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Figure 7 – Schematic Layout of Investigated Systems  

A Type 534 vertical storage tank is utilized with a volume of 200 m
3
. The tank height to diameter ratio is ~1:1 and 

five horizontal nodes were used to model thermal stratification within the tank. Hot water at the design temperature 

must be available at the top of the tank to heat the greenhouse and cooler water must be present at the bottom of the 

tank to feed the collector system. Due to the potential for freezing conditions, a 50% propylene-glycol to water 

solution is utilized for the solar collector (source) loop with a specific heat capacity of 3.6 kJ/kg·ºC at 40 °C [32]. 

On the load side of the heat exchanger, water is drawn from the bottom of the tank and returned to the top. A Type 

91 constant effectiveness heat exchanger is utilized between the source and load loops, with efficiency set to 0.8. 

The solar collector load and source pumps, P3 and P4, respectively, are turned on when the temperature difference 

between the collector outlet and bottom of the tank reaches 12 ºC and are turned off when the difference becomes 

less than 4 ºC. This promotes thermal stratification in the storage tank. The flow rate through the solar collectors is 

set at 12.5 kg/hr·m
2 
and is increased to 25 kg/hr·m

2
 if the temperature rise across the solar collectors exceeds 15 ºC. 

The flow rate on the load side of the heat exchanger is set to achieve the same effective capacitance. 

Pump P2 is utilized for the transfer of energy between the storage tank and the BTES system. Heat injection into the 

bore field occurs when the temperature difference between the upper portion of the tank and the average ground 

temperature exceeds 7 ºC and no greenhouse heating load is present. Heat extraction from the bore field occurs 

when the tank temperature drops below 52 ºC and continues until a temperature of 56 ºC is reached. The mass flow 

rate for the BTES was chosen to be within the range of flow observed in the solar collector loop and greenhouse, 

and was set at 12.5 kg/hr·m
2
 of collector area.  

2.2.5 System Controls – Low-Temperature 

The low-temperature system operates in generally the same structure as the high-temperature system. Storage tank 

size is reduced to 100 m
3
. The main difference is that the greenhouse heating loop is a closed system and a heat 
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pump is utilized to increase the fluid temperature, as shown in Figure 7.  The system is designed for entering and 

leaving temperatures from the greenhouse of 45 and 40 ºC, respectively. The coefficient of performance (COP) is an 

important factor for heat pump operation and can be defined as follows: 

COP = Qheat  (6) 

          Qinput 

 

Where: 

 

Qheat  = Useful heat delivered (kJ/hr) 

Qinput = Input energy required (kJ/hr) 

 

As the COP increases, the required energy to run the heat pump decreases for the same amount of provided useful 

heat. For heat pump selection to meet the design load, four 52.8 kW (15 Ton) water-to-water heat pumps connected 

in parallel were utilized. The heat pump performance at various flow rates and fluid temperatures was entered into 

the Type 927 component based on manufacturer results [33].The source and load side flow rates were set to 2.4 and 

3.2 L/min·kW, respectively, as per manufacturer specifications. The number of heat pumps in operation, as well as 

the load and source flow rates, is set to vary with the heating demand. With an inlet source temperature of 10 ºC, the 

heat pump has a rated coefficient of performance of 3.3 [33].    

Solar collector controls were the same as those used for the high-temperature system. Heat extraction from the bore 

field occurs when the tank temperature drops below 12 ºC and continues until a temperature of 16 ºC is reached. The 

mass flow rate for the BTES was chosen to be within the range of flow observed in the solar collector loop and 

greenhouse. The rate was set at 25 kg/hr·m
2
 of collector area during charging and 50 kg/hr·m

2
 during discharging. 

2.2.6 Pump Power 

Required power for each of the circulating pumps was estimated based on flow rate and anticipated pressure drop 

across the respective system. Variable speed pumps were utilized in all cases. At maximum flow conditions for the 

low and high-temperature systems, respectively, the following were utilized; P1: 12 kW, 10 kW; P2: 8kW; P3: 1.5 

Kw; P4: 7.5 kW, 24 kW, P5: 9 kW. 

  

3.0 Results  

3.1 System Operation 

Simulations were initiated on April 1
st
 and run over a 4 year period to allow the BTES system to reach its operating 

capacity. 6 minute simulation time steps were utilized. Initial estimates were made for size of the solar collector 

system and number, depth and spacing of boreholes for the BTES, followed by numerous iterations. Results of these 

iterations are discussed in Section 3.2. The systems in this section were chosen based on a design heating fraction of 

65%. The low and high-temperature systems had 861 m
2
 and 2,009 m

2
 of

 
solar collectors, respectively. A BTES 
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system of 120 boreholes to a depth of 30m was determined suitable for both systems. A borehole spacing of 2.5 m 

was chosen for the high-temperature system, resulting in a soil volume of 19,500 m
3
, and a spacing of 3 m was 

chosen for the low-temperature system, resulting in a soil volume of 28,000 m
3
. 

Average ground temperature for both the high and low-temperature systems over the simulation period are shown in 

Figure 8. In year 4 the average temperature peaks at over 60 °C in mid-September for the high-temperature system. 

This leads to temperatures at the ground heat exchanger outlet of between 58 and 45 °C over the winter months for 

replenishing the storage tank. The low-temperature system peaks at a temperature of about 25 °C. The minimum 

ground temperature is dictated by the return temperature from the load, which is approximately 40°C and 10 °C for 

the high and low temperature systems, respectively.  

 

Figure 8 – Average Ground Temperature for High and Low-Temperature Systems  

 

Figure 9 shows the collector and storage tank operating temperatures for a typical day during the summer months. 

When the solar collector pumps are off the collector inlet and outlet temperatures are equal. As can be seen the 

desired temperature rise across the solar collectors of 15 °C when in operation is generally achieved. The low-

temperature system is able to operate for a longer portion of the day due to the lower storage tank temperature and 

ability to meet the required temperature difference between the tank and collector outlet. This in turn increases the 

efficiency of the collector system. After sunset, the temperature decrease in the upper portion of the tank can be seen 

as the water is circulated through the BTES system for heat injection.     

Figure 10 shows the collector and storage tank operating temperatures for a typical day in November. Based on the 

collector inlet and outlet temperatures, it can be observed that very little solar energy is harvested. The temperature 

in the upper portion of the storage tank for both systems is observed to increase when the temperature falls below 

the set-point temperature and is occurring when no solar energy is being harvested. This shows that the controls are 

working properly as energy is extracted from the BTES system, making hot water available for heating the 
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greenhouse. The upper tank temperature can also be seen decreasing in the hours prior to sunrise as hot water is 

extracted for morning pre-heating.   

 

 

Figure 9 – Collector and Buffer Storage Tank Temperatures – Beginning June 20
th

 at midnight   

a) High-Temperature b) Low-Temperature  
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Figure 10 – Collector and Buffer Storage Tank Temperatures – Beginning November 28
th

 at midnight   

a) High-Temperature b) Low-Temperature  

 

Heat supplied to the greenhouse and auxiliary heating required are shown in Figure 11. Collector useful energy gain, 

energy transfer to the BTES system and BTES losses are presented in Figure 12. Energy injected into the BTES 

system is shown as a positive value and energy extracted as a negative value. It has been assumed a natural gas fired 

boiler would supply the required auxiliary heat. The low-temperature system provides a consistent heat supply 

throughout the winter season with use of the heat pump, which was able to achieve the rated COP of about 3.3. In 

contrast, heating supplied by the high-temperature system decreases throughout the winter months as the return 

-10

0

10

20

30

40

50

60
Te

m
p

e
ra

tu
re

 (
°C

) 

Hour of Day 

High-Temperature 

Collector_In

Collector_Out

Tank_Top

Tank_Bottom

-10

0

10

20

30

40

50

60

Te
m

p
e

ra
tu

re
 (

°C
) 

Hour of Day 

Low-Temperature 

Collector_In

Collector_Out

Tank_Top

Tank_Bottom



 

55 
 

temperature from the bore field decreases, along with the average ground temperature. The high-temperature system 

is able to supply in excess of 720 MJ/hr heating power at times when the buffer tank temperature exceeds 50 °C, 

which occurs regularly during the summer and shoulder seasons. This can be seen in the months of October and 

November where the high-temperature system is able to cover almost the entire heating load. Each of these systems 

was able to cover approximately 64% of the annual heating demand of the greenhouse. It can be observed in Figure 

12 that the high-temperature system has considerably greater losses from the BTES system. 

Table 1 shows performance results for both systems during the 4
th

 year of operation. It can be seen that the solar 

collector efficiency of the low-temperature system far exceeds that of the high-temperature system. This is due to 

the lower storage tank temperature. The collector efficiency and total electricity consumption of 154 GJ for the high 

temperature system are in relatively good agreement with performance results from a comparable system [34], 

where a collector efficiency of 0.34 was reported and annual electricity use was 173 GJ.  The solar fraction 

presented in Table 1 is defined by: 

Solar Fraction = (% Heating Supplied * Total Annual Demand (GJ) )- Electricity Use (GJ) (7)  

                      Total Annual Demand (GJ) 

 

     

Figure 11 – Heating Supplied and Required Auxiliary Heat   

a) High-Temperature b) Low-Temperature  

 

 

 

Table 1 – System Performance Results  

 High-Temperature Low-Temperature 

Collector Area (m
2
) 2,009 861 

BTES Volume (m
3
) 19,500 28,000 

Heating Supplied (%) 0.64 0.64 

COPsystem 21.7 2.9 

Electricity Use (GJ) 154 1,179 

Solar Collector Efficiency (%) 0.38 0.58 

BTES Efficiency (%) 0.32 0.71 

Solar Fraction (%) 0.70 0.41 
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Figure 12 – Monthly Energy Transfer between System Components 

a) High-Temperature b) Low-Temperature  

 

3.2 BTES Performance 

Results of the iterative process to obtain a suitable number of boreholes are shown in Figure 13.  Overall system 

coefficient of performance is presented for the high-temperature system whereas heat pump average coefficient of 

performance during the month of January is presented for the low-temperature system. A decrease in the COP can 

be observed with increasing number of boreholes for the high-temperature system. This is due to lower ground 

temperatures as the injected energy is spread over a larger area, reducing the ability to extract energy from the BTES 

system. In contrast, the heat pump coefficient of performance during the month of January increases with the 

number of boreholes for the low-temperature system. A series of 120 boreholes was determined to be an optimum 
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value for the low-temperature system and was also selected for the high-temperature system for comparison 

purposes.   

 

Figure 13 –System Performance with Varying Number of Boreholes 

b) High-Temperature b) Low-Temperature  

 

An important consideration in a BTES system is the ratio of storage volume to surface area, which directly 

correlates to losses from the system. The efficiency of a seasonal storage system can be determined by the ratio of 

annual heat injected to heat extracted. For the high-temperature system during the 4
th

 year of operation, 

approximately 1,430 GJ of heat was injected and approximately 460 GJ was extracted, resulting in a BTES 

efficiency of about 32%. This value is in good agreement with performance results from an operating BTES system 

of similar size [34], where an efficiency of 0.36 was reported. BTES efficiency for borehole depths of 30, 40 and 50 

m were investigated for the high-temperature system and are shown in Figure 14. As can be seen an increase in 
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depth considering the same storage surface area lead to a decrease in efficiency. Although shallower boreholes are 

possible, a depth of 30m was chosen as a good balance between depth and required number of boreholes.     

Figure 15 shows the effect of varying solar collector area on BTES efficiency for the low-temperature system 

dimensions. It can be observed that the efficiency for the low-temperature system is far superior to that of the high-

temperature system. This is due to the lower temperature difference between the storage volume and the surrounding 

ground, which reduces heat loss. It should be noted that a suitable collector area and BTES dimensions are not based 

solely on BTES performance, but on a balance between this, heating demand and system cost. 

 

Figure 14 – BTES Efficiency, High-Temperature System 

 

Figure 15 – BTES Efficiency, Low-Temperature System 
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3.3 Levelized Cost of Electricity 

A good measure for comparison of overall system performance is the Levelized Cost of Electricity (LCOE). For the 

systems studied herein, the LCOE can be defined as: 

LCOE =       Total Cost over Lifetime of System   (8) 

            Total Energy Delivered over Lifetime of System 

 

Total Cost over Lifetime of System = CC + Σ
n

t=1 ( CMt + COt )   (9) 

              (1+r)
t
  

              

Total Energy Delivered over Lifetime of System = Σ
n
t=1  (   Et   )  (10) 

                                (1+r)
t
  

Where: 

n = Lifetime of System (Years) 

r = Discount Rate (%) 

CC =Capital Cost ($) 

CMt = Maintenance Cost in Year t ($) 

COt = Operational Cost in Year t ($) 

Et = Energy Delivered in Year t (GJ) 

 

A cost of $500/m
2
 installed solar collector has been utilized [35,36]. Borehole drilling and installation costs have 

been estimated at $125/m [35] and a heat pump cost of $710/kW has been utilized [37].  The lifetime of the system 

has been taken as 25 years with a discount rate of 5%. An electricity rate of $16.6/GJ ($0.06/kWh) has been utilized 

with an annual increase of 3%. Maintenance costs were assumed to be 1% of the capital cost per year.  

 

The estimated capital cost, annual costs during the first year of operation, and LCOE are presented in Table 2. The 

larger sized high-temperature system requires more capital but much lower operational costs. Overall, the low-

temperature system results in a lower LCOE by approximately 10%. It can be seen that maintenance also plays a 

significant role in annual costs for both systems. With maintenance costs reduced to 0.5% of the capital cost per 

year, the LCOE for the high and low-temperature systems was reduced to 34.0 and 31.3 $/GJ, respectively. It should 

be noted that cost for auxiliary heating has not been included. 

 

Table 2 – Estimated System Costs  

 High-Temperature Low-Temperature 

Solar Collectors ($) 1,004,500 430,500 

Bore Field ($) 450,000 450,000 

Heat Pump ($) - 150,000 

Total Capital Cost ($) 1,454,500 1,030,500 

Annual Operating ($) 2,600 19,650 

Annual Maintenance ($) 14,545 10,305 

Total Annual Cost ($) 17,145 29,955 

LCOE ($/GJ) 36.20 32.90 
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As mentioned previously, optimal system sizing is based on both system performance and economic evaluation. The 

systems described above were each able to meet approximately 64% of the annual demand. Figure 16 presents the 

percentage of annual heating demand covered and LCOE for differing solar collector areas. For each of these cases 

the other system parameters have been held constant. It can be seen that a minimum LCOE for the high-temperature 

system coincides with the chosen collector area. However, for the low-temperature system the minimum LCOE 

occurs at a smaller collector area of 718 m
2
. This results in an LCOE of 32.0 $/GJ, a reduction of about 3% from the 

base case, and the system is able to cover approximately 62% of the annual demand.   

 

 

Figure 16 – Percentage of Heating Covered and Levelized Cost of Electricity (LCOE) with Varying Collector Areas   

a) High-Temperature b) Low-Temperature  
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3.4 Sensitivity Analysis 

A sensitivity analysis was carried out on both the low and high-temperature systems to assess the stability of the 

model and relative influence of key parameters. Annual heating supplied by the system was used as a baseline. 

Figure 17 shows the results of the analysis. It can be observed that no parameter caused a change of greater than 2% 

in the annual heating supplied by the system. The high-temperature system showed greater variability where 

parameters of the borehole thermal energy storage system were altered. Changing the borehole spacing, soil heat 

capacity and insulation thickness resulted in absolute changes to the annual heating demand in the range of 0.7 to 

1.7%. Altering the same parameters for the low-temperature system resulted in changes in the range of only 0.1 to 

0.2%. This should be expected as the mean ground temperature is increased much more significantly in the high-

temperature system. The importance of an appropriately sized short-term storage tank is also revealed by the 

analysis, where a decreased tank size for the high-temperature system resulted in a decrease of about 1.8%. Overall, 

the model is observed to be stable over the parameters investigated and gives a satisfactory level of confidence in the 

results.  

 

Figure 17 – Sensitivity Analysis – Annual Heating Supplied by System   

(% Change from Baseline) 

 

 

4.0 Discussion  

There are many factors to take into consideration when assessing large-scale solar systems with seasonal thermal 

storage. Aside from economic considerations, there is a great difference in overall system coefficient of performance 

for the two systems. The high-temperature system requires minimal operational energy and is able to achieve a 

system COP of 21.7. The low-temperature system, on the other hand, is only able to achieve a system COP of 2.9. 
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Although this is greatly improved performance from a typical natural gas fired boiler, the energy burden has been 

moved from natural gas to electricity. In an effort to deploy clean energy technologies and minimize the use of 

carbon-based fuels, the overall environmental gain in terms of carbon emission reductions is then based on the 

electricity production methods in the region where the project is to be deployed.   

In Ontario, electricity production is 99% free of smog and greenhouse gas emissions [38]. This is in large part due to 

the coal power generation phase-out that was completed in 2014. In 2015, the province produced 280, 933 TJ 

(78,037 GWh) of electricity and 537,737 tonnes of CO2 equivalent (CO2e) emissions [38]. Emissions per unit of 

electricity produced can then be calculated at 0.0019 tonnes CO2e / GJ. Considering the systems presented in Section 

3.1, the low and high-temperature systems would produce approximately 2.2 and 0.3 tonnes of CO2e emissions / 

year, respectively, excluding auxiliary heating. As outlined in Section 2.1, the average annual natural gas usage is 

approximately 6,900 GJ/ 0.4 hectares. This equates to about 345 tonnes of CO2e emissions per year from the 

combustion of natural gas [39]. Considering electricity and natural gas usage for auxiliary heating, a system able to 

cover 64% of the annual load would result in an overall reduction of approximately 220 tonnes of CO2e emissions 

/0.4 hectares/year. 

The payback period for the described systems is highly dependent on the price of natural gas. Considering natural 

gas at a price of ~$5/GJ the annual cost would be about $34,500 / 0.4 hectares. Considering only energy costs for the 

low and high-temperature systems presented in Section 3.1, annual savings equate to approximately $2,400 and 

$19,500, respectively, including auxiliary heating using natural gas. Figures 18 through 20 present the simple 

payback period for both systems with varying natural gas price, carbon tax, and capital cost subsidy from 

government and/or energy provider. Ultimately, it will be a combination of these factors that lead to an 

economically viable installation. To achieve a payback period of less than 7 years, a 70% subsidy and carbon tax at 

~$200/Tonne of CO2e emissions would be required, with natural gas at a price of $5/GJ. With a natural gas price at 

$10/GJ, a 7 year payback period could be achieved with a 50% subsidy and carbon tax at ~$200/Tonne of CO2e 

emissions. It should be noted that the subsidy portion could also encompass capital costs less than those estimated 

herein.  

The systems descried in this paper were sized for a 0.4 hectare greenhouse operation. It is likely that an operator 

installing such a system would be interested in heating a much larger greenhouse area and further cost reductions 

could be realized due to economies of scale. This should be the focus of future research. Furthermore, there are 

many different system designs that could be viable aside from those presented herein. Greater optimization of 

system controls to increase thermal stratification in the storage tank and radial stratification in the BTES would 

improve system performance.    
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Figure 18 – Simple Payback Period with varying Carbon Tax (Natural Gas @ $5/GJ) 

 

Figure 19 – Simple Payback Period with varying Natural Gas Cost (Carbon Tax @ $60/Tonne CO2e) 

 

Figure 20 – Simple Payback Period with varying Capital Cost Subsidy  

(Natural Gas @ $5/GJ, Carbon Tax @ $60/Tonne CO2e) 
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5.0 Conclusion  

A techno-economic assessment has been presented for the design of large-scale solar collector systems with seasonal 

thermal energy storage for greenhouse applications. Both low and high-temperature systems have been explored for 

a 0.4 hectare greenhouse located in Southwestern Ontario, Canada. The following conclusions can be drawn: 

1) High and low-temperature systems consisting of 2,009 and 861 m
2 
solar collector area, respectively, were 

able to cover 64% of the annual heating demand of a greenhouse. An economic optimum for the low-

temperature system was determined to lie with a smaller system covering approximately 62% of the annual 

demand. The LCOE for the low and high-temperature systems was determined to be ~$32 /GJ and 

~$36/GJ, respectively. 

2) Solar collector and BTES efficiency for the low-temperature system were significantly higher than that of 

the high-temperature system, attributed to lower operating temperatures.   

3) Overall system COP for the high and low-temperature systems was 21.7 and 2.9, respectively. The 

difference can be attributed to heat pump electricity use in the low-temperature system. 

4) Heat pump operation provided a more consistent heating supply throughout the winter season, whereas the 

high-temperature supply decreased throughout the winter due to decreasing ground temperatures as heat 

was extracted.   

5) Compared to a typical natural gas fired boiler, the systems described herein can reduce CO2e emissions by 

~220 Tonnes / 0.4 hectares / Year. A payback period of ~7 years is achievable with a 70% subsidy and 

carbon tax at $200/Tonne of CO2e emissions.  
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CHAPTER V 

Conclusions and Recommendations 

 

1.0 Summary and Conclusions 

The need to reduce dependency on fossil fuels for heating purposes in the agricultural greenhouse sector and 

move towards a more sustainable energy supply is imminently necessary. The work presented herein has examined 

the potential of closed greenhouse systems and large-scale solar collector systems to reduce this dependency.  

The closed greenhouse system was presented in Chapter II. In this system, natural ventilation for cooling and 

dehumidification purposes is replaced with active systems and the thermal energy recovered can be stored for later 

use. This leads to an overall reduction in the annual energy usage for heating purposes, as well as providing the 

potential for improved crop productivity.  It was determined that the annual cooling demand is equal to or greater 

than the heating demand in each of the cold climates examined and a fully closed greenhouse is possible. The use of 

a high-insulating double glass cover material would likely be most suitable for a closed greenhouse system due to 

the significant reduction in annual heating demand and in turn the necessary seasonal storage capacity. It was also 

determined that heat recovery ventilation techniques have potential to reduce the heating demand during the fall, 

winter and spring seasons. A semi-closed greenhouse would allow the cooling capacity to be optimized at a much 

lower base cooling load.  

Chapter III assessed the potential of a large-scale solar collector system to cover the summer heating demand of 

a 0.4 hectare greenhouse. In order to avoid sudden changes in indoor temperature and ‘wake’ the crop, morning pre-

heating is utilized in greenhouses in the hours prior to sunrise year-round, regardless of the indoor temperature. This 

results in over 20% of the annual heating demand occurring during the months of May through September. It was 

determined that an array of 200 solar collectors with a total area of 575 m
2
 is able to cover 97% of the heating 

demand during the month of July and approximately 84% during the months of June and August. The system has the 

ability to reduce the annual heating energy demand by approximately 27% and by replacing natural gas usage 

correlates to a reduction in CO2 equivalent emissions of about 95 tonnes/ year. The useful energy harvested by the 

collector system can be maximized during the summer months by decreasing the slope of the collectors. After 

considering annual operational costs, the system was determined to have a simple payback period of about 34 years 

considering natural gas at a price of $5/GJ. With a carbon tax at a rate of $200/ tonne of CO2 equivalent emissions, 

the payback can be reduced to 10 years.  

Chapter IV simulated the performance of a large-scale solar collector system with seasonal thermal energy 

storage (STES). STES provides a solution to the mismatch between solar energy supply during the summer months 

and heating demand during the winter months. Both high and low-temperature storage systems were examined and 

their performance was compared. High and low-temperature systems consisting of 2,009 and 861 m
2 
solar collector 
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area, respectively, were able to cover 64% of the annual heating demand of a 0.4 hectare greenhouse. The optimum 

levelized cost of electricity (LCOE) for the high and low-temperature systems was determined to be ~$36 /GJ and 

~$32/GJ, respectively. The efficiency of both the solar collector system and borehole thermal energy storage 

(BTES) system were significantly higher for the low-temperature system, attributed to the lower operating 

temperatures.  Overall system COP for the low and high-temperature systems was determined to be 2.9 and 21.7, 

respectively. The difference can be attributed to heat pump electricity use in the low-temperature system. Compared 

to a typical natural gas fired boiler, the described systems can reduce CO2 equivalent emissions by ~220 Tonnes / 0.4 

hectares / Year. A payback period of ~7 years is achievable with a 70% subsidy and carbon tax at $200/Tonne of 

CO2e emissions.  

 

2.0 Recommendations 

The analyses and results presented herein are built on past research in the area and are meant to provide a 

stepping stone for future researchers. Ultimately, it will be a combination of factors that contribute to reducing the 

heating energy demand of greenhouses in a cold climate and the dependency on carbon-based fuels.  

The greenhouse heating demand is affected by many factors. Greenhouse cover material, age, maintenance 

practices, crop and sub-crop type, operational controls and weather all affect the heating demand and will vary 

annually. Thus, it is recommended that future work focus on the design of sustainable heating systems, their 

integration into existing operations, and the economic framework that will best promote their utilization. It was 

shown in both Chapters III and IV that in order for a carbon tax to legitimately assist in making such systems 

economically viable, the tax needs to be in the range of ~$200/ tonne CO2e emissions.  

Although the closed greenhouse system has the potential to significantly reduce heating demands, it constitutes 

a fundamental change in the way greenhouses are operated. Obtaining an annual crop yield that is consistent in both 

quantity and quality is of paramount importance to any greenhouse operation. It was observed throughout the 

research for this work that operational preferences vary between growers and are generally based on what has been 

done in past years and previous generations. Implementing active systems for cooling and dehumidification, as 

proposed in the closed greenhouse system, presents a significant change from typical practices and are not likely to 

be readily accepted by greenhouse operators. This has been observed over the past decade in the Netherlands where 

some dismiss the idea as being too far-fetched. Nonetheless, some aspects of the concept, such as high-insulating 

cover materials, present a straightforward way to reduce the demand without significant changes to the accepted 

operational methods. Future work should further assess the challenge of overheating during the summer months 

while using a high-insulating cover material.  

An economic optimum for a large-scale solar system likely lies with a combination of the systems presented 

herein. A suitable system is dependent on the specific goals of the operator; whether they are cost minimization, 

maximizing the solar fraction or simply implementing a system that is carbon-free. Calculating the levelized cost of 
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electricity for the 575 m
2
 collector system presented in Chapter III, covering the summer heating load, in the manner 

described in Chapter IV reveals a value of about $17.2/ GJ. This is approximately half of the $32-36/ GJ determined 

for the seasonal storage systems in Chapter IV. However, without some form of seasonal storage the solar collector 

system will only be able to cover significant portions of the demand during the summer months.  If a pilot project 

were to be implemented, a reasonable starting point would be a system without seasonal storage that could be 

expanded at a later time. This is due to the reasonably attractive payback period in comparison to the seasonal 

storage systems and much more straightforward operational controls. The practical knowledge gained from the 

installation would be very useful prior to incorporating the seasonal storage technology.   

It is anticipated that more attractive economic evaluations of the systems can be discovered when larger 

greenhouses are investigated, as economies of scale will play a larger role. This should be the focus of future work. 

Furthermore, more detailed optimization of the systems described herein should be carried out as well as exploring 

different system architecture and components. The low-temperature system described in Chapter IV could be 

realized with heat pumps connected in series to further increase the inlet water temperature to the greenhouse. A 

system involving a bypass to avoid the heat pumps could be useful during the summer months to take advantage of 

the higher short-term tank temperatures. Furthermore, different solar collector technology, such as evacuated tube 

collectors, should be explored for their suitability in the greenhouse environment.  
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APPENDIX A 

Permissions for Previously Published Works 

Chapter II: Assessing Heating and Cooling Demands of Closed Greenhouse Systems in a Cold Climate 
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Greenhouse Sector 
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Chapter IV: A Techno-Economic Analysis of Seasonal Thermal Energy Storage for Greenhouse Applications 
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