in a hybrid system that includes multiple devices dedicated to 
satisfying specific demands [16]. While optimization has been seen used 
on indoor climate control of greenhouses and grow rooms [17]; with 
regards to ventilation and CO2 injection, there has been a noticeable lack 
of studies relating to use of optimized HRESs in the realm of 
controlled-environment agriculture; most of the research on HRES 
optimization has been found applied on standard commercial and resi-
dential buildings [18–21]. 

Thirdly, to be compared with the base or traditional case, the cost 
and emissions savings, if any, of the proposed HRES must be quantified 
in terms of the plant product or crop yield, which has not been seen in 
the research outlined so far. In other words, a comparison between local 
production and import of a crop can aid in choosing the most economical 
and least emissions-intensive option for acquiring food [22,23]. To the 
best of the authors’ knowledge, there is not enough research regarding 
local production as a method for import displacement, specifically tar-
geting rural northern communities, where energy costs are higher, the 
climate is harsher, and transport operations are more limited. 

The goal of this study is to address the lack of research regarding 
indoor farming performance and feasibility in northern rural commu-
nities. More explicitly, the objectives of this study are two-fold. Firstly, 
to present a methodology for design and optimization of renewable 
energy-assisted hydroponics retrofitted facilities. This procedure con-
tains the steps to review the key requirements for a hydroponics facility, 
optimize the operation of a hybrid energy system such that annual 
operating emissions and costs are minimized, and evaluate the sus-
tainable operation of the entire facility with the proposed system by 
comparing its costs and emissions to traditional import. The second 
objective is to showcase this procedure on a case study building in a 
rural community in northern Alberta, Canada. 

2. Methodology 

2.1. Hydroponics facility requirements 

2.1.1. Heating and cooling 
As with human-occupied buildings, plant growth facilities must be 

maintained at appropriate indoor temperatures for healthy plant 
growth, which tend to vary by crop type as well as the stage of growth 
[24]. This means that temperature control equipment must be capable of 
combating heat losses and gains. Heat transfer can occur through typical 
processes, such as conduction through the exterior surfaces (floors, 
walls, ceiling, doors, and windows), convection (ventilation and infil-
tration) of outdoor air into the space, and radiation from any lights and 
from the sun through fenestration [25]. In the case of plant facilities 
specifically, evaporative cooling is another energy loss to the plants that 
convert liquid water to vapour and must also be considered for heating 
system sizing [26,27]. 

2.1.2. Humidity 
During photosynthesis, water taken up by the roots is used to carry 

nutrients through the plant’s core and is then evaporated into the at-
mosphere by stomata on the leaf surface [28], which causes the evap-
orative cooling effect mentioned earlier. A carefully controlled vapor 
pressure deficit (VPD) drives the movement of water through the plant. 
A high indoor humidity means a low VPD that causes plants to evaporate 
water more slowly, slowing down their rate of photosynthesis. Mean-
while, a low indoor humidity (high VPD) can cause excessive evapora-
tion and lead to significant dehydration [29]. As with temperature, the 
right VPD depends on crop type and stage of growth. 

2.1.3. Carbon dioxide (CO2) 
Carbon dioxide (CO2) consumption is the method by which plants 

obtain carbon for growth [28], and it is a crucial stage of the carbon 
cycle [30]. In open-field agriculture, this is not an issue as ambient 
outdoor air has an abundance of CO2 that can be used to satisfy this 
demand. However, with indoor crop production, this resource can be 
quickly drained if adequate fresh air or supplemental carbon is not 
provided. In the case of CO2 enrichment, elevated levels above the 
ambient concentration have been found to boost crop growth and yield, 
as well as improve quality [24]. 

2.1.4. Lighting 
One of the main drawbacks of indoor facilities for farming is the lack 

of natural light due to the spaces having mostly opaque envelopes to 
combat the harsh climate. Even in transparent greenhouses at northern 
latitudes, the winter months see less than the optimal 14–16 h of light 
each day [24]. This issue is solved with specialized horticultural lighting 
options [31], which draw a considerable amount of power and create 
substantial heat. 

2.1.5. Water 
Water supply is the main form of nutrient transport through the 

plants and is an essential part of photosynthesis [28]. Hydroponics are 
well known for their incredible water use efficiency as compared with 
soil based traditional systems [32]. Nonetheless, water consumption is 
high even for a small system and must operate reliably. 

2.2. Hybrid renewable energy system (HRES) 

2.2.1. System sizing 
If the existing equipment in the building cannot meet the identified 

requirements, new systems must be elected and sized according to 
appropriate design procedures and guidelines. It is also necessary to 
consider the available renewable energy options for the specific case. 
Factors such as energy availability and cost, local fuel options, available 
land area and resources may constrain the final selection of systems and 
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their overall configuration. 

2.2.2. System modelling 
The goal is to estimate the operating costs and greenhouse gas (GHG) 

emissions by determining the actual space demands, modelling the 
selected energy systems, and considering local energy and resource 
prices and relevant emissions factors. However, given that certain 
operational parameters of the facility and the energy system have not 
been set, variability in the result can occur. 

Heating, cooling, humidity control, and CO2 availability are all tied 
to how much fresh airflow is occurring and given that there are no strict 
code requirements for minimum ventilation of plant growth spaces, this 
parameter can be adjusted to achieve the most minimal energy and 
resource consumption. Additionally, if more than one potential energy 
conversion device has been selected to satisfy certain energy demand, 
both devices can contribute to the total load through combined part-load 
energy supply at variable operating fractions based on the availability of 
natural resources, such as sunlight or warm weather. Therefore, the 
optimization of such variables is very critical in this application to 
achieve sustainable operation. The objective functions shall be set up as 
the monthly cost and emissions, and the decision variables are the 
ventilation flow rate and energy supply fractions for the individual 
demands. 

2.2.3. Optimization of hybrid renewable energy system 
Since this problem will contain multiple parameters desired to be 

minimized, multi-objective optimization serves as the appropriate tool 
to perform this task. Evolutionary algorithm optimization is one method 
by which many studies have found the optimal operating conditions for 
various HVAC systems [33]. These problems tend to have multiple ob-
jectives that conflict with each other, which means that a single solution 
cannot achieve all the goals [34]. Instead, the algorithm finds a range of 
potential non-dominated solutions along a ‘Pareto-optimal front’ that 
can be further analyzed by the user, a secondary algorithm, or other 
decision-making approach [35]. 

The ‘gamultiobj’ function in MATLAB, based on the NSGA-II algo-
rithm [36], can be used to compute the Pareto front for each month 
defined by outdoor conditions. The algorithm configuration, comprised 
of population size, crossover fraction, Pareto fraction, and a 

convergence function tolerance, should be chosen to achieve a relatively 
quick convergence to a region near the optimal front. Followed by a 
secondary solver that searches more closely within the generated region 
to identify the best solution(s) [37]. In MATLAB, this secondary solver is 
the ‘fgoalattain’ hybrid function, a standard algorithm that can be used 
to solve goal attainment (e.g., minimization or maximization) but is 
hindered by the fact that it requires initial guessing. Since the genetic 
algorithm is extremely versatile, not requiring much input but is only 
useful for finding a collection of potential solutions, combining it with a 
more efficient local minimization function is a good strategy for 
achieving quick convergence at a global minimum. 

The procedure of the custom MATLAB script, shown in Fig. 1, is 
outlined as follows. First, the month number is assigned from a loop 
ranging from 1 to 12. Next, the modelling data file, which contains the 
necessary equations and data, is provided. The decision variable vector 
and corresponding constraints, which are problem-specific, must be 
passed to the optimization function. The algorithm proceeds by gener-
ating the first population of input vectors and evaluating the fitness 
function and comparing it with the convergence tolerance value. The 
objective space continues to be populated with increasingly improved 
generations of points until this tolerance is met. At which point, the final 
generation containing the best Pareto front of solutions is passed as the 
initial guess to the secondary solver. The solver then attempts to mini-
mize each point on the front further by generating additional guesses 
and evaluating the function value along a search direction generated by 
the genetic algorithm. Once a function tolerance is reached, and the 
same original constraints are satisfied, the solver stops and shows the 
final solution(s). 

2.3. Comparison with traditional food import 

The operating cost and greenhouse gas (GHG) emissions from the 
optimization procedure can be used in a comparative analysis to 
determine if production using this method is a viable replacement for 
traditional import, at least on a purely quantitative basis. It should be 
noted that techno-economic feasibility is only one of many factors that 
could affect decision making in northern Canadian communities. Ulti-
mately, every rural hamlet or community, especially that of indigenous 
background, would be subject to a unique set of circumstances derived 

Fig. 1. The optimization process of the MATLAB script used in this study.  
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from a historical issue related to colonization, which would drive choice 
and behaviour. In other words, the optimal low-emissions solution ob-
tained from optimization may not necessarily coincide with a solution 
that supports autonomy, local employment, and training. 

2.3.1. Life cycle cost 
The cost analysis involves accounting for all the cost components of 

retrofitting the facility as well as operating it over the course of its 
lifetime. More specifically, the costs associated with this analysis in the 
current application are: 1) capital costs of all major technologies 
involved in the retrofit, including the energy conversion devices and the 
hydroponics equipment; 2) operating costs associated with consumed 
resources, such as energies (fuel, electricity) and miscellaneous re-
sources (water and supplemental carbon); and 3) any additional annual 
expenses, such as maintenance and labour. Meanwhile, estimating the 
amount of product yield over the same period can help establish a cost 
index per quantity of produce, which can be compared with the existing 
cost of the same food type at the local grocer. 

2.3.2. Food-miles assessment 
As for emissions, the ‘food-miles’ assessment has been seen in liter-

ature as a method of assessing the potential for import substitution by 
local production [22]. For the local production case, operating emissions 
from energy and resource use include the consumption of resources, 
fuels, and electricity required for the basic operation of the facility as 
obtained from the annual emissions results from optimization. On the 
other hand, the transport case only considers total emissions from fuel 
use during travel, which is based on the distance and size of the ship-
ment [38]. The weight of the product to be transported is assumed to be 
equal to what is produced in a year at the local facility, which allows for 
a similar comparison between the two methods. 

3. Case study 

3.1. Existing building retrofit 

The existing building (Supplementary Material: Figure A1) is a 270 
m2 commercial fish processing plant that is in Fort Chipewyan, Alberta 
(58.770 N, 111.120W) [89]. It is a steel-frame building with RSI-4 walls 
and RSI-7 roof and is almost entirely opaque with only three small 
windows on the south-eastern side. The main space makes up most of the 
floor space (31%) and was to be retrofitted with a commercial hydro-
ponics vertical farming system designed to grow lettuce (Lactuca sativa). 
The building also included two chilled rooms, as a cooler and an ice 
room, as well as a food preparation area, a break room, and an office. 
240 2.1 m growing towers and a combination of 24 75 W and 48,150 W 
variable RGB spectrum LED lights were used. 

3.2. Load calculation 

Indoor plant requirement analysis was performed by applying the 
fundamental energy and mass transfer equations outlined in ASHRAE 
Handbook – Fundamentals [25] to the case study building, and by taking 
into consideration the setpoints and specifications of each demand, as 
listed below. 

3.2.1. Heating and cooling 
For design load calculation, the outdoor temperature was set at the 

99% and 1% worst-case dry-bulb temperatures as defined by climatic 
data for the weather station of Fort Chipewyan [25], and the main hy-
droponics space was set at 21 ◦C and 17 ◦C [39], for heating and cooling, 
respectively. For the other regularly occupied spaces, the temperature 
setpoint was 21 ◦C as a typical value for human occupancy [25]. The 
cooler and ice room were set at 5 ◦C and − 5 ◦C, respectively. In 
conformance with ASHRAE standard 62.1 [40], the break room, prep 
area, and office were assigned ventilation flow rates in the range of 

10–30 L/s, based on regular occupancy (two in the prep area and one in 
the office) and floor area. The flowrate of fresh ventilation air in the 
main growing space was set at 7 air changes per hour (ACH), as the 
typical maximum greenhouse ventilation rates in the winter, according 
to Chapter 24 of ASHRAE Handbook – HVAC Applications [41]. 
Meanwhile, infiltration was assumed negligible in this building based on 
the assumption that an indoor plant growth facility would need to be 
well sealed if its purpose were controlled environment agriculture [42]. 
Sensible energy loss due to evaporative cooling by plants was modelled 
as the product of the rate of evapotranspiration and the heat of vapor-
ization of water. For the cooling load, the peak solar heat gain into the 
office and lunchroom (no windows in the main growing area) through 
fenestration during July was modelled based on the hourly solar irra-
diance estimates, which were obtained from a solar position calculator 
[43] and clearness index data for the target location [44]. Furthermore, 
the maximum lighting heat output of standard and hydroponics lighting 
in the building was also considered based on typical efficiencies for high 
performance grow LEDs and standard fluorescent ballasts [45,46]. A 
safety design factor of 20% was applied to the heating and cooling loads 
as a standard sizing procedure for industrial spaces. 

For the performance modelling, the bin method was used to deter-
mine monthly loads based on ASHRAE provided hourly occurrence data 
in a typical meteorological year for the location. The actual hydroponics 
setpoint temperature was set to 17 ◦C and 20 ◦C for the winter and 
summer, respectively. The seasonal variation was introduced to ease the 
heating and cooling requirements, while still ensuring that the tem-
peratures were appropriate for lettuce [24]. Meanwhile, the other spaces 
remained modelled at 21 ◦C, 5 ◦C, and − 5 ◦C and the same healthy 
ventilation flowrates, for the regularly occupied, cooler, and ice room 
spaces, respectively. Flowrate of fresh air into the hydroponics space 
was chosen as a variable in the range of 0.1–7 ACH, based on the min-
imum ventilation for extracting contaminants generated by plants [42, 
47], and the maximum ventilation based on the design load. Actual 
lighting and solar heat gains were modelled as monthly averages based 
on hourly variations. 

3.2.2. Humidity 
The humidification and dehumidification requirements were deter-

mined using the 99% and 1% worst case outdoor humidity ratios, as 
listed in the climatic data for the local weather station [25], in combi-
nation with the corresponding worst-case air change flowrate of 7 ACH, 
and extreme indoor setpoints of 90% RH at 21 ◦C (VPD = 0.2 kPa) and 
50% RH at 17 ◦C (VPD = 1.0 kPa) [48], respectively. Minimum hu-
midifier and dehumidifier capacity were found by considering these 
conditions on a mass of water either removed or added per hour. This 
considered the approximate moisture supply to the air through plant 
transpiration, which was assumed equal to the watering rate; no irri-
gation loss or water consumption by the plants. For the other 
human-occupied spaces, humidity control was neglected since human 
comfort was not in the scope of the study. 

During monthly performance modelling, the same logic was applied, 
except indoor setpoints of 60% RH at 17 ◦C (VPD = 0.8 kPa) for the 
winter and 80% RH at 20 ◦C (VPD = 0.45 kPa) for the summer were 
more realistic, and actual outdoor humidity was computed based on the 
hourly temperature occurrence data used in the bin method. Once again, 
this seasonal variation was introduced to reduce expected energy con-
sumption by the humidity control systems, while still satisfying the re-
quirements of the VPD. 

3.2.3. Carbon dioxide (CO2) supply 
The CO2 supply was simulated as only providing enough CO2 to 

counter plant consumption and maintain a sufficient ambient concen-
tration of approximately 400 ppm. This way, the concentration would 
always be constant regardless of CO2 supply method. Plant consumption 
of CO2 was taken as a value for a greenhouse 3 g/m2 per hour [29,49], 
which conforms with values reported for plant factories in the literature 
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[32]. 
CO2 consumption was modelled as inversely proportional to the 

average hourly indoor air change rate (ACH), such that, the time spent 
not ventilating the space, using a constant exhaust fan flowrate of 3780 
L/s, would be supplemented by CO2 injection, at the constant flowrate 
equal to plant consumption. Therefore, the higher the ventilation 
flowrate, the smaller the required CO2 flowrate, and the lower the 
average consumption. 

3.2.4. Water supply 
Water supply was taken as a specification from the manufacturer of 

the hydroponics system as 220 L/day on average. Additional water de-
mands for other spaces in the building were estimated based on fixtures 
layouts of one lavatory with a sink and two kitchen faucets, and the 
occupancy schedule. This also included water heating energy con-
sumption, based on average temperature rise between municipal feed-
water temperature of 8 ◦C and boiler supply temperature of 50 ◦C. 

3.2.5. Lighting 
120 growing lamps with a power consumption of 9 kW, were 

modelled as having a 60% efficiency with regards to heating gains used 
in heating and cooling loads. The operating schedule was set at 16 h/8 h 
photoperiod/dark period [50,51]. Similarly, the hydroponics equipment 
was modelled as operating 24 h per day, and any heat gain was 
neglected. In the rest of the building, lighting consisted of standard 32 W 
ballasts operating for a typical working schedule of 8 h a day in the 
occupied areas and intermittent use of 4 h a day in the freezer and 
cooler. 

3.3. Hybrid renewable energy system (HRES) 

3.3.1. System selection and sizing 
A series of energy systems were considered, both renewable and 

traditional, for maintaining the temperature and humidity setpoints 
based on locally available resources. The forced air furnace and water 
heater were parts of the existing system of the building with a reliable 
fuel source (propane) that is available locally. Additionally, a biomass 
boiler was sized to be used as an alternative heating system because a 
review of the location revealed that cordwood is an abundant local 
resource. Investment in this technology can provide local employment 
and community development, which is a benefit that cannot be accu-
rately captured through quantitative analysis. 

It was found that this location is suitable for geothermal heat ex-
change [52,53], and it seemed logical to utilize a heating system that 
could use electricity instead of traditional fuels. Also, the high efficiency 
and dual functionality for summertime cooling of a heat pump were 
deemed as major advantages over conventional fossil fuel-fired equip-
ment. Hence, the ground-source heat pump (GSHP) was selected as an 
alternative heating device and the only source of cooling. This was 
deemed a feasible option due to the significant amount of land area 
around this building, which would allow for a closed-loop vertical bore 
system with 20 bores of 40 m depth, 6 m separation, with 25 mm 
high-density polyethylene (HDPE) U-tubes in 127 mm diameter bores to 
be installed [54]. Data for ground conductivity, temperature, and ther-
mal resistance was taken as an approximation from Alberta soil surveys 
[55]. 

Humidification and dehumidification systems for the hydroponics 
space were sized to meet the average daily moisture removal or addition 
loads operated under the worst-case design conditions, respectively. 
Although, the GSHP is a system capable of providing dehumidification, 
this process can only occur when the GSHP is in cooling mode. However, 
there was no guarantee that operation of dehumidification only when 
the GSHP was in cooling mode would have been the most cost- and 

emissions-friendly strategy. Therefore, the dehumidification and cooling 
systems were modelled independently from each other as separate units. 

An indirect component of the HRES is a solar photovoltaic (PV) 
array, modelled as the primary source of renewable, reliable, and low 
maintenance electricity for the building. A total capacity of 60 kW was 
selected as a reasonable size for a light industrial building, for which 
there would be enough land area onsite. Table 1 lists the devices chosen 
to satisfy the computed loads, with details about capacity, efficiency, 
cost provided. 

3.3.2. System modelling 
The heating systems (furnace, boiler, GSHP) were set up in parallel as 

sources of thermal energy to the space satisfying the total monthly 
heating demand. Cooling, humidification, dehumidification, and water 
heating equipment were set up as single systems satisfying the total 
monthly loads. For the solar photovoltaics (PV) array installed onsite, 
the location-specific AC system output profile was simulated using the 
National Renewable Energy Laboratory’s PVWatts® calculator on a 
monthly basis [57], using the location of the existing plant and the 
proposed system size. The primary source of electricity was the local 
community micro-grid, which fulfilled any electric demand of the HRES 
not covered by electric solar PV generation, such as lights, humidifica-
tion equipment, or GSHP. In other words, the purpose of the PV system 
was to offset the monthly import of electricity. In addition to the energy 
systems, the water and supplemental CO2 usage were modelled as a total 
monthly consumption based on the requirements described earlier. 
Fig. 2 shows the layout of the hybrid renewable energy system with 
energy flows from provided energy sources to the respective demands. 
Although the exhaust fan was not directly modelled in terms of energy 
use, it has been included because ventilation is a critical component of 
the operational strategy of the HRES. 

The emissions and costs of each system were set up by using the local 
prices of the resource and consumption emissions factor. The general 
reporting guidelines listed in ASHRAE Standard 105 [58] were used to 
describe energy and resource use, which considered heat content values 
taken from the national inventory report in terms of primary thermal 
energy [59]. Table 2 shows the cost and emissions factors of the fuels 
used in the analysis. The electricity emissions factor was based on a 
conversion efficiency from diesel-fired generation in the community, 
and a value was assigned based on the average conversion efficiency 
found in the three Canadian territories, which most closely resemble the 
quality of infrastructure found in Fort Chipewyan [60,61]. For cord-
wood and propane, the emissions factors were taken from the national 
inventory report [59]. 

Meanwhile, the costs of electricity, cordwood, propane, and com-
pressed CO2 were found from estimates of local suppliers [62–66]. 
Similarly, the water supply (Table 3) was calculated based on the total 
monthly amount of water supply for the building, including hydroponics 
and typical fixtures. This was combined with the fixed monthly and 
variable flowrate fees for the existing meter size, 38 mm, in the local 
municipality [67]. 

3.3.3. Optimization of ventilation and HRES control 
The objective functions used in the HRES system model acted to 

minimize the operating cost Ci
op and emissions GHGi

op for each month, 
denoted by i, as shown below: 

Ci
op=min

{
mi
CO2

*CCO2+m
i
H2O*CH2O+E

i
Wood*CWood+Ei

Prop*CProp+Ei
Elec*CElec

}

(1)  

GHGi
op =min

{
Ei
Wood *GHGWood +Ei

Prop *GHGProp +Ei
Elec *GHGElec

}
(2)  
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where, C refers to the unit cost, shown in Tables 2 and 3, of the various 
resourcesm, as defined by equations (3) and (4), and energiesE, as 
defined by equations (5)–(8). Meanwhile,GHG represents the emissions 
factor of each energy source listed in Table 2. The consumption of each 
energy source or material resource is governed by the monthly demand, 
Load; such as heating, cooling, humidification, dehumidification, water 
supply, light use, or carbon dioxide supplementation, denoted with the 
subscripts Heat, Cool, H, DH, H2O, Lights, and CO2, respectively. 

mi
CO2

= LoadiCO2
(ACHi) (3)  

mi
H2O =LoadiH2O,Hydroponics + LoadiH2O,Cold + LoadiH2O,Hot (4)  

Ei
Wood =

Wi*LoadiHeat(ACHi)

80%
(5)  

Ei
Prop =

Pi*LoadiHeat(ACHi)

80%
+
LoadiH2O,Hot

92%
(6)  

Ei
Elec =

LoadDH(ACHi)

2.9L/kWh
+
LoadH(ACHi)

1.2L/kWh
+ Ei

GSHP + LoadLights − Ei
PV (7)  

Ei
GSHP =

Gi∗LoadiHeat(ACHi)

COP
+
LoadiCool(ACHi)

EER
(8) 

As described earlier, some of these demands are dependent on the 
fresh air change rate, marked with ACHi above. In addition, the three 
operating fractions of the heating systems (P = propane furnace, W =
cordwood boiler, G = ground source heat pump in heating mode) 
distribute the heating requirement between the three systems. Together, 
these four parameters make up the decision variable x, defined by 
Equation (9), and subject to the constraint conditions shown in Equa-
tions 10–14. 

xi =(ACHi,Pi,Wi,Gi)
T (9)  

0.1 < ACHi < 7 (10)  

Table 1 
Devices included in the HRES for the case study building.  

Device Fuel Type Function Efficiency Capacity System Capital Cost, CAD$ 

Boiler Cordwood Space Heating 80% 44 kW $ 7000 
Furnace Propane Space Heating 80% 35 kW $ 0 (Existing) 
GSHP (w/ground loop heat exchanger) Electricity Space Heating COP = 4.0 16 kW $ 45,800 

Space Cooling EER = 13.7 23 kW 
Dehumidifier Electricity Dehumidification 2.9 L/kWh 30 L/h $ 55,440 
Humidifier Electricity Humidification 1.2 L/kWh 30 L/h $ 3830 
Water Heater Propane Water Heating 92% 17 kW $ 0 (Existing) 
Solar Photovoltaics Electricity Generation Standard Module, Fixed Array, 20◦ tilt 60 kW DC $ 132,600 [56] 
Hydroponics Electricity Lettuce Farming N/A 8440 kgs per year $ 116,200  

Fig. 2. Layout of the Hybrid Renewable Energy System (HRES) in the case study.  

Table 2 
Prices and emissions factors of fuel options used in the case study building.  

Fuel Option Emission factor gCO2e/kWh Fuel Cost, $/kWh 

Cord Wood 2.33 0.031 
Propane 220 0.127 
Electricity 784 0.180  

Table 3 
Prices of material resources used in the case study building.  

Fuel Option Fixed Monthly Fee ($/mo) Variable Cost, $/unit 

Water Supply $ 34.87 1.61$/m3 [67] 
CO2 Supply – 0.77 $/kg [66]  
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0 < Pi < Pmax(ACHi) (11)  

0 < Wi < Wmax(ACHi) (12)  

0 < Gi < Gmax(ACHi) (13)  

Pi +Wi + Gi = 1 (14) 

Constraint (10) ensures that the rate of fresh air change in the hy-
droponics space was limited by the minimum required ventilation 
flowrate for enclosed plant factories [42], and the maximum air change 
rate achievable for each month. Similarly, as shown in Equations 11–13, 
the operating fractions of the heating systems represented a fraction of 
the monthly heating load. However, these were constrained by the 
maximum, max, operational capacity, as defined by the monthly loads at 
a specific ventilation rate; they are variable based on the value of ACHi. 
And, Pi, Wi, and Gi must add up to a value of one, such that the heating 
load in Equation (14) is satisfied. 

For this problem, the algorithm configuration was defined by a 
population size of 100, a crossover fraction of 0.8, a Pareto fraction of 
0.35, and a convergence function tolerance of 1e-4. Additionally, Excel 
was the software of choice to serve as the modelling function file, which 
was opened as a server within the MATLAB script outlined in Fig. 1. 

3.4. Comparison with traditional import 

3.4.1. Life cycle cost 
The selection of costs to consider for life cycle cost (LCC) was taken 

from chapter 11 of the ASHRAE textbook [68]. The capital cost 
component of the analysis evaluated the sum of the costs of the indi-
vidual units of the systems shown in Table 2. The capital cost of the 
GSHP system included only the main unit and the ground heat 
exchanger loop, based on common construction cost of 38 $/meter of 
bore length [54]. Additionally, the building already contained a propane 
furnace and a water heater, so these were not proposed as retrofit op-
tions. The boiler, humidifier, and dehumidifier were priced based on the 
manufacturers’ suggested retail prices. The service lifetime analyzed 
was chosen to be 20 years, based on the average lifetime of many of the 
devices listed, as was seen in the literature [68]. A discounted cash flow 
analysis was performed to estimate the life cycle cost over the time 
period. A real discount rate of 4% was used to estimate the cost in 2020 
dollars as per other cases found in the literature [69–71]. 

Annual operating costs were comprised of the total monthly oper-
ating costs from energy and resource consumption, as determined by the 
optimization procedure. Labour was estimated as $20 per hour, based on 
data for a typical Albertan farmer’s wage [72], for two part-time 
workers doing a total of 16 h per week, for 50 weeks per year. More 
specifically, this labour was broken down into seed germination (2 h), 
transplanting seedlings into towers (6 h), harvesting (6 h), and routine 
maintenance (2 h). Hourly breakdown was averaged over a three-week 
growth cycle based on the system size as defined by the number of 
towers. Maintenance of the HRES was estimated as a 1% factor of the 
capital cost of the systems, an estimation method found in the literature 
[73–75]. Any other costs were excluded, and it was assumed that no 
profit was made from the operation. 

3.4.2. Food-miles 
For this case study, it was assumed that the point of origin is Napa, 

California, from which a 2780 km trip by road was taken to Fort 
McMurray by truck [76]. Since Fort Chipewyan has limited road access 
during warmer months of the year [77], it was assumed that from Fort 
McMurray the trip was completed by airfreight over a straight-lined 
distance of 222 km [78]. The trucking distance also included the 6 km 
from the regional Fort Chipewyan airport to the town centre. The 
emissions factors for combustion of fuel during transport by truck and 
airplane were taken as 0.25 ± 0.010 kg/tonne-km and 1.18 ± 0.0795 

kg/tonne-km [22], respectively. Due to the emphasis on transport by 
road, the emissions factor for fuel combustion in trucks included emis-
sions from energy used for refrigeration, including inefficiency due to 
refrigerant leakage of 15%, as found in the literature [79]. 

4. Results and discussion 

4.1. Design loads 

Design load calculations for heating, cooling, dehumidification, and 
humidification are shown in Table 4. Comparing the required capacities 
suggested that the combination of all heating equipment could satisfy 
this worst-case load. Similarly, the GSHP, humidifier, and dehumidifier 
have sufficient full-load capacities to satisfy their respective loads. 

4.2. Optimization 

Table 5 shows the specific optimal values selected after the optimi-
zation process for each month. An example of the Pareto front of the 
objective space and the final hybrid function results is shown in Fig. 3 for 
January; points identified with the ‘Gen’ label refer to solutions iden-
tified in the main genetic algorithm and points marked with the blue 
diamonds refer to the final solutions determined by the secondary 
solver. It is important to note that while the algorithm had generated 
more than one unique numerical solution for many months, due to the 
software’s extremely small numerical scale, these points can be observed 
to be clustered around a relatively narrow range of values. In practi-
cality, these correspond to one general solution with some small range of 
uncertainty due to rounding error. As such, the error bars seen in 
Figs. 4–7 represent maximum and minimum values due to rounding 
error in air change (ACH) value from optimization procedure. 

At first glance, it is evident that ventilation flowrates (ACH) have 
been set much lower than what was used for design load sizing and the 
maximum values on the operational constraints were one for all months 
except for January–March and November–December for the GSHP, 
which were still mostly constraint-free because only the GSHP was 
limited to capacities close to 0.6. Since the actual operating conditions 
draw much lower heating demands, the selected systems do not need to 
operate in conjunction to meet the worst-case loads; each system can be 
used independently without limitations to fulfil the demands. Therefore, 
it is immediately evident that the heating system designated for backup, 
the propane furnace, was never necessary since the cordwood boiler 
could always handle the heating demand. 

In the wintertime, between months 1–3 and 9–12, ventilation flow-
rate was relatively low and experienced a steady increase as the months 
got warmer. This could be attributed to heating energy demand (Fig. 4) 
as a potential limitation for minimizing cost and emissions, especially 
since the low amount of solar PV generation (Fig. 5) does not allow for a 
significant contribution from the GSHP, which would otherwise provide 
emissions-free and inexpensive heat. As a result, the entirety of the 
heating demand was transferred to the cordwood boiler because it was 
less emitting and cheaper than the furnace and the grid imported elec-
tricity required to run the heat pump; a phenomenon that has been 
found to apply electric space heating systems in certain Canadian re-
gions [80]. On the other hand, the dry outdoor air in winter, brought in 
at these moderate flowrates, caused an appropriate moisture removal 
from the plants, leading to reduced additional humidity control. 

Optimal values for ventilation flowrate appear to peak for the spring 
months (4–6). Due to the excess of solar PV generation, the GSHP could 
be used for both heating and cooling. Plus, additional imported 

Table 4 
Design loads of the case study building.  

Heating Cooling Humidification Dehumidification 

87 kW 20 kW 26.8 L/h 27.8 L/h  
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electricity was not needed for humidity control either. So, the ventila-
tion flowrate peaked to prioritize natural CO2 supply in May. As a result, 
the humidity control systems were forced to operate more to control the 
humidity of the greater amount of incoming outdoor air, as seen in 
Fig. 5. 

During the summer months (7–8), the heating system operating 
fractions appear to have continued their trend of prioritizing the GSHP 
versus the boiler. However, given the fact that the heating loads were 
virtually non-existent, this ultimately, did not matter. Instead, electricity 
consumption by the heat pump increased due to the need for cooling 

during this time. However, cooling was less of a priority as compared to 
dehumidification, as evident by the fact that the ACH values experienced 
a noticeable decrease during this time, and the fact that electricity usage 
for dehumidification is at its maximum for the late summer months. This 
would suggest that the dehumidification system performance out-
weighed the natural CO2 supply and cooling system electricity con-
sumption because of greater electricity consumption for 
dehumidification of warmer, more humid outdoor air being introduced. 
(Fig. 5). As a result, the summertime months that were most ideal for 
taking advantage of ambient outdoor CO2; due to minimal heating loss 
from larger ventilation were instead the most reliant on supplemental 
CO2 supply. 

These behaviours ultimately influenced the monthly cost distribu-
tion, shown in Fig. 6. Most notably, it is evident how greater solar PV 
generation during early summer months aided in reducing the import of 
grid electricity. Especially in April–June, the facility operated with net- 
zero grid electricity consumption. However, Fig. 5 also shows that 
lighting electricity usage was the most limiting factor, which could not 
be affected in this study. Since this facility is almost entirely opaque, 
increased summertime solar activity could not be used to reduce lighting 
electricity consumption. Furthermore, this design strategy would most 
surely affect energy consumption for heating during winter months, 
which are already the costliest months to operate the facility. Regard-
less, the electricity usage for humidity control is the highest monthly 
expense, which explains why the optimization procedures developed an 
operational strategy that varied so widely; as seen with the variation in 
ventilation flowrate, throughout the year in an attempt to utilize as 
much onsite PV generation and reduce electricity consumption for this 
process. Similarly, this trend is repeated in Fig. 7, which showcases the 
breakdown of monthly GHG emissions. Once again, the electricity 
import was by far the largest emitting component. The presence of onsite 
solar PV generation in combination with a variable operational strategy 
made a significant reduction of GHG emissions due to the import of grid 
electricity during the summertime. As such, the cost and emissions for a 
full annual cycle were found to be $ 9393 ± 8 and 24,099 ± 30 kg CO2e, 
respectively. 

4.3. Life cycle cost 

The life cycle cost of the proposed hydroponics facility is presented in 
Fig. 8. Error bars for the proposed case represent maximum and mini-
mum values due to rounding error in air change (ACH) value from 
optimization procedure. Meanwhile, error bars for the existing case 
represent price variation across 2018–2019. 

Since the optimization results showed that the furnace was not used, 
it had zero maintenance costs. And most importantly, since it was 
already existing, there was no loss of capital. To be fair, it could have 
potentially been resold or salvaged, but this was not considered in this 
study. As a result, the life cycle cost of the hybrid renewable energy 
system over a 20-year lifetime, including the hydroponics package, 

Table 5 
Optimization results of the HRES for the case study building.  

Month ACH (1/h) F W GH 

1 2.79 0.00 1.00 0.00 
2 2.86 0.00 1.00 0.00 
3 2.93 0.00 1.00 0.00 
4 3.41 0.00 0.39 0.61 
5 7.00 0.00 0.00 1.00 
6 5.24 0.00 0.00 1.00 
7 4.81 0.00 0.00 1.00 
8 3.89 0.00 0.00 1.00 
9 5.92 0.00 1.00 0.00 
10 4.22 0.00 1.00 0.00 
11 3.09 0.00 1.00 0.00 
12 2.85 0.00 1.00 0.00  

Fig. 3. Pareto plot and generation plot of the optimization procedure of the 
operation of the case study facility for January. 

Fig. 4. Monthly heating and cooling thermal energy transfer requirements for the case study facility with the optimized HRES.  
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labour, maintenance, and operating resource and energy expenses came 
out to $ 755,259 ± 110, in present 2020 value. Based on the production 
cycle of three weeks, which yields 2.5 kg per vertical hydroponic tower, 
the entire system of 240 towers operating for 50 weeks per year was 
estimated to produce 8440 kg of Romaine lettuce (Table 1), and 
168,820 kgs over the 20-year period. The unit cost of lettuce produced 
from this facility was therefore 4.47 ± 0.01 $/kg. 

The local existing price of lettuce in the community was estimated as 
5.86 ± 0.29 $/kg. No direct data were available for Fort Chipewyan, so it 
was based on data extrapolated for the closest city of Fort McMurray and 
taking into account the costs in Alberta’s capital of Edmonton; approx-
imately 4.28 ± 0.41 $/kg [81,82]. Comparing these two results, suggests 
that the proposed facility retrofit is competitive and could serve as a 
viable alternative to existing food prices caused by the long and limited 
supply chains. Although, the savings are not tremendous, it is important 
to remember that this alternate method would also provide lettuce of 
better quality since it does not have to endure a long transport stage. A 

Fig. 5. Monthly electricity requirements and solar PV generation breakdown for the case study facility with the optimized HRES.  

Fig. 6. Monthly cost breakdown for the case study facility with the optimized HRES.  

Fig. 7. Monthly GHG emissions breakdown for the case study facility with the optimized HRES.  

Fig. 8. Life cycle cost breakdown for the case study facility with the opti-
mized HRES. 
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closer look at the breakdown of costs, shown in Fig. 8, reveals that most 
of the expenses were attributed to the capital and labour costs. Although 
initial investment is relatively high, there is tremendous benefit from the 
operation of the optimized HRES; as witnessed by the reduced electricity 
and propane consumption, due to the solar PV onsite generation and the 
biomass boiler. This is especially important since fuel prices will 
continue to rise with carbon taxation. Moreover, Canada’s north con-
tains other communities that experience worse prices for vegetables, 
such as Kugaaruk (9.32 $/kg), Baker Lake (11.38 $/kg), Coral Harbour 
(8.52 $/kg), and Grise Fiord (7.97 $/kg) located in the territory of 
Nunavut [83], with which this type of facility could compete on an even 
greater scale. 

4.4. Food-miles assessment 

To deliver an annual equivalent quantity of lettuce (8440 kgs) to Fort 
Chipewyan from a traditional production location in southern USA, a 
total GHG emissions quantity of 8180 ± 285 kg CO2e would be produced 
during fuel combustion for transport. Meanwhile, local production in 
the facility would result in 24,099 ± 30 kgs CO2e due to fuel and energy 
use. More specifically, GHG emissions per unit of lettuce were approx-
imately three times higher for local production than through import; 
2.86 ± 0.004 kgs CO2e/kg hydroponic lettuce and 0.97 ± 0.034 kgs 
CO2e/kg imported lettuce. Therefore, despite the investment in renew-
able energy technologies for the retrofitted facility, this form of local 
production is not an environmentally friendly alternative to traditional 
transport and would fail at displacing current transport emissions. As 
mentioned previously, this can be attributed to the tremendous emis-
sions from local electricity consumption. Despite the fact that the onsite 
solar PV array helped to reduce imported electricity, as seen during the 
summer months, there was still a significant reliance on wintertime grid 
electricity for powering lighting and equipment, and given that current 
Fort Chipewyan electricity is reliant on diesel combustion, as are most of 
Canada’s remote communities [84], this contributed to many GHG 
emissions. 

4.5. A note about Fort Chipewyan 

Given that this is an indigenous community, which lives under 
conditions that can be traced back to colonization, there are additional 
qualitative factors at play in this case that would require special treat-
ment but are outside of the quantitative assessment presented here. A 
recently proposed and currently undergoing federally funded construc-
tion project aims to improve the local electric grid by imbuing it with a 
25% renewable electricity mix from a 2.2 MWh solar PV and storage 
array [85]. This would mean that a reliable, low-maintenance 
displacement of diesel-fired electricity could reduce the cost and emis-
sions of power without the need for the local solar array modelled here. 
Similarly, there is the possibility of cordwood having much lower cost 
due to the logistics of the community’s access to land and resources. The 
reliance on locally available fuels and resources can be beneficial in 
securing autonomy and community empowerment, which are concepts 
that ultimately lie outside of the authors’ expertise. 

5. Limitations 

The analysis of the case study was simplified in several ways. 
Although care was taken to account for all climatic effects, wind speed 
and solar irradiance on opaque surfaces were neglected. During the 
design of the HRES, distribution equipment, such as ductwork, fans, 
pumps, CO2 injection, sensors, and other equipment required for 
adequate climate control, were not within the scope of the analysis. For 
the modelling of the HRES on an annual operating basis, the emissions 
estimation was simplified by only considering GHG emissions expressed 
as equivalent CO2 emissions. As such, biomass combustion was modelled 
under the assumption that it is carbon neutral when wood is regrown 

sustainably [59,86,87]. However, if a more thorough environmental 
impact assessment was performed, which was not within the scope of the 
study, land-use change and deforestation effects, as well as particle 
matter (PM) and volatile organic compound (VOC) emissions would be 
considered [88]. Other factors excluded in the environmental analysis 
were packaging and waste, disposal of the system, and transport of fuel 
and resources. In other words, since this analysis was not a full life-cycle 
assessment (LCA), many stages of the whole production process were 
neglected. The same was true for the traditional production case in the 
southern USA; the use of fertilizer or pesticides and machinery were not 
considered. Although, refrigerant leakage was considered for the effect 
of transport emissions, the actual environmental impact from refrigerant 
leakage was excluded because only combustion emissions were 
considered. For the financial analysis, any insurance, administrative, or 
disposal costs were not considered, and sensitivity analysis on any life 
cycle cost components was excluded from the scope. Export of electricity 
was not modelled, since there was no certainty that a net-metered 
connection would be realistic in this case. Plus, a monthly time basis 
was not detailed enough to accurately model the generation versus de-
mand relationship anyway. Therefore, the analysis was limited to the 
case of ‘net-zero’ performance. Lastly, any wastewater fees were 
excluded as it was assumed that the water drainage from the hydro-
ponics system was captured and reused in the community for local 
composting or outdoor plot farms. 

6. Conclusion 

Given the harsh conditions of northern climates, year-round horti-
culture can only be achieved with adequate environment control in 
enclosed spaces. This study has presented a detailed design and opti-
mization protocol for retrofitting light industrial buildings in northern 
Canada with renewable energy-assisted hydroponics systems. Heating, 
cooling, humidity control, and sufficient levels of airborne carbon are all 
critical factors that must be accounted for during the design of the 
retrofit operation. Furthermore, once the requirements are determined, 
it is beneficial to explore renewable energy options to aim for sustain-
able operation and chosen systems must be sized according to appro-
priate design load evaluation procedures using in the building science 
industry. Depending on how complex the final system arrangement is, 
the operational strategy may not be trivial and therefore, optimization 
by way of numerical methods could be necessary. Regardless, the pro-
posed retrofitted facility should be compared with traditional food 
production methods in terms of finances and environmental impact to 
determine feasibility. Conversely, it is essential to remember that this 
quantitative assessment does not have a capability to capture the 
decision-making values associated with the historical exploitation of 
northern communities due to colonization. 

This procedure was performed on a 270 m2 case study building in 
Fort Chipewyan, Alberta. A hybrid renewable energy system consisting 
of a ground-source heat pump, biomass boiler, propane furnace, solar 
photovoltaic array, humidifier, dehumidifier, water heater, and an 
exhaust fan was proposed for the building. As such, this study included 
the demonstration of the use of a genetic algorithm coupled with a goal 
attainment solver to optimize a multi-objective problem. In this case, the 
objectives were operating costs and greenhouse gas emissions, which 
were selected to ensure that the lettuce produced from the indoor 
commercial farm would be a viable alternative to traditional lettuce 
import. For economic analysis, life cycle cost was an adequate assess-
ment that considered lifetime expenses and food production quantity 
and was compared with existing prices for the same food type. An 
environmental impact assessment was limited to an import displace-
ment analysis that compared operating facility emissions against the 
transport of an equivalent quantity of food. It was found that although 
the optimized hybrid renewable energy system has the potential to 
improve annual operating performance, this specific facility design is 
only feasible in the realm of cost savings for its proposed function, with 
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an average lettuce cost of 4.47 ± 0.01 $/kg from the proposed facility. 
Meanwhile, the existing price of the crop, available in the local store, 
was estimated as 5.86 ± 0.29 $/kg, which would make local production 
in the facility a competitive alternative. However, its emissions perfor-
mance is unfavourable due to an excessively high reliance on imported, 
diesel-generated electricity. The facility would result in 2.86 ± 0.004 kg 
of CO2e per kilogram of lettuce produced, as compared with 0.97 ±
0.034 kg of CO2e per kilogram of imported lettuce, which would effec-
tively triple the amount of greenhouse gases emitted by local produc-
tion. Regardless, this protocol has proved to be a useful method of 
planning retrofit projects in northern Canada that experience food 
supply chain disruptions, especially those brought on by the current 
state of COVID-19. 
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