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ABSTRACT

Renewable Heating on U.S. College Campuses: Assessing Viability Using Place-Based Factors

Emma C. Wright

Replacing fossil fuels with renewable energy is an essential step in eliminating greenhouse gas emissions and mitigating climate change. However, when renewable energy systems are imposed on places in a way that does not work with their unique characteristics, they may perpetuate environmental injustices and cause more harm than they address. In this thesis, I sought to build a connection between place-based factors and their influence on the criteria that ultimately determine the prospective viability of different renewable heating systems for a place. I studied three forms of renewable heating — air-source heat pumps, ground-source heat pumps, and geothermal direct heating — across the spatial extent of the contiguous United States, and for implementation on college campuses specifically. For this spatial extent, I gathered data on four place-based factors: average annual heating degree-days, commercial natural gas prices, financial-incentive policies, and electricity from renewable sources. I classified each factor’s data into five categories scored from 0 to 4, which respectively indicated the lowest and highest levels of viability for a renewable heating system that would be implemented under that category of the factor. I then overlaid these factor layers using ArcGIS Pro to produce overall viability maps for each studied form of renewable heating. These viability maps were color-coded to indicate areas of lowest and highest overall viability as of 2024 for each form of renewable heating, according to the four place-based factors included in this thesis. In addition to providing information on the current relative viabilities of air-source heat pumps, ground-source heat pumps, and geothermal direct heating for college campuses in the United States, the model used in this thesis holds potential for further extension through incorporating additional place-based factors, studying additional forms of renewable heating or renewable energy, and/or covering other geographical areas. 
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[bookmark: _Toc169875808]Introduction
Climate change and its destructive effects have worsened by the year. In 2022, disasters directly linked to climate change caused multiple thousands of deaths and cost an estimated 300–400 billion U.S. dollars in damages worldwide (Masters, 2023). According to the 2023 report by the Intergovernmental Panel on Climate Change (IPCC), to avoid the most irreversible and catastrophic effects of climate change that will become increasingly likely if global temperatures exceed 1.5 degrees Celsius of total warming, all net emissions of atmospheric greenhouse gases must completely cease within the next three decades, which requires a significant and continuous reduction of global emissions every year (Intergovernmental Panel on Climate Change, 2023). The International Energy Agency reported that approximately 44 percent of global greenhouse gas emissions in 2021, or nearly half, came from the combustion of fossil fuels such as coal, oil, and natural gas for the purpose of energy production (International Energy Agency, 2023LETTER; https://www.iea.org/data-and-statistics/data-tools/greenhouse-gas-emissions-from-energy-data-explorer). It is therefore imperative to replace these means of energy production with renewable systems, in order to achieve the necessary greenhouse gas emissions reductions indicated by the Intergovernmental Panel on Climate Change (2023). 
However, sustainability often encompasses more than just the reduction of greenhouse gas emissions. For instance, the United Nations lists 17 distinct goals as part of its Sustainable Development Goals, of which renewable energy encompasses only one small part — other goals cover such additional aspects as well-being, equity, and social justice (United Nations, n.d.). To be fully sustainable, renewable energy solutions cannot only reduce greenhouse gas emissions but rather must also embody and represent these additional principles, as otherwise they merely replace one problem with another. 
Unfortunately, when they are improperly planned, renewable energy solutions may infringe upon other aspects of sustainability and ultimately cause more harm than good. As an example, a proposed energy storage facility to be built in southern Washington state would strengthen the supply of local renewable wind power (Goldendale Energy Storage LLC, [https://goldendaleenergystorage.com/benefits.html]), but is slated to be constructed on land used by indigenous peoples of the Yakama Nation for important traditional food and resource gathering (Yakama Nation Fisheries, 2024). Although this energy storage facility would increase local renewable energy production and create new renewable energy jobs in the area (Goldendale, [https://goldendaleenergystorage.com/benefits.html]), it also risks disrupting or destroying a way of life that has sustained local people for many thousands of years (Yakama Nation Fisheries, 2024). When considering the full breadth of the United Nations Sustainable Development Goals (United Nations, n.d.), the true sustainability of renewable energy-related projects like the proposed Goldendale energy storage facility may be called into question. 

[bookmark: _Toc169875809]Fitting Solutions to Place
Despite issues such as those mentioned above, greenhouse gas emissions must be reduced; taking no action is not an option. Solutions must therefore be created that both curtail global emissions and simultaneously honor the other United Nations Sustainable Development Goals (United Nations, n.d.). The issue of how to accomplish these simultaneous and potentially conflicting goals forms the central question of this thesis. 
Fitting solutions to place is the proposed answer to this question. In this thesis, this espouses the idea that solutions should be developed that fit to the places they are implemented, and made to work best with a place’s characteristics, rather than attempting to universally apply “one-size-fits-all" solutions everywhere. According to Pierotti and Wildcat (2000), Johnson et al. (2016), and Cajete (2020), while this concept is novel in and often clashes with the established Western scientific method, within Indigenous science it forms an essential backbone of worldview that guides all subsequent actions taken. Nelson (2014) and Cajete (2020) highlighted how working with places comprises a central part of environmental sustainability within an Indigenous science context, through a robust knowledge of how ecological systems operate at both local and broader scales. Although this concept remains relatively rare within the Western scientific paradigm (Johnson et al., 2016), its principles have occasionally appeared in practice — for example, Hester (2010) documented many personal examples of successful environmental urban-renewal projects that worked heavily with local communities to provide solutions fit to their respective places. This suggests that even within current systems, the concept of fitting solutions to place may already be close to present. 
According to Nelson (2014) and Whyte et al. (2016), as Indigenous science becomes more integrated into established scientific method and policy, its principles such as those of working with place will become more widely familiar concepts. Because of this and because of the existing applications of these principles such as demonstrated by Hester (2010), the concept of fitting solutions to place forms the central paradigm of this thesis research. 

[bookmark: _Toc169875810]Scope of Research
While fitting solutions to place is a broad and abstract concept, in this thesis it is applied to the specific field of renewable energy and its implementation. However, renewable energy is itself a broad field that can be divided into major sub-categories of renewable electricity and heating, respectively (United States Department of Energy, n.d.). To narrow the conceptual scope of my thesis work to within a manageable degree, I have chosen to focus on renewable heating only in my research. I furthermore narrowed the spatial scope of this thesis study to cover only the extent of the contiguous United States; in other words, the “lower 48” states plus the District of Columbia. While this decision was made out of necessity to limit the spatial bounds of the thesis research to a manageable size, it does not imply the comparative importance of the study area relative to any other place — rather, in this thesis research I demonstrate a model that can ideally be applied to any other study area, with appropriate modifications where necessary. 

[bookmark: _Toc169875811]District Heating
While not synonymous with renewable energy, district energy is a related and highly intertwined concept that refers to the distribution of energy to multiple consumers across a network of built infrastructure (Mahmoud et al., 2020). Within district energy, district heating encompasses specifically this network-distribution of thermal energy, or heat (Jodeiri et al., 2022). Although most renewable heating systems can function as individual units, they are often integrated into district heating systems due to the greater efficiency and cost-saving it can bring (Werner, 2017; Jodeiri et al., 2022). For this reason, the primary research conducted in this thesis focuses on the viability of renewable heating systems within the framework of an assumed existing district heating network. 
According to Han et al. (2021), at the time of their writing district heating in the United States remains very sparse and is generally limited to small, self-contained environments such as college campuses and hospitals. Owing to these circumstances, this thesis focuses specifically on college campuses within the contiguous United States for studying the viability of renewable heating. While Han et al. (2021) advocated for the continuing expansion of district heating infrastructure in the United States, I have made renewable heating — rather than district heating — the specific focus of this thesis. Although the expansion of district heating infrastructure in the United States remains an important topic for study and research, it is set aside here to instead focus on implementing renewable heating systems where this infrastructure already exists. 

[bookmark: _Toc169875812]Research Questions
The mission of this thesis is to apply the core ethos of fitting solutions to place to the main topic of implementing renewable heating on U.S. college campuses. I seek to build a general model for determining the viability of different renewable heating forms for a college campus, based on factors that affect this viability and that may vary from place to place. Therefore, I ask the following research questions: 
1) What criteria components comprise the viability of a form of renewable heating, and what place-based factors increase or decrease this viability? 
2) What is the spatial distribution of viability for the prospective implementation of three forms of renewable heating — air-source heat pumps, ground-source heat pumps, and geothermal direct heating — on college campuses across the contiguous United States, according to these place-based factors? 


[bookmark: _Toc169875813]Literature Review
[bookmark: _Toc169875814]Overview
To better understand the current status of renewable heating developments in the United States, common forms of renewable heating will be reviewed with attention given to their strengths, weaknesses, and other unique and/or relevant characteristics. I will also indicate which forms of renewable heating I am including or excluding from further analysis in the main research component of this thesis. Once current common forms of renewable heating have been established, I will next seek to build a working definition of “viability” for use in this thesis, which will be accomplished by reviewing existing studies on the forms of renewable heating I have chosen to cover and noting common criteria metrics used for their evaluation. I will then cover factors that studies have found to positively or negatively affect renewable heating viability, according to the metrics previously noted. Finally, I will review some of the current case-studies of renewable heating on U.S. college campuses, spanning from completed projects to those still in planning. In each of these case-studies, connections will be drawn to the concepts of factors, criteria, and renewable heating viability as they appear in these real-world scenarios. 

[bookmark: _Toc169875815]Forms of Renewable Heating
For this thesis, renewable heating is defined as any system that produces thermal energy (heat) through non-fossil-fuel-consuming means. It also includes systems that provide thermal energy using electrical power, with the assumption that the electricity was itself produced through renewable means. Common forms of renewable heating will be outlined below, with descriptions given of each form’s main strengths, weaknesses, and considerations necessary to achieve their most optimal implementation. Finally, select renewable heating forms will be chosen for inclusion in the main body of this thesis research, according to a combination of active interest among U.S. college campuses, availability of data on influential factors, and this author’s discretion. 

[bookmark: _Toc169875816]Solar Thermal
While solar photovoltaic panels (solar PV) are a common form of renewable electricity production, solar is also used for the direct production of thermal energy through solar thermal technology (Kalogirou, 2004). Solar thermal exists in a variety of designs, but generally uses solar collectors to capture thermal energy from the Sun and in turn heat water or a circulatory heating fluid (Kalogirou, 2004; Tian & Zhao, 2013). While solar thermal can be implemented on an individual-building scale (Buker & Riffat, 2015), according to Jodeiri et al. (2022) it is also commonly integrated into district heating systems, with two key factors enabling this integration being progressively lowered heat-distribution temperatures within district heating systems and the advent of thermal energy storage. Thermal energy storage is not itself a form of renewable heating, but rather stores excess heat produced during times of over-production, enabling it to be saved for times of higher heat demand (Tian & Zhao, 2013; Sarbu & Sebarchievici, 2018). In this way, thermal energy storage is therefore closely related both to renewable heating and to district heating.  
Tschopp et al. (2020) showcased that when it is combined with sufficiently large thermal energy storage systems, solar thermal can function successfully even in high-latitude, temperate regions such as Denmark, Germany, and Austria. All the case-studies covered by these authors included integrated thermal energy storage systems; every covered case-study system included thermal energy storage for daily heat production, while their case-study in Denmark additionally included seasonal thermal energy storage that accumulated heat over the summer season for use in the winter. According to these authors, local economic factors such as financial incentives and heat/electricity prices proved equally important as sunlight availability for the effectiveness of the studied solar thermal systems. Although many of the solar thermal systems included in the authors’ study used boilers (including some fueled by fossil fuels) for supplemental heat production during the winter season, their study nevertheless demonstrates both the potential and the necessary considerations of solar thermal in regions that might otherwise not be thought of for its implementation. 
As with solar PV, a weakness of solar thermal is its dependence on the availability of sunlight for maximum functionality, which is often limited by season and weather (Tester et al., 2021a; Jodeiri et al., 2022). This issue is however further compounded for solar thermal, because its provided services — hot air and water — typically exist in highest demand during the same periods where sunlight is least available, such as the winter season in temperate climates (Tester et al., 2021a). According to Tian and Zhao (2013), solar thermal is often most effective when coupled with thermal energy storage; in the United States, Tester et al. (2021a) doubted the ability of solar thermal to serve as a large-scale renewable heating solution, due to the high cost of building sufficient levels of this thermal energy storage as well as the aforementioned mis-match between sunlight availability and periods of highest heat demand. 
Solar thermal is not included among the forms of renewable heating studied further in this thesis. However, it may nevertheless hold potential for applications in renewable heating on U.S. college campuses when it is combined with thermal energy storage and supplemented by other forms of heat production, as demonstrated by Tschopp et al. (2020).  

[bookmark: _Toc169875817]Biomass Heating
Biomass heating encompasses the combustion of plants, animal waste products, and other “non-fossil-fuel" organic matter for heat production (Vallios et al., 2009). It typically uses boilers similar to those run on fossil fuels, and in some cases it can directly replace fossil fuels with biomass as the boiler fuel (Ericsson & Werner, 2016; Jodeiri et al., 2022). Like most other forms of renewable heating, biomass heating has been heavily integrated into district heating systems (Ericsson & Werner, 2016; Jodeiri et al., 2022). More uniquely, biomass heating has been studied extensively for use in rural areas, owing to advantageous factors such as its often-easier implementation in these areas compared to other forms of renewable heating (Hendricks et al., 2016; Soltero et al., 2018c; Yan et al., 2019). While the suitability of biomass heating for rural areas varies from place to place according to factors such as resource availability and competitive pricing (Hendricks et al., 2016; Soltero et al., 2018b; Jodeiri et al., 2022), this nevertheless showcases the principles of fitting solutions to place. 
Assuming that it incorporates the replenishment of an equal or greater amount of carbon than it uses (i.e., it does not involve the novel clearing of habitat), biomass heating qualifies as a renewable form of heating (Neri et al., 2016). However, due to inefficiencies inherent to the combustion process, biomass heating consumes more resources than other forms of renewable heating and requires significant amounts of fuel to operate on a large scale, which can lead to environmental issues such as habitat destruction and/or degradation (Tester et al., 2021a). Furthermore, when not used locally to where it is produced, biomass heating can incur major energy and pollution costs from fuel transportation due to a lack of easy portability methods (Ericsson & Werner, 2016; Neri et al., 2016; Jodeiri et al., 2022). Because biomass heating typically uses a traditional combustion process, it also tends to emit more pollutants than other forms of renewable heating, which can lower local air quality and harm human health (Neri et al., 2016; Jodeiri et al., 2022). While these drawbacks have not prevented the continued use of and research into biomass heating, they remain important for consideration in any prospective implementation scenario. 
Despite these drawbacks, case-studies such as by Akhtari et al. (2014) have shown the potential for biomass heating to effectively replace fossil fuels. According to Jodeiri et al. (2022), biomass heating may hold potential as a supplementary heating source in systems headed by other, more efficient forms of renewable heating. This is corroborated by existing case-studies and proposed projects where biomass heating is used or recommended for use in “backup boilers” to support other renewable heating systems in meeting a full heating demand load (e.g. Kassem et al., 2020; Tschopp et al., 2020). To address the combustion inefficiencies inherent to biomass heating, authors such as Sartor et al. (2014) and Furubayashi and Nakata (2021) have studied the use of biomass for combined heat and power, in which the biomass fuel is combusted primarily for electricity generation and the remaining “unused” thermal energy is then recovered for heating use. These examples demonstrate that despite the aforementioned weaknesses of biomass heating, it is possible to play to its strengths and work around some of these weaknesses to various extents. 
While biomass heating is not covered further in this thesis research, it holds potential as a supplemental renewable heating role in some cases. Due to its use of combustion, biomass heating arguably resembles fossil-fuel heating closer than other forms of renewable heating; while this brings weaknesses such as a lower thermal energy output for the resources required, it may conversely also allow biomass heating to fill a niche in the renewable heating paradigm due to the semi-unique characteristics of its “boiler nature” among forms of renewable heating. 

[bookmark: _Toc169875818]Geothermal Direct Heating
Geothermal energy, the latent thermal energy within the Earth’s crust, is commonly used as a source of renewable electricity in geothermal power plants (Tester et al., 2021a). Less common but emerging in interest is the direct use of geothermal energy for heating purposes, referred to as geothermal direct use or geothermal direct heating (Beckers et al., 2021; Tester et al., 2021a). While this form of renewable heating is ubiquitous in countries such as Iceland, it remains sparse in the United States outside of sparse, isolated cases such as hot spring resorts (Snyder et al., 2017; Kolker et al., 2021). 
Despite the current limited use of geothermal direct heating in the United States, Tester et al. (2021a) argued that it holds a greater potential for widespread national implementation than other renewable heating systems such as solar thermal and biomass heating. The authors reached this conclusion through a combination of the large untapped geothermal potential across the contiguous United States according to their cited research (e.g. Blackwell et al., 2007), and their perceived lack of a better large-scale alternative for renewable heating in the United States. Similarly, Goetzl et al. (2023) expressed optimism in geothermal direct heating as a viable renewable heating form to further incorporate worldwide, including in the United States. They based this primarily on the potential to integrate geothermal direct heating with other systems such as thermal energy storage and heat pumps, as well as highlighting the large amount of active research in the field. 
Like other forms of renewable heating, geothermal direct heating has its weaknesses; according to Jodeiri et al. (2022), these include high construction costs (both in money and time) relative to other forms of renewable heating, potential negative environmental impacts from their construction and operation, and a high susceptibility to lowered operational efficiency resulting from design problems. Because of the often high construction costs, geothermal direct heating is also vulnerable to external factors such as competing fossil fuel prices and policy support (or lack thereof) that can sway its viability of implementation seemingly on a whim (Thorsteinsson & Tester, 2010; Kolker et al., 2021). While all forms of renewable heating rely on local policies and financial incentives to varying degrees (Jodeiri et al., 2022), geothermal direct heating depends especially strongly on this support to enable further research into its implementation (Thorsteinsson & Tester, 2010; Tester et al., 2021a). 
Due to the emerging body of research on geothermal direct heating in the United States, including multiple active case-studies of its potential implementation on college campuses that will be highlighted later in this literature review, geothermal direct heating will be included for further study in the main portion of this thesis research.  

[bookmark: _Toc169875819]Heat Pumps
While the previous forms of renewable heating produce or extract their own thermal energy, heat pumps instead use electrical power to move existing thermal energy “against the gradient” that it would normally flow, concentrating it in desired spaces such as buildings (Gaur et al., 2021). This is accomplished by using a typically closed-loop system of refrigerants, which absorb thermal energy from an external ambient source and cycle it into the desired space through deliberately-timed evaporation and condensation (Z. Wang et al., 2021). Many heat pumps are capable of operation for either heating or cooling purposes, depending on current external environmental conditions (Gaur et al., 2021; Z. Wang et al., 2021). Although renewable cooling is outside the scope of this thesis, this additional flexibility may prove advantageous for the future implementation of heat pumps as climate change continues to warm global temperatures (Gaur et al., 2021). 
According to Jodeiri et al. (2022), the primary current role of heat pumps in district heating systems is to increase the temperature of distributed thermal energy before it reaches its end-user. As distribution temperatures in district heating systems have continuously lowered, the niche value of heat pumps at this end step has increased (Jodeiri et al., 2022; Sarbu et al., 2022; Gjoka et al., 2023). Heat pumps may also be coupled with thermal energy storage systems, which can increase their reliability by providing a back-up source of heat (Ermel et al., 2022). Alongside these developments in district heating, heat pumps have also been studied for their use outside of district heating systems, such as for individual residential heating (Carroll et al., 2020; Chesser et al., 2021). This plethora of studies and applications suggests a high diversity in scenarios where air-source heat pumps may be viable and worth studying. 
Compared to other forms of renewable heating, heat pumps generally enjoy an advantage in efficiency — due to how they operate and the laws of thermodynamics, heat pumps can provide equal amounts of heating using comparatively fewer resources when operating under ideal conditions (Gaur et al., 2021; Z. Wang et al., 2021). Their lack of dependence on specific fuels also makes heat pumps more versatile in where they can be constructed, as they generally require access only to electricity and the appropriate external physical medium to operate (Gaur et al., 2021). This high degree of flexibility combined with generally good efficiency makes heat pumps akin to a “jack of all trades” among forms of renewable heating. 
Heat pumps’ dependence on electricity presents weaknesses, however, as their consumption may strain and potentially over-burden local electricity supply (Gaur et al., 2021; Tester et al., 2021a). Furthermore, if the electricity used to power a heat pump comes from fossil fuels or other non-renewable sources, the “renewability” of the entire heat pump system comes into question (Greening & Azapagic, 2012). Like other forms of renewable heating, heat pumps are subject to external market factors and may lose viability for implementation when fossil fuels are comparatively cheaper than electricity (Doak et al., 2022). Other concerns with heat pumps include their use of refrigerants, many types of which produce additional greenhouse gas emissions, harm the ozone layer, or cause other polluting effects when they leak (Greening & Azapagic, 2012; Staffell et al., 2012; Gaur et al., 2021); and a lack of widespread familiarity when compared to other, more recognisable forms of renewable energy (Nyborg & Røpke, 2015; Gaur et al., 2021). These concerns show that while heat pumps hold unique advantages compared to other forms of renewable heating, they are not a one-size-fits-all solution and their pros and cons must be weighed against those of other forms of renewable heating in any implementation scenario. 
While heat pumps share some general characteristics, they differ in many ways according to their type, which is categorised by the external physical medium (air, water, or ground) from which they draw thermal energy (Gaur et al., 2021; Z. Wang et al., 2021). These different types of heat pumps are described next, along with more specific strengths, weaknesses, and considerations for the effective operation of each. 

Air-Source Heat Pumps
Air-source heat pumps encompass those that use the surrounding, ambient air as the external medium with which they exchange thermal energy (Gaur et al., 2021; Z. Wang et al., 2021). While air-source heat pumps vary in size and capacity, they are typically smaller than other types of heat pumps and often operate as separate units on individual buildings (Staffell et al., 2012). Generally, air-source heat pumps require less space and fewer specificities for where they can be constructed than other types of heat pumps, which combined with a typically lower cost offers them a high degree of flexibility even by the standards of an already-flexible renewable heating form (Staffell et al., 2012; Z. Wang et al., 2021). 
However, their inherent “exposure to the elements” leaves air-source heat pumps highly susceptible to changes in external environmental conditions; in particular, they run the risk of frosting in cold weather, which can severely lower the efficiency of the system or even disable it entirely (Staffell et al., 2012; Z. Wang et al., 2021). Even when they avoid frosting, air-source heat pumps tend to drop significantly in efficiency when ambient temperatures are low (Safa et al., 2015; Y. Zhang et al., 2017). Due to this, air-source heat pumps may perform worse than other heat pump types over the entire heating season and accrue higher expenses in the long run (De Swardt & Meyer, 2001; Safa et al., 2015). These drawbacks balance the previous advantages of air-source heat pumps against other types. 
Air-source heat pumps have appeared as potential options in the decarbonisation plans of some U.S. college campuses, such as Foothill College in California (Hansen, 2023). However, compared to other types of heat pumps, air-source heat pumps appear to be recommended more frequently for use in tandem with other renewable heating infrastructure, such as with Western Washington University in Bellingham, Washington (Säzän Group & Integral Group, 2022); or deemed a less viable option than other forms of renewable heating, such as by the University of Washington in Seattle (University of Washington, 2023). Nevertheless, air-source heat pumps are included for further study in this thesis, due to many of the key factors affecting their viability such as temperature data and renewable electricity availability being among the factors gathered and used in this research. 

Ground-Source Heat Pumps
Ground-source heat pumps use below-ground soil as the physical medium from which they draw and exchange thermal energy (Gaur et al., 2021; Z. Wang et al., 2021). The term “ground-source heat pump” overlaps and is sometimes used synonymously with “geothermal heat pump” (Gaur et al., 2021), which may cause confusion with geothermal direct heating in the latter case. For clarity in this thesis, “ground-source heat pump” is consistently used as the term that encompasses the mechanisms described in this sub-section, while “geothermal” always refers to geothermal direct heating when used. The term “geothermal heat pump” is avoided in this thesis, except when referencing sources that use it or a related term.  
Compared to air-source heat pumps, ground-source heat pumps typically offer a higher reliability and efficiency, being less susceptible to adverse weather conditions due to the comparative thermal stability of the below-ground over ambient air (De Swardt & Meyer, 2001; Staffell et al., 2012). Even under fairly stable weather conditions, ground-source heat pumps typically exhibit greater efficiency than air-source heat pumps, due to the thermal properties of ground-soil making heat exchange more thermodynamically favourable (Staffell et al., 2012); this advantage is especially pronounced in climates that experience significant seasonal temperature variations (Sarbu & Sebarchievici, 2014; Z. Wang et al., 2021). This efficiency may lead to a lower cost over the heat pump’s operational lifetime (Paiho et al., 2017). In general, ground-source heat pumps tend to hold small to moderate advantages over air-source heat pumps in many of the latter’s areas of weakness, while still reaping many of the same benefits heat pumps enjoy over other forms of renewable heating. 
Besides sharing the weaknesses inherent to all heat pump types, ground-source heat pumps present higher construction costs and increased space requirements compared to air-source heat pumps (Z. Wang et al., 2021). Constructing a ground-source heat pump system requires a large ground “footprint” that may not be available in all cases, and risks causing environmental problems through surface habitat destruction and/or groundwater contamination (Saner et al., 2010; Gaur et al., 2021). Although ground-source heat pumps typically exhibit much better resilience against low temperatures than air-source heat pumps, their efficiency has nevertheless been observed to drop over their operational lifetimes in cases where the system over-draws thermal energy from its surroundings, which can cause a gradual and long-term lowering of ground temperatures around the system (Staffell et al., 2012; Safa et al., 2015). Furthermore, ground-source heat pumps depend on large differences between surface and below-ground temperatures for their best performance, which makes them less optimal in climates that tend to lack these temperature differences (Lu et al., 2017; Gao et al., 2021). Despite holding many comparative strengths over air-source heat pumps, ground-source heat pumps may therefore not be the most viable renewable heating form in every implementation scenario. 
Besides implementations already established on campuses such as Ball State University in Indiana (Im et al., 2016), the University of Illinois, Urbana-Champaign (Nifong, 2022; Sheppard, 2022), and Carleton College in Minnesota (Janzer, 2021; Jossi, 2022), ground-source heat pumps have attracted study for decarbonisation by other U.S. colleges such as the University of Dayton in Ohio (Shea et al., 2020) and the University of Illinois, Chicago (Reddy et al., 2020). Owing to the current interest and active implementations, ground-source heat pumps are included as the third and final studied renewable heating form in this thesis, alongside air-source heat pumps and geothermal direct heating. 

Water-Source Heat Pumps
Besides air-source and ground-source heat pumps, water-source heat pumps use surface water bodies or groundwater as their external physical medium (Z. Wang et al., 2021). A major inherent advantage to water-source heat pumps comes from the high specific heat capacity of water, which due to its temperature-moderating effect grants them a typically higher operational efficiency than other types of heat pumps (Chen et al., 2006; Sarbu & Sebarchievici, 2014; Schibuola & Scarpa, 2016). In the long term, this increased efficiency can save money and lead to lower resource consumption than other types of heat pumps (Schibuola & Scarpa, 2016; Gaur et al., 2021). Additionally, Greening and Azapagic (2012) found in a study of heat pumps’ negative environmental impacts that water-source heat pumps had on average a smaller total impact than both air-source and ground-source heat pumps. 
Water-source heat pumps are limited mainly by their required access to a usable water body, which limits where they can be implemented more than other types of heat pumps (Gaur et al., 2021; Z. Wang et al., 2021). They also typically carry higher initial construction costs than air-source heat pumps, though these may balance out with returns from higher efficiency over their operational life (Z. Wang et al., 2021). Despite the lower overall environmental impacts observed by Greening and Azapagic (2012), water-source heat pumps still carry risks of environmental harm from their construction and operation, especially when considering the often high vulnerability of aquatic ecosystems (Z. Ren et al., 2024). As with all forms of renewable heating, water-source heat pumps are not a universal solution, and their successful and sustainable use in a given scenario will depend both on their appropriateness for the circumstances of a place and on how they compare to other renewable heating options. 
College campuses in the United States that have researched or implemented water-source heat pumps for heating and/or cooling include Cornell University, which features an active “lake-source cooling” system in the adjacent Cayuga Lake (Beckers et al., 2020; Tester et al., 2023), and the University of Washington in Seattle, which has considered implementing a water-source heat pump within the neighbouring Lake Washington to meet part of its campus heating and cooling needs (University of Washington, 2023). While water-source heat pumps are not included among the studied forms of renewable heating in this research, their potential for use by U.S. college campuses exists as demonstrated by the above examples. 

[bookmark: _Toc169875820]Waste Heat
An emergent form of renewable heating, the recovery of “waste” heat for use in district heating systems has attracted recent study for its potential as a novel method of decarbonisation (H. Lund et al., 2021; Jodeiri et al., 2022; Gjoka et al., 2023). As distribution temperatures within district heating systems have progressively lowered with the advent of new distribution-infrastructure technology, integrating left-over heat from sources such as industrial manufacturing and combined heat and power has become thermodynamically feasible (Jodeiri et al., 2022; Gjoka et al., 2023). According to Ziemele et al. (2018) and Lagoeiro et al. (2020), integrating waste heat into district heating systems can significantly reduce both the greenhouse gas emissions and generated waste of cities and district heating systems. Due to the comparatively low temperatures of recovered waste heat to those typically demanded, the expansion of waste-heat recovery in district heating systems has also integrated heavily with that of heat pumps (Lagoeiro et al., 2020; Jodeiri et al., 2022). 
Making effective use of waste heat for renewable heating requires a heavily developed district heating system, and thus its implementation is typically restricted to places where this infrastructure already exists (H. Lund et al., 2021; Jodeiri et al., 2022; Gjoka et al., 2023). It is difficult for waste heat to serve as the primary source of renewable heating in a system, due both to its nature as a “source of opportunity” dependent on the existence of pre-existing infrastructure and its low temperatures compared to other renewable heat sources (Jodeiri et al., 2022). According to Jodeiri et al. (2022), while waste heat holds significant potential as a supplemental heating source in district heating systems, the degree of its role in a given system depends heavily on the existing local circumstances. 
District heating infrastructure remains largely un-developed in the United States (Han et al., 2021), which may limit its current extent of potential waste heat implementation due to the aforementioned dependency of waste heat systems on this infrastructure (Jodeiri et al., 2022). However, as many of the current district heating networks in the United States exist within college campuses (Han et al., 2021), waste heat recovery may hold potential viability there. Usage of recovered waste heat on U.S. college campuses has been proposed by Lukawski et al. (2013) for torrefied biomass generation at Cornell University, and by the University of Washington as a part of its campus decarbonisation plan (University of Washington, 2023). While these examples showcase emergent interest by some U.S. college campuses in waste-heat recovery, it is not included among the forms of renewable heating studied further in this thesis. 

[bookmark: _Toc169875821]Criteria
This overview of common forms of renewable heating has revealed strengths, weaknesses, and considerations for the most effective implementation of each. In a real-world scenario, these intersecting factors may make determining the “best” form of renewable heating for a given situation a complex and difficult process. Without consistent metrics by which to compare different forms of renewable heating, making a clearly informed decision may not be feasible due to the difficulties of weighing different forms’ strengths and weaknesses against each other (Kumar et al., 2017). 
Multi-Criteria Decision Analysis (MCDA) is a broad term that encompasses numerous different frameworks intended to address these complex decision-making scenarios by creating consistent and comparable metrics of evaluation for all possible solutions in a given scenario (J. Wang et al., 2009; Kumar et al., 2017). Due to its flexible nature, MCDA has been commonly applied to decision-making in numerous fields, including renewable energy (J. Wang et al., 2009). According to J. Wang et al. (2009) and Kumar et al. (2017), while specific MCDA frameworks vary in their structure, they generally involve the evaluation of multiple potential solutions for implementation — referred to as “Alternatives” — against multiple variables known as “Criteria” whose outputs are pre-set as the rubric by which the most optimal Alternative can be determined. These Criteria will be the focus of the following sections, which will cover some of these most common variables that appear in current renewable heating MCDA studies. (While the terms “Alternatives” and “Criteria” are normally not capitalized, for the remainder of this thesis they are intentionally written with capitalization as a means to draw attention to them specifically as the terms referenced here.) 
Each Criterion covered here will be analysed with two purposes in mind: 1) to show how they each shape the overall viability of renewable heating systems, therefore giving them importance for consideration; and 2) to examine when and why they have been included or excluded from different MCDA studies, according to considerations such as the priorities of the study and other, potentially overlapping Criteria also included. Rather than serving as an exhaustive list of all renewable heating MCDA studies, the following sections are intended to highlight a small number of examples for each Criterion, showing the forms in which they may be potentially included in a study. This will in turn provide a connection between place-based factors, which will be covered in the next section, and their ultimate influence on viability of renewable heating systems as a whole. 

[bookmark: _Toc169875822]Costs
Nearly all reviewed renewable heating studies included at least one Criterion relating to the minimization of project costs. According to J. Wang et al. (2009), two of the most common Criteria appearing in renewable energy MCDA dealt respectively with the minimization of up-front (i.e., project construction) and running (on-going) costs. (Although these authors’ review focused on renewable energy as a whole rather than renewable heating specifically, many of the Criteria they listed overlap with those appearing in the renewable heating studies examined in this section.) Studies using both these Criteria included those by H. Ren et al. (2009), who studied solutions for residential heating and energy in Japan; Kontu et al. (2015), who evaluated residential renewable heating options in Finland; and Yang et al. (2018) and Wen et al. (2023), both of whom studied residential renewable heating in Denmark. In other studies, effectively similar Criteria were included under different names; Yan et al. (2019) included a “net present cost” Criterion similar to that of investment cost in their evaluation of heating solutions in rural Canada, in addition to a Criterion for running cost. In general, the widespread use of these two Criteria across different renewable heating MCDA studies shows a high emphasis placed on cost minimization, both at the project implementation stage and thereafter. 

Levelized Cost of Heat
Kirppu et al. (2018) included an up-front cost Criterion, but not one for running cost, in their study of renewable heating options for a municipal system in Helsinki, Finland. However, these authors included a Criterion in their study for the levelized cost of heat, which they defined as the total expenses required per unit of heat produced by each studied Alternative. Consequently, these authors’ study can be considered to still indirectly incorporate running costs among its Criteria. Levelized cost of heat has furthermore appeared in geothermal direct heating case studies such as by Reber et al. (2014) and Beckers et al. (2020), as one of the metrics by which they evaluated the financial viability of potential geothermal systems compared to other forms of heating. These uses suggest a degree of interchangeability between levelized cost of heat and running cost Criteria in different renewable heating studies, examining related variables but from slightly different perspectives depending on specific situational context. 

[bookmark: _Toc169875823]Emissions
Although the goal of renewable energy is to reduce greenhouse gas emissions, many systems still produce some emissions in actuality; whether from their own inherent emissions in systems such as biomass, drawing from fossil-fuel-produced electricity in the case of heat pumps, or other emissions from their manufacture and/or construction (Greening & Azapagic, 2012; Amponsah et al., 2014; Jodeiri et al., 2022). According to J. Wang et al. (2009), the amount of carbon dioxide and other greenhouse gas emissions produced by a renewable energy system forms one of the most widespread Criteria used in renewable energy MCDA studies. Many of the reviewed studies, such as those by H. Ren et al. (2009), Kirppu et al. (2018), Yang et al. (2018), and Wen et al. (2023), included this as a Criterion either in the form of emissions produced or as the reduction in emissions compared to present systems. Although this Criterion was nearly universal among reviewed renewable heating studies, it remains possible that some excluding it may exist; nevertheless, the observed ubiquity of greenhouse gas emissions as a Criterion in these studies implies that the ultimate goal of reducing emissions remains at the forefront of most studies’ emphases. 
In addition to greenhouse gas emissions, many renewable heating studies have also included Criteria for the reduction of other common pollutant emissions; those described by J. Wang et al. (2009) included nitrogen oxides, sulfur oxides, and miscellaneous particulate matters. According to J. Wang et al. (2009), these other pollutants carry negative impacts on human and/or environmental health, making their minimisation important even for those that lack direct impacts to climate change. Studies such as those by Kirppu et al. (2018), Yan et al. (2019), and Wen et al. (2023) included Criteria for these other pollutant emissions, as did Grujić et al. (2014) in their evaluation of municipal renewable heating options in Belgrade, Serbia. However, Criteria for these other emissions did not appear in other studies such as those by H. Ren et al. (2009) and Yang et al. (2018), while Kontu et al. (2015) included only particulate-matter emissions in their study (in addition to carbon dioxide emissions). This suggests that emissions other than carbon dioxide and its associated greenhouse gases may be a lower priority for inclusion in some studies, though their considered importance nevertheless is evident from their appearing fairly frequently in studies as their own Criteria. 

[bookmark: _Toc169875824]Land Impacts
Aside from greenhouse gas and other emissions, J. Wang et al. (2009) listed the negative environmental impacts to land resulting from infrastructure construction, referred to by the authors as “land use”, as an important Criterion for renewable energy systems. Kontu et al. (2015) and Kirppu et al. (2018) both included a Criterion for land impacts in their analyses, with Kirppu et al. (2018) citing the issue of space availability in their study location of Helsinki as a major reason for inclusion. However, this Criterion otherwise seldom appeared in the reviewed literature. As more attention is raised about the environmental injustices presented by some renewable energy projects such as the proposed energy-storage project in Goldendale, Washington (Yakama Nation Fisheries, 2024), it remains to be seen whether this Criterion will appear more frequently in MCDA studies as a result.

[bookmark: _Toc169875825]Efficiency
J. Wang et al. (2009) defined the efficiency of a renewable energy system as the amount of energy produced per unit of consumed fuel or other resources. According to these authors, this Criterion has appeared often in renewable energy MCDA studies, and they considered it to be a highly important metric of evaluation due to a higher efficiency implying both lower costs and fewer operational greenhouse gas emissions. Despite this, it rarely appeared in the reviewed renewable heating MCDA studies: Wen et al. (2023) were among the few to include it as its own Criterion, with which the authors measured the thermal energy produced by each Alternative per unit of fuel input. However, according to J. Wang et al. (2009), the overall efficiency of a renewable energy system influences its costs and potential greenhouse gas emissions, as systems with lower efficiencies consume more resources to produce an equivalent output; therefore, renewable heating studies that included cost and/or emissions Criteria could be considered to indirectly account for some impacts of efficiency on overall viability, even if they did not include a Criterion for efficiency itself.

[bookmark: _Toc169875826]Social Criteria
J. Wang et al. (2009) defined “social” Criteria as encompassing both quantitative metrics such as jobs created by a renewable energy system, and qualitative Criteria such as its popular acceptance and understanding. Although these authors considered these Criteria important to evaluate, relatively few reviewed renewable heating studies included them. Among those that did, Kontu et al. (2015) included a Criterion for popularity, which they evaluated quantitatively as the degree to which each Alternative was already present in Finland where their study took place; while Yan et al. (2019) included three Criteria marked as “social”, one being a qualitative measurement of the degree to which each Alternative would necessitate changes to existing ways of life among its recipients in rural Canada. According to J. Wang et al. (2009), including fewer Criteria when possible is often best to minimise the overall complexity of the decision-making; therefore, some studies may have culled social Criteria for the purpose of simplifying their analyses.

[bookmark: _Toc169875827]Place-Based Factors
[bookmark: _Toc169875828]Temperature and Humidity
The ambient temperature and humidity in a place are examples of environmental conditions, which are brought up for review as place-based factors due to studies documenting their effects on the performance of some renewable heating systems (Safa et al., 2015; You et al., 2016; Y. Zhang et al., 2017). As these values typically constantly change, average measurements over periods of time may be useful to provide informative data, such as those by the National Oceanic and Atmospheric Administration in the United States (https://www.noaa.gov/). The effects of climate change are projected to significantly alter average temperatures and humidities across the world over time (Intergovernmental Panel on Climate Change, 2023); therefore, considering temporal as well as spatial context may be particularly important for data gathered on these factors. 

Air-Source Heat Pumps
The negative impact of low ambient temperatures on air-source heat pump performance has been noted in reviews by Staffell et al. (2012), Z. Wang et al. (2021), and Sarbu et al. (2022). In a study of air-source heat pumps in three different cities in Italy, Madonna and Bazzocchi (2013) observed lower efficiencies over the course of the heating season in the cities with colder overall climates. Similarly, Safa et al. (2015) found that the efficiency of air-source heat pumps dropped heavily under cold temperatures (e.g., below 0 degrees Celsius) in both in-field studies and model simulations performed in Canada; while Y. Zhang (2017) also observed lowered efficiency in negative degree-Celsius temperatures from a field study in Harbin, China. This reduction of efficiency in cold settings occurs because air-source heat pumps withdraw thermal energy from the surrounding air when operating for heating purposes, and when the available ambient thermal energy is already low it becomes increasingly thermodynamically expensive to withdraw further heat (Z. Wang et al., 2021). 
Frosting is recognized as a major threat to air-source heat pumps operating under cold and humid conditions (Staffell et al., 2012; Z. Wang et al., 2021). Under these conditions, condensation can quickly turn to frost as the heat pump continuously withdraws thermal energy from its surroundings, severely lowering efficiency and in the worst case causing the system to fail (Pu et al., 2021; Z. Wang et al., 2021). While many air-source heat pumps contain built-in defrosting mechanisms, doing so takes time away from their ability to provide heating and may further lower their efficiency (Staffell et al., 2012; Liu et al., 2017). To address this, studies have explored novel technologies for increasing air-source heat pumps’ resiliency to frosting (Y. Zhang et al., 2018), and increasing the efficiency of defrosting when it is necessary to run (Jiang et al., 2013). Other authors such as Guoyuan et al. (2003) and Bertsch and Groll (2008) have run field trials of air-source heat pumps modified with alternate refrigerant systems and have reported favorable results, even in cold weather conditions. Despite these innovations, the general relationship nevertheless holds between low temperatures, high humidity, and reduced air-source heat pump efficiency. 

Ground-Source Heat Pumps
While ground-source heat pumps usually exhibit better resilience to cold conditions as compared to air-source heat pumps, their efficiency may nevertheless also drop when temperatures are low (Staffell et al., 2012; Safa et al., 2015). This typically occurs when the immediately surrounding ground from which the heat pump withdraws thermal energy lowers in temperature, which can occur during extended cold periods where ground-source heat pumps risk withdrawing thermal energy faster than it can be replenished (You et al., 2016). While ground-soil typically holds a much larger stock of accessible thermal energy than ambient air, it remains a finite source that risks depletion when it is over-drawn from, and consequently ground-source heat pump efficiency tends to decrease with lower external temperatures (Safa et al., 2015; You et al., 2016). Compared to air-source heat pumps, the effect of humidity on ground-source heat pump performance is less well documented, and the concern of frosting seldom appears in ground-source heat pump studies. However, according to W. Zhang and Wei (2012), ground-source heat pumps used for cooling purposes may suffer adverse performance effects in regions that are both hot and humid, due to an increased difficulty in providing effective cooling under these conditions. 
Ground-source heat pumps’ relationship with climate and temperature is further complicated by seasonality; according to Gao et al. (2021) and Z. Wang et al. (2021), ground-source heat pumps often exhibit their highest overall efficiencies in climates where temperature highs and lows vary widely between seasons, due to the resultingly more pronounced difference between above-ground and below-ground temperatures. In their study on ground-source heat pump performance in China, Gao et al. (2021) found that they exhibited the highest efficiencies in climate regions that experienced major temperature swings in both summer and winter, rather than just one. However, Liu et al. (2015) showed that ground-source heat pumps in China are widely used even in colder climate regions without hot summers, which they attributed to those regions of high use being major population areas. The latter authors’ findings suggest that urbanization and population density are also influential place-based factors for ground-source heat pumps that may sometimes work in opposite directions as climate and seasonality. The implication is that rather than being a simple, one-dimensional relationship, the effect of temperature on ground-source heat pump efficiency also depends on the local climate of a region and its seasonal temperature trends. 

[bookmark: _Toc169875829]Fossil Fuel Prices
The prices of fossil fuels such as coal, oil, and natural gas in a place may influence the viability of renewable heating systems due to economic competition (Werner, 2017; Jodeiri et al., 2022); therefore, they are reviewed as a place-based factor. According to Staffell et al. (2012) and Z. Wang et al. (2021), both air-source heat pumps and ground-source heat pumps typically cost more overall than fossil fuel systems; however, according to these authors and Gaur et al. (2021), heat pumps have nevertheless received fairly high levels of implementation in recent years. 


Geothermal Direct Heating
According to Thorsteinsson and Tester (2010), Snyder et al. (2017), and Kolker et al. (2021), low fossil fuel prices in the United States have severely dampened the development of new geothermal direct heating systems, especially when compared to Europe where geothermal development has been higher and fossil fuels have historically been more expensive. While low fossil fuel prices often negatively impact renewable heating overall, geothermal direct heating has been found to be especially susceptible due to its inherently high financial and material barriers (Jodeiri et al., 2022). Thorsteinsson and Tester (2010) and Kolker et al. (2021) both observed that the largest upswings of geothermal direct heating development in the United States have generally occurred immediately following nation-wide increases in fossil fuel prices. Their findings suggest a major direct relationship between fossil fuel prices and geothermal direct heating viability. 

[bookmark: _Toc169875830]Policies and Incentives
Different place-based factors that have been found to influence the viability of the three forms of renewable heating chosen for study (air-source heat pumps, ground-source heat pumps, and geothermal direct heating) have been summarised in (Table 1). More detailed explanations of each factor and its observed effects according to field studies will be reviewed below. Importantly, this list is not exhaustive and depends on the current extent of studies in the existing literature, which will continue to develop and progress with time. The factors presented in this section and their indicated effects on the studied forms of renewable heating are intended as a starting point from which further research can build. 
[bookmark: _Toc169877668]Figure 1. Factors, Criteria, and Viability

Factors, Criteria, and Viability

[image: ]Note. Flow-chart defining the terms factors, criteria, and viability as they are used in this thesis, indicating how they relate to one another. 


[bookmark: _Toc169877679]Table 1.

	Factor 
	Effects 
(Air-Source Heat Pumps) 
	Effects 
(Ground-Source Heat Pumps) 
	Effects 
(Geothermal Direct Heating) 

	Temperature 
	Low temperatures majorly decrease efficiency (Madonna & Bazzocchi, 2013; Safa et al., 2015; Y. Zhang et al., 2017) 
	Prolonged low temperatures can decrease efficiency (Safa et al., 2015; You et al., 2016) 
	Uncertain 

	Humidity 
	High humidity and low temperatures can lower efficiency through frosting (Staffell et al., 2012; Z. Wang et al., 2021) 
	High humidity and high temperatures can make cooling less efficient (W. Zhang & Wei, 2012)  
 
Frosting effect uncertain 
 
	Uncertain 

	Fossil Fuel Prices 
	May benefit from more expensive fossil fuel prices relative to electricity  
(Staffell et al., 2012; Z. Wang et al., 2021) 
	May benefit from more expensive fossil fuel prices relative to electricity  
(Staffell et al., 2012; Z. Wang et al., 2021) 
 
	Low fossil fuel prices may disincentivize geothermal direct heating development (Thorsteinsson & Tester, 2010; Snyder et al., 2017; Kolker et al., 2021) 

	Policies and Incentives 
	Supportive incentives may make development more favorable  
(Staffell et al., 2012; Gaur et al., 2021) 
 
	Supportive incentives may make development more favorable 
(Staffell et al., 2012; Gaur et al., 2021) 
 
	Supportive incentives may make development more favorable (Thorsteinsson & Tester, 2010; Reber et al., 2014; Kolker et al., 2021) 


 Note. Summarisation of covered place-based factors and their general, broad-scale effects on the viability of development for air-source heat pumps, ground-source heat pumps, and geothermal direct heating according to reviewed sources. 

Air-Source Heat Pumps
According to Staffell et al. (2012), while air-source heat pumps are already a commonly implemented form of renewable heating, favorable policies and incentives could benefit them even further by increasing their accessibility and competitiveness with fossil fuel heating systems. While air-source heat pumps are comparatively cheaper up-front than other types of heat pumps, they typically have higher running costs and may therefore benefit from incentives that reduce these latter expenses (Staffell et al., 2012; Z. Wang et al., 2021). In a simulation study in the United Kingdom, Cabrol and Rowley (2012) found that with enough financial support from tariffs that subsidized running costs, air-source heat pumps could achieve lower costs even than fossil fuel-based heating systems. Although support from financial incentives will likely not change the negative effects of cold temperatures and frosting on air-source heat pumps, they may help make air-source heat pumps more viable where weather conditions are more favorable for their implementation (Z. Wang et al., 2021).

Ground-Source Heat Pumps
Similarly to air-source heat pumps, ground-source heat pumps benefit from policies and incentives that make them cheaper to implement (Staffell et al., 2012; Liu et al., 2015). Because ground-source heat pumps typically cost much more than air-source heat pumps to construct, incentives for up-front costs may prove especially useful (Staffell et al., 2012; Z. Wang et al., 2021); though according to Staffell et al. (2012), ground-source heat pumps also benefit from incentives that can reduce their running costs compared to fossil fuel-based heating systems. According to Liu et al. (2015), especially in the United States ground-source heat pump development has been hampered by a relative lack of support through incentives. However, there have nevertheless been recent large and successful projects in the United States that have benefited from the support of financial incentives, such as a fully installed system at Ball State University that received some federal grant funding (Im et al., 2016). Furthermore, according to Nifong (2022), newer measures such as the Inflation Reduction Act provide opportunities to cover large portions of up-front costs and will therefore likely spur further development of renewable heating systems in the United States. These examples showcase the supportive power of policies and incentives especially for the up-front costs of ground-source heat pumps.

Geothermal Direct Heating
The presence of supportive financial policies and/or incentives for geothermal direct heating has been noted as an important factor by authors such as Thorsteinsson and Tester (2010), Reber et al. (2014), and Kolker et al. (2021). Due to its high construction costs and susceptibility to competing fossil fuels, geothermal direct heating is often especially dependent on external financial support for encouraging its development (Snyder et al., 2017; Jodeiri et al., 2022). Reber et al. (2014) and Tester et al. (2021a) found that incentives supporting geothermal direct heating often reduced its levelized cost of heat, in turn raising its viability; furthermore, J. Lund and Toth (2021) attributed a decline since 2000 in new geothermal direct heating developments in the United States to a decrease in supportive policies and incentives, while Kolker et al. (2021) similarly considered the lack of current support in the United States as compared to much of Europe a major factor in the former’s comparatively sparse geothermal direct heating presence. These findings all suggest a strong, positive relationship of geothermal direct heating viability in a place with the level of support it receives from policies and incentives. 

[bookmark: _Toc169875831]Renewable Electricity Availability
According to Gaur et al. (2021), the availability of renewably generated electricity in electrical supply influences the sustainability of heat pumps, as they will indirectly contribute to greenhouse gas emissions and climate change if they are powered by electricity generated from fossil fuels. Under these circumstances and when Criteria for greenhouse gas emissions are incorporated into decision-making processes, the viability of heat pumps may decrease. According to Averfalk et al. (2017) and Jarre et al. (2018), heat pumps may offer especially promising levels of sustainability compared to other forms of heating when they operate under renewable electricity; but conversely, according to Tester et al. (2021a), the lack of renewably generated electricity supply in a place could spur the most optimal renewable heating solutions for those places away from heat pumps and towards other forms less dependent on electricity supply, such as geothermal direct heating. Renewable electricity availability therefore may constitute an influential place-based factor to the viability of both air-source heat pumps and ground-source heat pumps. 

[bookmark: _Toc169875832]Renewable Heating Case-Studies
Current examples of renewable heating implementations on college campuses within the United States are limited at the time of this thesis. However, those that exist may serve as worthwhile “case-study” examples of their circumstances, challenges encountered, and devised solutions. This section will review a small number of U.S. colleges that have either heavily researched or already implemented on-campus renewable heating systems, drawing back to the principles of fitting solutions to place in each instance. Through this, the previously outlined concepts of place-based factors and viability will be highlighted through real-life examples. 

[bookmark: _Toc169875833]Cornell University
Cornell University (Cornell) in Ithaca, New York has actively researched the potential of a geothermal direct heating system to meet its campus heating needs for over a decade (Lukawski et al., 2013; Beckers et al., 2020; Tester et al., 2023). As of 2023, the project remains in its research phase (Tester et al., 2023); however, Cornell has made major progress in areas such as economic cost-modelling (Beckers et al., 2015; Beckers et al., 2020) and local geologic assessment (Gustafson et al., 2020; Fulcher et al., 2023; Fulton et al., 2024). The plethora of available research and the uniqueness of Cornell’s research into geothermal direct heating as a college campus in the United States provide excellent opportunity for a case-study of the college’s unique circumstances and other factors at play. 
The local climate of Cornell is overall cold and is known for its long heating season (Beckers et al., 2020; Kassem et al., 2020). This, combined with other relevant place-based factors such as the campus’s northern latitude, has limited Cornell’s potential options for renewable heating by rendering several forms (such as solar thermal and heat pumps) largely non-viable (Beckers et al., 2020; Tester et al. 2021a). These constraints on other forms of renewable heating have spurred the college’s strong research into geothermal direct heating as potentially its most viable option (Beckers et al., 2020; Tester et al., 2023). Additionally, according to Tester et al. (2023), the college’s district heating system currently consists of a combination of steam and hot-water distribution, which would need to be converted entirely to the latter as a component of their intended geothermal direct heating system. However, per Beckers et al. (2015) and Tester et al. (2019), Cornell already plans to entirely replace its steam heat-distribution with hot water as a step in decarbonisation, which integrates into its current geothermal direct heating research.  
Beckers et al. (2015) and Kassem et al. (2020) have proposed supplementing the planned geothermal direct heating system with biomass boilers to help the college meet adequate heating demand during times of highest need. According to these authors, plentiful sources of fuel for these boilers exist on local campus farms, in forms such as agricultural plant waste and/or processed manure from cows. Tester et al. (2023) supported this avenue as a viable means of supplementing the geothermal direct heating system, with the additional proposal to integrate a thermal energy storage system. Combined with existing on-campus renewable infrastructure, such as a “lake-source cooling” system that provides renewable chilled air and water (Beckers et al., 2020; Tester et al., 2023), these proposals demonstrate principles of fitting solutions to place through their focus on working with existing local circumstances. 
Although their proposed geothermal direct heating system remains in the research phase, with it Cornell has showcased the techniques of fitting solutions to place through their embodiment of solutions that work with local existing place-based factors. However, circumstances such as the availability of funds, material resources, and people-power should be borne in mind, as different colleges will possess these to different extents. That Cornell already possesses a district heating system consisting partially of hot-water distribution, rather than fully steam (Tester et al., 2023), also provides them an advantage many other colleges in the United States do not currently have. These caveats are brought to light not to de-value any of the work or research done by Cornell, but rather to highlight how circumstances differ from college to college, and to show that some place-based factors such as internal college infrastructure may not be readily apparent despite their importance. While the unique circumstances and local place-based factors of every college campus in the United States will differ from those of Cornell, at a more abstract level Cornell has demonstrated principles of fitting solutions to place that may be taken and embodied by other colleges according to their own places and circumstances.

[bookmark: _Toc169875834]West Virginia University
West Virginia University (WVU), located in Morgantown, West Virginia, has researched the potential of implementing a geothermal direct heating system on its campus to replace its current source of thermal energy from external coal boilers (Garapati et al., 2019; Garapati et al., 2020). In a study of geothermal heat flow throughout the contiguous United States, Blackwell et al. (2007) identified isolated “hot spots” in the eastern states that they believed held potential for supporting geothermal systems. From further work centered in West Virginia, these researchers identified regions of high heat flow that included WVU’s location in Morgantown (Blackwell et al., 2010, as cited in He & Anderson, 2012). Building off these authors’ research, Smith (2019) evaluated local geothermal potential at WVU and found it likely favourable, while He and Anderson (2012) modelled the levelised cost of heat of a geothermal direct heating system with hot-water distribution for the college. Culminating these studies, Garapati et al. (2019, 2020) further modelled a potential geothermal direct heating system for the WVU campus that would be supplemented by heat pumps to fully meet the college’s heating needs. 
However, according to Alonge (2019) and Garapati et al. (2019, 2020), implementing a geothermal direct heating system in full would require converting the college’s heat-distribution system (currently in the form of steam) to hot water, which these authors deemed to not be economically viable. To address this, Garapati et al. (2019, 2020) have proposed an alternative “hybrid” model that would retain the steam heat-distribution system, consisting of natural gas boilers and heat pumps in addition to the geothermal direct heating installation. Further analysis by Garapati and Hause (2021) re-iterated these findings and confirmed the college’s current focus on pursuing a hybrid system with natural gas boilers. 
The research into geothermal direct heating by WVU highlights both campus infrastructure and local economic factors as important place-based factors in a real-life renewable heating scenario. While a full conversion of the campus heating system to hot-water distribution would have been most optimal for integrating a full geothermal direct heating system (Garapati & Hause, 2021), the issue of incompatible existing campus infrastructure (Alonge, 2019) and the comparatively higher viability of a natural-gas hybrid system (Garapati et al., 2020) demonstrate that in a real-world scenario, compromise sometimes occurs and may be the most viable of possible options. Garapati and Hause (2021) expressed optimism that the hybrid system could fully replace WVU’s dependence on coal for heating; if it is ultimately implemented, this system may offer a case-study of replacing coal with natural gas and its long-term implications for the college. 

[bookmark: _Toc169875835]University of Illinois, Urbana-Champaign
Like Cornell University and West Virginia University, the University of Illinois at Urbana-Champaign (UI-UC) has researched geothermal direct heating, specifically for use in heating on-campus agricultural facilities (Stumpf et al., 2018; Stumpf et al., 2020). The college has conducted studies on the geologic feasibility (Lin et al., 2020; Stumpf et al., 2020), potential environmental impacts (Thomas et al., 2020), and economic implications (Lin et al., 2020; Stumpf et al., 2020) of implementing a geothermal direct heating system on its campus; all studies have reported generally favourable findings. Stumpf et al. (2020) predicted geothermal energy would play a crucial role in the decarbonisation strategy of UI-UC for heating and electricity alike, as they expected other forms of renewable energy would prove insufficient for meeting the college’s decarbonisation targets. According to Lin et al. (2020), the proposed geothermal direct heating system would both be economically feasible and environmentally beneficial. Since 2020, however, emergent progress on geothermal direct heating at UI-UC has been unclear; Jello et al. (2022) studied the re-use of defunct fossil-fuel exploration wells in the local region for thermal energy storage, but other new studies relating to the college were not apparent at the time of this writing. 
Separately from the above geothermal direct heating system, UI-UC has also built and commissioned a "geothermal exchange” system, similar to a ground-source heat pump system, for heating and cooling one of its campus buildings (Nifong, 2022; Sheppard, 2022). This project built off an evaluation by Stumpf et al. (2021) that found the proposed system to be economically feasible and to offer a long lifespan over which it would significantly reduce campus greenhouse gas emissions. Although this system covers only one building on the campus, its proponents within UI-UC have expressed optimism that further systems hold potential to be implemented as the college continues its progress towards full decarbonisation (Nifong, 2022). 

[bookmark: _Toc169875836]Ball State University
Beginning in 2009, Ball State University (Ball State) in Muncie, Indiana overhauled its heating system of coal-fired boilers, replacing them with a major ground-source heat pump installation intended to provide both renewable heating and cooling to its campus (Im et al., 2016; Indiana University, n.d.). Notably, Ball State has fully completed this project, allowing for evaluations of its actual performance (Im et al., 2016; Indiana University, n.d.). Working for the Oak Ridge National Laboratory and partnering with the United States Department of Energy, Im et al. (2016) assessed the performance of Ball State’s ground-source heat pump system over a one-year period and documented their observations of the project’s strengths and shortcomings. The authors found that while the system operated well overall, it exhibited some inefficiencies due to occasional over-production of heating or cooling, which they deemed a consequence of its design. Furthermore, due to the system being powered by electricity from local utilities, its exact degree of renewability depends on the degree to which the electricity is produced from renewable sources (Indiana University, n.d.). 
Despite the above issues, Ball State’s successful completion and operation of its campus ground-source heat pump system provides a worthwhile case-study for future college-campus implementations. The analysis provided by Im et al. (2016) may prove especially helpful in improving the optimality of future ground-source heat pump system designs. 
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Based on the findings of the literature review, three forms of renewable heating were chosen for further viability analysis in this thesis — air-source heat pumps, ground-source heat pumps, and geothermal direct heating. For each of these chosen forms, a color-coded map referred to as a viability map was constructed by overlaying multiple factor layers, each of which contained data on one place-based factor across the extent of the contiguous United States. While the analysis of all three forms of renewable heating used the same number of factor layers (four) in the construction of their respective viability maps, factors were given different weights in each analysis to best reflect the disproportionate influences on each respective renewable heating form’s viability. 

[bookmark: _Toc169875839]Place-Based Factors
The place-based factors chosen for use in this thesis research were selected to meet the following two conditions: 1) being clearly and strongly influential (either positively or negatively) to the viability of at least one, and ideally all three studied renewable heating forms; and 2) having spatial data accessible in consistent quality and granularity across the full extent of the contiguous United States. Though these two conditions greatly limited the selection of place-based factors available for inclusion in these analyses, I attempted to include factors that spanned a wide breadth of categories, from physical/environmental to socio-economic. Ultimately, I selected four place-based factors for use in this thesis research: heating degree-days, commercial natural gas prices, financial incentives for the studied renewable heating forms, and percent electricity from renewable sources. 
After gathering the spatial data and formatting them appropriately, I scored each place-based factor on a five-point scale, ranging from 0 to 4 inclusive. The lowest scores on these factor score scales universally represented the areas deemed to carry the least amount of viability for each renewable heating form, based on what was learned in the literature review. Other than the financial incentives place-based factor, which had a separate factor layer assembled for the respective financial incentives available for each of the three renewable heating forms, the factor layers were otherwise scored identically for each renewable heating form — in other words, areas of respective low and high viability on each place-based factor layer were assumed to carry the same low or high viability for all three renewable heating forms. However, to represent the unequal levels of influence that different factors had on each form, weightings were used during the main viability analysis to differentiate the factors in each case. 

[bookmark: _Toc169875840]Heating Degree-Days
According to the National Weather Service Climate Prediction Center (2005), heating degree-days are calculated as annual summations of the differences below 65 degrees Fahrenheit of all mean daily temperatures throughout the year, therefore serving as a general metric for the “coldness” of a region with higher values corresponding to colder climates. Due to the general detrimental effects of cold temperatures on the operational efficiency of both air-source heat pumps (Madonna & Bazzocchi, 2013; Y. Zhang et al., 2017) and ground-source heat pumps (Safa et al., 2015), heating degree-days across the contiguous United States were included as a place-based factor in the viability analysis of the chosen renewable heating forms. 
The data for heating degree-days across the contiguous United States was obtained from the National Centers for Environmental Information (NCEI), a part of the U.S. National Oceanic and Atmospheric Administration (NOAA). Historical data of annual heating degree-day averages from 1981–2010, and the latitude/longitude coordinates of reporting weather stations necessary for their spatial mapping, came from the NCEI Climate Data Online (CDO) portal (https://www.ncei.noaa.gov/cdo-web/). I assembled the factor layer in ArcGIS Pro, Version 3.2.0, using the “XY Table to Point” function to generate a feature layer of points for each weather station containing heating degree-day data and turning these points into tessellated polygons with “Create Thiessen Polygons”. This layer was then divided into five manually set classes (Table 2), based on the heating degree-day values which ran from fewer than 3000 to over 7500. Because colder temperatures have been found to be detrimental to both types of heat pumps (Madonna & Bazzocchi, 2013; Safa et al., 2015), areas with the coldest climates (represented by the highest values of heating degree-days) were given the lowest scores on the “factor score” scale. 
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	Heating Degree-Days 
	Score 

	More than 7500 
	0 

	6001 to 7500 
	1 

	4501 to 6000 
	2 

	3001 to 4500 
	3 

	3000 or fewer 
	4 



Note. Classifications and scores of the heating degree-days place-based factor layer. The highest values of heating degree-days represent the coldest overall climates, and are scored with the lowest values on a five-point scale running from 0 to 4 inclusive. The cut-offs between classes were manually chosen for the dual purposes of representing approximately equal portions of data and transitioning between classes at easily understandable locations. 

[bookmark: _Toc169875841]Commercial Natural Gas Prices
The United States Energy Administration (EIA) keeps data about historic natural gas prices on a state-by-state level (https://www.eia.gov/). To best represent the prices most applicable to college entities, average prices specifically for commercial consumers were used for this place-based factor. Data was obtained from the EIA database (https://www.eia.gov/dnav/ng/ng_pri_sum_a_EPG0_PCS_DMcf_m.htm) on commercial natural gas prices for the 48 contiguous United States and the District of Columbia, with the average annual prices over the 5-year period of 2018 to 2022 selected and averaged to account for inevitable price fluctuations between years. To translate state-by-state natural gas prices into factor scores on the 5-point scale, I compared prices to the 2018–2022 nation-wide average commercial natural gas price of $8.60 per thousand cubic feet (United States Energy Information Administration, 2024b). Because cheap fossil fuels were found to be largely detrimental to the development and implementation of geothermal direct heating (Thorsteinsson & Tester, 2010; Kolker et al., 2021), this factor was scored to reflect the highest viability in the most expensive natural gas prices for all three forms of renewable heating, with an especially high weighting for geothermal direct heating. Therefore, states bearing cheaper average commercial natural gas prices compared to the $8.60 per thousand cubic feet national average scored fewer points, while those with the most expensive prices scored the maximum possible points for this factor layer (Table 3). 
 


[bookmark: _Toc169877681]Table 3

	State/District Commercial Natural Gas 2018–2022 Average (per 1000 ft3) 
	Comparison to U.S. 2018–2022 Average 
	Score 

	$7.60 or less 
	–$1.00 or cheaper 
	0 

	$7.61 to $8.60 
	$0.00 to –$1.00 
	1 

	$8.61 to $9.60 
	+$0.01 to $1.00 
	2 

	$9.61 to $10.60 
	+$1.01 to +$2.00 
	3 

	$10.61 or greater 
	+$2.01 or more expensive 
	4 



Note. Classifications and scores of the commercial natural gas prices factor layer, based on 2018–2022 5-year averages. Comparisons to the U.S. 5-year average over the same period were used as reference points for the breaks between classes, which occurred in one-dollar increments. 


[bookmark: _Toc169875842]Financial Incentives
Because the support of financial incentives was indicated as a key driver of further development for all three studied forms of renewable heating (Reber et al, 2014; Gaur et al., 2021; Lund et al., 2021), I deemed this a priority factor for inclusion. To construct the necessary spatial data, information on currently active financial incentives for each renewable heating form was sourced from the Database of State Incentives for Renewables and Efficiency (DSIRE), a repository of information related to renewable energy in the United States run by North Carolina State University (https://www.dsireusa.org/). I recorded extant financial incentive policies for each of air-source heat pumps, ground-source heat pumps, and geothermal direct heating in each of the 48 contiguous United States and the District of Columbia. Federal-level financial incentives were excluded, due to their theoretical uniform applicability across all places within the spatial extent of this research.  
Unlike the other three place-based factor layers, a separate financial incentives layer was created and scored for each of the three renewable heating forms. For each renewable heating form, the spatial distribution of its extant incentives was translated into a five-point factor score using the following rubric (Table 4). Each state (and the District of Columbia) was first given between 0 to 2 points, based on the number of extant state- or district-wide incentives it possessed. A state having at least two separate financial-incentive policies (i.e., multiple incentives) received 2 points, while a state with one policy received 1 point and a state without any relevant incentives across its entire extent received 0 points. After this, financial incentives at the local level — i.e., incentives covering municipalities, counties, utility provider territories, or any other “smaller-than-state level” spatial extent — were evaluated and summed. Again, between 0 to 2 possible points were assigned to every location, based on the number of local financial incentives present: places with multiple overlapping local incentives scored 2 points, places with one local incentive 1 point, and places with no local incentives 0 points. When combined with the state-wide incentives scores, this resulted in a total factor score of 0 to 4 at every location in the contiguous United States, scored separately for each of the three renewable heating forms. The highest possible score could only be achieved in a location possessing a robust multitude of financial incentives for a particular renewable heating form at both the state and the local levels. 
Scoring and mapping the local financial incentives proved to be a particular challenge, due to the difficulty of finding an appropriate spatial layer to represent the coverage extent of every possible local incentive. To avoid having to hunt for layer data in an inconsistent and unreliable fashion, I obtained a reference feature layer from Esri Data & Maps (https://www.esri.com/arcgis-blog/products/product/mapping/esri-data-maps/) consisting of county subdivisions within the 48 contiguous United States. The county subdivisions were then manually edited to assign the appropriate local factor scores to each subdivision, according to how many local financial incentives covered its territory. Spatial information on the coverage territories of utility districts tied to local incentives was sourced from Find Energy LLC, a private firm that gathers and provides openly accessible information on U.S. utility providers and their coverage territories (https://findenergy.com/). The level of granularity achieved by working with U.S. county subdivisions was deemed acceptable for these factor layers, being fine enough to show the spatial nuances of local financial incentive distributions while also not being unnecessarily complex in detail. 
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	Number of State- or District-wide Incentives 
	Points Earned (out of 2 possible at state-wide level) 
	 
	Number of Local Incentives 
	Points Earned (out of 2 possible at local level) 

	0 
	0 
	 
	0 
	0 

	1 
	1 
	 
	1 
	1 

	2 or more 
	2 
	 
	2 or more 
	2 



Note. Rubric of scoring for the financial incentives place-based factor layer. A maximum of 2 points were possible to earn for any given location at the statewide and local levels each, combining for a total factor score ranging from 0 to 4 much like previous place-based factors. 

[bookmark: _Toc169875843]Renewable Electricity Availability
While “viability” holds many meanings as already covered in this thesis, all three previous three place-based factors have related to it primarily through ease of implementation, and/or ease of operation. However, in a sustainable world, viability must also encompass the lowest possible level of negative environmental impact. It is for this reason that the fourth and final place-based factor included in this thesis research is of the availability of renewably sourced electricity in primary utility districts throughout the contiguous United States. Because both air-source heat pumps and ground-source heat pumps are electrically powered devices, they should only be considered as “clean” as the source of the electricity from which they are powered; this is corroborated by Lund et al. (2021) and Jodeiri et al. (2022). I also included availability of renewable electricity as a factor for geothermal direct heating, due to the possibility of back-up generators or other powered systems also being present within an installation. 
To construct this factor layer, data on primary energy providers in the United States, their coverage territories, and the source make-up of their generated electricity was obtained from Find Energy LLC. Wholesale utilities that purchased their electricity from other providers were excluded from consideration, due to the uncertainties in knowing the exact origin of their purchased electricity. Places were given a score between 0 to 4 in this factor, based on the percentage of renewable electricity in local supply (Table 5). As before, the cut-offs between scores were chosen manually; here, they are meant to emphasise places that have access to even a small amount of renewably sourced electricity, while showing “forgiveness” towards places close to, but not quite reaching, 100 percent renewable electricity. 
In this factor layer, I defined “renewable electricity” as electricity sourced from solar, wind, and/or recovered landfill gas. Hydroelectric power, however, was intentionally excluded from this definition. This decision reflected a strong statement on the many environmental drawbacks of hydroelectric dams, including detrimental impacts to local landscapes and wildlife, greenhouse gas emissions resulting from their construction, and the inundation of once-vegetated areas (United States Energy Information Administration, 2022a). Reflecting these detrimental impacts, some state legislatures — such as that of Washington — exclude hydropower from their current definitions of renewable energy (Wash. RCW 19.405.020, 2023). It must be acknowledged that environmental drawbacks such as habitat degradation and greenhouse gas emissions from construction are also present in solar and wind energy (United States Energy Information Administration, 2022b; United States Energy Information Administration, 2024a). However, for the purposes of this thesis research, the line is drawn at hydroelectric power to reflect the intention and desire to prioritise solar, wind, and recovered landfill gas over hydroelectric power in future U.S. renewable energy development. While none of these forms of energy are perfect, the latter three are judged by the author to be more easily capable of integration into this thesis central paradigm of fitting solutions to place, relative to hydroelectric power. 
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Percent Renewably Sourced Electricity (solar, wind, landfill gas)
	
Score

	
Less than 10 percent


	
0

	
10 to up to 30 percent


	
1


	
30 to up to 50 percent


	
2


	
50 to up to 70 percent


	
3


	
70 percent or more


	
4




Note. Factor score classification breakdown for percent electricity sourced from solar, wind, and recovered landfill gas in a given location. 


[bookmark: _Toc169875844]Viability Mapping
To create the “overall viability” layer for each of the three studied renewable heating forms, a Raster Weighted Overlay (RWO) function was performed in ArcGIS Pro using the four obtained factor layers for each form — heating degree-days, commercial natural gas prices, financial incentives, and renewable electricity availability. Because this function allowed for the unequal weightings of different factor layers, the four place-based factors were given different weightings in each case that best reflected their levels of influence on each renewable heating form’s viability (Table 6). This allowed the highest priorities in analysis to be given to the factors most commonly mentioned in the relevant literature.  
For geothermal direct heating, the heaviest weightings were given to the commercial natural gas prices and financial incentives place-based factors, due to the frequency that both factors appeared in the literature (Thorsteinsson & Tester, 2010; Kolker et al., 2021; Tester et al., 2021a). While heating degree-days and percent renewable electricity were deemed comparatively less important, they may nevertheless be influential and were thusly included in the analysis at smaller weightings. Conversely, the factor weightings for air-source heat pumps and ground-source heat pumps emphasised these latter two factors, again due to their importance to these forms of heating according to reviewed literature (Madonna & Bazzocchi, 2013; Safa et al., 2015; Jodeiri et al., 2022). While the factors were weighted very similarly between air-source heat pumps and ground-source heat pumps, some minor adjustments were made, mainly in the form of a comparative slight reduction in the heating degree-days factor weighting for ground-source heat pumps (though it remains highly weighted). This adjustment was made to reflect the slightly less acute but nevertheless reasonably strong effect of prolonged cold temperatures on ground-source heat pump efficiency over time (Safa et al., 2015). 
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Place-Based Factor
	Weighting 
(Air-Source  
Heat Pumps)
	Weighting 
(Ground-Source  
Heat Pumps)
	Weighting 
(Geothermal  
Direct Heating)

	
Heating Degree-Days


	
.34


	
.3

	
.1


	
Commercial Natural Gas Prices
	
.1
	
.1
	
.4

	
Financial Incentives


	
.22

	
.25
	
.4

	
Percent Renewably Sourced Electricity
	
.34

	
.35
	
.1

	
Total Sum

	
1.0
	
1.0
	
1.0


 
 
Note. Relative weightings of place-based factors used for the Raster Weighted Overlay viability analyses of each renewable heating form. Weightings are expressed as decimal proportions out of 1, with higher values indicating heavier weightings given to more proportionately influential factors. All factor weightings for each renewable heating form sum to exactly 1.

After performing the Raster Weighted Overlay calculations, I prepared the final viability maps for each renewable heating form using a standardised colour scheme format (Table 7). The final possible viability scores after analysis ranged from 0 to 4, inclusive and with decimals possible. To translate this range of scores into a more intuitive format, equal ranges of possible scores were converted into whole numbers spanning from 1 to 5 inclusive, respectively representing the lowest and highest possible viability scores. These five scores were then colour-coded using a consistent system of “coolest” (dark blue) to “warmest” (bright red) colours, with the latter intended to draw visual attention to the areas of highest overall viability akin to a heat map.  
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Rounded Viability Score Ranges and Colors
	Final Viability Score Range 
	Rounded Value 
	Colour 

	
0.0–0.8 

	
1 

	 

	
0.8–1.6 

	
2 

	 

	
1.6–2.4 

	
3 

	 

	
2.4–3.2 

	
4 

	 

	
3.2–4.0 

	
5 

	 



Note. This table lists the range categories of possible final viability scores after all performed calculations, and their translated whole-number values on a 1-to-5 scale. The corresponding colors for each rounded score are used consistently in all subsequent figures produced in this thesis research. 
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[bookmark: _Toc169875846]Place-Based Factor Component Maps
[bookmark: _Toc169875847]Heating Degree-Days
The distribution of average annual heating degree-days in the contiguous United States (Fig. 1) followed patterns to be expected from general national geography. The highest values of more than 7500 heating degree-days in an average year — indicating the coldest overall climates — occurred in northern inland latitudes and through the Rocky Mountains. The lowest values and the warmest climates, meanwhile, occurred in the southeast and Gulf Coast, as well as in southern Arizona and California. Gradients between the distribution categories used in factor scoring largely followed latitudinal lines in the central and eastern portions of the United States, but exhibited much more varied behaviour from the Rocky Mountains westward, due to the mountainous topography.  














[bookmark: _Toc169877669]Figure 2. Annual Heating Degree-Days

Annual Heating Degree-Days 
[image: ]
Note. Map of annual heating degree-days, measured as the total summation of daily low degrees below 65o Fahrenheit over the span of one year across the contiguous United States, averaged over the years 1981–2010; data sourced from the National Centers for Environmental Information (https://www.ncei.noaa.gov/). Dark blue regions indicate areas with the highest number of annual heating degree-days and therefore the coldest climates. 

[bookmark: _Toc169875848]Commercial Natural Gas Prices
Average state-wide commercial natural gas prices from 2018 to 2022 (Fig. 2) varied and often contrasted between neighbouring states, but did follow general trends when viewed at a national level. The cheapest average prices occurred in states distributed from the Rocky Mountains and the inland southwest, through the Midwest to the northern Appalachians, as well as New York and Vermont. States with the most expensive natural gas prices included those in New England (except Vermont) and the Mid-Atlantic, many southeastern states, and California. Many possible factors relating to potential influences of natural gas prices, such as local economies and availability of competing fossil fuels (e.g., coal, fuel oil) were beyond the scope of research in this thesis; however, they are acknowledged here as additional likely influential factors, both in influencing patterns of natural gas prices as well as potentially affecting other studied factors such as renewable electricity availability.  


[bookmark: _Toc169877670]Figure 3. Average Commercial Natural Gas Prices

Average Commercial Natural Gas Prices
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Note. Average commercial natural gas prices from 2018–2022 in U.S. dollars per thousand cubic feet. States with more expensive prices than the 2018–2022 U.S. average of $8.60 (United States Energy Information Administration, 2024) are colored in yellow, orange, or red, while states with cheaper prices are colored in teal or blue. Data sourced from the United States Energy Information Administration (https://www.eia.gov/). 

[bookmark: _Toc169875849]Financial Incentives
Air-Source Heat Pumps
The map of financial incentives for air-source heat pumps (Fig. 3) exhibited a “patchwork” distribution in many locations, due to many states having at least one incentive active at a “lower-than-state" level. Furthermore, many of these incentives were tied to utility districts whose coverage territories frequently exhibited discontinuous, spotty distributions. Some states such as Minnesota and Wisconsin had many utility district-level or county-level incentives for air-source heat pumps, but no state-wide incentives; because of the rubric used for scoring, these states could not achieve a score higher than 2 for this factor anywhere within their boundaries, no matter how many incentives may have overlapped in some places. 
The sole region to achieve a maximum score for air-source heat pump financial incentives occurred in southeastern Pennsylvania, encompassing Philadelphia and the surrounding Delaware Valley metropolitan region. In addition to Pennsylvania exhibiting multiple active financial incentives at the state-wide level, the Delaware Valley region fell under the coverage territory of PECO Energy Company (Find Energy LLC, 2024b), a utility company that had multiple extant incentives for air-source heat pumps as of 2024 according to the Database of State Incentives for Renewables and Efficiency (https://www.dsireusa.org/). This combination of multiple incentives at both the state-wide and local levels resulted in the maximum possible factor score in this region. 
Contrarily, states such as Florida, West Virginia, Ohio, Iowa, and South Dakota had few financial incentives for air-source heat pumps within their boundaries, or lacked them entirely. Many additional states, especially those in the western half of the contiguous United States, lacked incentives over large portions of their areas. Overall, the availability of financial incentives for air-source heat pumps trended slightly toward the eastern half of the contiguous nation. 


[bookmark: _Toc169877671]Figure 4. Incentives for Air-Source Heat Pumps

Incentives for Air-Source Heat Pumps
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Note. Distribution of financial incentives for air-source heat pumps at state and local levels as of 2024. The maximum score of 4 points appears in locations covered by more than one incentive at both the state and local levels. Data sourced from the Database of State Incentives for Renewables and Efficiency (https://www.dsireusa.org/). 

Ground-Source Heat Pumps
Compared to air-source heat pumps, the distribution of financial incentives for ground-source heat pumps exhibited less of a “patchwork” tendency and adhered more strongly to state borders in many areas (Fig. 4). This was largely caused by the comparatively fewer incentives for ground-source heat pumps at a “lower-than-state" level. Ground-source heat pump financial incentives were more concentrated than those for air-source heat pumps, with the highest-scoring areas for the former mostly limited to a small number of states such as Colorado, Illinois, Pennsylvania, Virginia, and New Hampshire. 
Ground-source heat pumps achieved the highest possible financial incentives score in multiple distinct regions, contrasting with the single Philadelphia/Delaware Valley region for air-source heat pumps. In addition to this same region, ground-source heat pumps also scored maximum possible points in parts of rural southeastern Colorado and central-northern Illinois, in both cases due to the overlap of multiple incentive-carrying electrical districts or other utility providers. 
More than 15 states offered no financial incentives for ground-source heat pumps at any level within their territories, and multiple others carried only one state-wide incentive, and/or isolated local incentives. Due to the spatial distribution of the states offering state-wide incentives, relatively few large regions were entirely devoid of ground-source heat pump incentives. However, the Southwest (including nearly all of California), the Pacific Northwest, and most of the Southeast stood out in having some of the largest areas that lacked incentives. 


[bookmark: _Toc169877672]Figure 5. Incentives for Ground-Source Heat Pumps

Incentives for Ground-Source Heat Pumps
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Note. Distribution of financial incentives scores for ground-source heat pumps at state and local levels as of 2024. The maximum score of 4 points appears in locations covered by more than one incentive at both the state and local levels. Data sourced from the Database of State Incentives for Renewables and Efficiency (https://www.dsireusa.org/).

Geothermal Direct Heating
Geothermal direct heating had the fewest extant financial incentives in the contiguous United States as of 2024 (Fig. 5). Only Pennsylvania offered multiple state-level incentives for geothermal direct heating, and fewer than 10 states offered any. Meanwhile, only Michigan, Illinois, and Minnesota carried any incentives at the lower-than-state level. As a result, only one-quarter of the 48 covered states scored higher than 0 in any portion of their territory. Using the same scoring range of 0 to 4, no location anywhere in the contiguous United States achieved a score for geothermal direct heating incentives higher than 2. 

[bookmark: _Toc169877673]Figure 6. Incentives for Geothermal Direct Heating

Incentives for Geothermal Direct Heating
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Note. Distribution of financial incentives scores for geothermal direct heating at state and local levels as of 2024. Data sourced from the Database of State Incentives for Renewables and Efficiency (https://www.dsireusa.org/).

[bookmark: _Toc169875850]Renewable Electricity Availability
The percentage of renewable electricity in local supply exhibited a distribution that largely conformed to state boundaries (Fig. 6). A large portion of the area that scored in the highest designated category of renewable energy (70 percent or more) fell under the service territory of IGS Energy, a primary energy supplier whose service territory covered nearly all of Massachusetts, Pennsylvania, Ohio, and Illinois and large areas of Texas, and which sourced 100 percent of its electricity from solar (Find Energy LLC, 2024a). This was a relatively unique case among the primary energy suppliers covered in this study, as most others covered only portions of a state or of neighbouring states according to their coverage information provided by Find Energy LLC (https://findenergy.com/). Despite IGS Energy serving fewer customers than other energy suppliers in most states as reported by Find Energy LLC (2024a), I included and scored IGS Energy in the entirety of its indicated commercial service territory. 
Outside of isolated metropolitan areas such as Atlanta and Nashville, the entire region spanning from the Southeast to the Appalachians lacked a substantial percentage of renewable energy supply. Smaller but still major areas of absence included the majority of South Dakota through Kansas, and the western half of New Mexico extending through Arizona and most of California. It is important to remember that hydroelectric power was excluded from the definition of renewable energy used in this research — as a result, regions that use hydroelectric power extensively will score low on this factor if they do not also make use of other renewable sources such as solar and wind.  
 


[bookmark: _Toc169877674]Figure 7. Renewable Electricity Availability
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Note. Percent renewably sourced electricity in local supply throughout the contiguous United States as of 2024, including solar, wind, and landfill gas but excluding hydroelectric power. Data sourced from Find Energy LLC (https://findenergy.com/).   
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[bookmark: _Toc169875852]Air-Source Heat Pumps
Areas of highest viability for air-source heat pumps within the study region occurred in the Philadelphia/Delaware Valley region of southeastern Pennsylvania, very small portions of Maryland and southern California, and scattered areas across southern Texas including the Houston metropolitan region. With the highest weightings for air-source heat pumps viability given to the factors of temperature (lowest heating degree-days) and presence of renewably sourced electricity, the areas indicating highest overall viability reflected high scores in both these factors. An overall trend of higher viability scores across the southern United States, as well as along coastal regions, is evident when compared to the inland and northern regions. Nevertheless, in some areas (particularly in the Great Lakes and Mid-Atlantic regions) the borders between states are clearly visible as transitions between different levels of overall viability. In states such as Illinois and Pennsylvania, one or more financial incentives for air-source heat pumps at the state level combined with both a broad reach of lower-level incentives and a wide extent of renewable electricity availability to produce high overall viability in most of the state area. 
Areas of lowest overall air-source heat pump viability generally overlapped with those bearing the highest average annual heating-degree days, indicating the coldest climates. However, even some cold-climate locations achieved moderate to high viability scores when in the presence of local renewably sourced electricity and/or financial incentives; examples of this occurred in parts of Colorado, northern Montana, and New Hampshire. Especially in the northeastern states, low-viability regions often occurred as “pockets” surrounded by areas of higher viability. Two examples of this occurred with West Virginia and most of New York. Due to the especially pronounced state-by-state viability differences in the northeastern states, this is likely caused primarily by differences between neighbouring states in their state-level air-source heat pump financial incentives. 
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Note. Final viability map for air-source heat pumps in the contiguous United States as of 2024. Red and orange colors indicate areas of highest overall viability, while dark blue indicates lowest viability. 

[bookmark: _Toc169875853]Ground-Source Heat Pumps
Ground-source heat pumps exhibited a viability distribution generally similar to that of air-source heat pumps, though with comparatively fewer areas of higher viability overall. Many areas that exhibited varied levels of viability for air-source heat pumps appeared comparatively “muted” for ground-source heat pumps, especially in the South. This was likely influenced by the distribution of ground-source heat pumps financial incentives being largely similar to those for air-source heat pumps, but slightly lesser in number overall. In some areas (particularly within Texas and New Hampshire), the viability of ground-source heat pumps also exhibited major, rigid jumps between lower and higher viability, likely owing to the “Renewables” factor carrying the single highest weighting for ground-source heat pumps analysis. This also resulted in large overlaps between the coverage territories of majority-renewable electricity suppliers, such as IGS Energy, and high ground-source heat pump viability scores. 
Although the heating degree-days factor was also weighted heavily for ground-source heat pumps viability, it had a much less pronounced overall presence in the final viability map compared to for air-source heat pumps. This was especially evident when comparing parts of the “Deep South” region (Arkansas, Louisiana, Mississippi, Georgia, and the northern half of Alabama) to their appearances in the air-source heat pumps viability map. However, some regions such as the southern halves of Alabama and South Carolina still exhibited “jumps” between levels of scored viability, suggesting that these regions may have fallen within “cutoff points” between adjacent levels of the final viability score. 
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Note. Final viability map for ground-source heat pumps in the contiguous United States as of 2024. Red and orange colors indicate areas of highest overall viability, while dark blue indicates lowest viability. 

[bookmark: _Toc169875854]Geothermal Direct Heating
The overall viability of geothermal direct heating also closely followed the borders of the U.S. states in many places (Fig. 9). This was largely due to the proportionately heavy weightings given to the factors of commercial natural gas prices and financial incentives, both of which entirely or nearly entirely followed state boundaries. Although the factors for heating degree-days and percent renewable electricity were weighted minimally for geothermal direct use, their effects were still visible in some places such as in parts of the southern-latitude states.  
No places within the contiguous United States achieved the maximum possible viability score for geothermal direct use, largely due to the small number of extant financial incentives. Additionally, many states that did possess an active financial incentive for geothermal direct use conversely had cheap state-wide natural gas prices and scored low in the commercial natural gas factor layer, such as Nevada, Utah, Montana, and Missouri. In the final viability map for geothermal direct use, the states with the highest overall viability nearly fully coincided with those bearing the most expensive natural gas prices. 
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Note. Final viability map for geothermal direct heating in the contiguous United States as of 2024. Orange color indicates areas of highest overall viability, while dark blue indicates lowest viability. 
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These viability maps ultimately serve as a spatial representation of the chain of influence that runs from place-based factors through Criteria to determine the overall viability of each form of renewable heating. The influence of these place-based factors in the final viability maps is perhaps most evident through the shapes and patterns of different score distributions on each map, which frequently adhere to the shapes of states, counties, or other noticeable outlines. Although these viability maps each include only four factors out of many others that may hold influence, they nevertheless serve a useful purpose for analysis by comparing their findings with those of other extant research, including the research conducted by the case-study colleges highlighted earlier. I will therefore first interpret these viability maps further by examining the score trends in relation to the place-based factors used in their construction, drawing back to existing research where applicable. After this, I will re-visit the “case-study” U.S. college campuses and compare their respective progresses to the findings indicated by these viability maps, followed finally by a discussion of potential future extensions and improvements to the model of analysis used in this thesis research. 

[bookmark: _Toc169875857]Current Renewable Heating Viability
[bookmark: _Toc169875858]Air-Source Heat Pumps
Overall, air-source heat pumps exhibited the comparatively highest levels of viability across the contiguous United States among the studied renewable heating forms. The most influential cause for this was the comparatively large and well-distributed number of air-source heat pump financial incentives across most states. While climate “coldness” factored heavily into the viability scoring for air-source heat pumps, even northern-latitude states with greater average annual heating degree-days, such as Pennsylvania and Connecticut, still achieved high overall viability scores for air-source heat pumps due to possessing these financial incentives, in tandem with broad coverages of renewably sourced electricity within their boundaries. Many southeastern states also achieved relatively high air-source heat pump viability scores, influenced by the low annual heating degree-days in the regional climate. In these warmer regions, the actual demand for heating would be lower than in a comparatively colder climate, which could reduce the overall need for heating. However, due to their general small size and flexibility, air-source heat pumps may serve as an optimal form of renewable heating in slightly warmer climates, especially those that also require some cooling, as corroborated by Staffell et al. (2012) and Sarbu et al. (2022). 

[bookmark: _Toc169875859]Ground-Source Heat Pumps
In nearly all locations across the contiguous United States, ground-source heat pumps generally scored only equally to air-source heat pumps at best, or else lower. Due to the place-based factors being weighted very similarly in both instances, scoring comparatively higher in a location generally required the presence of more financial incentives for ground-source heat pumps than for air-source heat pumps, which was rare. The implication is that by the factors covered in this research, air-source heat pumps appeared the marginally (i.e., comparatively) more viable choice than ground-source heat pumps in nearly all places. However, reality is of course more complex, and this “hard-and-fast" interpretation is unlikely to be true in every actual instance. The interpretation here should not be that air-source heat pumps outweighed ground-source heat pumps in nearly all instances; but rather, that given the four studied factors (and acknowledging the existence of others not included in this research), ground-source heat pumps comparatively lacked the support of financial incentives that could otherwise make them more viable across much of the contiguous United States. Especially in colder climates where ground-source heat pumps will likely out-perform air-source heat pumps in efficiency and resilience (Staffell et al., 2012; Sarbu et al., 2022), gaining further incentive support in these places could boost their viability more easily and with less compensatory effort than for air-source heat pumps in the same areas. 

[bookmark: _Toc169875860]Geothermal Direct Heating
Compared to both air-source heat pumps and ground-source heat pumps, geothermal direct heating clearly lacked the same level of support in the form of financial incentives across the contiguous United States, as of this assessment in early 2024. With this factor unable to provide support beyond a small number of states, it was largely left to natural gas prices (which will inevitably continue to fluctuate) to dictate where geothermal direct heating implementation could be most viable. Although prices for other fossil fuels such as coal and fuel oil were not included in this study, their fluctuations would likely have a similarly strong command. While it is impossible to say for certain what could “tame” the powerful hold of these fossil fuels on geothermal direct heating viability, implementing more financial incentives in states and localities across the United States would almost certainly comprise a portion of that solution.  
In their assessment of U.S. geothermal potential, Blackwell and Richards (2004) mapped geothermal heat flow throughout the contiguous United States. They found areas of highest heat flow, implying highest geothermal viability, in the region spanning from the Rocky Mountains to the Cascades, down through New Mexico, Arizona, and inland southern California. Conversely, the geothermal potential according to the factors examined in this research returned very low in this same region. It is unfortunate that the regions of the contiguous United States found by Blackwell and Richards (2004) to carry the highest viability for geothermal implementation in the form of heat flow also currently have little to no support from local financial incentives. Of the three renewable heating forms covered in this thesis research, it is therefore arguable that geothermal direct heating will require the most support from policymakers and advocates to increase its future viability throughout the contiguous United States. 

[bookmark: _Toc169875861]Re-Visiting Case-Study Colleges
All four case-study U.S. colleges covered earlier in this thesis matched to locations that scored low in overall viability on the produced maps for their respective forms of renewable heating. For geothermal direct heating, regions of moderate to high viability were already scarce, and Cornell University, West Virginia University, and the University of Illinois, Urbana-Champaign fell within its lowest two ranks of scoring (Fig. 9, 10). Similarly for Ball State University, no place within the state of Indiana scored higher than the second-lowest rank for ground-source heat pump viability, as seen in (Fig. 10). The lack of financial incentives at state or local levels in the locations of these case-study colleges was a common theme acknowledged by many researchers on these projects — for example, Tester et al. (2020) acknowledged the widespread lack of current financial incentives in the United States for renewable heating in general, compared to those for renewable electricity. In lieu of localised funding opportunities, some case-study colleges made connections at the federal level: West Virginia University partnered with the United States Department of Energy to fund their geothermal direct heating research (Garapati et al., 2019). Similarly, Im et al. (2016) reported receiving federal-level funding from the American Recovery and Reinvestment Act that was active at the time of the Ball State University ground-source heat pump system implementation, but they did not mention the application of any state- or local-level grants or incentives for this project. 
[bookmark: _Toc169877678]Figure 11. Case-Study Colleges and Geothermal Direct Heating Viability
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Note. This figure approximates the geographical locations of the three U.S. college campuses studying geothermal direct heating that were covered in this thesis — Cornell University, West Virginia University, and the University of Illinois, Urbana-Champaign — above the final viability map for geothermal direct heating produced in this thesis research.

It should therefore be apparent that the story does not end with the viability maps produced in this thesis research, given that these colleges have nevertheless already implemented or made major progress towards implementing their respective forms of renewable heating, regardless of the actual viability of doing so in their respective places. For instance, the work performed by West Virginia University to research and model their proposed geothermal direct heating campus system should be commended as a major step of progress in breaking away from their local place’s centuries-old legacy of fossil fuels, even if they ultimately implement their system in the natural gas hybrid form proposed by Garapati et al. (2020).  Likewise, Ball State University’s ability to fully implement and commission a ground-source heat pump system for both heating and cooling should be commended, even with some mistakes and lessons learned in the course of implementation as described by Im et al. (2016). Ultimately, it is unwise and even potentially harmful to discourage any development or research of a form of renewable heating in a place just because it scored low in viability there. All the factors included in this research will inevitably change with time and may soon exhibit entirely new patterns. Furthermore, the factors in this research comprise but a few pieces of the greater puzzle of place-based factors influential to renewable heating, which could be theoretically endless. The additional inclusion of even one or two additional factors not in this study would likely change the overall viability maps, potentially in major ways. This research is best considered as the beginning of a new story, rather than the end of one.

[bookmark: _Toc169875862]Limitations, Omissions, and Recommendations
[bookmark: _Toc169875863]Limitations
Even in “distant” observational research as was conducted for this thesis, the researcher is necessarily a part of and an influence on the research. Limitations and compromises exist and must be acknowledged in such aspects as the classification of viability scores and the illustrative methodology of displaying their final results.  
Because all factors in this analysis were scored in 5 classes (which was itself an arbitrary decision made for visualisation purposes), cut-offs inevitably occurred between different score classes in the final viability maps. Some locations may have displayed apparent “jumps” between score classes despite only a small difference in score; and conversely, other locations may have masked differences in score within the same class. This is an inevitable product of using a rigid score-classification system, but its potential to create artifacts in the data maps must be acknowledged. The cut-off points between different classes were themselves all either chosen manually or otherwise the product of a manually-designed classification method (in the case of the financial incentives factors). In reality, factors such as natural gas prices, renewable electricity availability, and heating degree-days rarely if ever exhibit rigid jumps in their characteristics at any precise location, rather existing on a continuum. Nevertheless, the classed methodology of viability scoring was chosen for this research with the belief that its benefits in clarity of understanding and interpretation would far outweigh the aforementioned limitations. 
Despite best efforts to match the place-based factors’ weightings to their relative influences on each form of renewable heating viability according to the reviewed literature, the exact weighting amounts used in these analyses nevertheless carry a degree of arbitrary decision-making in their exact finalised amounts. For example, while studies on geothermal direct heating consistently showed the high influence of factors such as fossil-fuel prices and financial incentives on its viability (Thorsteinsson & Tester, 2010; Snyder et al., 2017; Kolker et al., 2021), determining the exact “mathematical” degree to which these factors are more important than heating degree-days or renewable electricity was well beyond the scope of this thesis. It is also possible that these weightings are not static and may themselves change from place to place, potentially themselves influenced by variations in place-based factors. While this cannot be known for certain under the scope of work conducted in this thesis, it is mentioned here as a potentially worthwhile subject of further study in future viability analyses.
[bookmark: _Toc169875864]Omissions
While the four place-based factors chosen for this thesis research almost undoubtedly influence the viability of the studied forms of renewable heating, they are nevertheless far from the only influential factors, nor is it possible to rule out finer nuances or complexities in the relationships between the studied factors and viabilities. While it may never be possible to fully comprehend all possible missed factors and influences, several factors that were excluded from this research are readily apparent. These may include: other climate-related factors such as humidity, precipitation, freezing weather, and seasonal trends; other socio-economic factors such as prices of coal, oil, or other fossil fuels; and geological factors that could especially affect ground-source heat pump and geothermal direct heating viability. These factors were generally excluded due to the difficulty or inability to obtain a data-layer spanning the contiguous United States that would be compatible with this research analysis. However, their potential to serve as additional factor layers in future viability studies is always present and depends only on the existence of sufficient data formatted into the appropriate form for analysis.

[bookmark: _Toc169875865]Recommendations for Further Research
It is important to re-iterate that none of the place-based factors used for this thesis research are static or unchanging, as few if any are. Commercial natural gas prices will inevitably continue to change, as will the existence of active financial-incentive policies. Even the heating degree-day data used in this research will soon become obsolete as climate change continues to increase average temperatures throughout the United States as with elsewhere. Through this inevitability, however, comes the opportunity to incorporate a time-element into this form of viability mapping, which opens the door to its potential use for future viability modelling under predicted or projected scenarios. For example, a new factor layer could be created for the projected changes in heating degree-days across the contiguous United States at a specified year and under a specified level of global temperature warming. This new factor layer could then be overlayed with the other existing layers to project how viability of these renewable heating forms would potentially change under this global warming scenario, when all other factors remain held constant. Similar projections could likewise be made for fossil-fuel price fluctuations, projected growth of renewably sourced electricity available on the market, and the potential growth and/or decline of renewable heating financial incentives at state and local levels. In all cases, it is perhaps most important of all to develop streamlined workflows of data-processing, which in many cases requires the “de-siloing” of various separate departments that may not have existing lines of communication despite working towards a shared goal. 
The framework used in this thesis research — of gathering spatial data relating to place-based factors and overlaying them to calculate overall viability — is a flexible method of analysis that has the potential to be extended to many applications including and beyond renewable heating. In addition to closely related forms of “solution-fitting”, e.g. determining the most viable form of renewable electricity or renewable cooling for a local system, this framework can theoretically be extended to applications in other fields such as habitat restoration, urban planning, and social services. In all these instances, it is important foremost to consider the unique aspects and characteristics of the most important place-based factors that exist in the paradigms of each different “solution world”. Characteristics of place should always serve as the ultimate guide from which all subsequent solutions stem. 

[bookmark: _Toc169875866]Conclusion
Climate change presents arguably the greatest challenge to humanity of all time, because it encompasses many multifaceted challenges not always apparent at first glance. When looking below the surface, even apparently satisfactory renewable solutions often show themselves to perpetuate environmental and social injustices in actuality, as seen in cases such as the proposed Goldendale, Washington project (Flatt, 2022; Yakama Nation Fisheries, 2024). Only through fully incorporating the idea of fitting solutions to place can a full, just transition to global sustainability be achieved.  
Within the paradigm of renewable heating, this ethos necessitates a robust understanding of the most influential Criteria for different renewable heating forms, and how different place-based factors both positively and negatively affect these Criteria and in turn shape viability. Although the renewable heating forms, Criteria, and place-based factors covered in this thesis research comprise only a part of the full picture, it is hoped that the general methodology used in this research will be drawn from and used in more viability studies that embody the spirit of fitting solutions to place, for renewable heating and other sustainable endeavors alike. Through doing so, we may form the beginning of a new story; one of learning from places and fitting our solutions to these places, so as to overcome the ubiquitous nemesis of climate change and all its encompassing harms in a truly just manner.
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