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Abstract

:

Greenhouses extend growing seasons in upper latitudes to provide fresh, healthy food. Costs associated with carbon-emission-intensive natural gas heating, however, limit greenhouse applications and scaling. One approach to reducing greenhouse heating costs is electrification by using waste heat from cryptocurrency miners. To probe this potential, a new quasi-steady state thermal model is developed to simulate the thermal interaction between a greenhouse and the environment, thereby estimating the heating and cooling demands of the greenhouse. A cryptocurrency mining system was experimentally evaluated for heating potential. Using these experimental values, the new thermal model was applied to the waste heat of the three cryptocurrency mining systems (1, 50, and 408 miners) for optimally sized greenhouses in six locations in Canada and the U.S.: Alberta, Ontario, Quebec, California, Texas, and New York. A comprehensive parametric study was then used to analyze the effect of various parameters (air exchange rate, planting area, lighting allowance factor, and photoperiod) on the thermal demands and optimal sizing of greenhouses. Using waste heat from cryptocurrency mining was found to be economically profitable to offset natural gas heating depending on the utility rates and Bitcoin value in a wide range of scenarios.
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1. Introduction


Our world is struggling with three threatening side effects of population growth. First, food security is one of the critical sustainability indices in a world with about 10% of the population suffering from hunger and 33% living without regular access to adequate food [1,2]. Addressing global famine by relying on conventional food supply policies and technologies will cause an escalation in two other detrimental consequences of population growth: lack of energy and climate destabilization. According to the 2019 Report of the FAO on Food Security and Agriculture [3], 30% of total global energy consumption is attributed to the food chains, which contributes to 19–29% of total annual global greenhouse gas (GHG) emissions and thus the concomitant global warming (13% is occupied by the agriculture [4]). Hence, employing more efficient food production strategies and technologies can contribute to confronting these three coupled challenges of global food, energy, and environmental crises.



One solution is to meet the food requirements of people living in upper latitudes to extend the growing seasons there to provide diversified fresh, healthy food. Greenhouses are a popular solution because the greenhouse (GH) enclosure allows the operators to manipulate and thus optimize the environment inside in which crops will grow, and the greenhouse protects crops from the harsh environment outside, making it feasible for farmers to harvest their desired plants and crops and/or extend the growing season [5]. On the other hand, greenhouses are major energy users (and, with the current energy mix, also major GHG emitters). For example, in the Netherlands, greenhouses accounted for 79% of energy consumption in the agricultural sector, even though they occupied only 0.5% of the agricultural lands [6]. Canada is one of the northern countries with cold climates, where the greenhouse industry is a major economic contributor providing 1.8 billion CAD in farm gate purchases and 1.4 billion CAD in exports in 2020 [7]. In these northern climates, however, greenhouse heating accounts for 10–35% of the total production costs attributed to the greenhouse [8]. Accordingly, efficient approaches must be taken into consideration for heating the greenhouses to mitigate energy use and GHG emissions while still enabling local food to be produced economically.



One approach to doing this is the use of industrial symbiosis, which is a well-known method to achieve more efficiency and sustainability in production. In this case, the agricultural operations (e.g., soil heating and thermal management of greenhouses and animal shelters) can benefit from the low-temperature waste thermal energy of industries [9]. Most of the available waste heat from global industry is not used. For example, in the U.S., about 75% of the primary energy supply is rejected into the ambient as low-grade waste thermal energy [10]. Therefore, waste heat represents an important opportunity for greenhouse thermal energy supply, especially in cold regions [11]. Furthermore, agricultural-industrial symbiosis encourages local farmers, investors, entrepreneurs, and political decision-makers to invest in the local production of crops, vegetables, and fruits, which will result in a significant reduction in costs related to importing these products [12]. Economics generally governs if an industrial symbiosis project is feasible.



The economic feasibility of waste heat recovery (WHR) strategies in greenhouses has been studied by many researchers [13,14,15,16,17]. Overall, it has been concluded that since heating costs represent a great portion of the overall costs of greenhouses, the WHR is beneficial for greenhouses, especially in winter months and/or for extreme northern climates. One of the fundamental limitations, however, to WHR for greenhouses is the co-location of the heat source. A limited number of studies have been carried out by scientists on the waste heat deployment of data centers (DCs) and server racks in greenhouse heating sectors [18,19,20,21]. This research is primarily case studies whose results cannot be generalized for a wide range of applications. Moreover, they have not implemented an economic analysis to determine the profitability of the DC–GH symbioses. The reliable experimental measurements applicable for all future studies, along with the comprehensive mathematical methodology for greenhouse modeling, have also not been carried out in any of these works. In contrast, all these gaps have been addressed in the present work. Furthermore, there are no studies in the literature on the application of cryptocurrency miners’ waste heat recovery for residential or greenhouse heating purposes.



Therefore, this study aims to fill these knowledge gaps. First, real-time experiments are conducted on cryptocurrency miners to determine their total waste heat dissipation capacity. Secondly, a quasi-steady state model is employed to simulate the thermal interaction between a greenhouse and the environment, thereby estimating the heating and cooling demands of the greenhouse. This model has been introduced by Ahamed et al. [8]; however, in this study, some enhancements have been made to the model:




	
The effect of CO2 supply furnaces has been ignored to propose a model for net-zero applications.



	
A more reliable supplementary lighting model has been introduced for the quasi-steady state approach.



	
Different greenhouse sizes (domestic, semi-commercial, and commercial) are developed considering only heat from miners of different operation sizes (an individual miner, a DIY mining container with 50 miners, and a commercial mining container with 408 miners).








This new model was then applied to the waste heat of the three cryptocurrency mining systems, contributing to optimally scaled greenhouses in six locations in Canada and the U.S.: Alberta, Ontario, Quebec, California, Texas, and New York. The economic profitability of these plans has also been evaluated by comparing the costs associated with the three mining systems and the costs of a conventional natural gas heating system. A comprehensive parametric study was then used to analyze the effect of various parameters (air exchange rate, planting area, lighting allowance factor, and photoperiod) on the thermal demands of greenhouses and, thus, their optimal sizing.




2. Background


This section will provide information on, first, the advantages of greenhouse applications of waste heat recovery (WHR) from the external industrial/residential/commercial sectors and, second, on the energy use in cryptocurrency mining.



2.1. Waste Heat Recovery Strategies Applied to Greenhouses


The technical feasibility of WHR strategies in greenhouses has been carefully studied. For example, Kozai [22] analyzed a greenhouse heated by hot water thermally enhanced through a heat pump, the engine’s jacket water, and the engine’s exhaust gases. About 70% of the waste heat energy of the engine could be recovered by this system. The recovered energy provided 25% of the greenhouse’s thermal demand. The remaining 75% was met by the heat pump. In another work conducted by Chinese et al. [23], the waste heat flow from a newly established waste-to-energy (WTE) plant in northeastern Italy was transported to a 6000 m2 greenhouse within a distance of 100 m from the plant. The cooling water of the condenser of the Rankine cycle-based power plant, operated by waste incineration, was directed to the greenhouse. Increasing the greenhouse surface led to an increase in the savings of fuel oil consumption rate under all ambient circumstances. Accordingly, the greenhouse gas emissions have been reduced compared to a case heated by traditional greenhouse heating technologies. Denzer et al. [11] conducted a case study on a 3-acre greenhouse heated with the available waste thermal energy of the Western Sugar Plant in Lovell, Wyoming, during the winter. This plant was discharging hot water at a temperature of 46 °C, and it could be cooled to 26.7 °C before it was discharged to the river. A water-to-air heat pump has been employed to meet the heating demands of the greenhouse. The feasibility analysis demonstrated that the amount of heat rejected from the Sugar Plant would be sufficient to supply the greenhouse. An artificial intelligence (AI) algorithm was employed to provide an infrastructure for communication, gathering data from sensors, etc., in order to model the temperature distribution of a greenhouse under the influence of a WHR system [24]. The residual thermal energy of power plants was managed to operate a solar-assisted heat pump, thereby meeting the heating demands of four 300 m2 greenhouses with different crops. As the result of implemented case study, the average energy consumption rate of four greenhouses has been reduced by 30.68% by applying the CHP (Combined Heat and Power) system. The waste heat recovery potential of a paddy straw bale combustor for a 100 m2 greenhouse in Ludhiana, India, was investigated through both CFD analysis and a conventional heat transfer model [25].



The economic viability of establishing a greenhouse operating with the waste heat of a flat glass manufacturing plant has been carried out by Andrews and Pearce [13]. Two natural gas and waste heat greenhouses were compared, considering their basic costs to be equal. A total of 5.3 MW out of 11.3 MW of flue gas was recoverable and considering a backup system for the greenhouse, a 3.9-acre greenhouse could be supplied by the waste heat of the manufacturing plant. The greenhouse yield was 735 tons of tomatoes, with an economic value of USD 1.3 million per year. In most cases, the net present value (NPV) of waste heat greenhouse was lower than the natural gas greenhouse, and, considering the natural gas burner as the required CO2 supplier, this difference became much greater. The feasibility analysis of power plant waste heat utilization in large-scale horticultural plants in three different areas of Korea has been carried out by Yu and Nam [16]. A waste heat recovery system composed of a heat pump, heat storage tank, and heat pipes was designed for each area. It was concluded that the waste energy of power plants is sufficient for the heating supply of each horticultural area so that about 7.4–20% of power plants’ reserved energy can afford the thermal demands of the areas. Additionally, from an economic aspect, using the WHR system instead of the diesel boiler resulted in an 83% reduction in annual operating costs. The energy–economic feasibility and environmental impacts of a project to establish a 1 ha greenhouse (for tomato and cucumber cultivation) supplied by the waste heat of the industrial unit of di-ammonium phosphate production have been studied by Fguiri et al. [17]. The results of this project were compared to a basic case in which natural gas meets the thermal need of the greenhouse. The NPV for the tomato greenhouse was calculated to be 1,127,327 DT (eq. USD 346,000) and 1,293,427 DT (eq. USD 397,000) for the cucumber greenhouse. This proposal could save 746 teq CO2 compared to the basic case. The technical and economic possibility of the utilization of waste heat from lignite-fired power plants in Greece has been assessed in order to propose an industrial-agricultural symbiosis [14]. The results showed that warm water use in the greenhouse was more economical than conventional fossil-fueled heating systems. The positive impacts of a CHP and CCHP (combined cooling, heating, and power) design on the thermal characteristics of greenhouses and their economic affordability have been evaluated by Tataraki et al. [15]. The study found that the CHP design had an economic advantage over the conventional natural gas boiler, and moreover, the energy-saving ratio was higher for tomatoes in northern locations.



Iddio et al. [26] show that 30% of the world’s produced food perishes in transit since the food production centers are usually far from the selling centers. Introducing waste heat-operated greenhouses inside of the cities or in the suburbs could reduce this waste. An urban-centric retail-greenhouse complex was designed for the climate of Calgary, Canada [27]. The heating, ventilation, and air conditioning (HVAC), energy supply, and lighting systems of this complex were optimized, and the waste heat exchange between the two buildings of the complex, along with the solar photovoltaic system, have been considered to improve the energy efficiency of the system and achieve the net-zero energy state. Of the overall energy consumed by the complex, 35% was attributed to heating, and 32% was for refrigeration. Moreover, by considering the on-site solar energy source for the complex, they could sell the excess power energy to the grid during the spring and summer months. In the late fall and winter months, however, they had to buy electricity from the grid. About 130 MWh of waste heat was recovered from the refrigerator’s condenser in retail to be used in the greenhouse for space and water heating. The synergetic influence of the airflow exchange of a rooftop greenhouse and an office building HVAC system in a Mediterranean climate has also been studied [28].



The primary challenge of all of these types of systems is the planning needed to couple a waste heat source with a greenhouse. What is needed is the scalable system of a mobile heat load to supply waste heat for greenhouses. One source of waste heat that may be appropriate is data centers and IT infrastructure, including cryptocurrency miners.




2.2. Data Centers and Cryptocurrency Mining as a Source of Waste Heat


Data centers and server racks can be emerging source of waste heat [29]. According to recent advancements in data science and IT technology (e.g., high-tech computers, smart cloud-connected systems, Internet of Things (IoT), and cryptocurrency mining), a considerable portion of global energy consumption is attributed to the data center sector with a value of 3% [30]. Hence, employing useful WHR strategies not only meets the cooling demands of data centers, but can also provide the heating requirements of nearby applications. One simple application of data centers’ waste heat is in space heating, named the “Data Furnace” [31]. In the experimental study conducted by Pervilä et al. [19], the growing season of chili pepper was extended by employing a rooftop garden in Helsinki, Finland, and heating it with the waste heat of a servers rack. This server rack could cover the thermal demand of the greenhouse even in the cold seasons. Liu et al. [32] estimated an economic saving of USD 280–325 per server per year when data centers’ waste heat was utilized in U.S. residential sectors. The model developed by Sandberg et al. [18] indicated that a 1 MW data center could meet the thermal demands of a greenhouse with a height of 4 m and length of 17 m if the ambient temperature became −30 °C. The operation of two greenhouses (2000 and 10,000 m2) under two scenarios (partial-year production without grow lights and full-load production with grow lights) has been simulated for enhanced food self-sufficiency using the waste heat of a 1 MW data center in Northern Sweden [20]. The larger greenhouse was a better alternative than the smaller one since it could benefit from more heat recovered and produce less expensive tomatoes (its cost under partial and full-year production was 2.02 and 1.80 EUR/kg (1.97 and 1.75 USD/kg, respectively) for small scale and 1.88 and 1.49 EUR/kg (1.83 and 1.45 USD/kg, respectively) for large scale greenhouse). From the sustainability perspective, the small-scale greenhouse was a better choice since only 10.3% and 2.1% (in partial-year and full-year scenarios, respectively) of its heating demand must be provided by an additional heat source. Cáceres et al. [21] proposed three scenarios to increase food self-sufficiency for three different-sized data center-greenhouse symbiosis in Sweden. These three scenarios were based on three different-sized data centers (small, medium, and large).



Although there is no peer-reviewed article about the WHR of cryptocurrency miners in the literature, all the above-mentioned solutions can be potentially considered as WHR strategies in mining centers since they are analogous to data centers in general [33]. To provide some insight into this, the basic concepts of cryptocurrency and why cryptocurrency mining devices dissipate huge amounts of waste heat are summarized to explain why they can be used as a heating source like data centers.



Traditional currencies primarily take the physical form of notes and coins to be used as a medium of exchange for goods and services in the economy. Third-party entities like Central Banks govern traditional currencies to control supply through monetary policy [34]. Electronic forms of currency can be centralized (regulated by legislation and controlled by a legal organization like banks) or decentralized. Cryptocurrencies are decentralized digital currencies encoded electronically utilizing cryptography to verify transactions and record them on a distributed open-source ledger known as a Blockchain [35,36]. Following the 2008 global financial crisis, Bitcoin was conceived as the world’s first cryptocurrency [37]. Bitcoin has gained significant attention from investors as it reached a market cap of USD 1.15 trillion in 2021, with 89 million registered unique Bitcoin wallets on Coinbase [38]. There is a fixed supply of 21 million Bitcoins to prevent issues of inflation [37]. Blockchain is the underlying digital infrastructure upon which cryptocurrencies such as Bitcoin operate, which supports a peer-to-peer digital payment system that has no regulating or central issuing authority [35,37]. It is a public ledger that permanently records and stores all transactions on a cryptocurrency’s network using an immutable cryptographic signature called a hash [35,39]. This information is shared with each network participant for complete transparency. The decentralized database of transactions is managed by multiple participants, referred to as miners, who use specialized computing equipment to confirm or deny transactions through a process called mining [40]. All transactions recorded are irreversible, individually encrypted, and time-stamped to ensure security. Transactions are bundled in data structures known as blocks and digitally linked or “chained” together chronologically [35,40]. For the Bitcoin blockchain to function, Miners are tasked with verifying transactions by processing blocks through a system called proof of work (PoW) [41]. This system requires miners to solve mathematical algorithms that are unique to each block of transactions before chronologically adding them to the Blockchain [35,39]. The results are broadcasted to other miners in the network to reach a unanimous consensus and ensure accuracy and security [41]. Miners who solve the algorithm first and encrypt the transactions contained within the block are rewarded in Bitcoin from the network [35,41]. Thus, the profitability of a miner is positively correlated to the miner’s computational power, which is measured in hash rate, that is used to solve the mathematical algorithms. The Bitcoin miners operate using the cryptographic hash algorithm known as Sha-2562 to create unique and immutable hashes to solve each block and add it to the blockchain [42]. Miners will invest in specialized hardware to increase their computational power (hash rate) for solving blocks to maximize profitability [43]. Miners may also contribute computational power to community mining pools to receive a proportional reward for the amount of power contributed [44]. This establishes a consistent cash flow for a business and mitigates the inconsistency in block finding. Accordingly, miners with high-tech processors would be required, and as a result, the high-tech miners will consume a considerable amount of electricity. Therefore, the waste heat created by electronic devices and processors of the high-tech mining hardware has the potential to be a useful source of heat for space heating applications.





3. Methods


3.1. Greenhouse Thermal Model


First, a generic thermal model is developed to simulate the greenhouse microclimate. The roof type of even-span (A-roof) is considered for the proposed greenhouses, and an east-west orientation is selected to benefit from the solar radiation on the sloped east/west-facing roofs equally [45]. The tilt angle ( β ) of 27° is assumed as the standard slope angle for greenhouse roofs for even-span construction [46,47]. Except for the small-scale greenhouse (1st scenario), the construction of all commercial greenhouses is based on the 4-span design. Other standard assumptions were made for the dimensions and the construction materials of the greenhouses, as shown in Table 1 [48]. Thus, the size of the designed greenhouses would be obtained by the variation of their lengths depending on the amount of waste heat available.



As the case study, Edmonton, AL, London, ON, and Montreal, QC, in Canada, along with San Francisco, CA, Houston, TX, and Albany, NY, in the U.S. are used, and thus, the required meteorological data (solar radiation, temperature, etc.) are extracted from the publicly accessible NSRDB (The National Solar Radiation Database). Table 2 presents the most updated meteorological data, TMY (Typical Meteorological Year), of London, ON, for the coldest day of the year to be conservative on the performance of the system and ensure year-round productivity [49,50].



3.1.1. Major Assumptions for the Quasi Steady-State Model of Greenhouses


The following assumptions were used to conduct the most accurate and also simplified thermodynamic and heat transfer model on a greenhouse microclimate, in which the complex physical and biological phenomena are in process:




	
Most common greenhouse crops, such as tomatoes and cucumbers, require a temperature range of around 18–25 °C [51]. Usually, the growth of crops is improved by decreasing the inside temperature at night and increasing it in the daytime [45,52,53,54]. Hence, the optimal greenhouse temperature for tomato cultivation is considered to be 15 °C and 22 °C at nighttime and daytime, respectively [54,55].



	
The desirable relative humidity range of greenhouse air for the growth of many plant species is 70–90%, so this parameter is considered 80% in this work [53,56].



	
Greenhouse inside air is considered to be well-mixed so that the inside temperature would be uniform. The fluctuation of indoor relative humidity is also considered to be negligible [8].



	
Radiative heat exchange between walls and roofs is negligible because their temperature differences are not significantly different [57].



	
In conductive and convective heat transfer phenomena, it is considered that the greenhouse envelope is wholly covered with transparent material since the non-transparent ridges and bars (metallic structures) make up a minimal amount of the greenhouse envelope surface area [58].



	
The planting area is considered to be 70% of the whole floor area (it should be noted that this value ranges from 60% for conventional greenhouses up to 80% for modern greenhouses with moving benches) [53,59].



	
All the heat transfer mechanisms are considered to be one-dimensional and in a steady-state mode [8,57].









3.1.2. The Quasi-Steady State Model


Since the indoor temperature and the relative humidity of the modern commercial greenhouses are almost constant, the greenhouse has been considered a lumped system, so the first law of thermodynamics (energy conservation equation) has been applied to the control volume (CV) of the greenhouse based on the quasi-steady model (GREENHEAT) of Ahamed et al. [8]. In this model, the balance equation between all the heat transfer processes has been implemented for each hour of the day due to the availability of hourly solar radiation data. A schematic illustration of the heat sources and sinks in the greenhouse under study is shown in Figure 1.


   Q  n e t   =  Q  s o u r c e   −  Q  s i n k    



(1)







The negative value of    Q  n e t     reveals that there is a heating demand in the attributed hour, and the positive value stands for the cooling demand in the greenhouse. Equation (1) can be expanded as the equation below to include the following heat transfer procedures [8]:


   Q  n e t   =  Q  s o l a r   +  Q  l i g h t   −  Q  c c   −  Q  a i r e x   −  Q  l w r   −  Q  f l o o r   −  Q  e v a p   ,  



(2)




in which,    Q  s o l a r     and    Q  l i g h t     stand for the heat gained through solar radiation and the supplementary lighting system, respectively. Moreover, indices “  c c ,  ” “  a i r e x ,  ” “  l w r ,  ” and “  f l o o r  ” represent the thermal losses through the conduction and convection from the walls and the roof, air exchange, long-wave radiation from the floor, and conduction from the floor, respectively.    Q  e v a p     is the thermal loss due to the evapotranspiration of the plants. The detailed mathematical equations of each heat transfer mechanism are elaborated in Appendix A.



The greenhouses are designed with respect to the number of their heating demands, which can be met by three waste heat scenarios. In other words, the maximum floor areas, in which the waste heat of each miner scenario can compensate for the maximum absolute value of    Q  n e t    , are resulted.    Q  C C M     in ( J ) is the amount of heat dissipated by miners per an hour, which can be derived through Equations (3)–(5):


   Q  C C M   =  |   Q  n e t    |  ,  



(3)






   Q  C C M   =   Q ˙   C C M   × 3600 ,  



(4)






    Q ˙   C C M   =  n m    ∑  1 5    V ˙  a   ρ a   (   H  a , e   −  H  a , i    )   



(5)




where    n m    is the number of cryptocurrency miners used for heating.    ρ a    in (  kg /  m 3   ) and    H a    in (  J / kg  ) are the density and the enthalpy of air entering ( i ) or exiting ( e ) the miner.     V ˙  a    is the volumetric flow rate of miners’ fans in (   m 3  / s  ). The magnitude of the heat wasted through the miners’ side surfaces in terms of convection and radiation is negligible compared with that of fans blowing.





3.2. Cryptocurrency Miner Systems


To generate experimental values for thermal energy dissipation and profitability metrics of a cryptocurrency mining system, an Antminer S17e manufactured by Bitmain was analyzed in three distinct settings. The first scenario analyzed was with an Antminer S17e operating on its own as an individual mining system plugged into a residential basement setting, shown below in Figure 2.



The second scenario analyzed a DIY cryptocurrency mining container that housed 50 Antminer S17es. The components and associated costs with the transformed shipping container were gathered from cryptocurrency mining company BitMG. The mining container is shown below in Figure 3.



The third scenario analyzed was a prefabricated commercial-sized cryptocurrency mining container capable of operating 408 Antminer S17es. The MightyPOD mining container from Bit-Ram was selected for analysis and is shown below in Figure 4.




3.3. Cryptocurrency Miner Experimental Measurements


To obtain precise electrical consumption measurements of an Antminer S17e, previous research was done using a PZEM-022 [61] AC digital multi-function meter over a 24 h period [62]. The meter was integrated into each of the Antminer S17e power cables to measure voltage, current, power, energy, frequency, and power factor. This process was replicated over four separate trials on each power cable to ensure measurement consistency.




3.4. Experimental Heat Exhaust


Thermal imaging with a Flir C5 camera [63] was used to identify where heat was localized and exhausted on the Antminer S17e. Thermal measurement probes connected to an Arduino with an SD card were placed on the identified major heat localizations to measure and log this exhaust temperature. Probes 1 and 2 were placed on the top and bottom main Antminer fans, respectively. Probes 3 and 4 were placed on the top and bottom power supply fans, respectively. Temperature measurements were logged every second during four separate 24 h trials to ensure consistency in results.



The three ASIC chips used by the Antminer had their temperatures monitored every hour during the 24-hour periods. This was achieved through the Bitmain dashboard accessed by searching the Antminer’s IP address in the Firefox browser and navigating to the miner status tab to monitor performance.




3.5. Bitcoin Mining Economic Analysis


The two most important factors to consider when mining Bitcoin are the price of Bitcoin and the domestic electricity rate. Electricity will be the recurring fundamental expense beyond the initial investment into the hardware infrastructure. This makes the decision of where to operate the mining systems critical to reducing this expense by finding the lowest electricity rates. On 5 November 2022, the experimental amount of Bitcoin mined by an Antminer S17e was found to be relatively fixed at 0.098 Bitcoin per year when mined through the community mining pool, Slushpool. The price of Bitcoin valued in USD is the determining factor that most strongly influences profitability. The Bitcoin and USD pairing has historically been very volatile, which introduces considerable uncertainty to an operator’s cashflows and their ability to pay the electrical expenses. Under the assumption that an operator is selling the mined Bitcoin daily when received to cover electrical expenses, determining what price of Bitcoin in USD will make a miner profitable will be crucial when deciding to stop or start operating.



Bitcoin Price Sensitivity:



To account for the volatility in the price action of Bitcoin on the profitability analysis, three retrospective USD price levels were selected for analysis since future price predictions can be uncertain. For the most current price data, a retrospective two-year time horizon was chosen to identify the maximum price, minimum price, and average monthly price of USD 69,139, USD 17,600, and USD 37,017, respectively [64].



Geographical Electrical Rate Sensitivity:



Electricity cost is fundamental to the profitability of Bitcoin mining. Variability in electricity rates by geographic location must be accounted for to identify the most profitable location to operate the mining system. In this study, we selected six geographic location and their respective electricity rates to analyze. Electricity rates vary according to the time of day, representing on and off-peak hours. For profitability calculations, we utilized the daily average residential electricity rate and assumed the mining system operated for 24 h a day to account for peak-hour price variability. The locations were Ontario, Quebec, Alberta, Texas, California, and New York, with average residential electricity rates of USD 0.096/kWh, USD 0.054/kWh, USD 0.12/kWh [65], USD 0.13/kWh [66], USD 0.29/kWh [67], and USD 0.20/kWh [68] respectively.




3.6. Simulations


First, the simulation results of the present greenhouse thermal model were validated against the results of similar works. The GREENHEAT model proposed by Ahamed et al. [69] and those of TRNSYS conducted by Choab et al. [54] were selected for comparison. These models have been applied to a hypothetical one-span tomato greenhouse. Accordingly, the validated thermal model was used to estimate the maximum area dedicated for greenhouses potentially heated by the waste heat of three miner scenarios using the experimentally-determined heating potential. The technical feasibility of these greenhouses was evaluated in terms of energy gains and losses. Finally, the parametric study of some useful variables, including air exchange rate, planting area, lighting allowance factor, and photoperiod, were carried out to examine the sensitivities of greenhouse areas to these parameters.





4. Results


4.1. Experimental Electrical Consumption Metrics


The electrical consumption measurements taken from each of the Antminer S17e’s two power cables were equal for each variable during separate 24 h trials. The Antminer initiated the powering-on phase for a period between 5 to 30 min. During this phase, it took 6 min for one power cable’s power factor, power, and current to reach peak values of 0.99 PF (Power Factor), 1658 W, and 13.84 A, respectively. After 30 min, the frequency became constant at 60 Hz, and the voltage for one power cable fluctuated between 234 V and 244 V. All measurements now stabilized as the power factor became constant at 0.99 PF, power fluctuated between 1618 W and 1634 W, and current varied between 13.50 A and 13.82 A for one power cable. Considering the measurements were identical across both power cables, the total current measurement for the Antminer varied between 27.00 A and 27.64 A, while the power measurement fluctuated between 3236 W and 3268 W. The cumulative energy drawn by one power cable for a 24 h period was measured hourly to be 39.08 kWh and, therefore, 78.16 kWh total for the Antminer, as shown in Figure 5. This equates to a total continuous power draw of 3256 W for the Antminer.




4.2. Experimental Heat Exhaust


Thermal images of the Antminer are shown in Figure 6. The temperature data of the heat exhausted through the main Antminer fans measured by probes 1 and 2 are denoted by temperatures 1 and 2 in Figure 7. Temperature ranges are given after temperature data stabilization is achieved 30 min post power-on routine of the Antminer. Temperature 1 fluctuates for the duration of the experiment between the range of approximately 55 °C and 52 ℃. Temperature 2 fluctuates between approximately 56 ℃ and 53 ℃. The temperature of the heat exhausted through the power supply fans measured by probes 3 and 4 are denoted by temperatures 3 and 4 in Figure 7. Temperature 3 fluctuates predominately between 43 ℃ and 32 ℃ while temperature 4 fluctuates between approximately 37 ℃ and 31 ℃. The Antminer S17e’s two main heat exhaust fans are the Nidec UltraFlo W12E12BS11B5-57 model [70] that have the capability of 79.7 CFM (0.03761 m3) for each fan enabling capacity for 159.4 CFM. The two power supply heat exhausts are comprised of three PWM Speed Control Fans 04028DA-12S-AUF-0 [70] that have the capability of 8.58 CFM (0.0040 m3) each for a cumulative 25.74 CFM. Therefore, the Antminer S17e has a total CFM of 185.14 across all heat exhaust fans.



Putting the measured values of temperature and volumetric flow rates in Equation (5), the waste heat of the Antminer is obtained around 3.24 kW, which shows that the power consumed by the miner is almost completely converted to waste heat.




4.3. Experimental ASIC Chip Temperature


Each ASIC chip takes approximately 5 min to reach maximum temperature before stabilizing within a narrow range. ASIC chip 1′s temperature fluctuated between 60 ℃ and 68 ℃, while chip 2 and 3′s temperature fluctuated between 60 ℃ and 67 ℃, and 64 ℃ and 73 ℃, respectively.




4.4. Greenhouse Simulation Results


As shown in Figure 8, there is a close agreement (+/−9.3%) between the results of this model and those of the related GREENHEAT and TRNSYS reference models.



4.4.1. Technical Feasibility


In this section, the technical feasibility of greenhouse designs has been evaluated considering three miner scenarios (Individual Antminer S17e, DIY Mining Container, and MightyPOD Commercial Mining Container). The maximum sizes of technically feasible greenhouses have been found considering the maximum heating requirement of each greenhouse to be met by each of the miner scenarios. Table 3 presents the characteristics of the potentially feasible greenhouses in London, ON, Canada:



Table 3 demonstrates that, for the first scenario, the Antminer S17e is capable of providing the maximum heating demand of a small residential or bench-scale greenhouse with an area of 9.7    m 2   . In the second scenario, however, the allocatable area for the greenhouse being heated by 50 miners is 80 times larger (on a semi-commercial scale). In the third scenario, the MightyPOD commercial mining container can meet the heating demand of a 6894    m 2    commercial greenhouse for tomato cultivation. The technically feasible greenhouses are illustrated in Figure 9.



All these greenhouses have been designed based on their maximum heating demand on the coldest day of the year in London, ON, which has been selected according to the simulation results of daily heating demand, as shown in Figure 10.



Table 4 corresponds to the characteristics of greenhouses designed under the climatic circumstances of five other locations, including Quebec (QC), Alberta (AL), California (CA), Texas (TX), and New York (NY). Referring to the table’s data, it can be deduced that for all three scenarios, it is feasible to design larger greenhouses in the regions with warmer climates (e.g., California, Texas, and New York) and vice versa (e.g., Quebec and Alberta). However, for the southern regions (CA and TX), there is a noteworthy point to discuss. Since the greenhouse sizes have been obtained with respect to their heating demands on the coldest day of the year, the areas dedicated to building the greenhouses in California and Texas are considerably larger than the area obtained for other colder regions. Nevertheless, the annual heating demands of CA and TX cases are less than those of the colder regions (e.g., QC and AL). This proves the capability of the miner waste heat utilization idea in meeting the heating demands of the greenhouses under the worst conditions, thereby leading to designing the largest producible greenhouses.



The monthly heating and cooling demands of each greenhouse, along with the contributions of all energy sources and sinks, are extracted and illustrated for London, ON, as follows. This evaluation is required to define the energy sources and sinks with the highest/lowest contributions in terms of MJ and help greenhouse designers pay more attention to the thermal weaknesses of the potential greenhouses. According to Figure 11, it is obvious that the heating plots have a reversed trend with respect to the cooling plots. The heating demand of all the greenhouses tends to be zero in summer months, and the cooling demands, however, do not approach a zero value even in the cold seasons. This is owing to the fact that even in winter months, during the day, the sunlight radiation provides considerable heating inside the greenhouses. As it is presented in Figure 11, generally, the cooling demands of the greenhouses in all the scenarios are larger numbers compared with the heating demands. This is because of the ventilation submodel that has been used in this study. In order to predict the maximum cooling demands of the greenhouses, natural ventilation has not been considered as a contribution to meeting the cooling demands of the greenhouses.



The contribution of all the heating sources, including solar irradiation and supplementary lighting thermal energy, is illustrated in Figure 12. The amount of energy obtained by each greenhouse is almost ten times higher than that of the smaller case. Figure 12 reveals that by increasing the magnitude of the solar energy received by the greenhouses, the contribution of the supplementary lighting system gets smaller since the DLI (daily light integral) acquired by the plants must be in a limited range.



Figure 13 demonstrates the value of heat losses because of the conduction, convection, and air exchange in the greenhouses. The conduction and convection losses from the greenhouse walls and roof represent a considerable portion of all the thermal losses. Hence, designers should pay more attention technically to these loss factors to optimize them as much as possible. It is also clear that the value of heating losses approaches zero by increasing the ambient temperature, and they become negative in July and August. This is because in these months, the outside temperature is higher than the inside temperature while having the maximum difference with it, which makes these heat sinks behave not as a thermal loss anymore, but as a thermal energy source from the greenhouse viewpoint. Conversely, the conduction heat loss through the greenhouse floor is not notable compared to the other sources. Since the deep ground temperature is almost constant during the year, the magnitude of the heat loss from the soil does not vary significantly.



Figure 14 clarifies that the heat loss through long-wave radiation has the largest contribution among all the thermal losses, especially compared with the evapotranspiration loss. Going toward the summer, the long-wave radiation not only causes no thermal losses but also becomes a heat source making the greenhouses’ indoor temperatures higher than the desired levels.




4.4.2. Sensitivities


In this section, the effect of the variation of parameters on the size of the designed greenhouses and their thermal demands were investigated. It is worth mentioning that the overall trend of objective functions (greenhouse area and heating demands) is the same for all the scenarios; their magnitudes, however, are different. Figure 15 presents the variations of the objective functions under the influence of air exchange rate changes from 0.7 to 1 ACH (Air Change per Hour) as the minimum unavoidable ventilation and infiltration rate in the greenhouses without supplementary CO2 supply systems (further details and discussion have been provided in Appendix A). As expected, increasing the air exchange rate, the maximum greenhouse area diminishes by about 2.5% in the first scenario and 7% in the second and the third scenarios, respectively. Nevertheless, the annual heating demands of all three greenhouses increase by raising the air exchange rate since the amount of accumulative heat loss through the air exchange increases. Therefore, appropriate measures and considerations should be taken to keep the infiltration and unnecessary ventilation rates as below as possible.



The effect of different considerations for the lighting allowance factor of supplementary lighting systems on the size of the designed greenhouses, their heating and cooling demands, along with the cumulative amount of heat obtained from the supplementary lighting system, have been evaluated, and the results are shown in Figure 16. Although the variations are not considerable, the interconnections between the lighting allowance factor and the objective functions produce useful conclusions. By increasing the lighting allowance factor, the practical power consumption rate of the lighting system is increased, and thus, the greenhouses would be supplied with more thermal energy, which would subsequently increase the area that can be heated by the waste heat of the crypto miners. With an increase in the sizes of the greenhouses, their cooling and heating demands are also increased. The effect of excess heat supplied by the supplementary lighting, however, outweighs the effect of thermal energy needed because of the enlargement of the greenhouses. As a result, the annual heating demand of all the greenhouses is reduced slightly.



The variations in greenhouse sizes with respect to the variation in photoperiod are depicted in Figure 17. It is clear that by increasing the photoperiod, the greenhouse area would be increased up to a maximum, then would tend to decrease. The reason responsible for such a behavior is the interconnection of the effects of increasing the lighting hours and decreasing the number of lights with the rise in the photoperiod, which is more considerable in the small greenhouse. When the photoperiod goes up, it means that the number of lighting hours increases, which leads to an increment in the amount of thermal energy supplied by the supplementary lighting system and subsequently causes the enlargement of the designed greenhouses’ areas when there is a fixed source of heat from the miners. Correspondingly, by raising the photoperiod, the number of lights needed to provide the required DLI can be reduced, which, in turn, reduces the heat supplied by the lighting systems, thereby reducing the sizes of the greenhouses. The maximum greenhouse sizes are achievable within a photoperiod between 17 to 19 hours per day.



The planting (canopy) area fraction is the part of the whole greenhouse area that is dedicated to planting. This fraction can be varied between 0.6–0.8 according to the type and applications of the greenhouse. Figure 18 presents the effect of variation of this fraction on the greenhouse sizes and the thermal indices of each greenhouse in separate subplots. By dedicating more area for planting, the amount of heat loss through the evapotranspiration of plants would be increased, which is clear in Figure 18. This increasing trend in evapotranspiration heat loss results in a decrement in the sizes of the greenhouses that can be potentially heated by the miners. Although the reduction in the sizes of greenhouses will cause a reduction in the annual magnitudes of heat losses other than evapotranspiration, the increment of evapotranspiration heat loss outweighs the decrement of these losses, which accordingly causes a slight increase in the overall accumulative heating demands of the greenhouses. On the other hand, the combination of a reduction in sizes and an increment in evapotranspiration heat losses would lead to a considerable reduction in the cooling requirements of the greenhouses.





4.5. Economic Analysis of Greenhouse Heating


4.5.1. Bitcoin Mining Heat Source


A profitability analysis was conducted when utilizing Antminer S17es to adequately heat greenhouses in six distinct North American locations while mining Bitcoin using the results of the thermal simulation. The three Bitcoin mining systems assessed were an individual Antminer S17e, the DIY mining container, and the commercial MightyPOD container, each capable of heating greenhouse sizes of 9.7 m2, 774 m2, and 6894 m2, respectively in London, ON, as outlined when analyzing technical feasibility. The greenhouse sizes in other North American locations are provided in Table 4. The profitability results of each mining system considered the domestic electricity rates in each location on electricity expense and the price volatility of Bitcoin at the time of sale. A high, medium, and low profitability case was established, corresponding to the Bitcoin price sensitivities of USD 69,139, USD 37,017, and USD 17,600, respectively. The annual profitability results for the individual Antminer S17e are summarized below in Figure 19.



Considering the initial investment of USD 1523 for the individual Antiminer S17e, the time required to recoup this investment is summarized for each location below in terms of payback periods in Figure 20.



The annual profitability results for the DIY mining container are summarized below in Figure 21.



Considering the initial investment of USD 112,584 for the DIY mining container, the time required to recoup this investment is summarized below in terms of payback periods in Figure 22.



The annual profitability results for the commercial MightyPOD container are summarized below in Figure 23.



Considering the initial investment of USD 827,384 for the MightyPOD container, the time required to recoup this investment is summarized below in terms of payback periods in Figure 24.



Through the analysis of operating each mining system in each location, it becomes clear that Quebec is the most attractive location to heat greenhouses in as it generates the highest annual profit and lowest payback periods in all settings. This is primarily due to the low domestic electricity rate of USD 0.054/kWh. Similarly, California is the least desirable location to use cryptocurrency miners to heat greenhouses as the operation runs at a deficit, unable to achieve a payback of the initial investment in all settings due to its high electricity rate of 0.29/kWh.




4.5.2. Natural Gas Heat Source


To analyze the natural gas economic expense requirement to heat comparable greenhouses denoted by Greenhouse 1, Greenhouse 2, and Greenhouse 3, respectively. These greenhouses were analyzed in the six North American locations, where quotes were obtained from natural gas providers in each respective location. For Ontario, Quebec, and Alberta, the natural gas providers Enbridge [71], Energir [72], and Direct Energy Regulated Services (DERS) [73], respectively, were consulted for an estimated annual quote, including ancillary charges to heat each greenhouse volume. Residential quotes were obtained for Greenhouse 1, while commercial quotes were used for Greenhouse 2 and Greenhouse 3. For California, Texas, and New York, the U.S. Energy Information Administration [74] was consulted for both residential and commercial quotes, which included all ancillary charges and taxes. The annual consumption of natural gas required to heat each greenhouse was found to differ depending on geographic location. This is due to differences in the sizes of greenhouses and surrounding environmental factors such as ambient temperature and varying intensities of solar heat unique to each location when running thermal simulations. The annual consumption of natural gas in m3 required for each greenhouse is summarized by location below in Table 5.



Considering natural gas prices are subject to free market influences of supply and demand, historic monthly natural gas prices in each location were analyzed and averaged over a 12-month period to account for seasonality and rate variability. The annualized natural gas expense in each location for Greenhouse 1 is summarized below in Figure 25.



The annualized natural gas expense in each location for Greenhouse 2 is summarized below in Figure 26.



The annualized natural gas expense in each location for Greenhouse 3 is summarized below in Figure 27.



Through analysis of the annual natural gas expense results, Quebec is the least desirable location to operate a greenhouse utilizing natural gas heating from an economic perspective. This location would incur the highest annual expense for each of the three greenhouse cases. The most desirable location to heat the three greenhouses is Texas, as it incurs the lowest annual expense of all locations. When comparing this annual approach to a granular analysis of each distinct month in Ontario over a one-year period, the results fall within a 1% margin of error. Considering the fluctuations surrounding natural gas rates in the free market and ancillary charges such as delivery fees and load balancing, the annual approach is considered appropriately representative. The monthly natural gas expense analysis for Greenhouse 1 in Ontario is summarized below in Figure 28.



The monthly natural gas expense analysis for Greenhouse 2 in Ontario is summarized in Figure 29.



The monthly natural gas expense analysis for Greenhouse 3 in Ontario is summarized in Figure 30.



The granular monthly analysis of natural gas expenses in Ontario reveals significant fluctuation each month. It is evident that the Canadian winter months of January, February, and December see the highest heating expense of USD 21,038, USD 15,451, and USD 24,519, respectively, compared to the average USD 9066 for Greenhouse 3. This is due to increased heating demand from the cold environment. Similarly, the summer months of June, July, and August see the lowest heating expense of USD 1527, USD 341, and USD 241, respectively, compared to the average of USD 9066. This is the result of a decreased heating demand during these summer months. From a monthly analysis, the monthly heating expense is cyclical based on the seasons and external climate that conforms to a predictable average when taken as a 12-month aggregate. This gives credence to an annualized analysis of natural gas rates for comparison.




4.5.3. Natural Gas Expense Compared to Bitcoin Mining Electricity Expense


Comparison between the operating electricity expense of Bitcoin mining for each system and the natural gas expense to heat the three discussed greenhouses enable a thorough understanding of the operating cashflows associated with each heat source. Electricity expense compared to natural gas expense in six distinct locations for Greenhouse 1 is summarized below in Figure 31.



Electricity expense compared to natural gas expense in six distinct locations for Greenhouse 2 is summarizedin Figure 32.



Electricity expense compared to natural gas expense in six distinct locations for Greenhouse 3 is summarizedin Figure 33.



Through comparative analysis of each heat source in each location, it becomes clear that the electricity expense to power the Bitcoin mining systems exceeds the natural gas expense in all scenarios. This is most evident in California when comparing Greenhouse 3. The annual electricity expense is USD 3,375,433 to heat the greenhouse with the appropriate Bitcoin mining system compared to USD 119,580 for heat with natural gas. However, depending on geographic location and the domestic electricity rates, this difference is significantly decreased. In Quebec, the annual electricity expense is USD 628,529 to heat the same greenhouse with a Bitcoin mining system compared to an annual natural gas heating expense of USD143,154. This represents a 339% increase in additional operating expenses to use Bitcoin mining systems compared to the 2723% increase in operating expenses found in California, which highlights the importance of location. This analysis provides greenhouse operators insight into the operating expenses required for each heating source to plan their cashflows accordingly. It is important to note that these annual electricity expenses do not account for the offset in revenue generated from the production of Bitcoin during the mining process.




4.5.4. Heat Source Comparison


Economic analysis of greenhouse heating utilizing either Bitcoin mining systems or natural gas can have a significant impact on the net profitability of a greenhouse farmer. Annual heating expense comparison between the two heat sources after accounting for the sale of produced Bitcoin for Greenhouse 1 is summarized below in Figure 34. Negative values indicate an operational profit for the Bitcoin mining systems after selling the produced Bitcoins and paying their electrical operating expense.



The annual heating expense comparison between the two heat sources for Greenhouse 2 is summarized below in Figure 35.



The annual heating expense comparison between the two heat sources for Greenhouse 3 is summarized below in Figure 36.



Economic comparison when factoring in the sale of Bitcoin reveals that greenhouse heating with a Bitcoin mining heat source has the potential to convert a consistent operating expense, as seen with natural gas heating, into a lucrative alternative revenue stream. Quebec experiences the most dramatic profitability change when converting between the two heating sources, as seen with Greenhouse 3. Natural gas heating would cost an operator USD143,154 annually to heat this greenhouse. However, with a Bitcoin mining heat source, an operator has the potential to convert this expense into an annual net profit of USD 2,135,925 in the high Bitcoin price sensitivity after paying the operating electrical expense. In the low Bitcoin price sensitivity case, an operator in Quebec can expect a USD 75,190 annual net profit. However, for the same greenhouse in California, where the electricity rates are higher, Bitcoin mining as a greenhouse heat source has the potential to incur a greater expense than natural gas. Annual natural gas expense in California for this greenhouse would be USD 119,581 compared to the Bitcoin mining heat source annual electrical expenses of USD 610,979, USD 1,895,345, and USD 2,671,714 in the high, medium, and low Bitcoin price sensitivity cases, respectively. This demonstrates the potential economic incentives and liabilities when leveraging Bitcoin mining systems as a heat source which are contingent on the price of Bitcoin and geographic location.






5. Discussion


5.1. Heating with Miners in Practice


Potential business opportunities exist for the application of Bitcoin mining systems to heat greenhouses. The nature of these opportunities differs depending on the owner/operator of the Bitcoin mining systems. Based on prior analysis, the application of Bitcoin mining systems is ideal in locations where electricity rates are lowest and during prosperous economic conditions for the Bitcoin valuation. The first opportunity exists for greenhouse farmers who own and operate Bitcoin mining systems to heat their greenhouses for crop production. These farmers will obtain the potential to convert a traditional fixed expense of natural gas heating into a profitable process to supplement crop production. This can be achieved by replacing natural gas heating with a comparable Bitcoin mining system and incurring the initial investment. Greenhouse farmers will utilize the generated Bitcoin to pay the electrical expense of the system and recoup the initial investment. Excess Bitcoin will be treated as profit while the mining system exhausts heat for the greenhouse.



The second opportunity exists for contractors leveraging the Bitcoin mining system’s exhaust heat to provide to greenhouse farmers as a service. This service could be provided to any greenhouse farmer capable of supplying appropriate power to the Bitcoin mining system. Contractors are capable of charging greenhouse farmers a fee equivalent to or, more likely, less than their existing natural gas expense bill to incentivize them to use the service. Contractors would be responsible for paying the electricity expense of the Bitcoin mining system, which can be done using Bitcoins produced through the process. Contractors would look to prioritize locations with the lowest domestic electricity rates and the highest natural gas rates to maximize the threshold of their service charge and optimize profit margins. It is important to note that the transportation costs associated with delivering the necessary hardware for the heating service would vary depending on the location of the heating source to its destination. These costs would be highly variable depending on the type of carrier vehicle required for delivery. Traditional transportation means will be able to transport the individual Antminer S17e, while industrial trailers will be needed to tow the commercial mining systems. In general, these systems would be stationary for a long period but could be mobile in the event of electricity rate changes, carbon emission incentives, or other policy changes.



Lastly, a symbiotic relationship between Bitcoin mining operators and greenhouse farmers can be established to improve profitability for each party involved. This is achieved by Bitcoin mining operators paying farmers for electricity at a reduced rate to the domestic rate in exchange for the exhaust heat from the Bitcoin mining system. This will decrease the operating expense for Bitcoin mining operators through the compromise on the heat byproduct that is traditionally discarded. Farmers will be able to supplement their heating efforts to grow crops and reduce their expenditures on natural gas heating to improve profitability as a result. This operation would be most likely for farms deploying agrivoltaic systems (dual use of land for agriculture and solar photovoltaic electricity generation) and thus possessing large quantities of low-cost renewable electricity (details discussed in Section 5.3).




5.2. Limitations of Study


Three sizes of greenhouses (domestic, semi-commercial, and commercial) have been introduced for tomato cultivation exploiting the waste heat of cryptocurrency miners under three miner orientation scenarios (individual Antminer S17e miner, DIY Mining Container with 50 miners, and MightyPOD Commercial Mining Container with 408 miners). The mathematical quasi-steady state model was developed for the simulation of the thermal performances of the greenhouses on an hourly basis. The sizes of greenhouses have been calculated considering their maximum heating demands on the coldest day of the year. It is expected to implement a transient model for the thermal performance of the greenhouse [75,76,77] in order to enable the introduction of an adaptive heating supply system and utilization of the excess waste heat of miners for other useful purposes. Maintaining the inside temperature of the greenhouse at a fixed value is not achievable in practice, even though it is highly required for conducting the technical feasibility analysis of a sustainable heating supply system for greenhouse applications. This work aimed at conducting such studies to come up with the idea of reducing the dependency of greenhouses on the natural gas grid.



Growing other vegetables such as cucumber and pepper, the principal greenhouse vegetable crops with a relatively dominant economic contribution in the horticultural sector in Canada [78], is highly required to be investigated in net-zero or near-zero energy greenhouses heated by the waste heat of data centers or mining farms. To simplify the proposed technical model and avoid providing excess content, the techno-economic feasibility of the above-mentioned idea has been assessed merely for tomato cultivation in Canadian greenhouses.



The acquired natural gas quote’s associated ancillary fees, such as distribution, transportation, and load balancing, make up a significant portion of what can be expected on a monthly natural gas heating bill. The values given represent generalized approximations in each location that are subject to change depending on where, specifically, the greenhouse operation is located within each analyzed province or state. Depending on this location, accessibility to this study’s quoted providers may not be possible, thus altering the expected natural gas expenditures if pursued. Natural gas rates are also influenced by rate class, utility zoning, and infrastructure implementation to receive the service. These values are incorporated as generalized approximations that may vary depending on location and alternative providers. Natural gas is traded on North American markets allowing for the 12-month average rates used in this study to be subject to significant change. Weather and geopolitical factors, such as the Russia and Ukraine war, have also impacted recent quotation estimates used within this study that may not be representative of standard natural gas price conditions. Russia is a major supplier to North America that cannot conduct trade due to sanctions imposed on them from their war with Ukraine [79]. This has decreased the available supply of oil and natural gas while demand remains the same in the economy, causing a premium charge to be placed on the product. It is not feasible to assume a constant production of 0.098 Bitcoin for each Antminer S17e in perpetuity, as done in this study. There are several factors that influence the production of Bitcoin by a miner, such as network difficulty, which increases as more people participate in mining, effectively reducing the production by the existing miners. As better hardware is innovated that increases hashing capabilities, older models such as the Antminer S17e will produce less Bitcoin annually as network difficulty increases, reducing its profitability.



Current global economic conditions should be considered by any operator looking to utilize Bitcoin mining as a heat source due to the importance that Bitcoin’s price has on the profitability of an operation. The United States inflation rate was reported at 7.1% in October 2022, which has fallen from 9.1% in August 2022 [80]. The Federal Reserve has a 2% target inflation rate and is committed to regularly increasing interest rates until that goal is met [81]. With the current Federal Reserve interest rate at approximately 4% with forecasted 0.75% raises [82], all major indices and cryptocurrencies have experienced a recent decline in value as investors de-risk [83]. In this economic climate, Bitcoin’s price may continue to decline toward prices not contained by the low-case sensitivity adjustment used in this study. This will lead to a more expensive heating source than natural gas and longer payback periods of the initial investment in certain locations.




5.3. Future Work to Couple with Photovoltaics


Previous work [62] has shown that solar photovoltaic (PV) systems can be used for powering cryptocurrency farms profitably. Future work should consider coupling field agrivoltaics [84] with greenhouse-integrated PV [85,86,87] to provide the electricity to heat the greenhouses with heat pumps, cryptocurrency miners, and other types of computing and servers. As Ontario considers agrivoltaics [88], such integration has been demonstrated in Ontario greenhouses with partially-transparent PV modules [89,90]. Substantially more research is needed to optimize greenhouse PV modules in specific planting systems [91] by investigating density, type of module (e.g., thin film or wafer-cell-based) size, as well as the chemical composition of nanoparticles that perform spectral shifting via fluorescence [92,93,94]).





6. Conclusions


A novel greenhouse thermal model was developed and validated. The thermal model was used to perform sensitivity studies on three greenhouse sizes for three computing facilities in six locations in North America. First, the effect of air exchange rate variations showed that the variation in the size of the residential greenhouse is almost 2.5% and is about 7–7.5% of the commercial greenhouses. Increasing the lighting allowance factor caused an increase in greenhouse sizes. Nevertheless, the heating demand of all three greenhouses tended to decrease since the impact of the increment of the heat dissipation through the lighting system was more notable than the enlargement of the greenhouses. Changing the photoperiod of the crops from 14 to 20 hours per day led to an increasing–decreasing trend in greenhouse sizes. Raising the photoperiod leads to a reduction in the number of lights that should be used, which in turn causes an increase in the accumulative thermal energy absorbed by the greenhouses. The photoperiod of 17–19 hours per day provides the maximum greenhouse sizes for all miner scenarios. Finally, increasing the planting area fraction from 0.6 to 0.9 naturally increased the contribution of evapotranspiration heat loss in the greenhouses, thereby reducing the greenhouse sizes and cooling demands while increasing their heating requirements.



Through the conversion of a natural gas greenhouse heating source to a Bitcoin mining heating source, a greenhouse operator has the potential to convert a fundamental expense of their operation into a profitable alternative revenue stream. This is most clearly seen in Quebec, where natural gas heating expenditures are the highest and electricity rates to power Bitcoin miners are the lowest. The magnitude of change is significant in all greenhouse sizes analyzed and most apparent with Greenhouse 3 due to increased scale. The annual natural gas heating expense in Quebec for this greenhouse would be USD143,154 in comparison to the Bitcoin mining heat source converting the heating expense into an annual net profit of USD 2,135,925 in the high case Bitcoin price sensitivity. The profitability of the Bitcoin mining heat source is contingent on the price of Bitcoin and the price of electricity in the area. These variables significantly influence the results, as seen with the low-case Bitcoin price sensitivity in the same location yielding a USD75,190 annual net profit. Given this variability, operators are exposed to increased financial risk and uncertainty as the price of Bitcoin unpredictably fluctuates. Deciding where to operate a greenhouse is a critical component for operational efficiency, regardless of the heat source used. When analyzing Greenhouse 3, the annual natural gas expense varies significantly between the cheapest location, Texas, at USD 47,375, to the most expensive, Quebec, at USD 143,154. This represents approximately a 202% increase in expenditures on the basis of location. When utilizing a Bitcoin mining heat source with a medium Bitcoin price sensitivity of USD 37,017 in Quebec, an operator yields USD 851,558 in annual profit. Under the same conditions, if an operator chose to operate in California, they would experience a USD 1,895,345 annual expense making the process unprofitable compared to a consistent natural gas expense of USD 82,960.



Using the methods provided in this study, appropriate locations for mining waste heat reclamation for greenhouses can be determined. There are many factors influencing the feasibility of Bitcoin mining to heat greenhouses, as mentioned, with location (weather and utility rates) and the price of Bitcoin. Thoughtful accommodation for these variables by greenhouse operators and Bitcoin heating service providers has the potential to create a lucrative heating process. This can be achieved through the transition of the traditional heating expense of natural gas and the associated greenhouse gas emissions into profitable heating using electrification (and the potential of reduced emissions with renewable energy generation) through the process yielding Bitcoin or other types of cryptocurrency.
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Appendix A. (Greenhouse Theoretical Calculations)


All the mathematical equations and necessary assumptions for the required parameters are provided here. MATLAB software has been used for simulation, and the code is available under GNU GPL v3 on the Open Science Framework [95].



Appendix A.1. Solar Radiation


The heat gained from the solar radiation equals the available solar radiation multiplied by the area and the transmissivity of the greenhouse cover [8]:


   Q  s o l a r   =   ∑      τ i   A i   I i  ,  



(A1)




here,    τ i    and    A i    represent the solar transmissivity of the greenhouse cover and area of the ith surface in (   m 2   ), respectively.    I i    is the hourly solar radiation on the sloped surfaces in (  J /  m 2   ) and can be calculated using the isotropic sky model [96]:


   I i  =  I b    c o s  θ i    c o s  θ z    +  I d   (    1 + c o s β  2   )  +  (   I b  +  I d   )   ρ g   (    1 − c o s β  2   )  ,  



(A2)




in which “ b ” and “ d ” indices correspond to the beam and diffuse radiation, respectively.    ρ g    is the ground reflectance, which is usually provided for different months [96].  β ,    θ i   , and    θ z    are the angle of sloped surfaces, the angle of incidence of beam radiation, and the zenith angle, respectively [96]. SAM (System Advisor Model) free software of NREL (National Renewable Energy Laboratory) has been used in order to calculate the hourly solar radiation on tilted surfaces of the greenhouse.



The physical characteristics of covering materials are presented in Table A1:
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Table A1. Physical characteristics of greenhouse covering materials.






Table A1. Physical characteristics of greenhouse covering materials.










	Physical Characteristic
	Value
	Reference





	Tempered glass
	
	



	Transmissivity (   τ G   )
	0.88–0.93
	[97]



	Transmissivity to long-wave radiation (   τ  G , l    )
	0.03
	[97]



	Emissivity (   ε G   )
	0.88–0.9
	[96,97]



	Thermal conductivity (   k G   )
	0.76   W / m K  
	[97]



	Twinwall polycarbonate
	
	



	Transmissivity (   τ  P C    )
	0.78–0.82
	[8,54,97,98]



	Transmissivity to long-wave radiation (   τ  P C , l    )
	0.03
	[8,97]



	Emissivity (   ε  P C    )
	0.65–0.89
	[8,54,97]



	Thermal conductivity (   k  P C    )
	0.17–0.2   W / m K  
	[8,54,97]









Appendix A.2. Supplementary Lighting


One of the most significant objectives of supplementary lighting is to increase the photosynthesis of plants. The required amount and the operating time of supplementary lighting are deducible from the optimum daily light integral (DLI) required for plant growth. The optimum value of DLI for tomatoes is 25   m o l /  m 2  day   [53,99]. In London, the average DLI provided by the sun can be found in Ref. [100]. Its hourly value can also be calculated by Equation (A3) and using available hourly solar irradiation [99]:


  D L  I  s u n   = 2.15 ×   10   − 6       ∑      τ i   A i   I i     A  g h      



(A3)







The remaining required DLI (  D L  I  l i g h t    ) must be met by the supplementary lighting system. Depending on the type of lamps, the supplementary lighting system can return about 60–100% of the consumed energy as heat to the greenhouses [8,45,99]. It is assumed that the supplementary lighting system is composed of LED (light-emitting diode) lamps. LEDs have some advantages (high efficiency, longer lifespan, and their capability to control spectral composition) over conventional lighting fixtures [101]. Having the   D L  I  l i g h t     in hand, the actual electricity consumption rate of LED lamps in (  W /  m 2   ) can be derived using Equation (A4):


    W ˙   L E D   =   D L  I  l i g h t   ×   10  6     F  l c    n  l i g h t   × 3600    F a  ,  



(A4)




in which,    n  l i g h t     is the maximum allowable hours of supplementary lighting to prevent plants from chlorosis. In general, the maximum day length (photoperiod) for fruiting vegetables (e.g., tomatoes, cucumbers, and peppers) should be between 14–20   h / day   [53,99]. This period can be considered for tomatoes in both vegetative and fruiting/flowering stages 16   h / day   [45,99]. It is also worth mentioning that supplementary lighting can be performed in the early morning and late afternoon [102]. In Equation (A4),    F  l c     stands for the light conversion coefficient that can be considered 3.5   μ mol / J   for modern LEDs [99].     F a    is the lighting allowance factor, the ratio of the lighting fixtures’ power consumption to their nominal power consumption, which is considered to be 0.9–1.1 for high-wattage lamps [103].



The thermal waste heat dissipated from the lamps in ( J ) can be obtained from the equation below [8]:


   Q  l i g h t   =  W  L E D    F  h c    A  g h   ,  



(A5)




here,    F  h c     is the heat conversion factor, the amount of energy converted to radiative thermal energy, which can be derived from (  1 −  η  l i g h t    ) [102].    η  l i g h t     can be assumed to be 0.4 for LEDs [99].




Appendix A.3. Conduction and Convection Heat Loss through the Walls


The conductive and convective heat losses through the greenhouse walls and roof can be calculated via Equations (A6) and (A7) [8]:


   Q  c c   =  (   T i  −  T o   )    ∑      U i   A i  ,  



(A6)






   U i  =    [   1   h i    +    δ G     k G    +    δ  P C      k  P C     +  1   h a    +  1   h o     ]    − 1   ,  



(A7)







   T i    and    T o    are the inside and the outside temperatures in ( K ), respectively.    U i    is the overall heat transfer coefficient of each surface in (  W /  m 2  K  ).  δ  and  k  are the thickness in ( m ) and the thermal conductivity of the cover in (  W / m K  ), respectively.    h a    is the heat transfer coefficient of insulation air in double-layered walls, which is usually assumed to be 3.85   W /  m 2  K   [8]. The value of      (     δ  P C      k  P C     +  1   h a     )    − 1     is provided for commercial polycarbonate covers [98]. The inside air velocity is near zero (0.2   m / s   [8,45]), and consequently, it can be assumed that its heat transfer phenomenon is free convection. So,    h i   , convective heat transfer coefficient between the inside air and the greenhouse cover, can be estimated using Equation (A8) [8].


   h i  =    k a     L c    0.1    (  G r P r  )    0.33   ,                                                         f o r     10  9  ≤ G r P r ≤   10   13    



(A8)






  G r =   g  β a   (   T i  −  T c   )   L c    3       (     μ a     ρ a     )   2    ,  



(A9)






  P r =    μ a  C  p a     k a     



(A10)







In the above equations,    L c    is the characteristic length of the related surface, and  g  corresponds to the gravity of the Earth with the value of 9.81   m /  s 2   .   C  p a   ,    k a   ,    μ a   , and    β a    are the air heat capacity in (  J / kgK  ), the air thermal conductivity, the viscosity of film on the surfaces in (  kg / sm  ), and the volumetric expansion coefficient of air in (  1 / K  ), respectively. All these values can be calculated in    T  f i l m    , which can be estimated using Equation (A11) [104]. Also,    T c    stands for the cover temperature, which can be estimated using Equation (A12) [52]:


   T  f i l m   =    T c  +  T i   2  ,  



(A11)






   T c  =  2 3   T o  +  1 3   T i   



(A12)







   h o   , the convective heat transfer coefficient between the outside air and the greenhouse cover can be calculated for the turbulent flows by the equation below [8,104]:


   h o  =    k a     L c    0.037 R  e  0.8   P  r  0.33   ,                                                         f o r   R e ≥ 5 ×   10  5   



(A13)






  R e =    ρ a   v ∞   L c     μ a    ,  



(A14)




where,    v ∞    represents the wind speed in (  m / s  ).




Appendix A.4. Heat Loss through the Air Exchange


Air exchange between the greenhouse and the outdoors is caused by infiltration and ventilation. The minimum level of infiltration rate has been reported as 0.2–0.5 ACH (   h  − 1    ) in references [105,106]. Since the CO2 concentration in the atmosphere can cover the minimum level of tomato plants’ requirement for photosynthesis (360–400 ppm of CO2) [45], the natural ventilation would be considered only for the summer with the aim of maintaining the inside temperature and relative humidity in a desirable level [8,107]. Even for the winter, however, the minimum level of 0.7–1 ACH total air exchange can be maintained for the greenhouses without supplementary CO2 supply systems and with a constant relative humidity of above 80% [8,107,108]. Therefore, the heat loss through the air exchange can be calculated using Equation (A15) [5,58]:


   Q  a i r e x   =  Q  i n f   +  Q  v e n t   =   V ˙  a   ρ a  C  p a   (   T i  −  T o   )  ≅ 0.33  N v   V g   (   T i  −  T o   )  ,  



(A15)




wherein,    V g    is the greenhouse volume in (   m 3   ) and    N v    is the number of natural air exchanges per hour.




Appendix A.5. Heat Loss through the Long-Wave Radiation


The hourly long-wave radiation from the greenhouse ground and plants (   Q  l w r    ), which is transmitted to the sky or absorbed by the cover, can be expressed as follows [8]:


   Q  l w r   =  [  σ  ε p   (   T i    4  −  T c    4   )   F  p − c    A f   ]  +  [  σ  ε p   τ c   F  p − s k y    A f   (   T i    4  −  T  s k y     4   )   ]   



(A16)







The first term on the right side of the equilibrium can be rewritten from the greenhouse cover perspective:


  σ  ε p   (   T i    4  −  T c    4   )   F  p − c    A f  = σ  (   T i    4  −  T c    4   )    ∑      ε c   F  c − p    A c   



(A17)







In Equations (A16) and (A17), subscripts “ c ” and “ p ” are attributed to the cover and plants of the greenhouse, respectively.  σ  is the Stephan–Boltzmann constant (5.67 × 10−8   W /  m 2   K 4   ), and  ε  and  τ  represent the emissivity and long-wave transmissivity of the related surfaces. The emissivity of ground and plants is considered 0.9 [8].    F  p − s k y     is the view factor between the greenhouse and the sky, which equals 1, and    F  c − p     stands for the view factor between the plants on the floor and the covers, which can be calculated by the equation below [8]:


   F  c − p   =   1 + c o s θ  2   



(A18)







   T  s k y     can be estimated as follows [109]:


   T  s k y   = 0.055  T o     1.5    



(A19)







A thermal curtain can be used at night to reduce the longwave radiation through the greenhouse roof [110].




Appendix A.6. Heat Loss through the Greenhouse Floor


The heat losses through the greenhouse floor are related to the thermal losses from the soil to the deep ground [8,109]:


   Q  f l o o r   =    k s     H s     A f   (   T f  −  T g   )   T  s k y   = 0.055  T o     1.5   ,  



(A20)




wherein    k s    is the thermal conductivity of the soil, which is assumed to be 1.25–1.4   W / mK   [8,111]. Moreover,    T g    is the deep ground temperature, which varies between 6 to 11 °C during the year [50], and    H s    the maximum depth of soil, where the temperature gradience tends to the minimum level. It is a reasonable assumption to take the floor temperature (   T f   ) equal to the greenhouse temperature.




Appendix A.7. Heat Loss through the Evapotranspiration


Evapotranspiration represents the water evaporated from the floor and transpired by plants. Since the modeling of evaporation from the floor is complicated, it is a rational assumption to consider it to be included in the evapotranspiration from the plants’ surfaces (i.e., leaves) [8]. The amount of heat used for the evapotranspiration of plants can be affected by different factors (e.g., solar radiation, air humidity, wind), which can be estimated as follows [8,45]:


    Q ˙   e v a p   =   m ˙   m o i s    h v  ,  



(A21)




where    h v    is the latent water heat of vaporization in (  J / kg  ). The excess thermal energy inside of the greenhouse leads to the plants’ transpiration, whose mass flow rate (    m ˙   m o i s    ) can be calculated by the equation below in (  kg / s  ) [112]:


    m ˙   m o i s   =  A p   ρ a     ω  p s   −  ω i     R a  +  R s     



(A22)







   A p    is the actual surface area of all the plant leaves in (   m 2   ). This parameter can be estimated using the average leaf area index of the plant (LAI), which is 2.0    m 2  /  m 2    for tomatoes [8], multiplied by the actual area on the greenhouse floor dedicated to planting.    ω  p s     and    ω i    define the saturated humidity ratio of plant surface and indoor air of the greenhouse, respectively, and can be calculated using the following equations [8]:


   ω  p s   = 0.622    P g     P a  −  P g    ,  



(A23)






   ω i  = 0.622    ϕ i   P g     P a  −  ϕ i   P g    ,  



(A24)




where    P a    and    P g    stand for the indoor pressure and saturated pressure in indoor temperature, respectively. Additionally,    ϕ i    corresponds to the relative humidity of indoor air in the greenhouse.



Finally, the aerodynamic resistance (   R a   ) and the stomatal resistance (   R s   ) with the unit (  s / m  ) can be estimated from the following relationships [113]:


   R a  = 220    L  l e a f   0.2      v i  0.8     ,  



(A25)






   R s  = 200  (  1 +  1   e   (  0.05  (  τ  I g  − 50  )   )       )   



(A26)







   L  l e a f     represents the characteristic length of plant leaves (0.027  m  for tomatoes) [8], and    v i    is the indoor air velocity.    I g    is the hourly global solar radiation on the horizontal surface in (  W /  m 2   ). The transpiration of the vast majority of plants tends to occur during daylight hours, and this process reaches its maximum level at noon [45,56]. Therefore, it is a reasonable assumption to consider the evapotranspiration heat losses from sunrise to sunset.
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Figure 1. The schematic illustration of the heat sources and sinks in the greenhouse heated with a server or cryptocurrency miner. 
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Figure 2. An operating Antminer S17e manufactured by Bitmain. Heat exhaust fans are displayed on the left image with a front-facing view. Cool air intake and power cables are displayed on the right with a rear-facing view. 
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Figure 3. DIY cryptocurrency mining container supporting 50 Antminer S17es. External facing heat exhaust is shown on the left, and the internal mining components are shown on the right. 
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Figure 4. The MightyPOD Prefabricated commercial cryptocurrency mining container from Bit-Ram. This represents the schematic drawing of the MightyPOD container designed to support 408 Antimer S17es. Label (A) denotes the access side view, and label (B) denotes the mining container from a top view [60]. 
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Figure 5. Representative total cumulative Antminer S17e experimental energy draw measurements over a 24-hour period in kWh across the two power cables. 
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Figure 6. Antminer S17e heat localization thermal images measured in degrees Celsius. Label A and B denote the Antminer’s top and bottom main fans measured by probes 1 and 2, respectively. Labels C and D denote the Antminer’s top and bottom power supply fans measured. 
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Figure 7. Antminer S17e heat exhaust over a 24 h period measured in degrees Celsius. Temperature 1 refers to heat exhausted from the top main fan of the Antminer. Temperature 2 refers to the heat exhausted from the bottom main fan of the Antminer. 
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Figure 8. Comparison between the results of the present greenhouse model and those of GREENHEAT [69] and TRNSYS [54]. 
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Figure 9. The technically feasible greenhouses for each miner scenario (a) 1st scenario; (b) 2nd scenario; (c) 3rd scenario in London, ON. 
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Figure 10. Daily heating demand of the greenhouses in London, ON. 
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Figure 11. Monthly heating and cooling demands of the greenhouses. 
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Figure 12. Monthly magnitude of heating sources in greenhouses. 
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Figure 13. Monthly values of heating losses through the conduction, convection, and air exchange in the greenhouses. 
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Figure 14. Monthly values of heating losses through long-wave radiation and evapotranspiration. 
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Figure 15. Variations of the greenhouse size and annual heating demand under the variation of the air exchange rate. 
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Figure 16. Variations in the greenhouse sizes, annual heat provided by supplementary lighting, annual heating demand, and annual cooling demand under the variation of the lighting allowance factor. 
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Figure 17. Variations in the greenhouse sizes under the variation in the photoperiod. 
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Figure 18. Variations in the greenhouse sizes, annual evapotranspiration heat loss, annual heating demand, and annual cooling demand under the variation in the planting (canopy) area fraction. 






Figure 18. Variations in the greenhouse sizes, annual evapotranspiration heat loss, annual heating demand, and annual cooling demand under the variation in the planting (canopy) area fraction.



[image: Energies 16 01331 g018]







[image: Energies 16 01331 g019 550] 





Figure 19. Annual profitability results of operating an individual Antminer S17e in six North American locations measured in USD. 
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Figure 20. Payback period results from the initial investment for an individual Antminer S17e operating in six North American locations measured in years. 
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Figure 21. Annual profitability results of operating a DIY mining container in six North American locations measured in USD. 
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Figure 22. Payback period results from the initial investment for a DIY mining container S17e operating in six North American locations measured in years. 
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Figure 23. Annual profitability results of operating a commercial MightyPOD container in six North American locations measured in USD. 






Figure 23. Annual profitability results of operating a commercial MightyPOD container in six North American locations measured in USD.



[image: Energies 16 01331 g023]







[image: Energies 16 01331 g024 550] 





Figure 24. Payback period results from the initial investment for a commercial MightyPOD container operating in six North American locations measured in years. 
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Figure 25. Annual natural gas expense in six North American locations to heat Greenhouse 1. 






Figure 25. Annual natural gas expense in six North American locations to heat Greenhouse 1.



[image: Energies 16 01331 g025]







[image: Energies 16 01331 g026 550] 





Figure 26. Annual natural gas expense in six North American locations to heat Greenhouse 2. 
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Figure 27. Annual natural gas expense in six North American locations to heat Greenhouse 3. 
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Figure 28. Monthly natural gas expense in Ontario to heat Greenhouse 1. 
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Figure 29. Monthly natural gas expense in Ontario to heat Greenhouse 2. 
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Figure 30. Monthly natural gas expense in Ontario to heat Greenhouse 3. 
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Figure 31. Annual heating expense of natural gas compared to electricity used to operate a Bitcoin mining system in six North American locations to heat Greenhouse 1. 
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Figure 32. Annual heating expense of natural gas compared to electricity used to operate a Bitcoin mining system in six North American locations to heat Greenhouse 2. 
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Figure 33. Annual heating expense of natural gas compared to electricity used to operate Bitcoin mining sources in six North American locations to heat Greenhouse 3. 
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Figure 34. Annual heating expense/profit with natural gas and Bitcoin mining (after considering Bitcoin selling price) sources in six North American locations to heat Greenhouse 1. 
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Figure 35. Annual heating expense/profit with natural gas and Bitcoin mining (after considering Bitcoin selling price) sources in six North American locations to heat Greenhouse 2. 
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Figure 36. Annual heating expense/profit by natural gas and Bitcoin mining (after considering Bitcoin selling price) sources in six North American locations to heat Greenhouse 3. 
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Table 1. The constructive properties of the greenhouse [48].
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	Characteristics
	Value





	Width (4   ×   span width)
	30  m 



	Eave (gutter) height
	3.4  m 



	Cover
	3   mm   tempered glass



	Interior double glazing
	8   mm   twin wall polycarbonate on sides and gable ends










[image: Table] 





Table 2. The coordinates of London, ON, Canada, and the essential meteorological data for the coldest day there [49,50].
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	Defining Parameters
	Value





	The coldest day temperature
	−22 °C



	Average deep soil (at 3 m) temperature on the coldest day (   T g   )
	8.5 °C



	Longitude (   L  l c    )
	−81.14°



	Latitude ( φ )
	43.05°



	Standard meridian (   L  s t    )
	90°
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Table 3. The characteristics of the greenhouses designed for three miner scenarios in London, ON.
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	No.
	Miner Scenario
	Number of Miners
	    Span   Dimensions   ( Width   ×          Length   ×         Height )  (  m    
	Number of Spans
	Greenhouse Area (     m  2    )
	Annual Heating Demand (   G J   )
	Annual Cooling Demand (   G J   )





	1
	Individual Antminer S17e (1st)
	1
	3.12    ×    3.12    ×    1.9
	1
	9.7
	22.3
	79.9



	2
	DIY Mining Container (2nd)
	50
	7.5    ×    25.81    ×    3.4
	4
	774.3
	1.0    ×    103
	3.6    ×    103



	3
	MightyPOD Commercial Mining Container (3rd)
	408
	7.5    ×    229.81    ×    3.4
	4
	6894.3
	8.3    ×    103
	2.9    ×    104
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Table 4. The characteristics of the greenhouses designed for three miner scenarios in Quebec, Alberta, California, Texas, and New York.
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	Region/Miner Scenario
	    Greenhouse   Area   (   m  2  )    
	    Annual   Heating   Demand   ( G J )    
	    Annual   Cooling   Demand   ( G J )    





	Quebec
	
	
	



	1st
	6.5
	21.3
	55.5



	2nd
	524.7
	1.0    ×    103
	2.3    ×    103



	3rd
	4887.3
	8.1    ×    103
	1.8    ×    104



	Alberta
	
	
	



	1st
	7.8
	25.2
	64.5



	2nd
	640.8
	1.2    ×    103
	2.7    ×    103



	3rd
	5804.7
	9.5    ×    103
	2.1    ×    104



	California
	
	
	



	1st
	79.4
	20.4
	723.3



	2nd
	5133.9
	1.0    ×    103
	37.5    ×    103



	3rd
	42,561
	8.5    ×    103
	30.6    ×    104



	Texas
	
	
	



	1st
	38.4
	9.9
	375.6



	2nd
	2989.5
	0.5    ×    103
	21.7    ×    103



	3rd
	25,512.6
	4.4    ×    103
	18.1    ×    104



	New York
	
	
	



	1st
	15.8
	22.9
	122.3



	2nd
	1217.4
	1.1    ×    103
	5.7    ×    103



	3rd
	10,615.5
	9.0    ×    103
	4.6    ×    104
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Table 5. Annual Natural Gas consumption (m3) for greenhouse heating in six North American locations.
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	Location
	Greenhouse 1 Consumption (m3)
	Greenhouse 2 Consumption (m3)
	Greenhouse 3 Consumption (m3)





	Ontario
	598
	28,200
	222,823



	Quebec
	571
	27,106
	217,687



	Alberta
	677
	32,148
	254,763



	California
	546
	27,849
	226,889



	Texas
	265
	14,239
	117,401



	New York
	614
	30,108
	243,118
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