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Abstract 

Barriers to geothermal district heating (GDH) in the United States include the 

availability of consumer building heat demand information, which is currently 

withheld by private gas utility companies, the lack of policy incentives to 

encourage exploration and construction, and a lack of GDH assessments that 

leverage modern materials, technology, and design from abroad.  

 

This project bypasses proprietary data barriers by developing building heat demand 

density maps using State of Montana Department of Revenue property 

information, coupled with residential and commercial building energy 

consumption surveys. A community selection process weighs the existing public 

data on geothermal surface manifestations across the State, in this case selecting a 

sparsely populated neighborhood in Helena, Montana as a demonstration site.  

 

A deeper review of public geologic, geophysical, and geothermometry reporting 

reveals enough data to conduct reservoir simulation using the software 

GEOPHIRES. The project goes on to create a new iterative process of techno-

economic simulation and district heating network automation using Comsof Heat 

software, to develop the first rapid assessment method for GDH.  

 

Eleven production test cases serve as the basis to determine the efficacy of 44 GDH 

design schemes and potential outcomes, including augmentation with a peaking 

boiler. Quotes from local and international vendors of the most technologically 

advanced components and controls for GDH reveal whole system levelized costs 

of heat. Using existing policy incentives in the State of Montana, the results also 

indicate potential revenue pressure relief for GDH operations, through financing 

and ownership options.  The results indicate costs for a GDH system that approach 

price parity with natural gas, giving policymakers an attractive option to consider 

in the efforts to decarbonize America’s building stocks. 
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Háhitamat á jarðhita þar em notast er við endurteknar 

forrit tækni-efnahagslegrar hermunar- og 

hönnunarhugbúnaðar á fámennu svæði í Helena, Montana, 

Bandaríkjunum 

 
Nicholas Fry 

Júní 2021 

 
Útdráttur 

Aðgengi að upplýsingum um eftirspurn neytenda í Bandaríkjunum eftir hita, er ein 

aðalhindrun þess að jarðhiti sé valkostur þar. Þessum upplýsingum er haldið 

leyndum af einkareknum gas fyrirtækjum og skortur á stefnumótandi hvötum hins 

opinbera til rannsókna og byggingar, ásamt skorti á jarðhita mati sem byggð eru á 

nýjustu tækni, gögnum og hönnun erlendis frá. 

 

Þessi ritgerð sniðgengur þörfina fyrir höfundavarið efni með því í staðinn að setja 

saman þéttleikakort sem styðst við upplýsingar um byggingarhita frá 

skattrannsóknarstofu Montana ríkis, ásamt könnun á orkunotkun íbúðar- og 

atvinnuhúsnæðis á afmörkuðu svæði. Strjábýlt hverfi í Helena, Montana var valið 

sem úrtak með því að rýna í fyrirliggjandi opinber gögn um hugsanleg 

jarðhitasvæði víðsvegar um ríkið. 

 

Eftir úrvinnslu frekari opinbera gagna um jarðfræði-, jarðeðlisfræði- og 

jarðhitamælingar á svæðinu kom í ljós að það voru til nóg gögn til að gera 

eftirlíkingu lóns með GEOPHIRES tölvuforritinu. Í þessari ritgerð er stuðst við 

Comsof Heat hugbúnað til að þróa hagkvæmt tæknilíkan og sjálfvirkt hitaveitunet 

sem fyrsta matsaðferð fyrir jarðhita. 

 

Ellefu framleiðsluprófstilvik eru notuð sem grunnur til að ákvarða virkni 44 

jarðhita áætlana og hugsanlegra útkomu þeirra, þar með talin aukning með 

hitakatli. Verðtilboð, frá staðbundnum og alþjóðlegum söluaðilum, sem innihalda 

tæknivæddustu íhluti og stýringar fyrir jarðhita; leiða í ljós heildarkostnað á 

hitakerfinu. Þegar þetta er sett í samhengi við núverandi hvata í Montana-ríki, 

benda niðurstöðurnar einnig til hugsanlegrar tekjuþrýstingslækkunar fyrir 

starfsemi jarðhita, með möguleikum til frekari fjármögnunar og eignarhalds. 

Niðurstöðurnar benda til að kostnaður fyrir jarðhitakerfi nálgist kostnað við 

náttúrulegt gas, sem veitir stefnumótandi aðilum góðan kost til að hafa í huga við 

mótun leiða til að stuðla að kolefnislosun í byggingariðnaði Bandaríkjanna.
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Chapter 1 

1Introduction 

In the United States, building stock energy consumption still accounts for about one-

quarter of the country’s total energy consumption (US Energy Information Administration, 

2020). Within this total building stock energy consumption lies the residential energy 

consumption totals. Energy consumption across residential buildings is highest for single 

family structures. In these single-family structures, space heating and water heating account 

for more than 60% of total energy consumption – excluding the energy losses made in 

transport, appearing in Figure 1. There are several ways to decarbonize this building energy 

consumption, including district heating (DH). DH is a common way to deliver heating and 

cooling fluids to a structure, outside of the United States. These DH systems are increasingly 

adopting renewable heat sources, allowing communities to decarbonize their building end-

use consumption shares for space heating, cooling, and water heating.  

 

 

Figure 1 Percentage shares of annual residential building consumption. This excludes 

the energy transportation and delivery losses made along the supply chain (US 

Energy Information Administration, 2018, sec. Consumption and Expenditure 

Tables). 
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Across the world, there is an ongoing trend towards higher system efficiencies in DH 

using lower temperature resources because of technologic improvement (H. Lund et al., 

2014, 2018). None of these technologic improvements are being fully leveraged in the 

United States. This is particularly true for low-temperature geothermal resources in the 

Western United States, a resource type where DH has made the greatest gains in cost 

effectiveness from a new generation of system components (Averfalk & Werner, 2020). The 

feasibility of using geothermal reservoirs adjacent to communities in the United States 

requires a new combined process of building-level heat demand analysis, techno-economic 

simulation, and network design automation.  

Traditionally, geothermal research and assessments have taken place at the federal 

level or through federal grants, largely subsidized by the priorities of the Department Of 

Energy (DOE) (J. W. Lund et al., 2010; Thorsteinsson, 2008). This project suggests 

possibilities for geothermal DH resource assessments at echelons as low as the well owner 

level. Following these methods should empower communities with energy options wherever 

there is an adjacent geothermal resource. The overarching research questions for this project 

are the following: 

• How should designers combine the elements of geothermal district heating systems 

to create technologically relevant assessments for this energy delivery alternative? 

• What are the barriers to overcome for geothermal district heating designers in the 

United States? 

• How should a community in the Western United States move from a geothermal 

district heating assessment to implementation? 

 

 Improving the efficiency and design of individual components in GDH has been the 

focus of much research.  This research includes determining the optimal insulation values 

on the pipe network, the effects of pipe diameter and pressure constraints, and the design of 

the ideal control system to identify DH substation faults. No known research, however, 

melds these individual component improvements and gains in computing capability, to 

present a holistic path for municipal developers and designers to follow to implement state-

of-the-art GDH systems at the local level.  

This project addresses the gap in knowledge by compiling publicly available data and 

completing whole system levelized cost of heat (LCOH)1 analysis using iterations of modern 

software packages, for a DH project in a sparsely populated portion of Helena, Montana.  

 

Three software packages are in use in this project to assess the geothermal DH 

potential of the demonstration community: 

• Quantum Geographic Information System (QGIS) 

• Geothermal Energy for the Production of Heat and electricity Economically 

Simulated (GEOPHIRES) 

• Comsof Heat – a district heating design and planning tool  

 

In combination, these software packages provide designers a way to maximize 

assessment capabilities for whole system LCOH analysis. Further, the outputs from these 

software packages are ready-to-use site survey, business, and construction plans with nearly 

complete bills of material. Presenting communities with sustainable energy options is the 

 
1 The LCOH is the cost per unit of heat resulting from the capital investment and revenue difference over the 

lifetime of the project. 
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result, often where no other options have been available to consumers from the utility 

monopolies that serve them.  

The discussion below begins with a broad review of the history of DH, followed by a 

review of the design and economics of the systems, how geothermal plays a role, in what 

manner feasibility assessments take place, and how assessments could evolve in the United 

States. Context for the background always returns to the perspective of rural or sparsely 

populated communities, much like those found in the Western United States. The 

background section closes with a review of United States geothermal policy, Montana 

geothermal policy, the incentives, barriers, and how communities might be empowered to 

make sustainable energy choices using geothermal resources. After identifying the problems 

of proprietary data in the hands of traditional utility monopolies, the need to provide multi-

parameter simulations where resource uncertainty exists, and the human error inherent in 

traditional computer aided drawing (CAD) and spreadsheet analysis for DH design, this 

project presents a method of combining the aforementioned software packages to provide 

whole system LCOHs. Assuming access to funding and time, this method is replicable by 

stakeholders with a relatively nascent understanding of GDH. 

Chapter 2 

2Background 

There are many examples of nations increasing their DH network coverages over the 

last two decades. These nations include China, Sweden, Germany, Iceland, Denmark, and 

Slovenia, among others. Primary energy sources for the DH systems in these nations are 

typically combined heat and power (CHP) plants or biomass burners, and gas fired boiler 

(GFB) power plants. Many are now adapting their combustion-driven heat networks to 

accommodate renewable energy sources (Jensen et al., 2017; Reidhav & Werner, 2008; 

Stegnar et al., 2019).  In contrast, the United States has few functioning DH systems on a 

per capita basis, the majority of which are commercial building networks using CHP fossil 

fuel plants (Gils et al., 2013). This background review explores the history, economics, 

assessment efforts, and policy decisions that might leverage geothermal DH, and renewable 

DH in general, in lieu of combustion heat sources.  

2.1 History of District Heating 

One of the earliest instances of district heating in the world came from geothermal 

systems. In 1332, a village in France began supplying about 40 homes with nearby hot spring 

waters. These spring waters flowed through a conduit network that ran alongside houses. 

Consumers could divert the conduit to flow through their homes, allowing hot waters to 

enter the subfloor through trench works before continuing back to the main conduit (Figure 

2). A geothermal DH network remains in place at Chaudes-Aigues, nearly 700 years later 
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(Redko et al., 2020). Industrial age district energy systems first began in the United States 

around the early 1880s, then on to Germany in the 1920s, Iceland and the Soviet Union in 

the 1930s, and China in the 1950s (Rafferty, 2003; Soltani et al., 2019).  While it used to be 

the case that these district energy systems were economically viable due to scale, the more 

recent push for decarbonization is making these systems more appropriately known for their 

“economy-of-scope,” whereby the networks become more capable of accepting renewable 

heat sources – such as geothermal fluids – over time (Werner, 2017). 

 

 

Figure 2 Conceptualization of the geothermal DH delivery in 1332 Chaudes-Aigues, 

France (Redko et al., 2020).  

2.1.1 Industrial age district heating development 

The history of modern district heating classifies the systems in generations. Each 

subsequent generation offers an evolution in technology and resource utilization. Beginning 

around the 1880s in America, the first generation of DH used steam to supply heat to 

networks of buildings through conduits (Schweiger et al., 2019). The primary reason for 

implementation was to eliminate inefficient high-pressure boilers in individual buildings and 

reduce the risk of injury (H. Lund et al., 2014). There were high heat losses along these 

conduits and the injury risk from scalding was only partially mitigated. While most first 

generation steam-driven DH like that of the Holly Steam Combination Company in 

Lockport, New York (Figure 3) has been replaced, similar steam networks remain in use 

across the densely populated areas of Paris and New York’s Manhattan Island (Collins, 

1959; Schweiger et al., 2019; Thorsteinsson, 2008). Financial sustainability of these early 

networks, therefore, relies on areas of high population densities, explaining why these 

systems occur more frequently in some parts of the world than others.  
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Figure 3 Birdsill Holly of the Holly Steam Combination Company overseeing the 

trench excavation for the first ever district energy steam mains around 1876 in 

New York (Collins, 1959). 

Second generation DH (2GDH) installations began in the 1930s. This represented a 

transition from steam to pressurized hot water as the medium of heat delivery. Most of the 

supply temperatures were above 100℃ (Schweiger et al., 2019). The primary reason for 

these installations was to save on fuel costs. Pipeline construction materials often consisted 

of large diameter steel pipe encased in concrete.  

Third generation installations (3GDH) began in the 1970s and continue through today. 

The primary differences from 2GDH were the use of prefabricated pipe materials for direct 

burial and supply temperatures of less than 100℃ (H. Lund et al., 2014). Although 

renewables had been a source for DH networks since the first generation, 3GDH accounted 

for a larger share of renewable heat source adoption than all the previous generations 

combined. A geothermal 3GDH surface plant, built in 1983, at the Warren and Manzanita 

estates near Reno, Nevada (Muntean et al., 2018) appears in Figure 4. An example of a 1980s 

3GDH pipe installation in central Copenhagen, Denmark, appears in Figure 5. 
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Figure 4 Wellhead gathering housing and surface plant at the Avalon Geothermal 

district heating system in Reno, Nevada (Avalon Geothermal, LLC, 2009). This 

is an example of 3GDH, commissioned in 1983 (Muntean et al., 2018).  

 

 

Figure 5 Preinsulated DH single pipe installations in central Copenhagen, Demark 

during the 1980s. The country saw a sharp increase in urban and rural district 

heating systems since the oil crises of the 1970s (Danish Board of District 

Heating, n.d.). 

2.1.2 A new generation of heat networks 

Beginning in 2012, academic literature began recognizing the emergence of a fourth 

generation of district heating technology (Schweiger et al., 2019).  The emerging fourth 

generation district heating (4GDH) focuses on smart integration with existing electricity 

grids and multi-heat source acceptance across the same network, seen in Figure 6, at supply 

temperatures between 10-70℃ (Averfalk & Werner, 2020; H. Lund et al., 2014). With 
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electricity grid integration, the heat network operation either accepts curtailed renewable 

energy resources by converting electricity overgeneration to thermal energy storage (TES) 

or the thermal output offsets demand side peaks. An example of a Danish TES site for heat 

network integration appears in Figure 7. 

 

Figure 6 Fourth generation district heating (4GDH) leverages economies of scale and 

scope, meeting the needs of energy decarbonization by accepting multiple 

renewable heat source inputs across the network and reducing heat loss along 

the pipe with modern control systems and pre-insulated, direct-burial conduits 

(H. Lund et al., 2014; Werner, 2017). 

 

 

Figure 7 A pit TES under construction in Denmark (Bertelsen & Petersen, 2017). 

These TES solutions can take curtailed renewable power, or overgeneration of 

thermal fluids, for later use in the heat network.  

Two classifications of 4GDH are warm or cold. Cold 4GDH is a system that operates 

at ultra-low temperatures (ULTDH) and requires supplemental heat sources and boosters to 

deliver an adequate fraction of the heat demand (Averfalk & Werner, 2020). Six general 

trends appear across these system generations including a reduction in delivery 

temperatures, energy efficiency improvements, less construction material, prefabricated 

parts, a reduction in labor intensity, and the ability to integrate more heat production sources 

(H. Lund et al., 2014; Stegnar et al., 2019). For the purposes of this feasibility project, warm 

4GDH will be the primary focus although a thorough comparison of the generational 

transition from 3GDH to 4GDH will be discussed. 
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The effect of these six trends are as follows: 

1. Lower delivery temperatures: Reduces the risk of scalding, lowers the heat 

losses along the pipe system, and decreases materials and maintenance costs 

(H. Lund et al., 2014). 

2. Energy efficiency improvements: Reductions in heat losses using twin pipe 

systems, insulation upgrades, and layouts that minimize joints where friction 

leads to heat transfer (Reidhav & Werner, 2008). 

3. Less construction material: Direct burial reduces pipe material volume and 

volume of exterior insulation (H. Lund et al., 2014). 

4. Leaner manufacturing standards: Continuous manufacturing processes of 

components improve the insulative properties, therefore, overall system 

efficiency (H. Lund et al., 2014). 

5. Labor reductions: Prefabricated pipe works decrease pipe handling time, 

streamlining installation processes (H. Lund et al., 2014). 

6. Heat agnosticism: A variety of heat sources, with varying temperature ranges, 

are now compatible with 4GDH, including conventional combustion, solar 

thermal, wind, biomass CHP, serially-connected ground-source heat pumps 

(GSHP), and conventional geothermal reservoirs (Gils et al., 2013; Jensen et 

al., 2017; H. Lund et al., 2014). 

2.2 District Heating Design and Economics 

Component groups for DH systems include the heat sources, transportation circuits, 

distribution circuits, and the building circuits, seen in Figure 8 (Jebamalai et al., 2019). 

Combining these groups generally takes on the geographic pattern of a radial tree 

(Nussbaumer & Thalmann, 2016) – being candidates for Steiner tree2 cost pathway 

optimization or other algorithms (Jebamalai et al., 2019), though variations exist such as the 

linear, ring, mesh (Nussbaumer & Thalmann, 2016). Some of these possibilities appear in 

Figure 9. There are exceptions to these circuit components when deliberate ring networks 

are built around or into the service community. Ring structures are a way of planning for 

future heat source additions and are commonly more acceptable for areas of new building 

development (H. Lund et al., 2018). Since this project’s focus is on retrofitting existing 

structures with a heat network, ring configurations will not receive further consideration. 

 

 
2 Steiner tree algorithms are in use for optimization of cost pathways given a set of vertices that must connect to 

a mandatory point or points. https://www.comp.nus.edu.sg/~stevenha/cs4234/lectures/03b.SteinerTree.pdf 
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Figure 8 Radial component groups of a DH network include the heat source, 

transportation circuit, substations – if any, distribution circuits, and building 

circuits – with the likelihood of heat interface units (HIUs) at the building. 

 

 

Figure 9 Different patterns of DH layouts that occur affect the way optimization and 

implementation is possible. Simple radial layouts maybe a small scale system – 

A. Linear layouts may take place down a single avenue – B. Radial trees are 

more likely as the network becomes more complex – C (modified from: Gilbert 

& Halim, 2016; Nussbaumer & Thalmann, 2016).  

 A transportation circuit takes and returns the heat from the source along a pipeline 

network before branching for customer delivery and hookup points. The main purpose of 

the transportation circuit is to move fluid as directly and efficiently as possible from the heat 

source to the point of departure for the distribution circuit. The distribution circuit consists 

of numerous branches arranged to deliver fluids to the service trenches of buildings. 

Building circuits are the customer delivery side of heat flow, where chargeable consumption 

can be metered, and includes hydronic pipe works, possible storage and booster pumps, as 

well as radiant heat exchange systems (Averfalk & Werner, 2020; Jebamalai et al., 2019). 

The economic success of DH networks is a function of the following:  

• Heat demand density of the area 

• Heat distribution costs 

• Heat distribution losses from the source 

• Investment required per house 

• Operations and maintenance costs 

• Competitiveness of price compared to other methods 
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• Marginal heat generation cost 

• Rate of return demanded by the system operators 

 

Related to all these factors are the overriding effects of planning layout efficiency, and 

the regulatory environment in which these plans are executed. This review will cover the 

broader characteristics of good DH evaluation, DH implementation, as well as the promise 

of expanding these capabilities from the urban to the rural setting by leveraging material 

advances and the manipulation of system efficiencies. The evidence points to a knowledge 

gap in geothermal district heating system implementation across sparsely populated areas of 

the United States (Chiasson, 2013; J. W. Lund et al., 2010; McCabe et al., 2019; Rafferty, 

1996; Thorsteinsson & Tester, 2010). Aggregating several methods of feasibility 

assessments from European, Icelandic, Chinese, and Canadian experience can overcome the 

gap. Inherently, the rural setting suffers from low heat demand densities as the communities 

are generally more spread out than their urban counterparts. There are, however, important 

advantages for designers to consider such as the low cost unpaved trenching pathways, 

sparsity of other utility crossings, and higher heat demands per capita (Hvelplund & Djørup, 

2017; Jebamalai et al., 2019; Nussbaumer & Thalmann, 2016; Persson & Werner, 2011; 

Rafferty, 1996; Reidhav & Werner, 2008). 

2.2.1 Heat demand density 

 Heat demand density is an important factor in community selection for DH system 

installations. A typical candidate community should be one that has an adequately high heat 

demand density, as it is the main barrier to DH development (Reidhav & Werner, 2008). 

Defining this threshold of adequate demand is more problematic. It is easy to imagine that 

the decision to pursue DH is made by investors, policymakers, or other stakeholders. 

Investigation of DH for the developer occurs at a local scale or within the limits of heat 

availability. 

After the decision is made to undertake an assessment for a region, it is appropriate to 

target a specific community with the most heat demand. The community selection process 

does not necessarily need individual building heat demands and can rely on generalizations 

from broader datasets. In the United States, a good place to start for regional 

characterizations that may help in the community selection process include the Residential 

Energy Consumption Survey (RECS) and Commercial Building Energy Consumption 

Survey (CBECS), conducted by the Energy Information Administration (Energy 

Information Administration, 2012, 2015b). Mapping regional heat demands from these 

surveys against population densities, for example, results in a “relative per-capita heat 

demand” that can help policymakers and developers target DH development opportunities. 

This would allow developers to target the most demanding markets by population count 

(Gils et al., 2013). Alternatives include data selections of county heat demand from the 

National Renewable Energy Laboratory (NREL) (McCabe et al., 2016). 

Deciding on a local candidate area from the regional suitability assessment requires a 

brief survey of structure typologies, local building density, and access. After targeting a 

specific swath of buildings for heat demand density analysis, an assignment of building 

typologies or direct energy consumption information for each structure along the potential 

network is made, shown in Figure 10 (Glassley, 2014; Reidhav & Werner, 2008; Stegnar et 

al., 2019). When using load simulations in North America, these structural compositions 

will dictate peak heat demand based on load factor averages, typically run by the American 

Society of Heating, Refrigerating and Air-conditioning Engineers (ASHRAE) (Glassley, 
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2014), or alternatives, such as those in recent Natural Resources Canada research by A. Dalla 

Rosa et al. (2012). In Europe, building typologies and their load factors are found in the 

Typology Approach for Building Stock Energy Assessment (TABULA) research project 

from Intelligent Energy Europe (Institut Wohnen und Umwelt GmbH, 2016). Depending on 

the analysis method, these building typologies are compared to local climatic conditions, 

including the maximum/minimum and average surface temperatures, to determine heat 

densities for the community (Stegnar et al., 2019). In other cases, load factor assignments to 

the building typologies already account for a local climatic condition, as is the case with A. 

Dalla Rosa et al. (2012). 

 

Figure 10 Typical process for targeting of communities for DH development. The 

region for analysis is decided, then the communities across the region are 

ranked for suitability. Finally, a building heat demand map is made after the 

local target area is selected from existing consumption data, or simulation. 

 Since it is true that a community needs an adequate heat demand density to make a 

DH system feasible, it is also true that building energy efficiency is a doubled-edged sword 

when weighing this feasibility. If the DH system heat source is not sufficient to meet the 

current heat demand of the community, then further improvement of building energy 

efficiencies can bring feasibility within reach. In contrast, if the heat source can provide 

enough power output to supply the community then increases in building energy efficiency 

may make the DH system operation financially untenable as heat demand decreases with 

these improvements (H. Lund et al., 2014; Reidhav & Werner, 2008). While this project 

eventually uses estimates of building heat demand, the first step for building owners or the 

community should be to improve their energy efficiency, so the DH network remains viable 

for a long time.  

By United States standards, the latter scenario is far less likely for the rural 

environment than the urban one. A community layout largely made of multi-family 

buildings, such as those found in urban locales, will have a heat demand 30% lower than a 

rural community made up of the same volume of structures. Rural towns, therefore, have 

less likelihood of purpose-built DH system heat sales declining by a substantial amount over 

the lifetime of the project due to building energy efficiency improvements (Gils et al., 2013; 
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Rafferty, 1996). In other words, rural structure owners consume more energy per unit of 

floor space and this condition is unlikely to change over the lifetime of a DH project.  

Nonetheless, some indications suggest building energy efficiency improvements could 

be a primary challenge for future DH price competitiveness. This is because new buildings 

are becoming more energy efficient, and insulation retrofits of old buildings are possible 

(Gadd & Werner, 2015). As building energy efficiency increases for a structure, the heat 

sales for that structure decline. However, other simulations indicate this is a problem of 

expanding the pipe network to new buildings on the margin as building energy efficiency at 

the heart of the system improves (Persson & Werner, 2011). If the network connects more 

buildings to maintain heat sales, the operator could continue to breakeven with their original 

business model.  

Examples in literature that examine the interplay between construction material 

improvements, lower temperature heat sources, reductions in heat losses at the margins, and 

market competition from alternative heating technology may not be comparing the same 

systems in all cases. It can be difficult to identify differences in academic studies because 

parameters, such as heat demand density, are important considerations for both 3GDH and 

4GDH. As mentioned, there is a big difference in materials between 3GDH and 4GDH. An 

operator and a designer must take care to distinguish between the two system constructs as 

they look for best practices in the industry.  

Wherever DH system energy efficiency improvements can match the total network 

building efficiency improvements on a per MWthermal basis, there will be no change in cost 

effectiveness, shown in Figure 11. The solutions sought to remedy the risk to cost 

effectiveness for DH include system energy efficiency improvements. Improvements can be 

made using substation fault detection equipment and the smallest feasible pipe diameter 

throughout the network, reducing costs and heat losses. In each case, these solutions are 

representative of modernization and a trend towards fourth generation technology 

(Nussbaumer & Thalmann, 2016; Persson & Werner, 2011).  
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Figure 11 The relationship between DH network efficiency and building energy 

efficiency. A system can remain economically feasible by increasing network 

efficiency in the face of increasing building energy efficiency. 

However, it is not a universal belief that 4GDH technology will delay the cost 

competitiveness problem when facing building energy efficiency improvements. There is 

evidence that the domestic hot water (DHW) demand, being consistent during this period of 

building efficiency increases, will have an outsized effect. An analogy for this consistent 

demand for DHW is that people will continue to take showers, prepare food, clean, and 

bathe. As hot water uses for other than space heating needs will continue, pipe diameters 

will have to remain at some minimum to provide coverage of DHW demand, regardless of 

space heating demand decreases. DHW demand, therefore, has a significant impact on 

maintaining the viability of an in-place DH system. A market area, however, with increasing 

space heating demand density, or a town building upward instead of outward, will remain a 

more favorable characteristic (Jebamalai et al., 2019).  

So, while building energy efficiency improvements do not define a clear risk to 

modern 4GDH business models with room for network expansion, the effect likely marks 

the first stage of failure for 3GDH. 3GDH will be able to maintain economic viability as 

long as the DHW demand remains across the network. Once water conservation measures 

are taken inside a building, however, these DH systems are more susceptible to market 

competition and must rely on technological advances (Jebamalai et al., 2019; Persson & 

Werner, 2011), made possible by 4GDH. If consistent demand rates are the solution to the 

building heat demand decrease problem, then it is apparent a delay in declining cost 

effectiveness is also possible by coupling a wider range of end-uses. Industrial and 

commercial heat users are a good example, where operations such as greenhouses, drying 

facilities, or public pools accept a high fraction of the heat, providing a constant revenue 

stream.  
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2.2.2 Heat distribution costs 

 Heat distribution costs are a measure of dollars spent per unit of energy, delivered to 

the consumer side. Traditionally these costs are a function of capital investment 

requirements, electricity consumption of pumping, and the heat losses along the network 

(Nussbaumer & Thalmann, 2016). Low heat distribution costs make economy-of-scale in 

3GDH competitive in comparison to individual building heat solutions. Recall that 

economy-of-scale is based on efficiency increases that make heating cheaper for a district 

area, whereas economy-of-scope highlights the potential of heat networks to take distributed 

and renewable heat sources (Werner, 2017). These 3GDH distribution costs will continue to 

rise, however, as the operators continue to rely on combustion-driven fossil fuel heat 

sources. Fossil fuel burning generally will put upward pressure on the cost of heat 

distribution as emission taxation policies advance. A compounding cost problem for 3GDH 

will be the increasing utilization of low-emission renewables that compete with in-place 

fossil fuel boilers (Gadd & Werner, 2015; Nussbaumer & Thalmann, 2016; Persson & 

Werner, 2011). These renewable heat sources are typically of a lower temperature (H. Lund 

et al., 2014; Vivian et al., 2018) and require designs that take greater care in minimizing 

overall heat distribution costs. 

Heat networks generally have distribution costs that are strongly affected by the 

average pipe diameter of the network. Those networks employing the smallest technically 

feasible diameters will have the lowest pipeline investment cost, with lower overall heat 

distribution costs and heat losses. Low-temperature networks can operate at lower pressures 

with possible decreases in the pipe diameter compared to the high-temperature alternative, 

depending on the configuration. This finding again supports the trend towards 4GDH, where 

small pipe diameters favor higher system efficiencies using low-temperature heat sources 

(LTDH) (Nussbaumer & Thalmann, 2016).  

Using International Energy Agency (IEA) market data, for each nominal pipe diameter 

size increase across a hypothetical linear DH network, heat distribution costs rose by 9%. A 

distribution cost increase of 30% occurs for a two-fold increase in nominal pipe diameters3. 

This factor alone outweighed the influence of interest rates, electricity consumption for 

pumping, and insulation costs (Nussbaumer & Thalmann, 2016). A reduction in distribution 

costs through the use of successively smaller diameter pipe lengths in the network (Figure 

12), is important for those sparsely populated or lower heat demand density areas, where 

investment costs are a major hurdle (Bohm et al., 2008).  

 
3 Nominal pipe diameters are the same thing as internal pipe diameters. 
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Figure 12 Temperature losses and flow requirements decrease as pipe diameters 

decrease, indicating that the smallest nominal diameter pipes necessary will 

increase system efficiency and save money (modified from: Bohm et al., 2008). 

A discussion of twin pipe systems takes place in 2.2.4, with a discussion of triple 

pipes in 2.2.6. 

2.2.3 Thermal energy storage relationships to cost and design 

Aside from optimizing the source heat and return temperature for the network in 

conjunction with smaller pipe diameters, thermal storage can also reduce the pipe diameters. 

All thermal energy storage (TES) seeks to shave the peak load requirement of the heat 

source. A smaller peak load can mean a smaller heat source, network pipe diameter 

reductions, or both (Jebamalai et al., 2020). TES for a DH system has several different 

configurations, appearing in Figure 13. 
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Figure 13 Possible configurations of TES. The centralized TES does not allow for a 

reduction in pipe dimensioning due to the increasing mass flow requirement 

during peak demand periods (Jebamalai et al., 2020). 

Not all TES will reduce the overall pipe diameter of the network. The most common 

configuration of TES in a DH system includes a centralized storage tank. While this has 

been a storage standard for 3GDH, it does not provide the maximum pipe diameter 

reductions. Pipe networks positioning TES at the building level circuit will allow for the 

greatest diameter reduction across the network. In comparison, a central TES configuration 

with the same pipe diameters as the building level TES, could not accommodate a similar 

mass flow during peak demand periods. Peak demand in a central TES configuration, would 

require a large mass flow at the top of the heat network, comparably increasing pipe size and 

network cost. Design of storage on the 4GDH network, therefore, is a problem of 

optimization (Jebamalai et al., 2020).  

To find the optimum storage capacity at the building level the designer must calculate 

relative peak daily profile variations across the network or, if the information is available, 

specific peak daily profile variations. Relative daily profile variations are those percentage 

deviations from the daily average heat load to the peak, appearing in Eq. 1. Similar formulas 

can expand to annual daily profile variations or hourly daily profile variations (Gadd & 

Werner, 2013). Specific data would be available from measured building and pipe network 

consumption information while a relative characterization is based on assumption. Since 

much of this building energy consumption in the planning phase is based on building 

typologies rather than individual building data, it is often more appropriate to use relative 

profiles (Jebamalai et al., 2020; D. S. Østergaard & Svendsen, 2016; Stegnar et al., 2019). 

 

𝐺𝑑 =

1
2

∑ |𝑃ℎ − 𝑃𝑑|24
ℎ=1

𝑃𝑎 ∗ 24
∗ 100(%) 

 

Eq. 1 

Where: 

Gd is the relative daily variation 

Ph is the hourly average heat load 

Pd is the daily average heat load 

Pa is the annual average heat load 
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The maximum storage occurs where the sum of consumed energy and storage loss 

meets. Storage size averages can then be applied to the building type. Analysis of the 

network cost reductions from the effects of peak shaving storage are apparent when 

compared to this percentage of the maximum storage size by building type. Recent findings 

suggest that building level maximum storage will reduce the cost of network materials to the 

greatest degree if it is based on the daily peak variation – shown in Figure 14, rather than 

seasonal demand. These TES installations – hot water tanks, while not appropriate for all 

existing DH networks (Jebamalai et al., 2020), appear to be most suitable for new DH 

infrastructure. While this project does not add TES components, the same software in use 

for optimization at the Helena, Montana demonstration site can accept it if the designer 

chooses.  

 

Figure 14 Network cost reductions from thermal storage based on location of fluid 

tanks and the variation in peak daily load (Modified from: Jebamalai et al., 

2020). This example comes from a simulation of a heat network in Kortrijk, 

Belgium. Results may vary with network topology for other locales. 

2.2.4 Heat distribution losses and extending heat networks 

 Heat distribution losses are unintended losses that occur along the length of the DH 

pipe. Total heat losses in a geothermal DH system are the sum of convective, conductive, 

radiative, and evaporative losses across the network (Glassley, 2014). Low relative heat 

losses are one of the key parameters of operational profitability and feasibility in a rural or 

sparsely populated setting (Reidhav & Werner, 2008). Although these apparent heat loss 

improvements for 4GDH are often touted as being economically important, research into the 

sensitivity of total cost reductions from a technology transitions of 3GDH to 4GDH is 

inconclusive. A low-temperature heat source may be the overriding factor (Averfalk & 

Werner, 2020). As material advances take place that may increase the investment cost while 

also decreasing the heat losses, it is important for a designer to weigh one against the other. 

While this material investment is a design consideration, developers will continue to 

find greater feasibility where there is a concentration of heat demand. Concentration of heat 

demand also helps avoid heat losses along the pipe lengths (H. Lund et al., 2014). Since 

potential systems in rural areas would likely transmit heat over longer distances, the overall 

system efficiency is more affected by heat losses than the urban equivalent. Denmark and 
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Iceland are the only countries with widespread adoption of DH systems in rural locations. 

Other European countries are also studying an expansion of existing networks into sparsely 

populated areas, such as Sweden. In Sweden, heat losses for DH systems delivering to 

sparsely populated locations average 23% with a range of 12-43% losses (Reidhav & 

Werner, 2008).  

Materials selections that mitigate heat loss, such as the insulation type on a 

prefabricated distribution pipe, are also subject to the surface air temperatures and humidity 

changes – potentially resulting in degradation. A factor for the DH system that accounts for 

this loss and degradation constraining the material properties is called the design factor 

(Glassley, 2014). The design factor is often a large source of systemic waste in DH planning, 

where delivery temperatures frequently overcompensate for the worst-case scenario, 

resulting in a planned capacity of 20% above that of actual peak loads (D. S. Østergaard & 

Svendsen, 2016). While overbuilding the network is one part of the problem, the other part 

is the cost of improved insulation. Although an increase in the grade of insulation may 

decrease pipe heat losses, that same upgrade can increase – depending on market – the 

overall heat distribution costs because of the capital requirement (Nussbaumer & Thalmann, 

2016). To weigh these differences in the planning phase, it is helpful to have software tools 

that can quickly recalculate costs and compare material parameter changes. 

Reducing the average trench length also lessens heat losses. The average trench 

lengths are less for twin pipe systems, found in Figure 15, than single pipe installations 

(Reidhav & Werner, 2008). Twin pipe systems have production and return lines sealed in 

the same insulated, prefabricated section. An additional benefit of twin pipe use is a 

reduction in labor costs (Bohm et al., 2008). DH Installations in a rural environment further 

decrease labor costs when using twin pipe because there are fewer paved surfaces and a 

lower quantity of other utilities4 in the trenching area. Fewer paved surfaces reduce 

installation and repair costs (Rafferty, 1996).  

 

Figure 15 Logstor, of Denmark, manufactured twin pipe for transportation and 

distribution circuits in district heating (modified from: Logstor A/S, n.d.). 

Although preinsulated pipe is the standard for servicing sparsely populated areas, the 

heat loss mitigation might not justify the upfront investment requirements. Sparsely 

populated areas already suffer from high upfront costs in comparison to typical DH systems, 

 
4 Other utilities in the trenching area may include fiber broadband cables, gas, sewer, or cold-water mains. 
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shown in Figure 16 (Reidhav & Werner, 2008), so care should be taken to simulate the pipe 

type effects on heat loss mitigation and cost when analyzing feasibility. Rafferty (1996) goes 

as far as suggesting uninsulated return lines for cost savings in the Western US. This is 

beyond the norms of more modern DH design but may still make some sense with a baseload 

heat source like geothermal, depending on the acceptable thermal drawdown of the 

reservoir5. Uninsulated pipe on the return would result in a larger sum of heat loss and a 

large ∆T at the point of reinjection, accelerating drawdown to some extent. Dealing with a 

potential deviation in costs and function from this makes design deliberation more important 

when assessing new DH materials on the market. 

 

 

Figure 16 Typical cost deviation of investments for sparsely populated areas, 

compared to high heat demand density equivalents. The circled area 

represents sparsely populated areas (Adapted from: Reidhav & Werner, 

2008) 

2.2.5 Operations and maintenance relationships to heat losses 

 Maintenance requirements will continue to be an important economic factor in system 

feasibility as the industry transitions to 4GDH (Gadd & Werner, 2015; Persson & Werner, 

2011; Reidhav & Werner, 2008). Typically by regulation or oversight, utility companies 

must operate energy systems that deliver reliable power with calculable expected 

maintenance costs to customers (Jensen et al., 2017). The importance of maintenance is 

rising with the transition from 3GDH to 4GDH. As district heating becomes part of a smart 

network, distributed heat generation will be delivered to the system from non-utility third 

parties, often micro-grids. Again, smart 4GDH means integrating decentralized renewables 

and controlling the heat network with continuous or frequent monitoring of junction points 

(H. Lund et al., 2014).  Adding more decentralized heat sources can create an increase in 

 
5 Thermal drawdown of the geothermal reservoir is a function of the rate of heat consumption and temperature 

of the reinjection fluids along a hydrologic pathway.  
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possible failure points that puts security of supply at risk if proper mitigating measures are 

not taken. For this reason, the anticipation of problems and maintenance across the multi-

source network is more important (H. Lund et al., 2014; Sernhed & Jönsson, 2017).  

The differential of supply to return temperatures (∆T) is also becoming more important 

to monitor in 4GDH systems. The ∆T across an envisioned 4GDH system is typically smaller 

(40-55℃/20℃) than the large temperature differentials found in 3GDH (80℃/45℃). 

Consequently, 4GDH networks operate closer to the margin of customer discomfort – where 

supply temperatures become insufficient. Operating closer to this margin makes automation 

and fault detection more important for next generation systems. High temperature 3GDH 

operators have the luxury of ignoring system inefficiencies, due in large part to undetected 

or ignored substation faulting, that the 4GDH operators cannot. Customer comfort concerns 

are the primary reason to initiate maintenance (Figure 17) in older generations of DH while 

4GDH system efficiency and customer comfort will be nearly inseparable parts of the 

maintenance problem (Gadd & Werner, 2015).  

 

 

Figure 17 Geothermal DH single pipe replacement in Reykjavík, Iceland, November 

1st, 2020. The maintenance crew is taking advantage of low traffic conditions 

brought about by the pandemic of 2020 to replace uninsulated 2GDH pipe with 

4GDH preinsulated, leak alarmed, direct burial lines. The old pipe is seen 

rusting behind the excavator bucket.  

 Although the margin of supply deficiency is smaller for newer operating systems 

because of these lower temperatures, these lower temperatures also reduce the likelihood of 

margin of supply deficiency becoming a problem. Lower temperature 4GDH reduces pipe 

expansion and contraction, uses prefabricated pipe sections with monitorable moisture 

detection lines, integrates dynamic downhole or inline pump and building demand control 
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systems, and automates fault detection for substations (Gadd & Werner, 2015; Glassley, 

2014; Logstor A/S, n.d.; Nussbaumer & Thalmann, 2016; Sernhed & Jönsson, 2017). So, 

while the 4GDH system can quickly become a problem for the customer demanding heat 

during a malfunction, the likelihood of malfunction is dropping. Operators can do more with 

less, less temperature, less flow, and less on-site monitoring. 

This maintenance reduction from the deployment of new and emerging DH 

technology will likely not affect existing DH infrastructure for some time. According to 

recent rates of replacement across Swedish DH networks, for example, some pipelines 

would not be renewed for 300-800 years. This is a misrepresentation of material lifetimes 

and only reflects an improper repair and renewal program. These older DH maintenance 

schedules, in Sweden and elsewhere, are often reactive instead of proactive (Sernhed & 

Jönsson, 2017). This is a choice the operator makes.  

A reactive maintenance program can lead to unanticipated problems for utility 

companies, where large reinvestment requirements come on fast. Paying out large lump 

sums of money for maintenance threatens an operator’s regulatory mandate to deliver 

consistent energy prices to consumers. This tendency is known as the “bathtub curve,” 

appearing in Figure 18. The bathtub curve represents the life of all components. New system 

components face a decreasing maintenance schedule early on, followed by a steady state of 

maintenance, ending with a sudden increase in failures across many components (Sernhed 

& Jönsson, 2017). Operators of 4GDH systems should avoid repeating this historic pattern 

by providing proactive repair, replacement, and maintenance.  

 

Figure 18 The bathtub curve of DH equipment failure rates over a system lifetime. 

Failure rates sharply decrease after initial installation, enjoy a period of steady 

maintenance, then reach a sharp increase of failures at the end of equipment 

life (adapted from: Sernhed & Jönsson, 2017). 

Despite these maintenance challenges, if the DH operator with an existing network 

leverages 4GDH material advances in pipelines and other components such as new building 
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radiators6 with modern control, a higher differential of supply temperature to demand is 

achievable. The result is a higher system efficiency, as seen in Figure 19. Higher system 

efficiencies reduce distribution costs. This larger differential also decreases flow 

requirements while covering more demand (Kinney et al., 2019; Rämä & Sipilä, 2010). 

Servicing more customers can provide broader revenue streams. Maintaining this system 

efficiency through proper automation and repair scheduling, therefore, will remain important 

for the 4GDH operator.  

 

 

Figure 19 Modern control systems with smart heat meters increase system efficiencies 

through heat loss reductions. This market survey of 20 DH sites in the United 

Kingdom is from modern control developer Minibems, featured in the top bar 

(Minibems Ltd., 2020).  

2.2.6 Active components to counter heat loss 

There are alternatives for the DH network facing heat loss problems affecting the end-

user. Alternatives to dealing with the margin of supply deficiency include supplemental 

boosters at the building level, TES mentioned in the previous section, or a triple pipe 

recirculation solution (Averfalk & Werner, 2018; Jebamalai et al., 2020; Xiaochen Yang et 

al., 2016). The objective of these methods is to deliver consistent hot water temperatures to 

the customer, while dealing with significant heat losses that result from periods of low 

demand. Periods of low demand might be seasonal or diurnal. A period of demand stagnation 

happens, for example, when people leave their homes to go to a workplace. This heat 

consumption pattern has seen a shift under the pandemic conditions of 2020, where more 

people are now working from home7. 

 Supplemental boosters mitigate in place heat losses and act as a preventative for 

Legionella bacteria in the DHW supply. Legionella bacteria concerns in the DH network are 

greater with lower temperature sources, where stagnant waters act as breeding grounds. By 

augmenting the building level circuit with an individual decentralized substation, appearing 

 
6 Modern radiative heating technology for buildings includes large wall-mounted and in-slab floor hydronics 

with smart controls that achieve high supply to return temperature differentials with minimal mass flow 

requirements and very low electricity consumption increases (Rämä & Sipilä, 2010). 
7 Pandemic effects on DH networks are evident and are redefining the importance of residential system 

components, as well as smart and remote control of the network. https://www.euroheat.org/news/covid-19-

challenges-opportunities-district-energy-sector/ 
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in Figure 20, the temperature boost could remain consistently higher at the time of demand 

(Xiaochen Yang et al., 2016). Additional examples of substations or heat interface units 

appear again in 3.6.2. Other methods of supplemental temperature boosting include a simple 

electrical heating element or an individual heat pump on the building circuit. A schematic 

view of the building level heat pump booster appears in Figure 21 (P. A. Østergaard & 

Andersen, 2016; Rämä & Sipilä, 2010; X. Yang et al., 2015).  

 

 

Figure 20 Building level decentralized substations are another alternative, similar to 

the heat pump configuration, that reduces customer wait times due to heat 

loss accruals during periods of low demand (Xiaochen Yang et al., 2016). 
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Figure 21 Centralized or building level booster pumps are one method of addressing 

the margin of supply deficiency, delivering a constant temperature to the 

consumer side on demand (P. A. Østergaard & Andersen, 2016). 

TES at the individual building level, previously discussed for its ability to reduce 

network pipe diameters, can also address the margin of supply deficiency problem in 4GDH. 

While not always practical as a matter of physical space, TES can create value across the 

DH network by reducing these customer call-outs mentioned in Gadd & Werner (2015). 

TES helps with delivering consistent temperatures on demand, balancing grid loads, and 

further providing thermal network flexibility to shave peak demand (Jebamalai et al., 2020). 

Flexibility might also become helpful in a time of supply shortage. It is easy to imagine 

combining the heat pump and the TES into a district energy system capable of isolating or 

“islanding” itself during times of heat network malfunction.  

Others suggest the 4GDH network could benefit from a triple pipe solution. A triple 

pipe configuration would supplement the supply temperature flows during low demand 

periods with a recirculation line. The recirculation line would pump lower temperature fluid 

back to the heat source without thermal contamination of the return line that is typical of 

twin pipes (Figure 22). Avoiding thermal contamination maintains system efficiency levels. 

This may be beneficial for conventional and renewable heat sources, with configurations 

appearing in Figure 23a. Recirculation also maintains a high ∆T in the system, which is 

important for a combustion heat source that must ramp up to meet demand (Averfalk & 

Werner, 2018).  
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Figure 22 Representation of the thermal contamination that is typical of twin pipe (A. 

Dalla Rosa et al., 2011). Thermal contamination changes the ∆T of the system. 

In contrast, the typical way for 3GDH systems to address the margin of supply 

deficiency is to purposefully allow substation leakage, using a customer bypass valve, and 

constant thermal contamination of the return line in periods of low consumer demand 

(Averfalk & Werner, 2018; Rämä & Sipilä, 2010). However, it is apparent that the triple 

pipe solution may not be appropriate for all instances of geothermal heat source uses, 

appearing in Figure 23b. To maintain healthy geothermal wells, for example, it is important 

to maintain a constant flow (Thorhallsson, 2003). Since geothermal wells are not shut in 

during low demand, the triple pipe could be redundant in certain DH configurations. 

 

 

Figure 23 The triple pipe solution may meet customer demands in the face of heat 

losses for conventional and renewable heat sources – A. The concept appears 

to breakdown when direct use of geothermal fluids for DH and well health 

collides - B. DH system efficiency and well production longevity may have an 
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inverse relationship. 

A long-known method of waste heat utilization, cascading uses, is a more effective 

way to achieve the temperature differentials that the triple pipe solution seeks. Cascading 

uses occur when warm fluids flow in series after the initial customer consumption, in this 

case upon return from the residential-commercial structures. An example of these various 

end uses appears in Figure 24. Cascading uses can decrease the potential return temperature 

across 100% of a DH network whereas the triple pipe solution can effectively decrease the 

temperature across 60% of a typical DH network. Triple pipe configurations, therefore, have 

an efficiency increase that develops along a saturation growth curve, with a maximum 

achievable temperature differential, whereas the cascading use case demonstrates a linear 

efficiency increase with temperature differentials to the point that no useful heat transfer 

occurs (Kinney et al., 2019). Cascading uses also have no obvious limits if the temperature 

meets the need. The benefit of cascading uses ability to increase the temperature differential, 

however, is only as good as the economic rationale of operating greenhouses, aquaculture, 

or other end uses in series. Therefore, there is no way to say with certainty that the triple 

pipe, some TES, or other modification of the network is appropriate without a thorough 

financial analysis for the specific location.  

 

 

Figure 24 Example of low temperature uses of geothermal fluid for cascading uses 

(Dillman, 2018). While this image does not include district heating, as 

mentioned, the temperature of delivery would be best before dropping below 

55℃.  

Some combination of these solutions could also be present on a future system. 

Building level storage, for example, is not simply an alternative to the triple pipe solution. 

Instead, building level storage, while mitigating daily heat distribution loss problems for the 

consumer, is not as effective for seasonal loss (Jebamalai et al., 2020). Comparable TES 

solutions for seasonal loss are centralized tanks, while the alternative is triple pipe (Averfalk 

& Werner, 2018; Jebamalai et al., 2020). As mentioned, centralized TES would increase the 

pipe diameter size to such an extent that the network may become too costly (Jebamalai et 
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al., 2020). A future 4GDH network design, therefore, might include both a triple pipe 

network and a decentralized, building level storage plan. Combining these two solutions 

could reduce daily and seasonal heat distribution losses across the same network. Again, 

analyzing the financial burden of implementation is a task for the 4GDH designer.  

2.2.7 Competitiveness of DH versus other heating delivery methods 

Competitiveness of traditional DH when compared to other methods depends heavily 

on the cost of fuels (Li et al., 2015). Recalling that traditional DH heat sources are often 

CHP, GFB, or some other combustion driven generator, the only advantages of the fossil 

fuel DH to individual building heating systems is the wholesale costs at which the fuels can 

be purchased and the efficiency of delivery from the heat source (Gils et al., 2013). A 

community planner interested in determining the advantage of a DH system versus 

individual fossil fuel boilers or furnaces may do a comparative analysis of either the point 

of delivery linear heat density or the levelized costs (K. Beckers, 2016; Mattson & Neupane, 

2017; Reidhav & Werner, 2008). Linear heat density of DH is measured in GJ/meter of pipe. 

This type of evaluation is often done using data from existing DH systems to establish a 

threshold of feasibility compared to the alternative heat delivery method (Reidhav & 

Werner, 2008). More recent work estimates this linear heat density for places where a DH 

network does not yet exist using average pipe diameter derivatives from previous projects 

(Persson & Werner, 2011). This project does not analyze the linear heat density threshold 

because little empirical data exists for a site like Helena, Montana. Instead, the focus of 

competitiveness will be levelized cost comparisons, simulating and estimating every pipe 

and building along the network to determine system costs.  

As public emissions policy and law places prohibitive taxations on fuel combustion, 

the future of DH likely rests on the transition to renewable energy heat sources, such as 

geothermal and solar (H. Lund et al., 2014). There may come a point where conventional 

combustion DH is then competing with 4GDH based on fuel costs. Whenever the 

infrastructure installation and maintenance costs are below the fixed price of individual 

furnaces and boilers across a community’s individual buildings then the variable cost of fuel 

is one of the last primary parameters. Renewables, geothermal and solar, clearly leverage an 

advantage when the upfront costs of wells or production equipment, and infrastructure are 

predicted and may then deliver a consistent, forecastable heat generation cost (Gadd & 

Werner, 2015; Jensen et al., 2017).  

Demand for renewable energy sources to decarbonize heat consumption, therefore, 

will increase the competitiveness of 4GDH. Just as the primary reason for the transition from 

1GDH to 2GDH was to save on fuel costs, the transition from 3GDH to 4GDH also stems 

from a desire to save on the environmental costs of fuel consumption (H. Lund et al., 2014). 

4GDH has the ability to smartly accept renewable and distributed heat sources using its 

economy-of-scope to support building heat decarbonization (Werner, 2017). Efforts in 

decarbonization are changing the landscape of competitiveness, giving DH new 

opportunities to support environmental policy. 

In addition to this desire to mitigate the environmental impact of fuel consumption, 

the technological advantages and conceptual ideas of next generation DH also leverage the 

accessibility of so-called ultra-low temperature DH (ULTDH). ULTDH and LTDH are each 

providing fundamental energy efficiency improvements capable of using almost any heat 

source. ULTDH for example, can utilize ground or waste waters from about 15-40℃, while 

LTDH is conceptualized as having a 40-55℃ heat source input (H. Lund et al., 2014; Vivian 

et al., 2018). These temperatures are relative throughout the literature, so few absolutes exist. 
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Many of these low-temperature concepts may benefit from large scale booster heat pump 

deployments. These booster heat pumps can be centralized or serially arranged across the 

system, with an example appearing in Figure 25. As previously mentioned, each style can 

be customized with distributed generation heat delivery (Jensen et al., 2017; H. Lund et al., 

2014; Vivian et al., 2018). The ability of 4GDH to adapt to even low-temperature sources 

increases the competitiveness of the technology, making it available to a wider range of 

markets. 

 

 

Figure 25 An example of serially arranged heat pumps supporting a low-temperature 

geothermal fluid district heating source (Jensen et al., 2017). These pumps 

boost the supply temperature to a level that meets demand.  

Heat generation from distributed sources or microgrids may supplement future heat 

networks with even lower cost supply, further improving competitiveness. Of course, the 

more complex the system becomes, the more analysis is required to support the premise of 

cost competitiveness. This may also be a good reason to promote the distribution of heat 

generation across more than one centralized supplier on the same network, so that financial 

risk can be spread to several individual producers seeking to profit from the infrastructure 

(Sernhed & Jönsson, 2017). Further, augmenting future heat networks with distributed heat 

sources may be a method for expanding into previously uncompetitive zones throughout a 

community. Doing so would expand the distribution network beyond the thermal limit of 

the primary renewable generation source (Glassley, 2014). An example of these distributed 

heat sources could be solar thermal or low-grade wind to low-grade heat8, at echelons as low 

as the building level. 

2.2.8 Marginal heat generation costs 

Marginal heat generation costs (MHGCs) are the costs of producing one additional 

unit of heat. These costs vary by heat source. The competitiveness of the MHGCs for a DH 

system are heavily dependent on the variable costs of the next best heat generating 

 
8 H2O Turbines Ltd. of Chester, England is an example, capable of providing 60℃ heat to a DH network using 

3kW building level wind turbines and TES. https://www.h2oturbines.com/post/testing-evaluating-and-

commercialising-alternative-energy-with-the-i2c-project 
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alternative. The next best alternative might be – depending on the market – combustion costs 

from an individual gas boiler or furnace units for a building. This may also create another 

advantage for the expansive list of LTDH sources that do not have a great deal of exposure 

to fluctuating fossil fuel prices. A DH system fed by a low-temperature source of low 

marginal costs can more readily compete with the alternative (Vivian et al., 2018). Simply 

put, heat sources such as conventional geothermal, without variable fuel costs, can improve 

the competitiveness of DH. Extending this example, one additional unit of heat from 

geothermal essentially has a negligible cost while a fossil unit has a widely varying cost. 

Reidhav & Werner (2008) describe the profitability of the DH operation as closely linked to 

the MHGC through the following cash surplus formula: 

 
 

𝐶𝑆 = 𝑅 − 𝑀𝐻𝐺𝐶 − 𝐶𝑜𝑠𝑡 𝑜𝑓 𝑂&𝑀 

 

Eq. 2 

 

Where: 

CS is the remainder of revenue 

R is the revenue 

Cost of O&M is the operations and maintenance 

 

MHGC is further related to the profitability of DH across the service area through the 

net present value (NPV) formula: 

 
 𝑁𝑃𝑉 = (𝑃 ∗ 𝑄 −

𝑀𝐻𝐺𝐶

(1−ℎ)
∗ 𝑄 − 𝐶𝑜𝑠𝑡 𝑜𝑓 𝑂&𝑀) ∗ 𝑁𝐹 − 𝐼      ($/𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔)  

 
Eq. 3 

Where: 

P is the retail price of thermal delivery ($/GJthermal) 

Q is the quantity of heat delivered to customers (GJthermal/building/year) 

MHGC is the marginal heat generation costs ($/GJthermal) 

h is the relative annual heat losses (GJthermal) 

Cost of O&M is the operations and maintenance costs ($/building/year) 

NF represents the NPV factor based on chosen interest rate and period 

I represents the investment costs 

 

Using these relationships, it is possible to determine the effects of a MHGC for DH 

on competitiveness. Reducing the investment requirement and providing a low MHGC are 

necessary for feasibility in low heat demand density areas. In Sweden for example, a country 

with a great deal of DH experience, the MHGCs have an outsized impact on the profitability 

of delivery to low heat demand density communities. The investment in delivery is 

dependent on the pipe length per building, relating the cost per meter and connection fee per 

building (Reidhav & Werner, 2008). Similarly, it can be said that the marginal cost of DH 

is the change in variable costs (dVC) divided by the change in thermal energy delivered (dQ) 

plus the change in fixed costs (dFC) divided by dQ, as in the formula from Li et al. (2015): 

 
 

𝑀𝑎𝑟𝑔𝑖𝑛𝑎𝑙 𝐶𝑜𝑠𝑡 𝑜𝑓 𝐷𝐻 =
𝑑𝑉𝐶

𝑑𝑄
+

𝑑𝐹𝐶

𝑑𝑄
 

 

Eq. 4 

 

From these equations it is apparent that DH technologies without a variable fuel cost, 

such as geothermal, can provide operators with “avoided variable costs.” Avoiding variable 
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fuel costs mitigates price volatility and can avoid most emissions taxation schemes if the 

source is renewable. The adoption of renewable energy systems as the primary DH heat 

generation technology, therefore, reduces the MHGC to the value required to recuperate 

construction and production costs, fixes the price of generation during all non-peaking hours, 

makes forecasting the marginal cost of DH easier, and makes the cash surplus of a DH 

project greater over time (Li et al., 2015; Reidhav & Werner, 2008; Vivian et al., 2018).   

2.2.9 Rate of return 

Rate of return is another factor of profitability for a DH business. Rate of return is the 

percentage of revenue generation going back to the operator. It seems wise to think of DH 

projects as a public service, just like a city water utility, instead of a mechanism for large 

shareholder returns. Reducing the expectations for a high rate of return is another key to 

longevity for the DH operation. Sometimes this is difficult because developers and financiers 

prefer high profit margins. These high profit margins may exceed the value of consumers’ 

willingness to pay, putting the DH operation at risk. In DH projects where there is a low rate 

of return demanded by developers, the likelihood of profitability increases (Reidhav & 

Werner, 2008). This appears to be a benchmark of customer satisfaction, adoption, and 

loyalty.  

A rate of return expectation that is too high at the outset of a DH project compounds 

the problems of future competitiveness and the cost of capital. Where lenders set their 

expectation for a rate of return higher than the agreed annuity-based repayments to the 

builder after completion of a DH infrastructure project, then the operator is at risk of an early 

project default or, at best, a deviation from the initial contracts. Defaulting on the project in 

the early years of a long infrastructure project like DH risks the operators credit score. An 

operator with a poor credit score cannot finance project extensions or new service areas. 

This is particularly true of DH delivery to areas with lower heat demand, as the revenue 

stream will be more restricted and susceptible to fluctuation than in high density areas 

(Persson & Werner, 2011). Using Denmark as an example, revenue pressure is alleviated 

through community ownership. DH projects that are owned by a community do not as often 

suffer from high rate of return pressure (Gorroño-Albizu et al., 2019).  

2.2.10 DH layout plans 

Knowing the factors that affect DH operations, their economics, and function, it is 

now possible to examine the infrastructure layout techniques. Traditionally, designers 

manually assemble a series of wire-up drawings for DH proposals in each community. These 

wire-up drawings are then the focus of spreadsheet analysis, where the exergetic and 

energetic efficiencies of the proposed system are estimated (Arslan et al., 2009; A. Dalla 

Rosa et al., 2012). Today, for example, the City of Boise, Idaho DH network is still laid out 

using CAD software (Gunnerson, 2020). Some of the earliest civil engineering techniques 

for DH systems rely on numerical generalizations, frequently from municipal planners 

without a full account of energy consumption across their community. These generalizations 

– like the empirical linear heat demand estimation (Reidhav & Werner, 2008) – often 

disregard complex areal calculations by applying rule of thumb estimates for demand, labor, 

trenching, distribution, and fuel (Dahlback et al., 2016).  

More recently, a software company with a focus on precise computer automation of 

circuits that minimizes wasteful pipe lengths and diameters entered the market. Comsof Heat 
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is a software tool with roots in fiber optic network planning and design. Comsof engineers 

have been able to apply the cost saving algorithms for telephony layouts to heat networks 

for DH planning. The software operates on a GIS platform, allowing a designer to quickly 

integrate spatial analysis and visually confirm layouts. Typically within a 10 minute 

window, the software optimizes the average trench length per household and pipe diameters, 

further reducing investment costs (Comsof, 2020; Jebamalai et al., 2019). 

In addition to software that quickly lays out the network pathways, a well-conceived 

design also accounts for the simultaneity factor (H. İ. Tol & Svendsen, 2012), depicted in 

Figure 26. Recall that as building construction becomes more efficient, DH operators must 

expand their network connections or face financial losses (Persson & Werner, 2011; Reidhav 

& Werner, 2008). Expanding DH networks requires a designer to account for a progressive 

reduction in temperatures and diameters towards the outward ends of the network, visible in 

Figure 27. Oversizing the pipe diameters can occur if no calculation of simultaneous peak 

demand is made. The simultaneity factor is the multiplier of simultaneous peak demand for 

a group of buildings on one branch of the DH network. Since no group of buildings calls for 

hot water and heat at the same time, the simultaneity factor is a good method of accounting 

for the timing differences (H. İ. Tol & Svendsen, 2012).  

 

 

Figure 26 Accounting for the simultaneity factor from one substation means that 

although the undiversified load may be 10 across all homes, the demand occurs 

at different points in time. Simultaneously, there are 6.5 homes demanding heat 

at the same time. 
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Figure 27 Progressively lower temperatures, smaller diameter pipes, lower mass 

flows, and lower heat losses at greater distances from the heat source. 

The simultaneity factor decreases for every increase in building connections along the 

DH network. Design software that uses the simultaneity factor when constructing the pipe 

network will be able to optimize diameters across specific sections. Sections of a DH 

network may be built out from the heat source directly to the building or operate from nodes, 

using neighborhood substations. Each node may have its own simultaneity factor, or the 

entire network could develop around a single simultaneity factor, depending on 

configuration (Jebamalai et al., 2019). The more complex the network, the more difficult it 

becomes to account for the simultaneity factor, making DH design a good example of where 

automation can improve quality. Comsof Heat integrates the simultaneity factor while 

automatically generating pipe networks using bottom-up network algorithms (Comsof Heat, 

2020b). A further discussion of the simultaneity factor, the associated equations, and its 

function inside Comsof Heat appears in Methods 3.6.3. 

Material manufacturing standards for direct burial DH pipe networks are set by the 

EN 253 in Europe, most recently updated in 2019 (European Committee for Standardization, 

2019). US DH operators similarly use these standards, along with installing contractors 

(Bjorklund & Stramara, 2018). Pipe manufacturers meeting these production criteria are 

found in Comsof Heat’s built-in catalogs. These catalogs list the pressure gradient and heat 

losses from the manufacturer so customer delivery pressure constraints can be matched 

(Comsof Heat, 2020a).  

Pressure and temperature standards across a DH network are set by Euroheat & Power 

guidelines, with a most recent update in 2008 (Task Force Customer Installations, 2008). 

Alternatively, these guidelines could be country specific. A country specific example comes 

from Danish Energy Agency (2014). The variations are slight. Generally, Euroheat & Power 

identifies high temperature systems (HTS) in DH design as those above 85℃. The ideal 

supply pressure number on the pipe for those temperatures is 16 bar, with a differential range 

of 1-8 bar. Low temperature systems are those less than 90℃ and the most desirable delivery 

pressure in that category is PN6 with differential pressures of 3-3.5 bar. These standards 

initially affect pipe dimensioning and substation placement. Being most accurate in a design 
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phase would require dynamic hydraulic optimization to account for pumping effects (Task 

Force Customer Installations, 2008). In contrast, the Danish Energy Agency (2014) 

guidelines list an acceptable building delivery value of PN10 on low-temperature DH 

systems. All designs in this project use a building level substation or HIU, meeting one of 

these pressure criteria or both. None of the designs reflect dynamic hydraulic optimization.  

2.2.11 Regulatory conditions favoring DH 

The history of building heating design is the result of the regulatory setting in which 

it took place. Design methods for DH systems operate within the limits of regional planning 

and zoning laws, as well as the subsidies for heat generation systems in the area. In North 

American markets, for example, law and subsidy favors the single building energy system 

purchase like a furnace or a boiler, rather than a community-wide system such as DH (A. 

Dalla Rosa et al., 2012). Complicating these regulations is the transition to newer DH 

technologies. Many policymakers and developers confuse old DH technology with new DH 

technology and make arguments against individual system to DH conversions (Watts et al., 

2010). Therefore, even the community-wide system planning of Europe will require 

significant change with the transition to smart energy systems, such as 4GDH. Fixing the 

legacy inefficiencies in existing 3GDH systems in Europe, or 1/2GDH systems in North 

America, will require large infrastructure retrofits; being costly, difficult to communicate to 

the public, and intensive. While combustion-based non-renewable DH originally enjoyed 

subsidy, the trend is now towards renewables and decarbonization. This will take more 

money and a better understanding of the new components. Implementing the next generation 

of DH will require a paradigmatic shift in regulatory structure across all markets (H. Lund 

et al., 2018).  

Investments in 4GDH will mean not only investing in the infrastructure of a network 

but also the community itself. The building efficiency upgrades must be made first then 

balanced with the DH system supply. Redesigns of this nature will require cooperative 

access to the building circuit, meaning physical entry to homes and businesses. A 4GDH 

provider should also become interested in managing the efficiency of the buildings, the 

connectivity of distributed heat sources across the network, and smart control systems of 

customer hydronics9. Management of these DH operators as a traditional utility will be 

increasingly inappropriate for regulators as holistic heat networks become the norm (H. 

Lund et al., 2018). Interestingly, those arguing against DH often make an assumption that a 

community investing in DH should instead be focusing on building insulation improvements 

(Watts et al., 2010). As H. Lund et al. (2018) indicates, a community investment in DH is 

inextricably an investment in community building energy efficiency. Policy that favors 

building stock decarbonization should consider modern DH to have ends that are one-in-the-

same. 

Transmission system regulation will need to change if it is to benefit from modern 

DH. Most energy system regulation worldwide is geared towards Transmission System 

Operators (TSO). TSO regulation is built around the specifics of storable-fossil-fuel driven 

generation as opposed to fluctuating renewable sources. Energy systems of the future will 

be renewable or low-carbon emission. DH will become an integral part of international grid 

balancing strategies, with the possibility of increasing market shares in less widespread 

locales, such as the United States. The smart energy system will require balancing of 

 
9 Hydronics are networks of tubes in a building carrying water and heat to radiators. The radiators may be in 

walls, in floors, or in traditional baseboards. https://www.hydronicheating.net/what-is.html 

https://www.hydronicheating.net/what-is.html
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fluctuating renewable generation sources. Fortunately, 4GDH can integrate these 

technologies across more communities to offset heat demand. Future heat networks can 

reduce fossil fuel emissions and provide flexibility to the electricity grid by shaving peak 

demands and taking heat when over-generation occurs. DH does not require batteries for 

electricity storage. Instead, this balancing is available through predictive control, grid 

integration, and thermal energy storage. 4GDH flexibility can enable the transition 

intermittent renewable technologies (Hvelplund & Djørup, 2017), if transmission system 

regulation allows. Modeling and regulation of electricity grids and heat networks should 

increasingly be done in tandem.  

Energy system integration will require industrial planning policy changes in the 

United States. The ownership structure of utilities will continue shifting away from regional 

producers and suppliers to distributed producers. This so-called “integrated infrastructure” 

will shift the competitive advantage to heat network owners as services. such as grid 

balancing and storage, receive compensation. As the transition from fossil storage to other 

storage types occurs, the owners of this DH infrastructure will first benefit from the electric 

grid load offset service it provides, and further, from the addition of thermal storage 

technologies where feasible. As is demonstrable in Europe and Canada, where 

municipalities often have full, partial, or public-private ownership of DH infrastructure, 

policy that enables community control will incentivize new DH development. These 

community cooperatives often de-risk the heat-expert’s capital investment as a public entity 

becomes a partner capable of removing market barriers to entry. In return, the public entity 

gains access to new revenue streams and can reinvest those funds locally (Hvelplund & 

Djørup, 2017; IDEA Expert Panel Discussion, 2020; Sperling et al., 2015).  

Finally, where community DH partnerships emerge, the local expertise in storage of 

fossil fuels will shift to TES, requiring policy that reskills the workforce and regulates heat 

networks in a way that rewards TES owners taking curtailed electricity. TES for a district is 

far less expensive than electric storage, making the barriers to market entry lower for the 

DH operator. The combination of these conditions will require regulators to adapt to the 

concept of a multi-value stream energy provider. In this sense a 4GDH owner will offer 

much more than heat utility to a community, they will offer flexibility to the greater region 

in which they operate (Hvelplund & Djørup, 2017; H. Lund et al., 2014, 2018). These value-

added capabilities should, therefore, be compensable under restructured regulatory 

conditions. 

2.3 Geothermal in Next Generation DH 

2.3.1 Geothermal DH incentives and examples 

Geothermal DH development enjoys regional and national incentive programs in 

Europe, to some extent de-risking these long-term infrastructure investments. This is largely 

a recognition by governments that geothermal DH can support building heat 

decarbonization. To support heating system transitions across Europe, where 

decarbonization is in wide public demand and happening with rapidity, the European 

Commission is taking advantage of the recent economic conditions brought on by the global 

pandemic of 2020. Supports for a “European Green Deal” are coming into place with a 

projected 750,000,000-euro recovery plan. The recovery plan is using investment vehicles 

to provide target financing for renewable building heat projects, including geothermal DH 

system (GDHS) development, providing employment, and matching the internal and treaty-
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borne GHG emission targets of the continent (Philippe Dumas et al., 2020). Even prior to 

the funding through the European Green Deal, geothermal DH has been steadily increasing. 

For instance, in Espoo, Finland drilling took place in 2019 with a commissioning in 2020,  

representing the world’s deepest “direct-use” geothermal production well, providing 

40MWthermal to the DH network northwest of Helsinki (Fortum, 2020), appearing in Figure 

28. 

 

 

Figure 28 Espoo, Finland, home to the world’s deepest geothermal production well 

(appox. 6.5km depth) for direct use integration with the local DH network (St1 

Oy, 2018). The well produces at 40MWthermal and delivers heat to 

approximately 10% of the residential-commercial DH grid for the 280,000 

residents (Fortum, 2018, 2020). 

Increasingly, geothermal DH is being recognized for its ability to alleviate energy 

poverty – often considered access to low-emission energy, affordable energy, or abundant 

energy. A region of geothermal energy poverty has no specific definition but may loosely 

be a few kilometers too far from a geothermal resource to be economically competitive with 

cheap – for the moment – natural gas. This recognition is drawing financial support for 

exploration and development across Europe. Public subsidies for GDHS can improve the 

accessibility and early adoption economics for new development. Places such as France, 

Croatia, and Poland have country-specific mechanisms including national geothermal 

drilling insurance plans, small-scale renewable grants, and municipal emissions policy. 

More incentives are being made available through the European Commission (EC) as 

they push for low-carbon geothermal projects in regions of energy poverty. According to 

Marion Malafosse of the EC Directorate-General for Energy, heating inadequacy, or even 

the lack of low-emission heating options across an area, are the primary indicators of energy 

poverty in the eyes of the Commission. To combat this energy poverty the financing for 

sustainable infrastructure will double. Additionally, a so-called “react EU instrument” for 

use in the decarbonization of buildings and heating systems with 55,000,000,000-euro in 

funding from 2020-2022, as well as a “recovery and resilience facility” worth 
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560,000,000,000-euro for individual grants and loans in support of projects that meet the 

emission criteria set by the European Green Deal, will become available. This, as well as the 

socio-economic cost of carbon, is accelerating the adoption of GDHS across the continent – 

a place already supporting GDHS across 30 countries (Philippe Dumas et al., 2020). 

The phenomena of support for geothermal DH is not only happening in Europe. LTDH 

operators, such as those at the Lulu Island Energy Company in British Columbia, Canada 

and Evergreen Energy of St. Paul, Minnesota, are integrating geothermal into their existing 

district heating systems with more frequency. Evergreen Energy is planning geothermal heat 

pump schemes to increase the quantity of renewables on DH across an all new business 

development district. At Lulu Island Energy Company, the DH is derived almost entirely 

from closed-loop geothermal energy and services over 1700 residential structures with many 

more commercial buildings (IDEA Expert Panel Discussion, 2020) – early developments of 

which are shown in Figure 29. 

 

 

Figure 29 Lulu Island Energy Alexandra District Energy Utility (ADEU). The entire 

ADEU runs off more than 720 closed-loop 76m-deep boreholes with exchange 

to the DH network (Wood, 2014). 

DH operators in Canada, such as Lulu Island, are often under full municipal ownership 

but still must provide cost effective service. Since the Lulu Island system provides near 

carbon-free heat delivery, helping the City of Richmond reach their greenhouse gas (GHG) 

reduction targets, they are looking to expand carbon-free capabilities for future building 

development on the island. To do so, the DH operator, acting outside of the regulatory 

requirement, provides “density bonuses” to new connections. A density bonus reduces the 

cost of energy deliveries if the builder meets greater demand density thresholds set by Lulu 

Island Energy. Commercial and residential structure developers now comply with district 

energy ready building requirements in the service areas, ensuring ongoing DH efficacy while 

also adhering to emissions regulation (IDEA Expert Panel Discussion, 2020). This is a 

thoughtful way of achieving a more suitable community layout for DH while also avoiding 

the municipal boundary creep by building a town inward unto itself. 
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Figure 30 Lulu Island Energy Oval Village District Energy Utility (OVDEU) DH 

transportation lines on their way to service a 21 MWthermal residential area 

(Lulu Island Energy Company, 2019). 

2.3.2 More geothermal resources for exploitation 

Since modern DH supply temperatures are much lower, a wider range of heat sources, 

including geothermal, may now meet the needs of a heat network across new communities 

(Stegnar et al., 2019). Researchers in 4GDH envision supply temperatures of 40℃ to a return 

temperature of 20℃ (H. Lund et al., 2014). These lower supply-and-return temperature 

goals, while possible by design standards, have largely been unmet (Alessandro Dalla Rosa 

et al., 2014). This appears to be a problem of developers being less adept at assessing low 

temperature resources. As a result of this inexperience, it is important to develop methods 

to assess conventional low-temperature geothermal sources available to nearby 

communities. The technical potential in delivering DH fluid from these geothermal 

resources has also increased with the changing material and control technologies. It is 

possible that many geothermal resources are now viable options for DH development, given 

the advent of 4GDH (Gils et al., 2013; H. Lund et al., 2014; Reidhav & Werner, 2008).  

Of all renewable and recyclable heat sources compatible with 4GDH, geothermal 

systems have the highest sensitivity to this reduction in supply temperatures. Comparable 

technology like waste heat from industrial processes also incur cost savings from 

technologic improvement, but present greater security of supply risk to customers. 

Commercial disruption makes the process of heat generation susceptible to external market 

fluctuations and the mismanagement of the plant itself (Averfalk & Werner, 2020). 

Geothermal heat sources offer better supply security and greater profitability potential for 

new installations of 4GDH (Averfalk & Werner, 2020; Jensen et al., 2017; H. Lund et al., 

2014). 
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2.3.3 Peaking plant design schemes 

While conventional geothermal resources are increasing their overall percentage of 

DH heat source market share worldwide (Stegnar et al., 2019), there are different 

conceptions of appropriate system design. In North America, geothermal DH is not typically 

designed to cover the entire heat load. A GDHS designed to cover the peak load would result 

in underutilization of the heat and reduce the capacity factor of the power plant. Instead, a 

peaking boiler or peaking booster GSHP scheme is arranged. Through this arrangement the 

geothermal fluid covers about 50-60% of peak demand, resulting in an 80-90% coverage of 

the annual load (K. J. Beckers & Young, 2017). The opposite is true for earlier European 

GDH in places such as Iceland, and France, where the hydrothermal production typically 

was developed to meet 100% of the heat load. This too is changing to include peak heating 

plants with various fuel types (P. Dumas et al., 2014). European GDHS designers may 

consider the additional peak heating plant a source of waste, or a potential emissions 

problem. Obtaining all the heat from geothermal wells or including a peaking plant is a 

socio-economic consideration if sustainable flow rates are high enough to meet the peak load 

of a community.  

Care on the part of the designer must be taken to avoid increasing the distribution costs 

by adding unnecessary peak heating capacity. Conventional geothermal generally may be 

competitive with gas at many temperatures but the addition of a heat pump can decrease the 

economic advantage (Gelegenis, 2005), so the economics become more complicated. For 

this project, a peaking boiler production scenario examines the efficiency factor increase 

alone. In all other test cases, the geothermal heat source is matched directly to the demand. 

While this submission was under review, new versions of the simulation tools became 

available that enable the inclusion of peak heating sources directly. A report of the procedure 

to include these peak heating sources has been made by this author to supplement future 

design schemes.  

2.3.4 Ideal heat source technical characteristics 

Key parameters for a feasible low temperature geothermal heat source in DH systems 

include adequate, sustainable flow rates, and favorable fluid chemistry that does not corrode 

the network materials. Adequate flow rates for DH are generally 30-200 kg/s, depending on 

the distribution system size. Sustainable flows are a function of the natural or pump induced 

production rates versus that of the heat demand. Sustainable flows from a geothermal 

reservoir can often be matched by the installation of a computerized monitoring and control 

system that balances the demand load of each building in the circuit against the rate of 

pumping, sometimes downhole, or artesian uplift10. This type of control system is said to be 

load following (Belu, 2020; Glassley, 2014).  

Beneficially, 4GDH requires up to 60% less mass flow in a radial network than 3GDH 

technology of the same layout (Averfalk & Werner, 2020), which means more geothermal 

resources are capable of meeting the flow requirements. Implementation of a load following 

control system would be an integral part of reducing the flow requirement (H. Lund et al., 

2014).  

Fluid chemistry is more complex as it interacts with different materials – plastic, 

 
10 Artesian refers to upward flow of fluids that occur when a wellbore intersects a pressurized aquifer or 

reservoir, i.e., when the pressure of the well feed fluid at depth exceeds the hydrostatic pressure and discharges 

to the surface naturally.  
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copper, and steel – along the network. This variety of materials often depends on age of the 

building, what the building codes were at the time, and whether or not it was initially built 

to accept hydronics (Glassley, 2014). Many refer to all DH as “direct use,” but this project 

distinguishes the direct use of fluids from an indirect consumption of heat using a heat 

exchange scheme. Direct use potential is heavily dependent on the chemical composition of 

the production fluid. This project for Montana assumes an indirect use of fluids at a surface 

plant heat exchanger, but Western Montana geothermal resources are less chemically 

aggressive than those of the East and it may be possible to conduct heat exchange nearer 

customer delivery points (Birkby, 1982b). 

2.3.5 Load-following capability and configuration efficiency 

Combustion driven DH is not as affected by the demand differences following outdoor 

temperature changes, in comparison to geothermal DH sources. Storable combustion fuels 

may allow heat sources to be more closely located to the serviced community, mitigating 

heat losses. This, however, creates a problem of point emissions taking place adjacent to the 

service area. Different heat sources also affect the operation of the distribution networks. 

Combustion heat sources that must accommodate a reduction in the heat demand for the 

system simply decrease heat production. In contrast, the geothermal heat source must 

generally maintain a minimum constant flow rate, instead reducing the exchanged supply 

temperatures (Gelegenis, 2005; Thorhallsson, 2003).  

As mentioned, there are several system configurations that can make low-temperature 

geothermal resources the appropriate community heat source for their DH network. These 

configurations may include a direct use of the geothermal fluid, geothermal waters run 

across a heat exchanger for delivery to a secondary working fluid, a heat exchanger with a 

booster pump or back-up boiler, and still more complex heat-pump only schemes 

(Gelegenis, 2005; Jensen et al., 2017; H. Lund et al., 2014). Calculating the operational 

efficacy of the geothermal DH system then becomes an iterative process with the number of 

steps proportional to the complexity of the infrastructure configuration (Gelegenis, 2005). 

2.4 Feasibility Assessments 

2.4.1 Elements of DH assessments 

 

Potential success of any DH project is location specific. The deliverable heat source 

must be within a distance from the service community that does not exceed an economically 

acceptable heat loss along the way. Economic transmission distances of transportation 

circuits are increasing with lower-tolerance manufacturing processes and pipe design 

improvements. Hot fluids must then arrive at a community with an adequate quantity of 

demand density for the sale of heat to the consumer. Determining this demand density is 

often very easy in places like Germany, Belgium, France, and the Netherlands, where 

bottom-up heat mapping of demand is available in the public domain (Gils et al., 2013; H. 

Lund et al., 2014). This bottom-up approach, in fact, is the best way to conduct feasibility 

analyses using geothermally-sourced DH (Baldvinsson & Nakata, 2016). 

In North America, the limitations on heat demand density data availability are set by 

laws and policy standards. Laws often allow existing gas and electric utilities to avoid 
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releasing community energy consumption information at a level that could improve 

planning. To overcome these barriers some cities, such as Cambridge, Massachusetts, 

impose local ordinances that require building level energy use disclosures (Kennedy et al., 

2017). Where ordinance does not exist, it forces planners to adopt a top-down approach to 

geothermal DH feasibility analyses, where the resources may be proven but the community 

demand lacks certainty. Similarly, this top-down approach, though necessary where 

consumption data remains immature, results in exergetic11 destruction and the system can 

never be built to an absolute optimum. Top-down build-outs, however, remain the most 

common of methods used in the feasibility analyses for GDHS (Baldvinsson & Nakata, 

2016). Availability of consumer data varies with not only local policy, but national policy 

as well.  

In Canada, at the national government level for example, building energy consumption 

profiles are available by province (Government of Canada, 2019). In the United States this 

information is released based on estimation by climatic region (Energy Information Agency, 

2018). This regional-scale data is not useful for the district level demand assessment 

required, without further refinement. Availability also varies between Canada and the United 

States, where Canadian municipalities often keep detailed energy consumption data by 

building through a combination of direct coordination with utilities, or the Municipal 

Property Assessment Roll and Fire Department Inspection Reports (Marinova et al., 2008). 

The United States, in contrast, does not provide community level energy consumption 

information as this is most often considered privileged customer information, held by private 

utility companies (Rao, 2020). If decarbonization of the building stock is the goal, clearly 

alternative energy developers need access to a rich source of public heat consumption 

information. 

Another problem with investigations of heat demand is the variability of heating fuel 

choices and system efficiencies in the urban versus the suburban or rural community. An 

assessment of the heat demand density of an urban area is often far easier because of the 

greater uniformity of fuel uses. In contrast, suburban single-family homes of North America 

use more variable heating fuels to the point that the cost of fuel can vary on a 5:1 ratio 

between households. It could be helpful to project a number of different fuel consumption 

assumptions in comparison to geothermal district heating when summarizing feasibility 

(Rafferty, 1996).  

One interpretation of these policy and law differences regarding the release of energy 

consumption information is thought to be protectionism, where suppliers can avoid market 

competition by subduing alternative energy choices at the consumer level12. In the absence 

of market data, however, some workarounds are beginning to emerge. The National 

Renewable Energy Laboratory (NREL) developed a nationwide county-level heat demand 

density map from its recent Geothermal Vision Study (GeoVision), using a combination of 

Energy Information Administration (EIA) consumption data, Federal Emergency 

Management Agency (FEMA) building classifications, and US Census Bureau American 

Community Survey data. While this county-level projection of demand density, appearing 

in Figure 31, is an important first step in unleashing the full potential of geothermal district 

heating in the United States, it remains an estimate based on broad assumptions from surveys 

 
11 Exergy is the amount of work a system is capable of accomplishing at equilibrium with the environment it 

operates in (Rosen, 2004).  
12 Some consider large utility resistance to the release of market data a monopolistic self-preservation 

mechanism in the United States, as distributed energy resources such as DH and other community renewables 

gain in popularity. https://www.greentechmedia.com/articles/read/as-utilities-embrace-change-firstenergys-

strategy-is-resistance-and-protect 
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(McCabe et al., 2016). Similarly, this project conducts building-level assessment, replacing 

FEMA data with local revenue department information on building types.  

 

Figure 31 Residential thermal demand map on a county-by-county basis from the 

GeoVision preparatory analysis for direct use potentials across the United 

States (McCabe et al., 2016). 

Pre-feasibility studies for the potential of geothermal DH for a community do not 

necessarily require full heat demand density examinations. Instead, an estimation of the 

degree-days may suffice, with errors less than 2% when compared to a full heat demand 

density profile. This eliminates the high-computational costs of full feasibility analysis 

involving heat demand densities of the target community (Gelegenis, 2005). Full feasibility 

studies, nonetheless, are a more accurate characterization of the community heat 

requirements and likely a requirement for financial support. 

Prior to the GeoVision assessments of heat demand density, other work in the United 

States predicts demand by taking heating demand days divided by the population to serve as 

a proxy of the “space heated floor area” (Gils et al., 2013). Instead of using the FEMA 

building database – as is the case in McCabe et al. (2016) – this method of analysis uses the 

National Land Cover Database and a proportional estimate of the commercial and residential 

structures that appear in the raster13. This method underestimates the so-called demand 

threshold for feasible DH schemes across rural areas, so a local level community selection 

assessment will continue to be a pillar of the DH feasibility study (Gils et al., 2013). The 

only way these estimates can become more accurate is for lawmakers to act or utility 

companies to voluntarily release anonymized consumer profiles for entire communities – 

subjecting themselves to competition. Likewise, buildouts of GDHS in this work will be 

subject to the uncertainty of available public data.   

In Japan, Baldvinsson & Nakata (2016) found that bottom-up approaches to heat 

demand density are also possible through a series of assumptions beginning with the type of 

radiant heating units in structures. To construct demand profiles, Baldvinsson & Nakata 

 
13 A raster is a collection of pixels on a map image, representing some geographic extent, arranged in rows and 

columns (Jacquez & Meliker, 2011). 
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(2016) rely on the assumption that participating structures would apply radiant floor heating 

systems. In this way, the radiant floor heating system is proportional to the floor area of the 

building, making estimations of heat demand far easier using building typologies. 

Obviously, getting every structure in a residential and commercial neighborhood to use the 

same radiant heating technology would be difficult, but makes estimating the energy 

consumption much easier for the planner. Even this type of estimate is flawed because it 

negates the DHW consumption profile. A combination of estimation methods will continue 

to be the best a planner can do without policy action that releases building energy 

consumption data.  

After the building heat demand profiles are built then the planner needs to scrutinize 

the geothermal potential. This consists of the hydrology, temperature information, research 

of existing well data, and various geophysical information. Analysis of the heat production 

includes the approximation of production and reinjection well siting, mapping, and 

recoverability of the resource. Production estimate characteristics are a function of the 

geothermal gradient, flow rates, confidence in drilling success, proximity of well pads to 

distribution branches, and leasing or ownership options for the pad (J. W. Lund & Lienau, 

2009).  

Alternatives to this approach also include the repurposing of oil wells or abandoned 

mine fluids. Repurposing oil wells for geothermal energy production is one possibility that 

has been revisited over time in the United States (Birman et al., 1980; Carlson & Birkby, 

2015; Caulk & Tomac, 2017; Karl & Hass, 2013). This can be either use of coproduced 

fluids for DH (Birman et al., 1980), electricity generation (Carlson & Birkby, 2015; Karl & 

Hass, 2013), or repurposing the wells with EGS reservoirs that could connect to a geothermal 

DH network (Caulk & Tomac, 2017). In contrast, abandoned mine fluids can be taken by 

pumping directly from flooded shafts (Blackketter, 2015; Hulleras Del Norte S.A., 2019), 

or taken from boreholes where mine chambers pass beneath structures suitable for district 

heating (Brummer & Bongers, 2019). The mine waters are either used in conjunction with a 

heat pump or as a seasonal storage medium to support other heat resources along the DH 

network. Careful production system analysis of these multi-cycle schemes would be 

necessary before inputs to the software packages, like those found in this project, could be 

made.  

By approximation, the geothermal potential and the heat density could be coupled 

through an analysis of interrelated factors. This background, for example, indicates hybrids 

of geothermal DH systems that could combine GSHP or some other technology. If that is 

the design scheme chosen, the temperature and mass flows of the production wells would 

take only a portion of the building heat demand, directly affecting GSHP or booster size 

requirements. A planner would then have to determine the additional heat fraction necessary 

to meet all demand, instead of directly heat matching the wells to the building demand as 

this project does using Comsof Heat version 2020.2. If the booster were GSHP specifically, 

sizing would relate to the thermal conductivity of the rock in the building area, mean annual 

temperature, volumetric heat capacity averages of rock and soil, and the heat flow density. 

An example of this kind of feasibility study took place in Slovenia (Stegnar et al., 2019), 

with the same methods appearing replicable in the United States. Again, this project does 

not offer a booster design scheme, instead matching well production values to building peak 

demands.  

2.4.2 Geothermal resource assessment using GEOPHIRES 

This study uses a software program called Geothermal Energy for the Production of 
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Heat and Electricity Economically Simulated (GEOPHIRES) which first became freely 

available to the public in 2013. In the software version 1, the program can accept 96 

parameters in 7 categories including resource, engineering, reservoir, financial and 

operating, capital cost, operations and maintenance, and optimization. The output of the 

simulation includes the thermal drawdown characteristics, and its economic traits, including 

the LCOH formula appearing in Eq. 5. This combination of parameters defines the tool as a 

techno-economic simulator, allowing the user to find the minimum levelized costs of the 

drilling and power plant.  

 
 

𝐿𝐶𝑂𝐻 =  

∑
𝐶𝑡 + 𝑂𝑀𝑡 − 𝐼𝑡

(1 + 𝑟)𝑡
𝑛
𝑡=1

∑
𝐻𝑡

(1 + 𝑟)𝑡
𝑛
𝑡=1

 
Eq. 5 

 

 Where: 

 Ct is the capital investment in year t 

 OMt is the operating and maintenance costs in year t 

 It is the income from year t 

 Ht is the heat produced in year t 

 r is the discount rate 

 n is the lifetime of the plant 

 

The program originates from the MIT-Hot Dry Rock software of the 1990s.  The latest 

version of GEOPHIRES (version 2.0) was released in 2019 (Figure 32). Version 2.0 allows 

users to input text files for acceptance into an advanced text editor using Python code (K. F. 

Beckers et al., 2013; K. F. Beckers & McCabe, 2019). The tool has several built-in models, 

including direct use only, that can provide outputs given little information on the subsurface, 

power plant, or financing options. With the outputs a user can find proper insights on the 

sizing of a GDHS, compare different drawdown scenarios for management purposes, and 

project design efficiencies (K. F. Beckers & McCabe, 2019). 
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Figure 32 GEOPHIRES code operating in an advanced text editor, Spyder, running 

Python. The file inputs appear on the left with the outputs on the right. 

GEOPHIRES, although capable of standalone reservoir simulation using various 

forms of drawdown equations, also can import reservoir models from several other 

simulators, such as TOUGH2. TOUGH stands for the Transport of Unsaturated 

Groundwater and Heat. It is a popular external numerical modeling tool from Lawrence 

Berkley National Laboratory (K. F. Beckers & McCabe, 2019). A previous characterization 

of the geothermal reservoir conceptual model14 is a useful input for the software but is more 

commonly available from play fairways15 having been subject to heavy scientific or 

industrially commissioned research, such is the case in Lowry et al. (2020).  

There are several built-in assumptions in GEOPHIRES. The built-in fluid assumptions 

are for pure water. This can be modified to meet the chemical compositions of the production 

fluid if it is available to the user, though it is unnecessary for functionality. Six built-in 

reservoir models are available to provide calculations for production temperatures. These 

include multiple parallel fractures drawdown, 1-dimensional linear heat sweep, mass loading 

single fracture drawdown, percentage temperature drawdown, a user-defined temperature 

profile, or non-isothermal multiphase flow in fractured porous media from a TOUGH2 

simulation. In wellbore simulations pumping can be specified for injection or production 

wells, or both. Allowable bore diameters are 1-30 inches, though the built-in cost 

correlations are only for a 0.16m inner diameter or 0.22m inner diameter. Wellbore 

simulation for the geofluid temperature change, over the user-defined time, relies on the 

Ramey Wellbore Heat Transmission model. This and further underlying organic equations 

for GEOPHIRES are available in K. F. Beckers & McCabe (2019).  

 
14 Geothermal reservoir conceptual models are based on geophysical, geochemical, and geologic information to 

characterize the extent, flow, pressure, and temperature of the system. https://orkustofnun.is/gogn/unu-gtp-

sc/UNU-GTP-SC-16-29.pdf 
15 Play fairways are a mapped characterization of a set of geological criteria across a region that have a 

relationship to a resource, in this case geothermal, of economic importance. 

https://wiki.seg.org/wiki/Play_fair_analysis 

https://orkustofnun.is/gogn/unu-gtp-sc/UNU-GTP-SC-16-29.pdf
https://orkustofnun.is/gogn/unu-gtp-sc/UNU-GTP-SC-16-29.pdf
https://wiki.seg.org/wiki/Play_fair_analysis
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Outputs from the GEOPHIRES reservoir model drawdowns do not yet address the 

uncertainties of striking the specific temperature target at a user-provided depth. This 

uncertainty, however, will be the subject of forthcoming versions of GEOPHIRES, 

coinciding with the 2021 World Geothermal Conference in  Reykjavik (J. Smith & Beckers, 

2020). The simulations in this project took place before the release of any new version of 

GEOPHIRES, on the version 2.0 platform. 

Some of the many technical parameters that are possible inputs from the user include 

surface temperatures, reservoir temperature estimates, thermal conductivity, heat capacity, 

porosity of the reservoir rock, permeability, reservoir sizes, thickness, flow rates, well 

separation, among others. Economic parameters that are possible inputs include discount 

rates, LCOH formulation, investment in bonds, inflation rates, taxes, tax credits, surface 

plant costs, well completion costs, success rates, stimulation cost estimates, field gathering 

system costs, exploration, and more. General function of the simulation is set by defining 

the time steps per year. A detailed description of additional parameter inputs accompanies 

the software on  GitHub (K. Beckers, 2020).  

Surface equipment parameters within the software can also accept inputs from 

simulators. Common coupling of GEOPHIRES and surface simulators includes either Tech 

Aspen or IPSEPro. GEOPHIRES and DoubletCalc are the only open source geothermal 

techno-economic simulators available (K. F. Beckers & McCabe, 2019). Using these 

software packages reduces the overhead costs from computations necessary in assessing 

GDHS. To date, the research found in this paper appears to be the only coupling of 

GEOPHIRES and Comsof Heat for a rapid feasibility assessment of low-temperature 

geothermal DH.  

Input data for the software is available from several state and federal references. These 

references provide varying amounts of information on the surface temperatures, reservoir 

temperature estimates, reservoir sizes, flow rates, and other non-vital information for 

GEOPHIRES simulation, such as fluid chemical compositions that modify the pure water 

assumption. In searching for available data across the eventual target area - Helena, 

Montana, it became apparent that most primary source information originates from site 

surveys from the 1960s-1980s, with the exception of site visits in 2016, temperature-at-depth 

estimations from 2011, and reservoir characterizations from a 2008 US Geological Survey 

(USGS) analysis (Geological Survey (U.S.) et al., 1978; Reed et al., 1983; G. Smith & 

Icopini, 2016; J. Sonderegger, 1984; Southern Methodist University Geothermal 

Laboratory, 2011; US Geological Survey, 2008).  

In a preliminary study as part of the broader GeoVision project, a spatial analysis 

further attempts to confine isolated hydrothermal systems to an area associated with known 

aquifers. This provides a different result for reservoir sizes across the country, including the 

geothermal resource in this project, one of the key parameters for simulation in 

GEOPHIRES (Mullane et al., 2017). This modification of previous study may serve as a 

good starting point for the modeler with little additional data.  

2.4.3 Network design using Comsof Heat and QGIS 

While defining the resource is an important component of the DH feasibility analysis 

another major hurdle is the DH network design. Designers of DH networks have long relied 

on manual CAD drawings and spreadsheet analysis to plan their fluid networks across a 

community. These methods are not only time consuming but also susceptible to frequent 

human error. Comsof Heat is a unique GIS-integrated software plugin that provides rapid 

automation of a DH network layout (Jebamalai et al., 2019). Full integration of the plug-in 
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to the Quantum Geographic Information System (QGIS) platform allows designers to 

calculate the pipe sizes, pressure levels, and construction materials list from pipe 

manufacturer catalogs. Multi-stage roll-out forecasting allows designers, investors, and 

planners to quickly determine the potential outcomes for a variety of scenarios. Such 

scenarios could include the manipulation of the heat source size itself, targeting specific 

buildings at different phases of heat network construction, or understanding of temperature 

boost requirements to meet community demands (Comsof Heat, 2020a).  

Comsof has been in the business of fiber optic network planning for more than 2 

decades. Using this network software expertise in cooperation with the University of Ghent, 

Comsof Heat became the DH software spin-off of the company in 2018. The software also 

enables researchers, such is the case in this work, to quickly configure different network 

sizes and parameters. The automated optimization of the network provides a more complete 

depiction of possible outcomes for a given thermal resource (Jebamalai et al., 2019). This 

all takes place on a graphical user interface, as shown in Figure 33. 

 

Figure 33 Comsof Heat graphical user interface for DH designers. Changing sets of 

rules enables a developer to run many scenarios in pursuit of cost optimal 

solutions for the heat network.  

There are two primary strategies for simulation of a DH transportation and distribution 

circuit in Comsof Heat, 2-layer and distribution-only. In the 2-layer approach heat is 

transported to substation clusters then to customers whereas the distribution-only approach 

is a direct delivery of heat from the source. The 2-layer clustering strategy places substations 

at optimal locations throughout a community based on the parameter inputs for demand and 

the heat source, known as “rules” on the interface, before routing the transportation line. The 

rules include parameters such as the pressure input and flow velocity maximums, specific to 

each pipe manufacturer and product type. Building these distribution clusters before 

connecting the heat source in a centralized scheme is a bottom-up approach to design. The 

manufacturer specifications of maximum flow velocities increase the overall network pipe 

diameter, so Comsof Heat also allows for simulation of manual manipulations of a pressure 

increase from the source. Another design strategy inherent to Comsof Heat is heat source 
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matching. This will allow the DH designer to find a maximum number of buildings that a 

given heat source can supply, whether that be for space heating, space heating and DHW, or 

both with priority switching (Jebamalai et al., 2019). 

The clustering algorithms are an in-house development that avoids the data analysis 

techniques associated with k-means16, hierarchical clustering17, and hierarchical k-clustering 

as these largely rely on the uniform data inputs. Demands across a DH network are anything 

but uniform (Jebamalai et al., 2019). The algorithms behind the network automation are the 

intellectual property of Comsof Heat and are not the subject of this study. Comsof Heat, 

however, rapidly enables feasibility studies of DH networks with a minimum input of 

building data and road centerlines.  The backbone of the transportation and distribution 

circuits follow these road centerlines during the network generation process. Of course, the 

more specifics that the planner is able to provide the software, through either rules, specific 

demand information, most desirable network pathways, etcetera, the more accurate a picture 

Comsof Heat will provide (Comsof Heat, 2020a).  

The building layer in QGIS requires a demand data attribute for input to Comsof Heat. 

This demand data, while often available under confidentiality agreement in some countries 

including Canada and others throughout Europe, can also come from estimations of building 

typologies in the United States, as in previous discussion (A. Dalla Rosa et al., 2012; 

Jebamalai et al., 2019, 2020). Being well suited to rapidly assess the multiple scenarios likely 

to arise from a geothermal heat source in a sparsely populated area, Comsof Heat will be the 

key to conducting the network analysis side of a GDHS found in this work.  

2.4.4 Heat simulation limitations 

Simulations themselves are only as good as the designer behind them. Inferior inputs 

may be the result of inexperience or misinterpretation (Austrian Institute of Refrigeration 

Air Conditioning and Heating, 2010). In conjunction with the automation in use for this 

project, an interdisciplinary team of designers may help mitigate the intrinsic simulation 

limitations in the hands of the lone engineer. DH and geothermal simulations are 

traditionally very rigorous efforts that involve many calculations. One of the limits on the 

GEOPHIRES software includes the use of linear thermal drawdown models for the reservoir. 

This does not allow an accurate description of the varying pumping that can happen over a 

year or years. This may lead to an overly optimistic interpretation of temperature 

equilibriums and drawdown over the life of a project (Lowry et al., 2020). Similarly, Comsof 

Heat is built for static hydraulic peak demand simulation of the DH network. This means the 

simulation dimensions the network from a static snapshot of the peak potential load. At the 

time of this writing, there is no dynamic hydraulic engineering parameter input for differing 

pipe surface temperatures across the network. A uniform temperature assumption of this 

nature does end up affecting the thermal conductivity of the DH pipe network operating at 

equilibrium with the surrounding soil and water (del Hoyo Arce et al., 2018). Each 

calculation in the software may differ slightly from one iteration to the next as the 

simulations follow algorithms to new outcomes (Jebamalai et al., 2019).  

 
16 K-means separates an area into clusters then connects individual parts across the area to the cluster based on 

the average cluster value. https://www.sciencedirect.com/topics/computer-science/k-means-clustering 
17 Hierarchical clustering nests clusters of data points within other clusters. 

https://www.sciencedirect.com/topics/engineering/hierarchical-clustering 

https://www.sciencedirect.com/topics/computer-science/k-means-clustering
https://www.sciencedirect.com/topics/engineering/hierarchical-clustering
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2.4.5 Typical frameworks of assessments 

 

The European Union Intelligent Energy Europe (IEE) Programme, between 2012-

2014 under a program called GeoDH, came up with a framework for appropriate geothermal 

district heating implementation. By examining previous geothermal DH developments 

across 14 countries, they suggest three primary phases for feasibility prior to construction, a 

“pre-feasibility” phase, an “exploration and feasibility” phase, and “drilling of wells” phase. 

During pre-feasibility, the developer should secure memorandums of understanding for 

potential heat purchases from customers, heat demand development from the community 

planning body, and geological survey – often from private landowners. An exploration and 

feasibility phase is a time to define the geophysics of the site, drill pad selection, permitting, 

and a complete economic and financial review. There is a decision to stop or continue with 

the project at the end of these first two phases. In almost all cases is should be expected that 

a doublet installation – at least one reinjection well – is necessary, environmentally and for 

the sustainability of fluid production. The drilling phase, therefore, also consists of a go or 

no-go decision point following the completion of each well (P. Dumas et al., 2014, p. 48). 

Similar to the Intelligent Energy Europe Programme efforts to explore the geothermal 

potentials of the continent and move towards implementation, between 2015-2020 

GeoVision has been developing the policy, energy, and geologic analysis to promote 

geothermal energy production in the United States (US DOE Geothermal Technologies 

Office, 2019). Unlike the GeoDH project in Europe, whose work coincides with the 

implementation of 16 new geothermal district heating systems over a couple of years and 9 

more networks under construction, GeoVision has enjoyed no such new geothermal district 

heating implementation during the project lifetime (Hamm et al., 2019; IEE, 2020).  

Aside from envisioning a US GDHS increase from 21 systems today to a maximum 

of 17,500 DH systems by 2050, GeoVision outlines the need to develop the heat demand 

data to a finer grain level if widespread GDH adoption were to move from the realm of 

possible to plausible (McCabe et al., 2019). Unfortunately, no state or national level 

framework for GDH project feasibility design exists in the United States. Representatives of 

the former Geo-Heat Center at the Oregon Institute of Technology did describe a top-down 

method of assessment for district heating for a conference in Europe but it does not appear 

that this exists in formal policy elsewhere in the country (J. W. Lund & Lienau, 2009). Due 

to this lack of standardization in feasibility analysis throughout the United States, it would 

be wise for researchers to adopt the framework set by the GeoDH project in Europe until a 

modification might be made to adjust to US markets, available data, and states’ 

specifications. 

2.4.6 A future of feasibility increases 

In making statements about high-feasibility and a rapid adoption of geothermal DH 

over the coming years, the GeoVision study does appear to be an effort to excite research 

and development. The project outlines potential policy changes necessary to overcome 

regulatory barriers across the US. A possible expansion to 17,500 GDHS in the United States 

stems from a modeled scenario of technological advancement in enhanced geothermal 

systems (EGS). This would require EGS to become cost effective for direct use, as shown 

in Figure 34. GeoVision goes on to cite EGS DH scenarios as the definition of the total US 

resource potential, whereas the DOE considers conventional hydrothermal the technical 

potential of their scenarios (US DOE Geothermal Technologies Office, 2019).  
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Figure 34 Distributed Geothermal Market Demand (dGeo) model results showing the 

‘Technological Improvement’ and ‘Business As Usual’ scenarios found in 

GeoVision projecting a rapid increase in geothermal district heating system 

adoption throughout the United States (McCabe, Mooney, et al., 2017). 

EGS DH is far from realization and the work found in this project relies instead on the 

expanding functionality of conventional low-temperature geothermal DH in previously 

uneconomic locales. Introducing a new method of feasibility assessments for conventional 

low-temperature GDHS would allow greater numbers of geothermal resources to be 

included in the economically feasible category. While the studies culminating in GeoVision 

do a great deal to investigate potential expansion of GDHS, GeoVision’s final reporting 

ultimately fails to mention, at all, the importance of 4GDH design in substantially increasing 

the viability of conventional low-temperature geothermal resources (McCabe et al., 2019; 

US DOE Geothermal Technologies Office, 2019).  

2.5 Current US Geothermal Market 

2.5.1 Production and development history 

As mentioned in 2.4.5, there are only 21 operating GDHS in the United States, 

producing a total of about 100 MWthermal power as of 2010 (J. W. Lund et al., 2010; 

Thorsteinsson, 2008), with no additional system developments over the following decade (J. 

W. Lund & Toth, 2020). These GDHS service about 2000 buildings with space heating (J. 

W. Lund et al., 2010). The earliest of these systems is in Boise, Idaho – having been 

developed in the 1890s (Redko et al., 2020). Many of the other GDHS are more recent 

development, with a concentration of construction occurring in the 1980s (Thorsteinsson, 

2008). 

Boise, Idaho geothermal fluids originate from a fault-controlled system on the north-
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east side of the Snake River, running through the town itself. A series of geothermal 

production wells feed residential, commercial, and government buildings throughout the 

eastern portion of town. Resulting largely from the 1970s oil crisis, a boom in well drilling 

and DH delivery left the City of Boise with 4 separate producers of geothermal waters. 

Although most of the networks operate both production and reinjection wells, one residential 

provider operates an open system without reinjection of the fluids. In that instance, the 

customer decides on the method of disposal for the spent waters, in some cases reinjecting 

fluids themselves in individual private wells. Overall, these producers form the largest  

concentration of geothermal DH use in the United States (Redko et al., 2020). All Boise 

systems and the remainder of US GDH appears in Table 1 

Table 1 Geothermal district heating systems in the United States (Thorsteinsson & 

Tester, 2010). 

 

2.5.2 Energy market penetration potential 

While the maximum geothermal power use in any of the 2050 GeoVision market 

adoption scenarios throughout the United States would only represent about 10% of total US 

energy production capacity, GeoVision found this would account for 16% of the total energy 

generation throughout the country. This is because other generation technologies do not 

operate on a near continuous basis, unlike most geothermal. Geothermal can, therefore, 

achieve higher rates of energy delivery with lower production capacities through what is 

known as the capacity factor (US DOE Geothermal Technologies Office, 2019). The 

capacity factor can be thought of as the total amount of operating time that a power plant, in 

this case a geothermal well, is providing input to the system. GDHS are well known to have 

higher capacity factors than traditional combustion fuel power plants, ensuring that thermal 

output is available on a nearly continuous basis (Glassley, 2014). Some refer to this 

continuous delivery capability as baseload capacity.  

With the widespread use of individual fossil fuel heating systems per building in the 

US, the capacity factor advantage of geothermal DH leverages large emissions reductions, 

economic potential, and customer comfort. With building energy consumption profiles in 

the United States largely split between electrical or gas furnaces and gas hydronic systems, 
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upgrading the heat source with geothermal DH also means a reduction in necessary fossil-

fuel electricity generation and gas boiler emissions (Energy Information Agency, 2020). As 

taxation and policy catch up with the reality of climate change and the need for carbon 

emissions curbing, geothermal DH can become a more attractive replacement technology.  

Unfortunately, as GeoVision reporting continues to highlight, there is little interest in 

geothermal direct use potential in the United States (US DOE Geothermal Technologies 

Office, 2019). Rather than expanding the supporting policy, technical support at the 

community level, energy consumption disclosures, tax incentives, and loan guarantees 

necessary for direct use development, the federal government initiatives continue to focus 

narrowly on researching enhanced geothermal systems (J. W. Lund et al., 2010). EGS uses 

a technique commonly known as “fracking.” The GeoVision project forms potentials for 

GDHS growth based in large part on a yet to be realized EGS DH capability that can be done 

even in low-temperature rock formations (US DOE Geothermal Technologies Office, 2019). 

Such systems require hydraulic fracturing or well stimulation18 which adds a great deal of 

cost to a geothermal project. This hydraulic fracturing would have to be effective enough, 

both from a reservoir engineering and economic perspective, that a driller would be able to 

make a reservoir anywhere in low to high temperature rock not containing fluid. This has 

not yet been shown to work anywhere in the USA.  

The entire EGS concept, not yet scalable to most electricity generation requirements, 

let alone direct use with lower rates of return, is being challenged by scalable geothermal 

directional drilling loops that do not rely on stimulation at all (Toews, 2019). The likelihood 

that the GeoVision direct use DH case first comes to fruition through EGS scalability seems 

like a sunk cost bias on the part of the US DOE and its partners who have, thus far, invested 

a great amount of time and money into the technology. Federal research investments into 

EGS have taken place since as early as 1972 with more than $528,000,000 in nominal dollars 

across 6 drilling locations. Although the DOE goal is to reach $0.06/kWhelectric by 2030, the 

costs remain about $0.27/kWhelectric (Dash et al., 1988; Lu, 2018; Porse, 2018; Salazar & 

Brown, 1995; US Department of Energy, 2018). Projecting large DH growth potentials 

based on low-temperature EGS cost effectiveness gains, without first taking advantage of 

the conventional geothermal resources that are available to the country now, appears to be 

an underestimation of current GDHS potential from proven hydrothermal reserves. 

GeoVision could have emphasized how conventional GDHS can support communities 

through emissions reductions, better capacity factors, economies of scale, job creation, and 

rational policy corrections. It could have called for a new period of geologic exploration for 

geothermal resources on the same level as that of fossil fuel exploration. It did not (US DOE 

Geothermal Technologies Office, 2019). A far faster approach to GDHS implementation 

would be to create methods for feasibility studies given existing resources that are accessible 

to the lowest levels of community utility planning. Feasibility studies of this nature now 

appear greatly enabled by simulation software and public data repositories. The work found 

in this paper envisions an increase in existing geothermal development for DH, beginning at 

a community planning level. 

2.5.3 Federal laws governing geothermal DH development 

Regulatory oversight at the federal level affecting development of United States 

 
18 Well stimulation introduces stress on the rock formation surrounding the well to induce fracturing or opening 

of fluid pathways, increasing overall production volumes. https://www.sciencedirect.com/topics/earth-and-

planetary-sciences/well-stimulation 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/well-stimulation
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/well-stimulation
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geothermal resources over the past 50 years has been slow to change. The primary law for 

geothermal governance in the United States is the Federal Geothermal Steam Act of 1970. 

More recent federal regulatory changes for geothermal utilization have come through the 

Energy Policy Act of 2005 and the Energy Independence Security Act of 2007. The Energy 

Policy Act of 2005 stipulated improvements that unwound geothermal leasing application 

backlogs on federal lands, largely in the Bureau of Land Management’s domain. The Act 

transitioned geothermal leasing for electricity generators from a first-come first-served 

process, to a competitive public auction scheme. The competitive auction scheme infuses 

necessary funds for federal agencies to deal with geothermal development and backlogs. 

Direct use geothermal applications remain a non-competitive process on federal lands, with 

first-come first-served permissions. Importantly, the Act splits the lease funds between local, 

state, and federal coffers, ensuring benefits to the local governments for the accommodation 

of geothermal resource exploitation. Further, the Act made provisions to update Known 

Geothermal Resource Areas (KGRAs), last surveyed in 1978. In contrast, the Energy 

Independence Security Act of 2007 mainly focused on EGS with little mention of direct use 

(Thorsteinsson, 2008). 

2.5.4 Federally designated geothermal target areas 

Known Geothermal Resource Areas (KGRAs) are those areas designated by the 

federal government, through the US Geological Survey (USGS), with adequate geologic 

characteristics or proven geothermal reserves. KGRAs further define those federal land areas 

open for competitive bid leasing. This contrasts with those lands not designated as KGRAs. 

If a developer wishes to lease a geothermal resource on non-KGRA federal lands, and not 

in a Wilderness, National Recreation Area, or National Park, they may do so without 

entering the competitive bidding process (Perlmutter & Birkby, 1980). While these areas 

have not been subject to widespread updates by the federal government for some time, they 

remain the places where developers have the highest rates of success in the United States 

geothermal industry (Thorsteinsson, 2008). 

2.5.5 Amalgamations of geothermal definitions 

For many years, the nuances of federalism19 have hindered United States geothermal 

resource management. Each state has their own definition of what a geothermal resource is, 

either based on the origin of fluids or temperature threshold. The ownership of these 

resources is further divided as mineral rights, surface water rights, groundwater rights or 

some combination of these. One state may classify a geothermal resource as a mineral right, 

like oil and gas resources, while another will label it groundwater rights (R G Bloomquist, 

1986).  

Surface rights are managed differently in the US, generally divided by east and west 

at the 100th meridian, depictions of which appear in Figure 35. The Eastern States have 

riparian doctrine, developed from old laws of England, where each user of the waters 

adjoining their land may extract it to the extent that they do not interfere with another 

landowner’s ability to use the water. The arid Western States have prior appropriations 

doctrine, developed from the frontier mining and ranching history. The oldest claimant has 

the rights to first use, to the fullest extent of their need. Any water right not fully used in the 

 
19 Federalism divides law and policy making power between a central government and the states. 

https://www.sciencedirect.com/topics/social-sciences/federalism 

https://www.sciencedirect.com/topics/social-sciences/federalism
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West may be lost. The youngest water rights claimant is the first to lose access in times of 

drought or water table decline. In many cases these water rights are saleable and passed 

down with land purchases (Rasband et al., 2016). To complicate matters of the West even 

more, surface water rights are managed separately from ground waters. Typically, Western 

States manage their ground waters as a public good with few restrictions on drawdowns, 

ignoring the hydraulic connectivity of surface manifestations and circulating well water (R 

G Bloomquist, 1986).  

 

Figure 35 Representations of the 100th meridian, a longitudinal delineation of the wet 

East and the arid West. A precipitation map highlights the difference across 

the country, A (modified from: PRISM Climate Group, 2006). Historic 

depictions of Western watersheds from J.W. Powell to the US Senate in 1890, 

B (Ross, 2018). 

2.5.6 Incongruent federal subsidy 

Successful developments of geothermal resources for US DH networks have most 

often required federal assistance, state assistance, or both. Of all 21 GDHS in the US, half 

accepted federal financial assistance, and a quarter accepted state grants (Thorsteinsson, 

2008). The Geothermal Loan Guarantee Program of 1974, no longer funded, was the most 

successful federal incentive for geothermal development to date. The program first offered 

financing for up to 75% of a project’s cost and later up to 90%. Although it did assist several 

geothermal development projects of direct and indirect use, critics pointed out that the strict 

lending criteria were so stringent that the qualifying projects would have likely found the 

same financing in the private venture industry. In other words, it was a low interest hand out 

to developers with widely known geothermal resource holdings and did little to promote 

nascent technologies and greenfields (R G Bloomquist, 2005).  

Proof of effectiveness for the federal subsidies supporting GDHS is evident in the 

construction years of the 21 operations, with most built in the 1980s (Mattson & Neupane, 

2017). Through much of the 1980s the Department of Energy (DOE) Technical Grant 

Assistance Program offered up to 100 hours of free technical assistance directly to 

developers and $100,000-125,000 grants for direct use feasibility studies. During that same 

decade the Program Opportunities Notice provided direct cost sharing for direct use projects 

(R G Bloomquist, 2005). Other well placed and underutilized geothermal incentive 
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programs from the era include the Confirmation Drilling Program, and Appropriate 

Technology Small Grants (Perlmutter & Birkby, 1980). Since the 1980s, little federal 

incentive programming has been available to GDHS developers and need has often fallen to 

the feet of states. Indeed, the last two GDHS projects brought online in the US accepted and 

required state loan guarantees and grants (Thorsteinsson, 2008). 

While the call to incentivize private and public geothermal development projects 

across the US may not be the priority of budget hawks, federal assistance with geologic 

survey data appears to indicate industry favoritism. KGRAs are the most important 

designation that geothermal developers can present to financiers, as they still represent the 

most likely areas of successful drilling projects in the United States. Most KGRAs remain 

in their original form, having no new survey or reassessment since 1978. In contrast, over 

the same period between 1978-2008 the USGS subsidized the oil and gas industry by 

providing continuous public survey and exploration. Highlighting this inequity during those 

years is the Icelandic geologic survey, which in Iceland provided continuous geothermal 

exploration and survey. The contribution of this geothermal exploration and survey in 

Iceland is evidenced by a full 30% of electricity generation now attributable to the resource 

base (Thorsteinsson, 2008). Clearly, the priorities of the regulatory body and the policy 

incentives they put forth matter to the development of GDHS.  

2.5.7 New customer incentives for US GDHS 

The other matter of transitioning building owners to a new heat source is incentives. 

Incentives usually reflect costs to the customer, though this is not always the case. The 

levelized cost of energy, for example, in the 3 most recent US GDHS installations is $8-36/ 

MMBtu while the US residential March 2020 natural gas price average is $9.86/MMBtu 

(Energy Information Administration, 2020a; Thorsteinsson, 2008). If the price is not an 

immediate incentive in the eyes of the new customer, or the technology itself seems suspect 

due to a lack of customer education and awareness about the product, then the DH operator 

must provide alternatives. Existing alternative incentives across the US GDHS include rate 

following of heat delivery with natural gas prices, discounts for certain periods of time, 

connection costs paid by the operator, or initial years of use given for free (Thorsteinsson, 

2008).  

The efficacy of these incentives is not always clear and the US GDHS efforts for new 

customer hook-ups are not complete. As mentioned, successful GDHS operator Lulu Island 

Energy in Canada is providing density incentives to new customers (IDEA Expert Panel 

Discussion, 2020), something not appearing in a literature review of US GDHS. This could 

easily translate to rates that favor multi-family buildings, commercial operators, industrial 

sites, and general zoning efficiency. A great deal could be done beyond the methods of 

current US GDHS operators. The appearance of 4GDH holistic methods, whereby the utility 

becomes a multi-service provider of building efficiency increases and heat, could make a 

great deal of difference for new GDHS operator configurations and customer adoption rates 

in the US market.  
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2.6 Montana Geothermal Resources 

2.6.1 History of Montana Geothermal Exploration 

Montana is the third least densely populated state in the United States with 980,152 

people by the most recent count (US Census Bureau, 2010). In eastern portions of the state, 

the topography is rolling hills leading into the Great Plains. As a ratio of land to people, less 

than one person lives in this region for every 1 square mile of territory. Western Montana 

topography consists of the Rocky Mountain Front with drastic local reliefs, between valleys 

and mountain tops. The Rocky Mountain Front is more densely populated with 

concentrations of towns in the valleys (University of Washington, 2016). The state suffers 

from a low implementation rate of industrial-scale geothermal projects but numerous low 

and moderate heat flows are ready for exploitation using modern technology (Carlson & 

Birkby, 2015; Gunderson, 2011; Montana Department of Environmental Quality, 2006).    

Geothermal utilization has been taking place in Montana since the time of indigenous 

settlement, where tribes would winter near hot springs for bathing and sustenance. The first 

documentation of white men using these geothermal resources was in 1805 as Lewis and 

Clark passed through the territory on a government-commissioned survey, stopping at Lolo 

and Jackson Hot Springs (Birkby, 2012). Commercial non-balenological20 utilization of the 

geothermal resources first took place in the state in 1876, at Chico Hot Springs, for hothouse 

production of potatoes and tomatoes (Birkby, 1982b). A 2000 state geological survey, in 

partnership with Oregon Institute of Technology and the Department of Energy Geothermal 

Division, found that 57% of the existing inventory of geothermal resources are in the 

mountainous region of the state (Metesh, 2000). While these surface manifestations 

primarily occur in the western portion of the state, along mountain valley edges, sparse 

drilling data from this region makes geothermal interpretations more difficult. The eastern 

portion of the state, however, contains the oil-rich Bakken shale formation with a bounty of 

drilling data (Gunderson, 2011). Consequently, regions with the most incomplete geologic 

investigations of geothermal resources in Montana also represent over half of known 

systems (Metesh, 2000).   

2.6.2 Geologic setting 

Western Montana has the most complex subsurface environment with metamorphic 

rocks while Eastern Montana is mostly tertiary sedimentary rock (Gunderson, 2011). Most 

springs occur in either fractured granite or schist (Waring, 1965). Western geothermal 

systems are either fracture-controlled with reservoir temperatures below 80℃, fracture-

controlled with reservoir temperatures above 80℃, or shallow limestone reservoirs with 

temperatures below 80℃ (J. Sonderegger, 1984). These fault-controlled geothermal systems 

have small productive zones along narrow conduits. Narrow heat and fluid flow conduits are 

often more difficult to intersect with drilling operations and the development of these 

systems should rely on comprehensive targeting methods, such as 3D mapping, to ensure a 

higher rate of a success (Siler et al., 2019). In contrast, geothermal heat flow maps for the 

eastern portion of Montana are more complete because many the 40,000 wells drilled 

throughout it occur atop the Fort Union Geological Formation, appearing in Figure 36 

 
20 Balneology is the use of hot baths for medicinal purposes https://www.merriam-

webster.com/dictionary/balneology 

https://www.merriam-webster.com/dictionary/balneology
https://www.merriam-webster.com/dictionary/balneology
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(Gunderson, 2011). The majority of heat flow and oil in the eastern half of the state coincide 

geographically with the Formation, also containing deeper Bakken shale – of economic 

importance for oil and gas mining, and the Madison Limestone – sitting above the Bakken 

(Carlson & Birkby, 2015; Roberts, 2009). The fluid temperatures in the Madison range from 

65℃ to 137℃ (Carlson & Birkby, 2015).  

 

 

Figure 36 Fort Union Geologic Formation across several states including Montana 

(adapted from: Bergantino, 2005). 

 

With respect to water quality, the fracture-controlled manifestations of Southwestern 

Montana are commonly better, and more suitable for direct use. These fluids have low levels 

of total dissolved solids. In contrast the eastern wells intersecting Madison Limestone often 

suffer from high levels of salinity, making them less suitable for direct use. The total 

dissolved solids in these systems may be several orders of magnitude higher than the wells 

and springs of the West (Birkby, 1982b). 

While steps can be taken to model the techno-economic feasibility of geothermal 

systems using rock properties, surface temperatures, fluid temperatures, geothermal 

gradients, and other parameters, defining the subsurface structure is an altogether different 

problem for most Western fault-controlled geothermal resources (K. F. Beckers & McCabe, 

2019). Western fault-controlled geothermal resources have complex fluid tortuosity that can 

be classified in three general categories, appearing in Figure 37. The simplest of these flow 

paths is one that follows the controlling fault directly to the surface, or very nearby (Faulds 

et al., 2006). Often the controlling fault and the hot fluid pathway might exist below a cold 

fluid aquifer. This aquifer interaction with the geothermal fluid will complicate and mask 

the real temperatures at depth (Hinz et al., 2014). If geothermal fluid simply intersects a 

permeable or impermeable stratigraphic layer, the fluid may travel kilometers from the 

controlling fault before rising again towards the surface. Geothermal resources in the 

subsurface of Western Montana are therefore due deliberate geochemical and structural 

geologic examination before initial development (Siler et al., 2019). 
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Figure 37 Fault controlled geothermal systems of the Western US have complicated 

permeability structure, making drill targeting more difficult without 3D 

modeling (modified from: Siler et al., 2019).  

2.6.3 Previous geothermal exploration efforts 

Prior to the 1970s little interest in Montana’s geothermal resources was shown by the 

scientific community. The oil crises in combination with the formation of the US 

Department of Energy (DOE) increased available funding for geothermal research 

throughout the state. The five primary research bodies in Montana geothermal development 

throughout the 1970s were the USGS, the Montana Department of Natural Resources and 

Conservation Division of Renewable Energy, the Montana University System, Fort Peck 

Tribal Research Program, and the Montana Energy Research and Development Institute 

(MERDI). These research bodies had their own interests and focus ranging from primarily 

high-temperature resource potential at USGS, to actual heating system development at 

MERDI (J. L. Sonderegger et al., 1981).  

Statewide assessments of geothermal resources took place on two separate occasions 

in 1980 and 1981 (Metesh, 2000). The Bonneville Power Administration (BPA), a key 

stakeholder in Montana energy development and electricity export, took a keen interest in 

geothermal potential of the state at the time. Through a study of BPA power districts, 

including Western Montana, the geothermal electricity generation and direct use potentials 

were examined at 8 sites and a statewide resource characterization was compiled. Although 

a relatively small amount of moderate temperature electricity generation was considered 

feasible for the state in 1980, they found 129 MWthermal potential for direct use (J. W. Lund 

& Allen, 1980).  

A future development curve came from this study by examining existing state 

geothermal policy, conducting developer interviews, and projecting population growth. The 

curve indicates that Montana should have had 56 MWthermal in new geothermal direct use 

projects online by 2000, appearing in Figure 38. This, of course, is not the case. In the same 

study, a review of 100 thermal springs across the state took place to grade the manifestations 

by temperature. This became the most complete examination of regional hydrothermal 

resource potential for its time (J. W. Lund & Allen, 1980).  
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Figure 38 Bonneville Power Administration study of direct use geothermal 

development curves from 1980-2000, in billions of Btu/year (J. W. Lund & 

Allen, 1980).  

From this initial statewide study, BPA commissioned a 4-state geothermal resource 

ranking to identify the sites with the highest electricity and direct use potential, Montana 

being one of them. The study lists 21 direct use sites in Montana, with rankings of economic 

value, including criteria such as well costs in 1983 dollars, total MWthermal generation 

potential, the electrical offset of the systems, the cost of the distribution, transmission, 

system, and maintenance costs of district heating (R G Bloomquist et al., 1985). Another 

study from the Montana Bureau of Mines and Geology was completed in 1981 with a 

classification of 72 wells and hot springs, compiled from the author’s previous study with 

supplemental water quality and location data, the mapping of which appears in Figure 39 (J. 

L. Sonderegger et al., 1981).  
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Figure 39 The first comprehensive mapping of state geothermal resources came in 

1981, with funding support from the US Department of Energy, Montana 

Bureau of Mines and Geology, and the National Oceanic and Atmospheric 

Administration (modified from: J. Sonderegger et al., 1981). 

Montana Bureau of Mines and Geology in conjunction with the Montana Department 

of Natural Resources, was able to fund and drill several exploratory geothermal wells 

throughout the state, to include Bozeman Hot Springs, and Broadwater in the 1980s. The 

1981 Broadwater well siting failed to yield the same hot water found at the nearby private 

resort (J. Sonderegger, 1984). The most successful of these state-funded exploration efforts 

took place in 1980 at Bozeman Hot Springs where a well struck a pressurized geothermal 

reservoir in the vicinity of a surface manifestation, appearing in Figure 40. The well could 

produce 129 liters/second at 54℃. At the time of the drilling the city of Bozeman was 

increasing in population, creating great interest around geothermal heating of housing 

subdivisions in historic farmlands surrounding the springs. Unfortunately, the housing 

market did not meet the supply potential (Birkby, 1982b). Bozeman, Broadwater, and 

Quinn’s Hot Springs remain the home of a geothermal pool centers, visible in Figure 41 

(Birkby, 2012). Similarly, private development of geothermal wells at Broadwater, Ennis, 

and Fairmont, have all been the focus of either indirect binary cycle utilization or expanding 

direct use, but largely suffer from housing market insecurity, insufficient capital, or 

transmission proximity and policy problems (Birkby, 1982b, 2012). 
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Figure 40 Artesian well producing near the Bozeman Hot Springs surface 

manifestation (Birkby, 2020). Well completion took place in 1982 using public 

grant money (Birkby, 1982b; J. Sonderegger, 1984). 

 

Figure 41 Modern development of geothermal surface manifestations across Western 

Montana. Recent renovations of geothermal pools at Broadwater (A), Bozeman 

Hot Springs (B), and Quinn’s Hot Springs (C) (Birkby, 2020).  

It was not until 2000 that Montana Bureau of Mines and Geology completed the third 

statewide compilation and study of geothermal resources. In this report the state minimum 

temperature criteria for geothermal wells and springs are raised to 10℃ above the average 

annual surface air temperature. Many of the previous reports on temperature and fluid 
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chemistry were incomplete or non-standardized. Some of this resulted from the incorrect 

conversion of units during geothermometry21 data collection. The largest source of 

discrepancy in temperature and chemical data arises from sampling at the peak of summer 

where thermal pollution during a “warm-day” shrouds fluid characteristics. Resulting from 

this finding the Montana Bureau of Mines and Geology advises standardization of well 

purging (Metesh, 2000). Well purging for resampling should involve the removal of 2-3 

volumes of borehole fluid, as the US Office of Surface Mining Reclamation and 

Enforcement recommends (US Office of Surface Mining Reclamation and Enforcement, 

2012). 

By 2011 several countrywide geothermal potential maps had been made, found in 

Figure 42. Following from these efforts, Gunderson (2011) made a preliminary geothermal 

gradient map, specific to the State of Montana and made from the bottom-hole temperatures 

of about 9,500 oil and gas wells, Figure 42b. As mentioned, most of these wells occur in the 

Eastern portion of the state, making geologic certainty greater across those sedimentary 

basins. To date, no other statewide characterization of geothermal resources has taken place. 

 

 

Figure 42 Recent geothermal mapping of the United States and the State of Montana. 

(A) A continent-wide geothermal gradient map from the American Association 

of Petroleum Geologists (modified from: Blackwell & Richards, 2004). (B) A 

nearly full extent geothermal gradient map of Montana from oil and gas well 

BHTs (modified from: Gunderson, 2011). (C) A country-wide geothermal map 

of EGS favorability and known high temperature hydrothermal sites (modified 

from: Roberts, 2009). Black stars represent Helena, Montana on these maps. 

2.6.4 Montana geothermal utilization 

Throughout the state, there are approximately 20 public bathing and hot springs resorts 

 
21 Geothermometry is used to estimate temperatures at depth. A chemist analyzes the chemical composition of 

the geothermal water to determine the water-rock interactions taking place as the fluid rises to the surface. 

https://openei.org/wiki/Geothermometry 

https://openei.org/wiki/Geothermometry
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and a small number of facility space-heating projects (National Renewable Energy 

Laboratory, 2005). During the geothermal reservoir exploration days of the 1970s, Poplar 

(population 810), Boulder (population 1350), Broadwater Hot Springs (150 homes), Ennis 

(population 838), Helena Valley (population 3,482), West Yellowstone (population 1271), 

White Sulphur Springs (population 939), Missoula (population 66,788), and Helena (100 

homes), all underwent geothermal district heating feasibility studies, of varying geographic 

extent, and some were considered cost effective by comparison to fossil fuel and biomass 

burning typical of the region. While many expectations and projections of development 

trends came from this era of geothermal curiosity, no comprehensive construction took place 

(Birman et al., 1980; Bost, 1984; Brown, 1979; US Census Bureau, 2010). More recently, 

in 2013, Oregon Institute of Technology identified a total of 18 communities in Montana as 

being within 5 miles of a geothermal resource suitable for district heating (Chiasson, 2013). 

To date, none of these communities has brought community-wide geothermal district 

heating systems online.  

From a 2005 survey, more than 50 likely feasible geothermal district heating locations 

exist throughout the state, however, no community wide systems are in operation (Montana 

Department of Environmental Quality, 2006). In total 19 multi-building space heating 

systems using geothermal wells or GSHP schemes exist throughout the state, offsetting 

57,000 metric tons CO2e annually, with only one being publicly-held and none being 

community-wide (Chiasson, 2013; Schontzler, 2019). Many of these systems could be 

expanded and converted to conventional geothermal sources, as a number are in close 

proximity to hydrothermal reservoirs (Birkby, 2012). Research into geothermal district 

heating on an industrial scale in Montana has been ongoing, though intermittent, since at 

least 1979 (Bost, 1984; Brown, 1979). Individual geothermal heat pumps remain the most 

common form of exploitation (National Renewable Energy Laboratory, 2005). 

2.6.5 State of Montana geothermal resource policy and financing 

The Montana Geothermal Handbook from 1980 is the product of state and federal 

funding, as part of the effort to assess the commercial potential of Montana’s geothermal 

resources. It represents the first attempt at defining the legal, regulatory, and policy barriers 

to overcome when bringing a geothermal project online in the State of Montana. Most of 

Montana geothermal resources are privately held, resulting in fewer non-technical barriers 

to entry (Birkby, 1982a).  

Ambiguity in state and federal geothermal development law results in a fair amount 

of confusion about what rights and permits a developer must obtain before proceeding with 

a project. This ambiguity in Montana geothermal policy continues to be a limiting factor for 

the would-be developer. Defining what a geothermal resource is depends on the location 

from which the resource is drawn. On state lands, by lawful definition, the geothermal 

resource is the heat energy itself and excludes the fluid or steam from which the energy is 

drawn (Perlmutter & Birkby, 1980). Consequently, the resource consumption effects on 

water likely requires the securing of water rights under MCA 85-2-306 unless the draw is 

not from a controlled groundwater area (Montana State Legislature, 1979).  

 



2.6 MONTANA GEOTHERMAL RESOURCES

  63  

  

 

Figure 43 Geothermal production rules depend on the location. (A) Hudson Ranch 

geothermal plant operates on federal lands outside of Montana (US 

Department of Energy, 2017). (B) State lands in Montana (Fitzgerald, 2009), 

define the geothermal fluid production differently than federal regulation. (C) 

Geothermal resources on private lands (Roots, 2008), are loosely regulated in 

Montana. 

 

The law further exempts those geothermal exchanges drawing from an aquifer at 350 

gallons per minute (22 liters per second) or less, when the production fluid is immediately 

reinjected to the same aquifer (Montana State Legislature, 1979). This discharge rate is on 

the lower end of the threshold for adequate DH supply requirements, but could nonetheless 

help smaller scale DH operators accommodate centralized heat exchanger systems without 

the regulatory burden at the wellheads if a secondary potable water source serves as the 

working fluid (Glassley, 2014).  

On federal lands, geothermal resources include the brine or fluid. In either case, the 

regulatory emphasis is on that of mineral rights or reservations. These definitions do not 

extend to state public lands, where geothermal fluids become the provision of water 

resources. The developer must, therefore, own the water rights in order to develop in 

compliance with the Water Use Act (Perlmutter & Birkby, 1980).  

Although the Montana Geothermal Handbook – appearing in is 40 years old at the 

time of this writing, a 2012 update indicates that surprisingly little has changed in those 

intervening years. One additional consideration that the DH operator should investigate is 

the applicability of the Major Facilities Siting Act (MFSA), wherever it is found that 

geothermal waters will provide a portion of the network fluid volume, with peaking power 

from a secondary plant. This secondary peaking plant could be a biomass burner, a 

centralized GSHP, or some other boiler configuration. While a modification to law in 2009 

exempts geothermal facilities from compliance with MFSA if they produce less than 50MW 

(Birkby, 2012), the augmentation by a secondary peaking plant likely deserves additional 

regulatory attention on the part of the developer when creating a business plan.  
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Although a process specific to geothermal well drilling is not in any current State of 

Montana law, one change since the publishing of either Birkby developer policy guide has 

been that of the Montana Environmental Policy Act (MEPA) of 1971, with modifications 

affecting geothermal industry on and after 2013. The changes appear to be largely the result 

of judicial review from cases involving the oil well drilling industry and other parties 

(Montana State Legislature, 1971). Now, MEPA likely subjects geothermal exploration, 

production, and injection wells to environmental review and parties attempting such 

development should defer to the Montana Department of Natural Resources and 

Conservation (MTDNRC) and Montana Department of Environmental Quality (MTDEQ) 

for further compliance clarity (US Department of Energy, 2016c) .   

The Alternative Energy Revolving Loan Program (AERLP) remains one of the few 

GDHS incentives actively promoting renewable development through state policy. 

Unfortunately, the AERLP provides developers with a nominal $40,000 loan at interest rates 

that exceed private banking rates at the time of this writing. There is, however, a 19 year 

50% income tax rate for renewable development (R Gordon Bloomquist, 2003; Montana 

State Legislature, 2009, 2017). While the income tax incentive is helpful, $40,000 is not 

enough to fund the infrastructure, retrofit, permitting, and well requirements of a GDHS, 

even if an existing borehole supplements the project. 

 There are several other means by which a GDHS can develop in Montana. Each 

GDHS can expect to be subject to Public Service Commission (PSC) oversight, unless 

cooperatively owned. The PSC is an elected body with the power to inspect and make public, 

pricing, and expense information. In return for the oversight compliance, a utility – such as 

that of a DH operator, is permitted to install and maintain transmission pipelines along public 

roadways (Perlmutter & Birkby, 1980).  

In addition, a municipality is free to make franchise agreements outside of the confines 

of the PSC. Franchise agreements enable the city to gain access to proprietary utility data 

such as heat consumption patterns and engineering information in exchange for access to 

public roadways (Montana State Legislature, 2015). This is one mechanism by which cities 

across the United States are implementing clean energy plans outside of utility monopoly 

control (Platt & Cilimburg, 2018).  

DH utilities, unlike electricity generating utilities, are subject to market competition. 

To overcome the problem of an ill-informed PSC and a lack of heat sales data, a community 

may petition the county board for a Rural Improvement District (RID) or similarly the 

Special Improvement District (SID) within a municipal limit to raise money for a GDHS. 

Petitioners supporting the project could simultaneously disclose their specific heating needs, 

energy bills, to the would-be DH operator. This results in a municipal or community 

cooperative ownership scheme. A RID/SID in Montana requires that 60% of those residents 

throughout the service area become signatories on the petition. The RID/SID allows the 

district to sell bonds which can in turn fund the DH improvement (Perlmutter & Birkby, 

1980). Community buy-in through a RID/SID levee, therefore, could increase the financial 

sustainability of the GDHS in Montana by socially incentivizing clean heating delivery, with 

or without the help of a PSC. 

Even after the petitioning, election, or ordinance that enables the GDHS development, 

the problem of financing the operation remains. With a small kick starter from AERLP, and 

customers drawing on the $1500 State of Montana Geothermal Systems Credit (GSC) for 

the hookup of service lines and in-building elements (Birkby, 2012; Montana Department 

of Revenue, n.d.), millions of dollars’ worth of network components must also be paid for. 

Aside from simply paying down the GDHS project with customer payments and SID/RID 

levees, the community utility could also compel an electric and gas monopoly, such as 
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NorthWestern Energy, to purchase carbon offset credits from its sustainable heat generation 

(Platt & Cilimburg, 2018).  

The PSC authorizes carbon energy offsets for purchase from certified retailers using 

funds from customers participating in the E+ Green Program - an opt-in emission reducing 

endeavor. The closest certified retailer for the Montana service area is the Bonneville 

Environmental Foundation, where NorthWestern Energy is a fossil utility client (Bonneville 

Environmental Foundation, 2016; Platt & Cilimburg, 2018). In this way a community can 

implement clean energy solutions with GDHS by avoiding State-sanctioned electricity 

generation monopoly conflict, allowing that same fossil fuel utility to pay for part of the heat 

network.  

The sale of carbon offsets is more complex than the typical renewable credits for 

electricity generation. Carbon offset sales must go through a third-party verification process 

(Bonneville Environmental Foundation, 2016). The project, in this case a geothermal heat 

network, must pass the “additionality” standard. Additionality simply means that the project 

would not have taken place without additional policy and financing incentive. A heat 

network, for example, would need to prove that it could not overcome the financing hurdle 

without the application of carbon offset sales (Schrock, 2020).  

Costs of the carbon offset sales themselves are also a consideration that must be made. 

The operator or planner needs to ensure that the third-party verification cost does not 

outweigh the sales. In the end, a renewable offset project might be capable of selling for 

around $10 per tonne CO2e depending on the buyer, how compelling the project is, and the 

market (Schrock, 2020).  

One additional procedure that could provide funding for a community-driven DH 

network is that of “tax increment financing” or TIF. TIF can occur at the county level in 

Montana and allows the commissioners to leverage property taxes that will fund the 

infrastructure of a GDHS. This is a method that would likely require a local government 

ownership of the DH operation. Like ownership in water supply systems for a municipality, 

this allows the local government to raise property taxes over a maximum of 15 years in one 

iteration. The taxes would fund the purchase of a new GDHS. In Montana, this tax increment 

is on a specific district and subject to protest by citizens, much like the SID/RID. Unlike the 

SID/RID, there is no mechanism to leverage a combination of sales tax and bonds. This is 

simply a property tax increment that can include or exclude the base value of tax assessment 

with university mills22 (Montana Department of Revenue, 2020a).  

TIF is not without its critics, however, and broader questions of government handling 

or distribution of TIF funds may raise legitimate concerns from community members. It 

seems, therefore, preferable that policy should enable DH operators without inadvertently 

detracting from development across adjacent communities (Hicks et al., 2019). A major, yet 

rational change for GDHS applicability, would be densification policy across municipalities. 

Policy that incentivizes communities to grow inward and upward will continue to improve 

the feasibility potentials of GDHS service areas (IDEA Expert Panel Discussion, 2020).  

2.7 Summary of Background 

Since the earliest days of industrial age DH systems, the operator has tried to delivery 

safety, decrease costs, and reduce customer comfort concerns. All of this makes sense in the 

context of economies-of-scale (H. Lund et al., 2014; Schweiger et al., 2019). Economies-of-

 
22 Tax mills are a phrase indicating the payable rate per dollar of assessed property value. 

https://www.investopedia.com/terms/m/millrate.asp 

https://www.investopedia.com/terms/m/millrate.asp
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scale are no longer the most important capability of DH systems. Modern 4GDH can deliver 

sustainable, low-emission heat from many low temperature resources to structures (H. Lund 

et al., 2014). Delivering sustainable heat to structures decarbonizes a large portion of 

primary energy consumption. Therefore, the most important capability of modern DH is the 

potential to leverage economies-of-scale (Werner, 2017).  

Designing a modern DH system requires the understanding and balance of many 

components operating across a large network. Balancing the building heat demands, the low 

temperature resource, and the long-term sustainability of operations entails scrutinization of 

the whole-system economics (Nussbaumer & Thalmann, 2016; Persson & Werner, 2011). 

Whole-system economic hurdles are difficult to overcomes without low-cost sustainable 

heat sources, digitization of design, and policy that recognizes building heat decarbonization 

and building energy efficiency improvements as one-in-the-same (H. Lund et al., 2018).  

The heat resource with the highest quantity of low temperature resources and the 

lowest marginal heat cost is conventional geothermal. This means conventional geothermal 

resources enjoy the greatest gains in cost effectiveness thanks to 4GDH technology 

(Averfalk & Werner, 2020). Conventional geothermal resources are abundant in the Western 

United States and often exist nearby or within small communities (Blackwell & Richards, 

2004; R G Bloomquist et al., 1985; Chiasson, 2013; J. W. Lund & Allen, 1980; Siler et al., 

2019; US DOE Geothermal Technologies Office, 2019). Development of these geothermal 

resources has not been a big priority for the United States government, as it instead seeks to 

subsidize fossil fuel production through continuous research and exploration (Thorsteinsson, 

2008). Energy market penetration from geothermal resources would likely be a great deal 

higher if a proportional subsidy were given. 

With or without federal supports, the next generation of DH – 4GDH – is delivering 

digitization tools for design, smart control, and system efficiencies that make management 

very similar to any other municipal water utility (Jebamalai et al., 2019; H. Lund et al., 2018; 

Saletti et al., 2020). Therefore, communities adjacent to conventional geothermal resource, 

regardless of temperature, are in a unique position to commission their own exploration 

efforts. As this project goes on to highlight, one method by which this can begin is by using 

GEOPHIRES, a geothermal techno-economic simulator (K. F. Beckers & McCabe, 2019), 

and Comsof Heat, an automated district heat planning tool.  

Chapter 3 

3Methods 

In the absence of fine grain building heat demand information in the Montana market, 

this study attempts to emulate the bottom-up build-out of geothermal DH planning by first 

constructing an estimate of demand in the community selection criteria. This remains an 

optimization of estimates for both the heating demand and the reservoir as data uncertainty 

is the norm for the region, but generally follows the workflow found in Figure 44. 

Community selection defines relevant geothermal DH resource areas. After defining the 
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suitability of the areas, the community adjacent to the most suitable resource serves as the 

DH demonstration site.  

The target community requires further refinement of building heat demand estimates. 

After refinement, geo-technical potential of the resource and financial estimates of the 

surface plant are refined using GEOPHIRES. The outputs from simulations in GEOPHIRES 

become inputs of Comsof Heat DH planning automation in QGIS. Outputs from Comsof 

Heat include a variety of construction material requirements and technical system 

parameters. The costs of the construction material requirements are then verified in supplier 

quotes. Network costs are recast in GEOPHIRES to refine cost estimates of operations and 

maintenance. From the technical report output of Comsof Heat, GEOPHIRES is rerun twice 

to determine end-use efficiency and the utilization rate of the resource. A final break-down 

of project cost estimates given different drilling, temperature, flow, and pipe network 

outcomes is then compared to the LCOH for the natural gas alternative. 

 

 

Figure 44 General workflow of methods in feasibility analysis. Portions of this method 

are easily modifiable or extended to encompass greater or lesser degrees of 

detail.  

Though there are many combinations of similar tools that utility planners or 

engineering firms use in lieu of these specific sets of software, the steps that follow reflect 

an effort to enable immediate planning action at the lowest echelon possible. A municipality, 

for example, does not need a civil engineering department to get started but may instead 

employ consultancies only after finding feasible outcomes with these techniques. Similarly, 

a planner of any type does not need to conduct individual building site surveys in the conduct 

of these initial feasibility assessments. This further empowers DH development by working 

around building heat demand mapping barriers, such as heat consumption data held by 

private gas and electric monopolies in the United States. Replication requires an 
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understanding of basic GIS functions, some energy units of measure, a basic familiarity with 

fluid flow and heat exchange, and the use of an enhanced Python23 text editor. The project 

steps could easily be replicated and redefined as necessary by municipal or township 

planning offices in Montana or other portions of the United States. A discussion of possible 

parametric redefinitions follows the results section. 

3.1 Community Selection 

3.1.1 Collection of statewide resource data 

The community selection procedure examines all the population centers adjacent to a 

geothermal surface manifestation in the State of Montana. This requires data processing in 

QGIS to examine key parameters indicating potential for a GDHS at each location. If the 

developers do not yet have a target area in mind, section 3.1 could help. For those developers, 

designers, and policymakers with a target area selected, the work of DH development begins 

in section 3.2. 

The first step in community selection is collecting a dataset of geothermal wells and 

hot springs from the Montana Bureau of Mines and Geology (MBMG) Groundwater 

Information Center (GWIC). At the time of this collection, no consolidated dataset of the 

many sampling studies throughout the last 50 years was available in a single file. A special 

request was made to MBMG and with their cooperation a list of 444 datapoints became 

available (Icopini, 2020). This dataset should be available on the GWIC website by the time 

this project is made public. Each of the 444 datapoints are unique with GWIC ID number. 

Information attached to the GWIC IDs is variable and includes latitude, longitude, datum, 

altitude, total depth, date of measurement, agency, who measured, static water level, 

discharge, method of measurement, water and well conditions, temperature, electrical 

conductance, pH, among others. The most recent measurements in this dataset include 2019 

values from 6 wells and springs.  

3.1.2 Technical criteria 

To address the legionella24 concern, wells and springs rounding to a minimum 

temperature of 55℃ form the basis of this analysis. X. Yang et al., 2015 uses the same 

temperature threshold for district heating delivery, though much of the European Union 

maintains a 60℃ minimum (Schweiger et al., 2019). There are 31 GWIC geothermal wells 

and springs that meet the criteria. These 31 geothermal wells and springs are separated by 

datum (WGS84, NAD83, NAD27)25 into comma-separated values (CSV) files for upload 

into the QGIS platform. Each of these CSV are exported as shapefiles and merged, being 

projected into the appropriate NAD83 spatial reference for Montana.  

 
23 Python is a programming language originally written by Guido van Rossum. More information is available 

at: https://www.python.org/ 
24 Legionella is proteobacteria that, when introduced to a human body, can cause pneumonia. It commonly 

grows in water across between 25-40℃. https://www.sciencedirect.com/topics/medicine-and-

dentistry/legionella 
25 A geodetic datum is a coordinate system set to many benchmarks, creating a surface across the globe for the 

development of maps. https://www.ngs.noaa.gov/datums/index.shtml 

https://www.python.org/
https://www.ngs.noaa.gov/datums/index.shtml
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3.1.3 Eliminating duplicate geothermal resource areas 

Of the 31 wells and springs in the study area, several are within 500 meters of each 

other. For this project, they are considered the same resource area. Only the highest 

temperature well or spring is selected, where multiples exist. This leaves 18 geothermal 

resource areas for examination of suitability across Montana. From these 18 geothermal 

resource areas an 8km buffer is made around the highest temperature point. This 8 km buffer 

provides a uniform examination of the building areas within the vicinity of the resource. 

Building polygons come from the Montana State Library GIS repository (Montana State 

Library, 2018).  

The well pad will likely be in the same general location as the geothermal resource. 

Points for the geothermal resource centers serve as an approximation of the wellhead 

location. A buffer radius from the wellhead can standardize the heat loss and building density 

criteria for the community selection process. An 8km radius represents a uniform heat loss 

limit for this project’s transportation circuit, from the wellhead, that carries hot fluids to the 

distribution branches. Two of the buffer areas obviously overlap near Ennis, Montana, one 

of which has building level densities far lower than the other. The north-western resource 

area is far from reasonable numbers of buildings, shown in Figure 45. Due to the lack of 

building density, this farthest resource in Ennis is removed, leaving 17. These 17 resource 

surface temperatures make up the first of the four variables in the community selection 

criteria.  

 

Figure 45 The northwestern geothermal resource area near Ennis, Montana – 

indicated by arrow – overlaps another and is therefore eliminated from 

further review. The center dots are the resources, and the black silhouettes 

are the building geometries. 

3.1.4 Building density examination 

 Building areas, their density, and their potential demand are the next piece to examine 

in the community selection process. Clipping the building geometries (Montana State 

Library, 2018) to the 8km buffer area allows for the calculation of the total building area, 
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not accounting for number of stories or typology, using the field calculator in the QGIS 

attributes table. Each buffer area is given an ID then the ID is joined with the geothermal 

resource name and GWIC ID. The join allows the building area to be associated with the 

geothermal resource. Building area forms the second of the four variables in the community 

selection criteria.  

3.1.5 Incorporating existing heat demand maps 

 Commercial and residential sector GeoVision heat demand mapping by county, make 

up the third and fourth variables in the community selection criteria. Residential building 

heat demand is well described in McCabe et al. (2016), previously appearing in Figure 31. 

In this characterization residential heat demand is given on a value of Btu/ft2 for the total 

land area of each county. Results from the study are found in the Geothermal Data 

Repository (GDR) in a spreadsheet form (Young, 2016). The spreadsheets contain county 

Federal Information Processing Standard (FIPS) numbers. All that remains to be done is join 

the FIPS in the spreadsheets to county shapefiles matching the number. County boundary 

shapefiles with FIPS are available from the Montana State Library Geographic Information 

Clearinghouse (State of Montana Library, 2020).  

Commercial heat demand density is slightly more complicated. To define the county 

commercial heat demand density from McCabe et al. (2016) – with data available on GDR 

managed by Young (2016)  – into a comparative version, the many different building 

typologies consumption values in use (such as retail, strip mall, office building, etc.), must 

be summed. The summation of these Btu totals require division by total county land area, 

found in the residential heat demand spreadsheet, as McCabe et al. (2016) describe. Again, 

this Btu/ft2 value manually joins to the county FIPSs shapefile. It is unknown why the results 

found in the GDR have different methods for the commercial and residential demands from 

the same research, but the answer is nonetheless available to users with some additional 

processing. At this point all four variables are ready for rescaling. 

3.1.6 Rescaling variables before analysis 

Rescaling is done so that all values for the geothermal resource temperature, the 

county commercial and residential heat demand, and the total building area within 8km of a 

resource are in a range 0-10. Rasterization, the process of converting a vector into an image 

known as a raster, is done in QGIS with the rescale 0-10 range serving as the pixel value. 

Each rasterization takes place on a georeferenced 10m x 10m basis, except for the 

geothermal surface temperature. Geothermal surface temperature is assigned a 

georeferenced 1000m x 1000m for ease of identification since these are point files and 

otherwise difficult to see on a statewide map. With rasterization complete for the four 

variables on a 0-10 scale, per georeferenced pixel, it is now possible to complete a weighted 

overlay analysis.  

3.1.7 Weighted overlay analysis 

For commercial and residential heat demand by county, the weight is given a total of 

30%. This percentage is chosen because most of the buffer areas surrounding the resources 

are only partially representative of counties as a whole and these values are not assigned to 

individual buildings so a great deal of uncertainty remains at the local project planning level. 
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Within that 30% assignment, residential building demand is given 16.5% while commercial 

building demand is given a 13.5% value. Commercial and residential division of weights are 

informed by 2017 EIA State Energy Data System consumption profiles. If only considering 

commercial and residential uses in these profiles, residential represents 55.1% and 

commercial represents 44.9% of statewide consumption (Energy Information Agency, 

2018).  

Building area is given a higher weight of 50%. This represents the large impact that 

building area energy consumption values have on the suitability of geothermal DH. For 

temperature, a weight of 20% is given. The percentage seems reasonable in that an initial 

cleaning of all resources less than those rounding to 55℃ is already done. Further, from 

literature review, it is known that the 4GDH model supports even the lowest temperature 

values in this set and no greater emphasis on temperature is necessary (H. Lund et al., 2014). 

Using the raster calculator in QGIS makes the weighted overlay analysis possible. The 

raster calculator can conduct algebraic calculations on the pixel values, 0-10 in this case, 

and can therefore accept the percentage assignments. Suitability outputs from the raster 

calculator reprocess the images into a weighted overlay.  

Separately, a raster of USGS Quaternary fault information is also imported to identify 

the proximities of surface manifestations to underlying fault systems (Schmitt, 2017). This 

does not figure into the weighted analysis. Instead, importing the faults is done only to 

identify possible connectivity between datapoints. 

Placing the geothermal resource areas at the top of the overlay and using a point 

sampling tool creates a spreadsheet of the suitability. This suitability value attaches to the 

GWIC ID and, therefore, temperature, discharge, and USGS fault proximity. Figure 46 

depicts the entire process from weighting of the rasters, overlay building, and point 

sampling. It may also be noted that most geothermal resources remaining are in South-

western Montana and the overlay position reflects that outcome. The overlay was clipped to 

the buffer area extents during rasterization to avoid computationally taxing data processing. 

 

 

Figure 46 Process of weighting rasters for suitability analysis then point sampling to 

define ranking by geothermal resource. 

 From these 17 ranked GWIC IDs additional filtering of the final table values is done 

based on total building counts. Using one of the smallest operating geothermal district 

heating networks in the United States as a proxy of minimum demand point counts necessary 

for feasibility, Nevada Geothermal Utility Company (NGUC), all GWIC IDs with less than 

104 structures are candidates for removal from further consideration (NGUC, 2017). 

Angela’s Well has less than 104 structures in the buffer area, leaving a final list of 16 
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resource areas appearing in Table 2.  

Other factors such as useable discharge rates may also become important factors to 

the planner. Useable flow rate is not a useful metric here, since the most suitable resource 

area - Broadwater Hot Springs - easily meets the discharge threshold in other literature (G. 

Smith & Icopini, 2016). In the context of Montana, MBMG well tables do not always contain 

available discharge information and it is appropriate to conduct a thorough investigation of 

other references before eliminating a potentially viable candidate site. 

Table 2 Statistics resulting from the community selection process and building count 

criteria. The building counts and area are given within the 8km buffer area of 

the center point, designated by the GWIC ID. 

 
 

3.1.8 Broadwater Hot Springs in brief 

In Table 2, the most suitable geothermal resource for further study is Broadwater Hot 

Springs near Helena, Montana. From the 1860s through the 1880s Broadwater was a 

gathering spot for miners working in Montana for the Gold Rush of the era (Birkby, 2012). 

By 1889 an elegant hotel was put in place at the Hot Springs to attract a wave of tourists 

from the East. Charles Broadwater made a $500,000 investment in the facility. In 1891 the 

geothermal site also had a natatorium of Moorish architecture, visible in Figure 47. At the 

time it was known as the “largest natural hot springs plunge in the world (Baird, n.d.; Birkby, 

2013).” A 1935 earthquake eventually led to the demise of the resort at Broadwater, 

following the collapse of thermal vents feeding the pool (Baird, n.d.). As mentioned in 2.6.3, 

Broadwater now hosts a pool and fitness facility, with fluid fed by more recent well drilling, 

albeit of a far smaller stature.  

 

GWIC Id Suitability Site Name Lat Lon Elevation_ft Type Inv Date Water Temp_C Building Count 8km_area_m2_sum

261165 1 Broadwater Geothermal Area 47 -112 4045 PIT  9/8/1976 67 13893 3020736

260077 2 Bozeman Geothermal Area 46 -111 4735 SPRING  8/25/1974 54.6 6146 1647687

5118 3 Fairmont Geothermal Area 46 -113 5165 WELL  5/31/2012 73.5 873 142372

5947 4 Marysville Geothermal Anomaly 47 -112 5320 WELL  8/29/1975 96.5 304 34690

1096 5 Montana Power Company 46 -107 3120 WELL  7/9/1976 96.1 1318 398439

9025 6 Ennis Hot Springs 45 -112 4912 WELL  10/15/2010 88 1744 395681

5375 7 Warms Springs Geothermal Area 46 -113 4835 SPRING  10/1/2010 78.6 573 165799

260093 8 Boulder Geothermal Area 46 -112 4812 SPRING  4/19/2011 76.4 1187 227136

272314 9 Signal Peak Energy 46 -108 3870 WELL  5/23/2013 81.5 513 69427

261065 10 Silver Star Geothermal Area 46 -112 4670 SPRING  6/21/1977 72.7 365 58162

260102 11 Alhambra Geothermal Area 46 -112 4360 SPRING  6/29/1976 59.4 1708 309066

171215 12 Laduke Hot Springs 45 -111 5127 SPRING  8/8/2019 60.4 567 107626

265807 13 Pipestone Geothermal Area 46 -112 4541 WELL  5/9/2012 60.6 630 99697

260083 14 Hunters Hot Springs 46 -110 4390 SPRING  3/18/2013 58.2 179 31457

8876 15 Wolf Creek Geothermal Area 45 -112 6051 SPRING  10/20/2010 59.8 134 28411

9042 16 Jardine Geothermal Areas 45 -113 6466 SPRING  4/4/2011 58.2 318 50547

Important Statistics for 16  Resulting Geothermal Areas from Suitability Analysis and Building Count Criteria
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Figure 47 Broadwater Hot Springs Hotel and Natatorium, circa 1908 (Haines Photo 

Company, 1908). Development around the geothermal site has been a mainstay 

in the modern history of Montana.  

3.1.9 Land and resource ownership considerations 

Broadwater Hot Springs sits on private lands. Since the resource is on private lands, it 

is appropriate at this point to reference regulation, such as those found in section 2.6.5. Also 

helpful is the Regulatory and Permitting Information Desktop (RAPID) Toolkit on the Open 

Energy Information platform from the US DOE. Starting a project for Broadwater on 

RAPID, it is evident that private lands use and the land exploitation necessary for pipework 

installation across this Montana community mostly falls under the jurisdiction of the 

municipality of Helena, in accordance with the State of Montana Local Planning Enabling 

Act, which permits the pipework installation. This and other regulatory specifics for utilities 

or the nuances of geothermal well permitting across Montana or other states are available at 

a glance on RAPID. Montana sections of RAPID specifically reference the literature in 2.6.5. 

as well as more broadly applicable Montana Annotated Code for those interested GDHS 

operators or developers (US Department of Energy, 2016b). 

3.2 Heat Demand Density Map Construction 

After settling on a demonstration site at Broadwater Hot Springs, west of the Montana 

State Capital, Helena, the next step is to construct a large-scale heat demand density map at 

the building level. As previously mentioned in 2.2.1., the barriers to building level heat 

demand density mapping are immense in the United States and largely result from private 

utility protectionism. Creative ways to replicate this scale of demand data at the building 

level require the joining of available public planning information from Lewis and Clark 

County and the City of Helena, Montana Department of Revenue (MTDOR) cadastral26 data 

by property parcel, and energy consumption surveys.  

Creating a larger scale reproduction of Gils et al. (2013) work on GIS mapping of heat 

demand is the first step in the heat demand density mapping at the neighborhood level in 

Helena. Similar to the population density approach there, this project compares the building 

footprints to satellite imagery, finding a suitable cluster of structures for DH connection then 

joins energy consumption surveys. Unlike Gils et al. (2013) this project does not join any 

population data since the scale of the local map is much larger and the end-use will be DH 

 
26 Cadastral information is the result of systematic descriptions of land parcel statistics on a map. 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/cadastral 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/cadastral
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network optimization. Improving the accuracy of the join between building footprints and 

the consumption survey data requires the elimination of irrelevant building footprints across 

the target area. Cadastral data similarly joins the building footprints to assign an accurate 

characterization of the building types, generally following the requirements of Figure 48. 

 

 

Figure 48 Generalization of the spatial joins and processing necessary to formulate a 

building heat demand density map without publicly available building energy 

consumption data.  

3.2.1 Comparing different building footprint shapefiles 

During this project it became apparent that the State of Montana building footprint 

polygons, seemingly built through a raster to vector process, were inferior to the polygon 

shape detail found in the available Lewis and Clark County GIS data (Lewis and Clark 

County, 2012; Montana State Library, 2018). Many shapes in the inferior footprints were 

associated with temporary structures, vehicles, or other non-permanent buildings in the 

satellite imagery check. To deal with this inferiority at the larger scale, the County building 

footprints, dated 2012, replace the State of Montana building footprints of use in the 

community selection process. This county-by-county building footprint difference is 

unlikely to greatly alter the results of the community selection process in section 3.1. because 

Lewis and Clark county staff are responsible for supplying the State Library with the 

shapefiles in their repository. It is likely that the Montana State Library had an older version 

of the file than is represented by the 2018 timestamp (Spangenberg, 2020). It is also 

unknown whether a separate countywide building footprint shapefile is available across all 

the target geothermal resource areas found in 3.1. 

Finding the necessary building footprints for a similar project may be as simple as 

going to a county GIS repository or contacting a local government GIS data manager. 

Collection of this data, for example, came with some assistance from the City of Helena 

Community Development Department, the Montana State Library, and their associated GIS 

data managers (Montana State Library, 2020; Spangenberg, 2020). The accuracy of the 

spatial data varies. Of greater importance, however, is the use of the most refined building 

polygons available when constructing the heat demand density map. The more planning and 

effort put into this phase will yield more accurate results in the later automated DH system 

layout stage. 



3.2 HEAT DEMAND DENSITY MAP CONSTRUCTION

  75  

  

3.2.2 Joining building footprints to revenue structure types and heights 

With the building footprints mapped, the next step is to define the structure type, 

number of stories, and the total floor space/area. Loading the MTDOR Cadastral geographic 

database (GDB) directly into QGIS is necessary (Montana Department of Revenue, 2020b). 

It is also helpful to examine the database in Microsoft structured query language (SQL) 

Server Management Studio. By comparing the spatial and tabular data in SQL, the heat 

demand developer may find that the structures assessed by MTDOR, or some other state, do 

not directly reflect the structure type or size found in the footprints.  

The MTDOR data, for example, references “taxable floorspace” that does not always 

reconcile with the building footprint area. This probably has to do with how assessors 

calculate property values versus livable floorspace of the structures onsite. After calculating 

the total taxable areas across all residential buildings in the DOR database, for example, it 

became clear that the cadastral information is not representative of the total heated area. At 

the demonstration site, DOR taxable values sometimes underestimates the floorspace by 

nearly 100 m2 for some single-family residence (SFR) in West Helena. While this square 

footage of home size may seem surprising, Montana has the fourth largest average SFR size 

in the United States27, at 190m2. Consequently, it is more appropriate to use the areal field 

calculation on the polygons of building footprints then join the number of stories, found in 

the MTDOR parcel layer.  

MTDOR data is the only database containing the number of taxed stories on a 

structure, the year of construction, and specific building type. This information is found in 

three tabular collections for commercial, residential, and exempt property groups. 

Commercial, residential, and exempt property information may be linked on the 

“GEOCODE” or “PropertyID” key. In this case, the MTDOR database for Lewis and Clark 

County was queried 3 times, once for each property group. These queries, extractable in 

delimited file form, join the spatial “LewisClarkOwnerParcel” shapefile in the cadastral 

GDB.  

Next, the user must join the property parcel shapefile to the building footprints. Joining 

the attributes for each will assign the number of stories, year of construction, and building 

type to the footprints. These building footprints now require a fair amount of manual 

cleaning. To avoid part of this manual data cleaning in the future it would be helpful if 

MTDOR databases also assign a structure ID to the taxable buildings. Structure IDs could 

then be shared with GIS managers at the community level for assignment to the building 

footprints, avoiding duplicates of the building shapes that cross property lines.  

Some of the manual data cleaning requirement is a result of how the property parcel 

information is organized and how building codes differ by structure type. MTDOR data does 

not readily distinguish the structure type for outbuildings from that of the primary use 

structure on the parcel found across the footprint polygons. Montana building code also 

prohibits some retrofits of mobile homes, such as original utility equipment (Department of 

Housing and Urban Development, 2013). This means that the mapper must come up with a 

method to remove likely unheated or disqualified structures. The building footprints file 

requires the elimination of outbuildings, likely unimproved garages, and mobile homes.  

3.2.3 Rules for manual spatial data cleaning 

Applying rules for manual cleaning of the building shapes provides uniformity and 

 
27 https://www.bobvila.com/slideshow/this-is-the-average-home-size-in-every-state-53461 

https://www.bobvila.com/slideshow/this-is-the-average-home-size-in-every-state-53461
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replicability for the heat demand mapping project. Three rules are generally appropriate for 

the data cleaning of building footprints. The first rule is made for the study area, whereby 

all residential buildings built before 1980 are not given a basement and all residential 

structures built after 1980 are given a basement worth ½ of the polygon area. This avoids 

the uncertainty found in the finished versus unfinished taxable basement areas found in 

Montana Department of Revenue (2020b). A second rule is to keep only garages with a 

visible concrete or asphalt pad in imagery, enforcing the unimproved garage exclusion 

requirement. The third rule is that buildings of less than 30 square meters in polygon size 

are considered non-refrigerated warehouses. In the conservative heat demand scenario, set 

up later, these buildings are altogether removed.  

3.2.4 Selecting an area within the suitable community 

With an intention of limiting the study area to no more than 2000 demand points for 

user license purposes, a target area is chosen nearby the geothermal resource. A limit on this 

study area is bound by in the north by Euclid Avenue/Highway 12, an eastern limit of 

Garfield Street, and a western limit of the City of Helena edge nearest Highway 12, visually 

depicted in Figure 49. The demonstration site selection results from map spotting an area 

representative of elevation changes and building sparsity found in many other towns across 

Montana. While this may not have the most ideal topographic characteristics for a DH 

installation, the point is rather to find an area with similar conditions to those found in other 

communities adjacent to geothermal resource across the Western US. If available, a DH 

designer could avoid any hydraulic head problems by selecting a relatively flat site that is 

not too far above or below the heat source.  

 
Figure 49 Selected target area buildings for heat demand density mapping, showing 

in red hash outlines. This is the area south of Euclid Avenue and west of 

Garfield Street, in Helena, Montana. Roads are shown in purple and the 

municipal boundary appears as a bold blue line. 

An assumption is that heat losses from the low-temperature resource might be too 
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great if extending to the north side of Euclid Avenue without first maximizing distribution 

on the south side. Heat losses may be higher on the north side because structures there 

include many low thermal load profile buildings, such as non-refrigerated warehouses and 

disqualified mobile homes. The target area also consists of many unpaved roads, favoring a 

reduction in trenching costs that Rafferty (1996) cites as an advantage to western state DH 

development. This too is a realistic construction area, allowing the important Euclid Avenue 

commercial corridor to remain open during network installation. Further, the demonstration 

site is a good mix of residential, retail, and exempt structures, such as secondary schools and 

churches that function well for DH proof of concept in Western States. From the 2012 

footprint file (Lewis and Clark County, 2012), this unfiltered selection area includes 1919 

polygons, many of which are duplicates. 

 

 

Figure 50 Looking south across the DH demonstration site from Spring Meadow Lake 

in Helena, Montana (Helena Convention and Visitors Bureau, 2020). 

3.2.5 Tools and web applications to assist in manual cleaning 

Key tools to determine which structures are outbuildings and mobile homes include 

overhead satellite imagery and Google Street View products. These products directly import 

to the QGIS platform as quick map services or plugins. While several the mobile home 

parcels are easily identifiable in the MTDOR data, it is still important to verify structures 

individually as mobile home parcel classifications do not exclude the presence of so-called 

‘stick-built’ residential structures, such as the one residential structure visible alongside 

mobile homes in Figure 51. Similarly, overhead imagery is helpful for quickly identifying 

and eliminating garages without pad improvements, such is the case in Figure 52.  
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Figure 51 Mobile home elimination and structure verification. Here is a residential 

structure, on the right in pink, collocated upon a parcel with mobile homes, 

requiring manual verification of MTDOR data (USDA Farm Service Agency, 

2020).  

 

Figure 52 Elimination of unimproved garage polygons with overhead imagery. Here 

it is obvious that no pad improvement on the exterior of the structures is 

visible, circled in red, leading to the assumption that the structure remains 

unheated (USDA Farm Service Agency, 2020).  

Care should be taken not to eliminate all potential outbuildings simply based on pad 
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improvement alone. Patterns of life – such as obvious footpaths or presence of life – may 

indicate that a structure is in use. One such example is found in Figure 53, where an 

outbuilding showing no pad improvement in overhead imagery contains an obvious pattern 

of life in Street View.  

 

 

Figure 53 Not all structures without a visible pad improvement are uninhabited or 

likely unheated. This structure shows no obvious signs of pavement 

improvement in overhead imagery, yet the air conditioning unit is a clear 

indication of habitation in Google Street View (Google, 2012). 

 

In contrast, during these deliberations and verifications, care is also taken to eliminate 

buildings with obvious signs of disrepair that would not supporting heating, such as those 

found in Figure 54. A grid search, by following the Google Street View photography 

pathways, therefore, is another important follow-up to the overhead imagery building 

elimination process. This method is by no means perfect but short of a utility data-driven 

gas service heat map, there appears to be no other way of completing the necessary structural 

assessments without a greater degree of inaccuracy.  

 

 

Figure 54 Some structures have a paved pad visible on overhead imagery, but the 

Street View image indicates obvious barriers to heating. This structure, for 

example, has holes visible in the walls (Google, 2012). 
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As the building footprints are from 2012, new construction has also taken place that is 

not present in the shapefile. Google Maps satellite imagery (USDA Farm Service Agency, 

2020) is helpful in identifying the presence of those structures. New polygons are added to 

the shapefile because of their discovery during structure verifications. Polygons for new 

structures may be manually drawn by the mapper. 

3.2.6 Eliminating duplicate building polygons that cross parcel lines 

 Duplicate polygons, those arising from the shapes crossing of one or more property 

parcel boundaries from the MTDOR GDB during the join, require manual removal before 

reclassifying the building types. To remove the duplicate polygons that result from the 

joining of attributes by location, QGIS comes with the “topology checker” tool. The 

topology checker enables the search and selection of all overlapping polygons of the same 

geometry in the building footprint shapefile.  

After highlighting the selection of duplicate footprints, the heat demand mapper may 

then examine each for accuracy. In this instance, some common duplicates include that of 

multifamily homes – condominiums – lying partially on a SFR parcel, or that of a SFR lying 

partially on a commercial parcel. Property lines, and structures crossing those lines, become 

a bigger source of error farther away from the Helena downtown area. This may represent 

developer requests for ordinance exemptions or a period of construction that predates the 

expansion of municipal boundaries, thereby avoiding zoning law or accurate survey. In any 

case, this will be a source of error and require spatial data cleaning. By the end of this 

exclusion process, 1344 buildings remain. 

3.2.7 Defining thermal loads by building type 

The task of reclassifying building types to those of known thermal load 

characterizations follows from the work of A. Dalla Rosa et al. (2012). This work classifies 

several structures in a slightly different manner than MTDOR. Once MTDOR classifications 

of structure types match those found in A. Dalla Rosa et al. (2012), a “thermal load factor” 

by building archetype is given, resulting from building simulations by Natural Resources 

Canada, Ottawa, in conjunction with the aforementioned research. This reclassification is 

not directly applicable to the MTDOR building types but serves as a best proxy in data 

preparation. For example, churches under the commercial property list in MTDOR data have 

a building type of “church,” are then reclassified as an “office,” using the A. Dalla Rosa et 

al. (2012) classification system of archetypes.  

A full reclassification matrix for this project is found in Figure 55, converting MTDOR 

information to the building archetype from the Canadian research. Mappers should take care 

not to eliminate the MTDOR building types from their attribute table as they are in use later 

when developing energy consumption by floorspace in 3.2.8. In all cases found in the target 

area, exempt properties in Montana Department of Revenue (2020b) GDB are secondary 

schools. This may not be the case for other project areas. Exempt property building types 

can be quickly verified in Google StreetView to determine if they are something other than 

a secondary school.  
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Figure 55 Reclassification matrix of MTDOR building types to reference archetypes 

(Modified from: A. Dalla Rosa et al., 2012; Montana Department of Revenue, 

2020). The dashed line, exempt properties, requires individual verification 

either through imagery or the ‘OwnerName’ attribute in the database.  

Joining the parcel attributes to the building footprints, even after cleaning many 

outbuildings and unimproved garages, still leads the building classification for all garages 

on SFR parcels to the residential archetype. This residential archetype carries a thermal load 

factor of 0.40, rather than a more appropriate non-refrigerated warehouse status, with a lower 

thermal load factor of 0.13. Unfortunately, there is no reasonable way through this procedure 

to conclude that the garages or outbuildings remaining from the initial cleaning in 3.2.5 are 

not also accessory dwelling units28. 

As a result of this disparity in outbuilding load factor classification, two scenarios on 

the demand point side are built for the heat demand map, liberal and conservative. The liberal 

heat demand case is where all the remaining outbuildings are given a 0.40 thermal load 

factor. The conservative heat demand case is where all suspected outbuildings are removed. 

The conservative case may represent a more realistic economic outcome across the target 

area. Whatever the outcome, this will create a range of costs from the conservative to the 

liberal demand. 

3.2.8 Peak load development by structure type, height, and thermal load 

The goal of this joining, cleaning, and reclassifying is to arrive at a peak hourly heat 

demand in kW. As this is data preparation for input into Comsof Heat, the remainder of the 

heat mapping construction follows the methodology in Jebamalai et al. (2019) on a Dutch 

town, who similarly follows on the Canadian work from A. Dalla Rosa et al. (2012). The 

exception for this project is that no heat demand data is available from open-source 

repositories in the United States, or from the City of Helena who does not own the electric 

 
28 Accessory dwelling units are outbuildings that are occupied by residents. Definitions vary by zoning 

authority. Habitation of any kind would change the heating load profile of the structure. https://bit.ly/2HCG5a1 
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or gas utilities, as is frequently the case in Europe and Canada.  

A proxy for the US estimations of building heat demand will follow from the 

Residential Energy Consumption Survey (RECS) of 2015 and the Commercial Building 

Energy Consumption Survey (CBECS) of 2012. These surveys are an ongoing effort of the 

US Energy Information Administration (EIA) (Energy Information Administration, 2012, 

2015a). Notably, the 2018 CBECS is complete but the data is not set for release until late 

2021 (Energy Information Administration, 2020b). Future designers can expect forthcoming 

surveys to replace the 2012 CBECS data, in use here. 

To establish the energy consumption by floorspace footage we return to the MTDOR 

GDB building types. MTDOR data includes the year of construction in most cases. CBECS 

and RECS data classify building energy consumption by decades of construction. Using the 

CBECS and RECS it is possible to take the MTDOR building types in conjunction with the 

year of construction then determine a per square foot energy consumption value. For the 

purposes of simplification and following much of the same assumptions as Jebamalai et al. 

(2019), natural gas values are taken in all cases and all consumption is assigned to DHW or 

space heating. All other uses, such as cooking, are ignored, which differs slightly from the 

Gils et al. (2013), yet continues to rely on EIA estimations in GIS mapping.  

In CBECS and RECS, the per square foot of floorspace energy consumption values 

are given in thousands of British Thermal Units (Btus) per year or in cubic feet of natural 

gas consumption, per square foot of floorspace, per year. To provide uniformity in these 

estimations, each cubic foot of natural gas is assumed to be 1000 Btus. An estimate of energy 

consumption per year, per building follows from the formula: 

 
 𝑍 ∗ 𝐹𝐶𝐴 ∗ 𝐵𝑡𝑢𝑠 = 𝐴𝐸𝐶 

 Eq. 6 

Where: 

Z is the number of stories 

FCA is the field calculated floorspace 

Btus is the energy consumption values from CBECS or RECS 

AEC is the annual energy consumption 

 

Determining the peak monthly demand is the next requirement in data preparation, 

though designers can create a more accurate peak if intra-monthly load profiles are available 

to them. In this project, monthly Heating Degree Days (HDDs) serve as the load profile for 

demand map construction. HDDs, those days below 18.3℃, are compiled by state in 

National Oceanic and Atmospheric Administration (NOAA) databases. Using NOAA data 

from 1971-2000, available on the Open Energy Information repository, January was found 

to be the peak heat demand month across Montana (National Oceanic and Atmospheric 

Administration, 2011). January equivalent demand was 16.62% of the annual total, shown 

in Figure 56.  

There appears to be a slight variation in this method in comparison to A. Dalla Rosa 

et al. (2012), wherein simulated monthly heat load factors by building type – residential, 

commercial, industrial, or apartment complex – were taken, that generally follow the same 

curve of HDD in use here across all building types. The demonstration site in Helena is 

largely made of residential buildings with no known industrial structures. Industrial 

consumers appear to have the greatest deviation from that of residential consumption (A. 

Dalla Rosa et al., 2012). HDD would probably be an unreliable approximation for industrial 
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building demand cycles, as each building consumption pattern would be heavily dependent 

on the level of commercial activity for the specific industry, at a specific time. Therefore, 

replications of this heat demand mapping technique on areas with substantial industrial 

activity should defer to load profiles taken from the building owner before proceeding to the 

next step.  

 

 

Figure 56 State of Montana Heating Degree Days 1971-2000. The highest number of 

HDD across these years is in January, equivalent to 16.62% of total HDD 

(National Oceanic and Atmospheric Administration, 2011).  

Multiplying the percentage of demand for January by the annual energy consumption 

estimation provides the peak month demand in Btus. Converting Btus to kWh readies the 

value for input into the hourly peak heat demand formula: 

 
 

𝑘𝑊𝑝𝑒𝑎𝑘 =
𝐸𝑝𝑒𝑎𝑘,𝑚𝑜𝑛𝑡ℎ

𝑡 ∗ 𝐿𝐹Figure 55
 

 

Eq. 7 

Where:  

Epeak, month is the total energy consumption in the peak month, in kWh 

t is the number of hours in the peak month of demand 

LF is the building thermal load factor by type, found in Figure 55 

 

As is the case in Jebamalai et al. (2019), the kilowatt peak demand is further broken down 

into a space heating quantity and domestic hot water quantity, at 80% and 20% of the total, 

respectively. While the aforementioned estimate originates from a European study area, this 

fraction of space heating and DHW demand appears to be a fair approximation according to 

Montana household energy consumption experts, as well (Vogel, 2008). This DHW quantity 

is not useful from this point forward since hot water demand is on an intermittent load 

profile. The space heating value will remain relevant through the rest of the project. 

As mentioned, the DHW value operates on an intermittent daily load profile, unlike 
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space heating. Requests for substations to a supplier for the DHW demand should either 

account for the daily load profile per building or provide a quantity of faucets that might be 

open during that peak moment. Providing this additional information allows the supplier to 

provide an accurate heat exchanger size for each substation (Ozolins, 2020). In this project, 

an estimation of the daily DHW demand is made through an empirical relationship formula 

for HIUs without storage. This DHW is placed directly in the attribute table of the building 

shapefiles. As is the case in Jebamalai et al. (2019), an estimate of DHW peak load is drawn 

from the H. İ. Tol & Svendsen (2012) equation for heat exchanger substations:  

 

 𝐷𝐻𝑊𝑝𝑒𝑎𝑘 = 1.19 ∗ 𝑁 + (18 ∗ 𝑁0.5) + 13.1 

 Eq. 8 

Where: 

N is the number of homes per building 

 

One method for estimating the number of homes per building later appears in Figure 74 p. 

108, where it also relates to simultaneous demand estimations. This project does not have a 

good account of the number of homes within each structure so a designer with a data-driven 

value will do better. To fill the kWh this project applies Eq. 8 output for a single home 

structure and multiply it by the number of homes in their building footprints attribute table, 

shown in Eq. 9. This is equivalent to 32.29kW, comparable to the estimated UK Chartered 

Institution of Building Services Engineers (CIBSE) instantaneous DHW demand values in 

Jones et al. (2019).   This breakdown of DHW and space heating values in the building 

shapefile attribute table enables combination, and individual parametric DH network 

analysis in the Comsof Heat interface. 

  
 𝐷𝐻𝑊𝑝𝑒𝑎𝑘,2 = 32.29𝑘𝑊 ∗ 𝑁 

 Eq. 9 

Where: 

N is the number of homes per building 

3.2.9 Consumption characteristics and elevation determinations 

With the inclusion of all 1,344 buildings the target area has a peak DH demand of 

19.22 MWthermal. The resulting heat demand map for the Helena target area appears in Figure 

57. In the conservative case, where likely unoccupied garages are not a consideration, the 

peak DH demand is 18.31 MWthermal and the total building count falls to 1,156.  
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Figure 57 Heat demand density map across the west Helena target area. The buildings 

of higher peak heat demand appear as a darker shade of red. The blue line is 

the municipal boundary. 

There are some energy consumption differences between the mapping estimation and 

state reporting of residential building stocks across all counties. A comparison of the average 

consumption value of the residential structures in the conservative case, 2247kWh/month, 

with the MTDEQ statewide residential building energy consumption estimates, 

2808kWh/month, shows that the target area has a lower consumption value than is typical 

by state calculations (Montana Department of Environmental Quality, n.d.). The 

methodology of estimation in use by the State of Montana to arrive at that average heat 

demand per building, however, is unknown. The construction year average of homes in the 

target area is 1963, while the average age of homes in Montana is 1970 (Northwest Energy 

Efficiency Alliance, 2014). This age deviation may contribute to the slight difference in 

structure sizes and energy demands.  

3.2.10  Hydraulic head from the heat source 

Finally, a digital elevation model (DEM) is brought into the map area. The DEM is 

available from the National Mapping Service (US Geological Survey, 2013). Comsof Heat 

accepts parameters of elevation change across the pipe network area. The DEM is useful in 

determining the difference between the potential wellhead position and that of the lowest 

and highest buildings in the target area, providing inputs to the Comsof Heat parameters.  

The center point for Broadwater Hot Springs in this evaluation carries GWIC ID 

261165. As mentioned, this point is the highest temperature source across what may 

otherwise be known as the Broadwater Geothermal Resource Area (BGRA). The BGRA is 

the likely site of a well pad and serves as an acceptable approximation of fluid origins for 

the DH feasibility assessment. Resource 261165 in the BGRA has an elevation of 1233 

meters. Selecting in the attribute table for all building footprints below this elevation 

highlights 377 buildings. The lowest elevation building in the target area is at 1212 meters. 
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Buildings resting lower in elevation than the BGRA appear in Figure 58. The remainder of 

the buildings lie slightly higher than the BGRA, with the highest building at 1332 meters. 

These differences result from the increase in elevation on much of the south side of Euclid 

Avenue, previously shown in Figure 50. 

 

 

Figure 58 Selected buildings resting lower in elevation than the BGRA, highlighted 

by red hash outlines. The Euclid Avenue corridor appears to offer both lower 

elevation and generally higher heat demand densities across the target area. 

While this variation in elevation across the area of assessment creates some dynamic 

pressure differences that would need evaluation and optimization before installation, it lies 

outside of the context of this feasibility study. Only the tools available for assessment 

through GEOPHIRES, QGIS, and Comsof Heat will provide the results for this work. The 

premise of the work remains proof of concept for geothermal DH across sparsely populated 

areas of Montana. Should the designer choose to proceed, later integration of Comsof Heat 

outputs for dynamic hydraulic optimization of the DH network is possible through a strategic 

partner, Vitec Energy, and their Netsim software (Nihleen, 2019).  

3.3 Fundamental Steps in Software Iterations 

Before discussing the individual processes for each piece of software it is important 

to point out the basic steps to integrate them. Individual processes appear in sections 3.4 

through 3.7. Fundamentally this workflow adheres to 6 general steps. These 6 general steps 

are: 

1. Run GEOPHIRES for a production value in MWthermal 

2. Run production value in Comsof Heat to connect buildings using heat source 

matching 

3. Extract the simultaneous demand met from Comsof Heat to determine final 

end-use efficiency factor 

4. Run GEOPHIRES with final end-use efficiency to determine the annual 
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production behavior with the DH system connected to the wells 

5. Extract the annual demand from Comsof Heat and annual production from 

GEOPHIRES to determine utilization rate 

6. Run GEOPHIRES with utilization rate to determine the LCOH 

3.4 GEOPHIRES Data Collection and Process 

GEOPHIRES will serve as the geothermal heat source simulator for the DH system. 

Constructing the BGRA heat source using public information requires examination of 

numerous scenarios. These scenarios result from changing assessments of flow information, 

geothermometry, and reservoir size estimates, over time. Through the data collection for 

GEOPHIRES input parameters, it also becomes possible to complete an areal extent analysis 

using QGIS and several overlays of the BGRA from previous studies. Areal extent analysis 

largely confirms the findings of more recent reservoir size estimates, increasing confidence 

in the parametric analysis using GEOPHIRES. Multiple reservoir depths are assumed across 

the production simulation scenarios. A limitation to building accurate scenarios at greater 

depths in the BGRA is the shallow depth to which previous prospecting wells reach.  

All parameters in the GEOPHIRES scenarios for the BGRA are drawn from DOE 

surveys, USGS estimates, MBMG reports, GWIC well data, NREL GeoVision development 

reports, and geologic averages from previous study. As mentioned, GEOPHIRES has 96 

possible parameter inputs for each model (K. F. Beckers & McCabe, 2019). In the case of 

the BGRA and the numerous reports from which the parameters are drawn, a total of 14 

production test cases of varying likelihood are possible. Parameter tables for several of the 

scenarios with their references are available in Appendix A. A GitHub repository of the 

initial iteration of production test cases, run in GEOPHIRES v2.0, is also available online 

for future modification29. 

3.4.1 Delineating factors in well production scenarios 

Major differences across the 14 production test cases at the BGRA are a consequence 

of reservoir depth, reservoir temperature, and the number of production wells, appear in 

Table 3. Reservoir depth reaches to 3500m at a temperature of 109℃, following from the 

geothermometry reporting of J. Sonderegger (1984) on the behalf of the DOE. No other 

temperature at that depth is a test case in this reporting because available literature only 

supports slight variations from this value (Reed et al., 1983) and there is no increase in DH 

feasibility that is possible by striking a lower temperature at similar depth without a 

tremendous increase in flow volume. As Broadwater surface temperatures reach to 67℃ in 

“Hot Pit 2” at GWIC ID 261165, this temperature serves as the standard minimum at depths 

of 1000m, 500m, and 200m (Icopini, 2020).  

 
29 A GitHub repository of the GEOPHIRES text files is available at 

https://github.com/NicholasFry/BroadwaterDistrictHeat 

https://github.com/NicholasFry/BroadwaterDistrictHeat
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Table 3 Major differences in GEOPHIRES test scenarios for the BGRA. 

 
 

A depth of 1000m is the next shallowest selection because of the lack of information 

in literature supporting further review of those cases from 1000m-3500m. The most recent 

GeoVision national analysis predicts a maximum reservoir depth of 1000m for the BGRA 

and the 500m and 200m test cases follow from that or the evidence from current well and 

spring data, proving the temperatures and flow are within reach in the shallowest case 

(Gruber & Lindsay Drilling, 1976c, 1976b; Icopini, 2020; Mullane et al., 2017). From Reed 

et al. (1983) averaging of geothermometry for the BGRA, a mean temperature of 89℃ serves 

as the alternative possible well feed temperature at the depths of 1000m, 500m, and 200m.  

Test cases all have varying degrees of certainty. Geothermal well data at BGRA 

indicates a low likelihood of finding 89℃ at 200m depth. Due to this, scenario 7A and 7B 

are the least relevant of the test scenarios in terms of temperature certainty for GEOPHIRES 

at the BGRA. The ∆T across all scenarios range from a high of 50.1℃ to a low of 16.9℃. 

This reflects a set 47℃ reinjection temperature in every case, relating to an average 20℃ 

change from the current surface manifestation temperature. Since the reservoir simulation 

also considers heat losses to the wellbore, among other parameters, the lowest ∆T value in 

a production test case is 16.9℃. These ∆T values correspond with the heat exchange that is 

possible with the DH circuit. Future constructions of these scenarios may include lower 

return temperatures that improve the heat exchange from the well production fluids if the 

designer chooses. 

For this project, substation or HIU heat exchange is assumed with a return line to the 

reinjection site. The costs of pumping a secondary fluid from the municipal water supply 

across to the DH network clusters are ignored. If this fluid is necessary, as in the 2-layer 

case, a connection point to the distribution circuits could be made as the pipeline travels 

through municipal water supply boundaries. A hydraulic optimization could resolve this if 

the designer chooses some other scheme of secondary and working fluids, though it falls 

outside the boundaries of this analysis. As mentioned, dynamic hydraulic optimization is 

possible by exporting Comsof Heat outputs directly to Netsim software (Nihleen, 2019). 

Scenario #

Reservoir 

Depth

Reservoir 

Temperature (℃)

Avg. Production 

Temperature (℃) ∆T (℃)

Production 

Wells

1A 3500 109 97.1 50.1 2

1B 3500 109 97.1 50.1 1

2A 1000 67 63.9 16.9 2

2B 1000 67 63.9 16.9 1

3A 1000 89 83.3 36.3 2

3B 1000 89 83.3 36.3 1

4A 500 67 64.4 17.4 2

4B 500 67 64.4 17.4 1

5A 500 89 84.1 37.1 2

5B 500 89 84.1 37.1 1

6A 200 67 64.8 17.8 2

6B 200 67 64.8 17.8 1

7A 200 89 84.5 37.5 2

7B 200 89 84.5 37.5 1
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3.4.2 Recurrent factors in well production scenarios 

Several recurrent GEOPHIRES parameters with references in each of the 14 scenarios 

are compiled in Table 4. “Percentage temperature drawdown” is the reservoir model in all 

cases. A small inner diameter of 8.5 inches is held constant across all wells with an end-use 

option of direct heating in all cases. The end-use efficiency factor (EUEF) of 95% is given 

for a heat-exchanger only surface plant with the expectation that the primary origin of the 

working fluid should come from the City of Helena water supply. This assumes fluids in the 

transportation circuit should not require replacement, and no water losses in the reservoir. 

Additional constants include the life of the project, engineering, electricity cost 

parameters, and success rate. A conservative plant lifetime of 40 years is set for all scenarios. 

Industrial experience of geothermal heating across the world proves the mechanical life of 

GDHS often exceeds 50 years (Sernhed & Jönsson, 2017). The cost of electricity, for 

pumping and control system costs of the production plant, is from a quote for small 

commercial operators, not residential electricity costs, in Montana (NorthWestern Energy, 

2020). Constant rock properties are drawn from engineering parameters of Western granite 

in a fractured state – which is the case for the BGRA (Kruseman & Ridder, 1994; Robertson, 

1988; Wang et al., 2020). As there is unavoidable risk in geothermal drilling, a success rate 

of 75% is in use across all scenarios, characteristic of conventional hydrothermal projects 

and in agreement with other DOE geothermal modeling (US Department of Energy, 2016a). 
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Table 4 Recurrent parameters for GEOPHIRES BGRA scenarios. 

 
 

GEOPHIRES’s direct use option does not automatically include the cost of the 

distribution or transmission network of the DH installation, as the direct use design may 

have schemes of varying end uses that require different cost analyses, such as greenhouses 

or industrial process heat. Comsof Heat will provide additional cost parameters for surface 

system calculations of the DH components. Comsof Heat cost outputs will augment future 

iterations of GEOPHIRES scenarios. Accordingly, these Comsof Heat cost outcomes will 

affect the operations and maintenance outputs of GEOPHIRES as the techno-economic 

assumptions integrate the surface plant costs with labor costs from the US Bureau of Labor 

and Statistics (K. F. Beckers & McCabe, 2019). Further, the surface plant costs for DH in 

this reporting does not rely on the built-in valuation from GEOPHIRES, which may be too 

high, instead assigning a $50/kW value on the basis of previous market research at NREL 

for 5-10MWthermal DH plant costs (K. J. Beckers & Young, 2017).  

Parameter Name Value Reference

Reservoir Model 4 (Snyder et al., 2017)

# of Production Wells 1 or 2

# of Injection Wells 1

Production Well Diameter (in) 8.5

Injection Well Diameter (in) 8.5

Ramey Model, wellbore heat losses Enabled (Ramey, 1962)

Production Rate Per Well (kg/s) 31.5 (J. Sonderegger, 1984)

Reservoir Volume Option 4 Specify reservoir volume only

Reservoir Volume (m3) 1000 (US Geological Survey, 2008)

Water Loss Fraction 0

Reservoir Heat Capacity (J/kg/K) 1000 (Robertson, 1988; Wang et al., 2020)

Reservoir Density (kg/m3) 2650 (Wang et al., 2020)

Reservoir Thermal Conductivity (W/m/K) 5.1 (Wang et al., 2020)

Porosity, of fractures 0.05 (Kruseman & Ridder, 1994)

End-Use Option 2 Direct use

Circulation Pump Efficiency 0.75

Utilization Factor 0.925 (Smith & Icopini, 2016; Sonderegger, 1984)

Surface Temperature (℃) 5.21 (Berkley Earth, 2013)

Ambient Temperature (℃) 6.5878 (Montana Climate Office, 2020)

End-Use Efficiency Factor 0.95

Plant Lifetime 40

Economic Model 2 Standard levelized cost model

Discount Rate 0.07

Inflation Rate During Construction 0.0186 (US Bureau of Labor and Statistics, 2020)

Well Drilling and Completion Capital Cost 

Adjustment Factor 1.5 From 2017 US averages, increase by 50%

Electricity Rate 0.131 (NorthWestern Energy, 2020)

Time Steps Per Year 4

GEOPHIRES Recurrent Parameters in BGRA Scenarios
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3.4.3 Creating production outcomes 

The initial production outcomes are the result of 14 initial scenarios run in 

GEOPHIRES. Parametric inputs for the geothermal reservoir size and characteristics 

provide an output in MWthermal. If well-defined conceptual models exist for the reservoir, as 

is the case in many higher temperature or more prominent target areas, this step is based on 

the external simulation outcomes (Lowry et al., 2020). External simulators might include 

TOUGH2, previously described in 2.4.2. Greater certainty in the conceptual model at other 

sites using the same techniques for assessment and DH feasibility analysis would also 

require fewer test cases, or scenarios, than the initial 14 shown in this work. In this project 

the MWthermal value of the geothermal resource multiplies by the $50/kW surface plant value 

inferred from a review of (K. J. Beckers & Young, 2017). From this production value, the 

cost of the heat network from the Comsof Heat bill of materials (BOMs) output adds to the 

overall surface plant cost of the GEOPHIRES simulation. These additional costs affect the 

operations and maintenance estimations for the whole system. The whole system requires 

further iterations to assess efficiency and the capacity factor, described later in 3.7. Steps for 

the designer to complete before determining efficiency and capacity factors follow.  

3.4.4 Areal estimations of the geothermal fractures and reservoir 

A single pumping test on 4 geothermal wells from 1976 at the BGRA is available from 

the MBMG GWIC database. This pumping test on the BGRA is found in the wrong directory 

of well information, having been misclassified as domestic water wells, and has so far been 

left out of Montana’s geothermal well information databases. The resulting curve from the 

aquifer test appear in Figure 59 and the original material submission to the State of Montana 

appears in Appendix B. Though this test does not figure in directly to the scenarios for 

GEOPHIRES, a site plan from either the driller or well owner (Gruber & Lindsay Drilling, 

1976a) appears alongside the test. This site plan is overlain with resistivity maps from 

Galloway (1977) and GWIC spatial data to characterize the extent of the accessible resource 

within <100m of the surface, found in Figure 60 (Icopini, 2020; Montana Bureau of Mines 

and Geology, n.d.).  
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Figure 59 Results of a pumping test on 4 wells at the BGRA in 1976 (Gruber & Lindsay 

Drilling, 1976a). These wells were 4.5-inch open holes, not included in MBMG 

geothermal well datasets but available on the MBMG mapper application 

(Icopini, 2020; Montana Bureau of Mines and Geology, n.d.).  

 

Figure 60 Defining the extent of the accessible resource within <100m of the surface 

at the BGRA from resistivity, GWIC well data, and 1976 drilling site map 

overlays, in A (Galloway, 1977; Gruber & Lindsay Drilling, 1976c; Montana 

Bureau of Mines and Geology, n.d.). The length of the drawn polygon, 

checked against Google Earth for verification, is 471.5m – B.  

This areal extent in QGIS serves as the reservoir length input parameter for 

GEOPHIRES in the 1000m, 500m, and 200m depth scenarios. At a depth of 3500m the 

extent falls to the default value in the program – 500m. This is not a significant change as 

the reservoir volume remains the same in all scenarios. It does, however, emphasize the lack 

of geologic certainty at that depth, heavily relying on the deep fluid circulation assumptions 

made from geothermometry estimates of past decades.  

Assigning a reservoir volume in each case of 1000m3 and a default reservoir height 
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value of 250m results in dimensions that very much act like fracture flow, with widths acting 

as thin conduits for hot fluids. These thin fracture flows are similar to conditions found 

across the BGRA in well logs (Gruber & Lindsay Drilling, 1976c, 1976b). Limiting the 

reservoir size to this volume makes a great deal more sense at the shallower depths of 1000m, 

500m, and 200m as granite fracture permeability is the known driver of fluid flow. The size 

simply serves as a proxy for available hot fluid capture within the fractures.  

At the greatest depth, it is unknown if this fracture control is dominant in the lithologic 

environment at the heat source, suspected to be at 3500m (J. Sonderegger, 1984). The rock 

composition at that depth cannot be certain without additional exploration. To that end the 

reservoir could be a great deal larger, but the literature does not support any additional test 

cases. With this uncertainty at depth in mind across the BGRA, a higher exploration cost 

factor of 0.5 is an input for GEOPHIRES at the 3500m depth while the factor is .3 at 

shallower depths, emphasizing the greater parametric certainty at those depths. 

3.4.5 Confirming the areal extent on geologic maps 

A brief glance at a geological map of the BGRA indicates the surface manifestations 

occur at the junction of several different rock types. The BGRA, shown in Figure 61, occurs 

at the surface intersection of Tertiary aphanitic/mixed clastic rock, Tertiary-Cretaceous 

quartz/diorite rock, Middle-Proterozoic meta-argillite/quartzite rock, and Middle-

Proterozoic carbonate/meta-conglomerate rock types (Green, 2004). The position of the 

surface manifestation and its relationship to adjacent geologic units, along with reporting of 

fracture dip angles from 1977 (Galloway, 1977), indicate that a large commercial well may 

be deviated to intersect permeable fractures in the granite. For each scenario, GEOPHIRES 

well type will be “deviated with liner” to meet this simulation requirement at all depths but 

the 200m value where previous exploration proves that vertical wells may efficiently meet 

the flow and temperature cases, particularly in test cases 6A and 6B. None of the wells are 

hydraulically stimulated in simulation. 
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Figure 61 Geological map of the target area with the BGRA shown in yellow. Surface 

manifestations occur at the junction of several rock types (adapted from: 

Green, 2004).  

3.4.6 Production simulation outputs 

The cost of heat from depth as GEOPHIRES outputs to the surface plant, appears in 

Figure 62. Notably, the wells do not reach the full length of the assumed reservoir depth 

from literature based on the limitation of the geothermal gradient. Information on reservoir 

depths and geothermal gradients came from different sources. At the 3500m depth, for 

example, the geothermal gradient is drawn from a Southern Methodist University 

temperature-at-depth map to 3000m (Southern Methodist University Geothermal 

Laboratory, 2011) with the final 3000-3500m gradient to the reservoir calculated from the 

J. Sonderegger (1984) approximation of reservoir temperature from chalcedony 

geothermometry. Similarly, the cost of heat in comparison to net heat production is shown 

in Figure 63. The “A” or “B” scenarios are those of 2 or 1 production wells, respectively. 

The scenario numbers 1-7 represent different reservoir temperature values. 
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Figure 62 The LCOH in comparison to the depth of drilling. Well depths are different 

from the reservoir depth because of varying geothermal gradients assumed 

from public research.  

 

Figure 63 Decreasing LCOH compared to the average production over a DH plants 

40-year lifetime at Broadwater, without an operating pipeline network 

attached.  

The average production value over the DH wells lifetime of 40 years divided by the 

LCOH serves as an indicator of intensity of production per dollar spent on heating. This 

intensity offers insights that might justify the increases in capital costs associated with 

deeper drilling, appearing in Figure 64. In addition, this effect of the increase in cost will be 
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comparable to the number of serviceable buildings in Comsof Heat outcomes. A final 

version of the intensity of production per dollar spent on heat that includes the various heat 

network design schemes, is available in the results.  

 

 

Figure 64 Intensity of production values per dollar spent on LCOH, heat plant only. 

This intensity of production may serve as a proxy for cost effectiveness, after 

connecting the GDHS to the surface plant.  

Following the simulation of production scenarios, it became possible to eliminate 

outcomes with less than 2.46MWthermal, as this level of production was easily attained by 

previous greenhouse operations at the BGRA. Previous greenhouse operations only came 

offline due to electrical pump back-up failure in 1989 – the result of a runaway train and 

catastrophic crash in Helena (Lienau et al., 1994; Lincoln, 2014). This eliminates scenarios 

2B, 4B, and 6B from further review. While this is an early indication of the direction of 

feasibility, the final iteration of GEOPHIRES will ultimately land on an LCOH comparison 

that includes DH network costs. These whole system LCOH values will be economically 

comparable to the incumbent heating fuel, natural gas. 

3.4.7 Heat source values for DH network simulation 

Comsof Heat, capable of rapidly assessing multiple heat source scenarios, will accept 

any heat source. Building the heat source is the responsibility of the designer and in this 

project will mean either using the average geothermal production value from the reservoir 

or augmenting the geothermal resource with a peaking boiler. A peaking boiler efficacy test 

run is made for all scenarios on the 2-layer liberal heat demand map. All heat production 

scenarios are also run on the 2 different heat demand maps and the 2 different design 

schemes, without a peaking boiler, using the average MWthermal values from GEOPHIRES. 

The peaking boiler test cases add 20% to the production values, as is often the design 

parameter in North America. This peaking boiler is assumed to be a biomass burner or 

similar renewable such as a GSHP scheme. Inputs for Comsof Heat, with and without the 
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peaking plant, appear in Table 5. Scenarios with the peaking plant allow the designer to 

evaluate the geothermal resource as a baseload and determine if the system efficiency gains 

are worth the cost of the boiler (K. J. Beckers & Young, 2017; D. S. Østergaard & Svendsen, 

2016). This is a test of production needs and no results will examine the additional cost 

requirement of the peaking boiler. 

Table 5 GEOPHIRES thermal production output scenarios. The average net heat 

production is a direct output of GEOPHIRES simulations while the augmented 

peaking boiler (or other renewable technology) scenario uses geothermal as a 

baseload at the average MWthermal value and adds 20% for the coldest day 

demands.  

 
 

Recall that the West Helena heat demand has a conservative scenario of 18.31 

MWthermal, without likely occupied garages/outbuildings, and a liberal scenario of 19.22 

MWthermal demand, with the inclusion of all eligible buildings. Notably, none of the 

simulation outcomes, appearing in Table 5, from the BGRA will result in a full coverage of 

the target area, assuming that the peak demand was simultaneous. Fortunately, Comsof Heat, 

as mentioned in 2.2.10, easily accepts the simultaneity factor and includes it in the 

formulation of the automated heat network generation. Demand from all points is offset by 

varying degrees of time using the simultaneity factor, with further explanation in 3.6.3.  

3.5 Manual Exclusion of Heating Use on Site at BGRA 

Since the BGRA has direct use facilities on-site, removing this fraction from the 

GEOPHIRES well production values require a manual exclusion. Several failing efforts 

were made to contact directly, the onsite resort owners to accommodate more current 

thermal use data at the BGRA balenological resort. Fortunately, reporting from Lienau et al. 

(1994), indicates a total production of 410kWthermal at the then “Broadwater Athletic Club 

and Hot Springs.” Out of respect for ongoing operations of the Broadwater resort, Figure 

41a, the 410kWthermal production value is subtracted from each of the GEOPHIRES scenarios 

in Table 5, with remainders appearing in Table 6. For simplicity, efficiency and utilization 

for this allocation are assumed to be 100%.  

Scenario #

Average Net Heat 

Production (MWth)

Augmented with 

Peaking Boiler (MWth)

Peaking Boiler 

Requirement (MWth)

1A 12.56 15.072 2.512

7A 9.39 11.268 1.878

5A 9.28 11.136 1.856

3A 9.1 10.92 1.82

1B 6.28 7.536 1.256

7B 4.7 5.64 0.94

5B 4.64 5.568 0.928

3B 4.55 5.46 0.91

6A 4.45 5.34 0.89

4A 4.36 5.232 0.872

2A 4.23 5.076 0.846
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Table 6 GEOPHIRES production outputs with manual exclusion of the necessary 

energy delivery to sustain the BGRA balenological resort. 

 

3.6 Comsof Heat Implementation and Network Costs 

Comsof Heat is a fundamental tool in this multi-parameter investigation of GDHS 

feasibility in a sparsely populated Western town. The software uses proprietary clustering 

algorithms to optimize a heat network based on designer inputs from the bottom up. These 

simulations are built from the peak demand, optimizing trenching length and pipe diameter 

requirements from this static value (Jebamalai et al., 2019). There are several examinations 

of cost effects that must take place using Comsof Heat before a definitive decision can be 

made about the DH network configuration that is most suitable for analysis across the target 

area. These examinations include the trenching costs associated with variable road surfaces, 

centralized versus decentralized network configurations, and retrofit costs of Western US 

building types. 

BGRA does not occur within city limits and trenching may take place across several 

unpaved road surfaces. No definitive cost examinations of the centralized versus building 

level substation placement has been made for Western US communities since Kevin Rafferty 

(1996, 2001) and more modern parallels fail to disentangle the substation costs from the cost 

of a central DH wellhead gathering system (K. J. Beckers & Young, 2017). Comsof Heat is 

useful in examining the cost savings of the centralized substation versus decentralized 

substation using the 2-layer or distribution cluster algorithm. Software outputs include a bill 

of materials and technical report for the designer to refine or solicit supplier bids. A 

flowchart of the software’s initial implementation for this project appears in Figure 65. The 

designer can take lessons from this project that will improve their own initial design 

approaches and final cost outcomes. 

Scenario #

Average Net Heat 

Production (MWth)

Augmented with 

Peaking Boiler (MWth)

Peaking Boiler 

Requirement (MWth)

1A 12.15 14.58 2.43

7A 8.98 10.776 1.796

5A 8.87 10.644 1.774

3A 8.69 10.428 1.738

1B 5.87 7.044 1.174

7B 4.29 5.148 0.858

5B 4.23 5.076 0.846

3B 4.14 4.968 0.828

6A 4.04 4.848 0.808

4A 3.95 4.74 0.79

2A 3.82 4.584 0.764
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Figure 65 Initial Comsof Heat implementation flowchart for the project to determine 

cost savings pathways prior to running all GEOPHIRES scenarios from Table 

5.  

3.6.1 Paved versus unpaved trenching 

In keeping with the cost reduction theme for sparsely populated areas of the Western 

US in Rafferty (1996), most NW-SE running paved streets are excluded for both the 

transportation and distribution layer while the unpaved alleyways are left open to trenching, 

as seen in Figure 66. This results in trenching for service connections into the alleyways for 

270 buildings that would otherwise be bound to paved streets across the target area. All of 

Highway 12, with a divided highway classification in road data, on the ingress route from 

BGRA is given an unpaved value since the utility pipelines can follow the unpaved right of 

way.  

A hasty comparison of the paved street routing versus alleyway routing in the 2-layer, 

maximum production scenario, indicates a cost savings of $831,475 with a reduction in pipe 

length of 3775 meters, confirming the findings of Rafferty (1996). Every effort, therefore, 

should be made for the Comsof Heat operator to exclude paved streets from Western US 

town GDHS assessment, where alleyways or unpaved alternatives remain available and 

zoning permits. This is a necessary discussion of methods as the demand point positions per 

building polygon are immovable without an additional purchase of design credits after 

running the initial network calculations in Comsof Heat. In this project, the demand points 

for each structure are moved to the outer edge of building polygons nearest a heat 

distribution line, before proceeding with additional simulations. 
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Figure 66 Exclusion of the paved streets running NW-SE across the target area to 

reduce trenching costs. Selecting the paved sections in Figure 66A allows the 

Comsof Heat algorithm to reroute for less expensive trenching surfaces in 

Figure 66B. P indicates paved streets, A - alleyways, U - unpaved, and DH is 

the divided highway or Euclid Avenue. 

Additional refinement of the trenching pathways is possible through the QGIS 

interface. Verification of the surface types found in the revenue data is also possible using 

satellite imagery. Comsof Heat networks fully integrate with Google Earth Pro, allowing 

designers to visualize possible trenching errors. A depiction of a centralized scenario in 

overhead imagery is visible in Figure 67. 

 

 

Figure 67 Google Earth Pro is available for integration with Comsof Heat, allowing 

the designer to refine trench pathways and identify errors in surface types. 

Here is an example from the Helena, Montana demonstration site (Google 

Earth & Landsat/Copernius, 2020). 

3.6.2 Integrating substation and retrofit costs in design schemes 

Centralized (2-layer) heat exchangers may be appropriate for the target area because 

the mountainous region requires some ability to compensate for hydraulic heads due to 
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elevation differentials from the heat source to the community. As 3.2.10 states, the hydraulic 

head across the heat demand map will requiring monitoring and adjustment during the 

simulations. This is particularly true as the scenarios have different temperature values and 

production values that introduce varying pressures and flow. Comsof Heat matches these 

production values but the software itself will fail to generate a heat network if the hydraulic 

head is infeasible to overcome, given the pressure constraints on the delivery. In Comsof 

Heat this configuration is known as a 2-layer workspace. A 2-layer design will be compared 

to the distribution only scheme, where the designer may directly understand the effect or 

decrease in service area one layout offers in comparison to the other.  

Western home heating systems are mostly forced-air configurations requiring a 

replacement of a furnace attachment to the duct work. Retrofits of hot water to air-exchange 

would require a hot-water coil driven terminal heating unit in each home, but the cost of the 

individual substation, including individual expansion tank, heat exchanger, circulating 

pump, and pressure reducing valves, could be eliminated – as seen in Figure 68. The 

breakeven point for the centralized case appears to be about 40 homes in Rafferty (1996), so 

Comsof Heat clusters on the distribution circuit that populate with more than this quantity 

could benefit from the economy-of-scale. Direct quotes from suppliers could not substantiate 

the findings of this kind of hardware elimination but it seems plausible given bulk purchase 

discounts.  

 

 

Figure 68 The building side heating solution for forced-air to DH retrofits. The 

elements in red may be eliminated with the installation of a centralized 

substation, possibly saving the structure owner money (modified from: K 

Rafferty, 1996).  

Regardless of savings on the building substation cost, the price of forced-air retrofits 

requires consideration. Across the target area, the ratio of those structures that use forced-

air systems versus hydronics systems can be drawn from reporting by the Northwest Energy 

Efficiency Alliance (NEEA). Ignoring other heating types, the forced air equivalent is 57% 

with boilers making up 23% (Northwest Energy Efficiency Alliance, 2014). This is a 2.5:1 

ratio. Purchase allocations of heating terminal units (HTUs) for a matching ratio of buildings 

in the target area are made for the conservative or liberal heat demands, starting with the 

smallest structures.  

There are a few ways the building owner could configure their heating appliance 
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connections. A control and actuating valve can separately feed the domestic hot water, so as 

to keep the temperatures adequately high, or a home owner could opt into a heat exchanger 

from the central heating line and separately join it with an in-building storage tank (Rafferty, 

1996). In this project, only the cost of the HTU for a typical residential unit is assigned to 

each building, from the central exchanger configuration. Quotes for this generalized 

building, demanding 50,000-75,000 Btu/hr, were provided by Vemco Inc., of Great Falls, 

Montana (Mueller, 2020). These quotes allow for cost estimations on a building-by-building 

basis using linear formulas with delivery temperatures of 55℃ and 80℃, expected from the 

HIU or substation. No specific temperature match to the price of the HTU is made for the 

high-temperature delivery values, so the 80℃ cost serves as a proxy.  

For 80℃ the formula is: 

 
 𝐸𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 𝐶𝑜𝑠𝑡 𝑖𝑛 𝑈𝑆𝐷 𝑜𝑓 𝐻𝑇𝑈80℃ = 0.0118(𝐵𝑇𝑈𝑠) + 135 

 Eq. 10 

For 55℃ the formula is: 

 
 𝐸𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 𝐶𝑜𝑠𝑡 𝑖𝑛 𝑈𝑆𝐷 𝑜𝑓 𝐻𝑇𝑈55℃ = 0.0174(𝐵𝑇𝑈𝑠) + 150 

 Eq. 11 

Cost scales are made in this project for the price of HTUs across design schemes. The 

additional network cost that results from the HTU purchases in the maximum production 

liberal demand case at 80℃ is $332,148. For the conservative demand at 80℃, the cost is 

$321,651. Moving to the lower supply temperature of 55℃, the cost is $447,040 in the 

liberal demand case and $437,498 in the conservative case. Base costs for each case are 

scaled from the maximum production scenario by multiplying by the ratio of supplied 

demand points to maximum possible demand points. The HTU costs, therefore, are a 

function of size. Size of the HTU relates to the temperature of supply. 

From the price of the HTUs, this project also uses installation and fitting cost scales. 

Specific HTU sizing and costs will vary by structure and demand so deference to the HTU 

dealer should be made where the designer desires individual building unit size accuracy. The 

Western US building cost scaling factor from the price of the HTU, which includes the 

installation of valve boxes, connection lines, wall cuts, pipe fittings, and a 10% contingency 

is 2.9 (Rafferty, 2003 Table 1). The HTU costs are multiplied by this scaling factor.  

Larger buildings across the target area are more likely to already have hydronic 

systems with radiative heat and do not require the additional cost of the HTU (Rafferty, 

2003). More specific estimations, with development curves appearing in Figure 69 can be 

made from the size of the duct work, the air pressure from one side of the HTU to the other, 

the temperature of the fluid, and the number of water coil rows (Rafferty, 2001). Some 

alteration to this method may be made for those structures with hydronics – if known - or 

other configurations of heating such as the case of prosumers. This project does not pursue 

individual building differences beyond the ratios drawn from Northwest Energy Efficiency 

Alliance (2014). 
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Figure 69 Heating terminal unit, water coil to air heat exchange row requirements 

for 30.5cm x 71cm sizes. FPI stands for fins per inch, affecting the blower 

requirements for the retrofit (Rafferty, 2001).  

Central and distribution only design must also include additional network parameter 

inputs from the Comsof Heat operator. Following from the findings of Jebamalai et al. 

(2019) that smaller central substations decrease the effective nominal diameter of the pipes 

across the network, therefore overall costs, central cluster sizes are set to 1MWthermal. Design 

constraints on the 2-layer network are flow velocity, maximum pressure gradient allowable 

by the pipe manufacturer, and a pressure number (PN) of 25 and 10 for the transportation 

and distribution networks, respectively. The distribution only scenario for individual 

building substation position comparison is built out using flow velocity, maximum pressure 

gradients, and PN 10. More specific temperature and pressure thresholds are set by Euroheat 

standards of Task Force Customer Installations, 2008. 

Distribution only scenarios, appearing in Figure 70, are the norm for most European 

DH with HIUs at the building level where fluids flow directly from the heat source to the 

structure (Ozolins, 2020). While the efficiency factors may be higher for these systems, the 

infrastructure costs have been found to be higher (Jebamalai et al., 2019). Additionally, a 

distribution only scheme may not always be possible for US GDHS, given the large 

hydraulic heads across the Mountain West. Each case, the 2-layer or distribution only, is 

easily comparable given Comsof Heat BOMs and a collection of quotes from suppliers.  
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Figure 70 Distribution only network configuration with decentralized substations or 

HIUs at the building-level. 

Although Comsof Heat does accept parameters for the heat source cost, the wellhead 

and valve assemblies with plant housing at BGRA, it does not incorporate a US market 

geothermal direct use power plant algorithm that scales the costs of operations and 

maintenance over the lifetime of the network, as is the case in GEOPHIRES. Subsequently, 

this equipment cost value for the heat source may be left blank in Comsof Heat or given null 

values. The substation heat exchanger quotes should go in the distribution network rules. In 

this case, Gebwell of Finland - suppliers of the centralized and building level substations - 

provides quotes for further network cost estimation Figure 71. The modified quotes come to 

an estimate of $25,388/MWsubstation with delivery.  

 

 

Figure 71 District heating G-Power® substations from Gebwell of Finland. The 

designer may request a single heat exchanger in the substation or a separate 

DHW preparation circuit, either for centralized delivery – A, or at the home 

level - B (Ozolins, 2020). 

Building-level HIU/substation cost estimates come from reporting by the Danish 



3.6 COMSOF HEAT IMPLEMENTATION AND NETWORK COSTS

  105  

  

Energy Agency in combination with quotes from Gebwell (Danish Energy Agency, 2018; 

Ozolins, 2020). Value-added taxes are removed from either source. Since this is an average 

between two European cost figures with a wide range, no delivery additions are made. For 

HIU cost assessment in this project, supply temperatures above 80℃ are considered high 

and those below the threshold are low. Weighting the Danish estimates at 70% and Gebwell 

quotes at 30% for residential HIUs, the higher temperature, decentralized scenarios are given 

a value of $303.50/kWHIU. The low temperature decentralized scenario estimate is 

$315.94/kWHIU. Larger building substations may offer a substantial cost savings of 75-93% 

per kW in the instances where peaking demands rose above 100kW, simply because the 

capacity changes. There are, however, only 4 such buildings in the target area so this 

potential savings is not a consideration in this project. 

The same component compositions from Gebwell HIU schematics, including 

controller, pump, valve, heat exchanger (HEX), and pipe works, are assumed. Refinement 

of HIU/substation costs by building should defer to the supplier. It may be possible to 

eliminate the expansion tank, the space heating HEX, and other components – as Rafferty 

(1996) suggests, allowing the hot water to flow directly from the substation to the 

HTU/radiant heating. After pricing discussions with supply specialists, a cost savings of 6% 

is applied to the HIUs for the 2-layer centralized scenarios, or $285.95/kWHIU in the higher 

temperature cases and $298.34/kWHIU in the low temperature cases.  

As dozens of separate combinations occur across the scenarios, actual costs will vary 

from the 2 substation quotes obtained for centralized substation analysis. A geothermal DH 

designer has the choice to use a substation with space heating only or separate space heating 

and DHW preparation. Separate preparation will require additional costs for distribution 

circuit pipe and the substation itself. Additionally, the brazed versus opening HEX in either 

the HIU or the central substation instances may add costs where the geothermal fluid is used 

directly (Ozolins, 2020).  

Combined central substation costs should also include the utility shed in which the 

unit is housed as well as the pumps for meeting the pressure requirement across the 

distribution network. Drawing a scaling factor for per substation combined costs from K 

Rafferty (1996), Table 6, the price of each substation is multiplied by 2.07. For those 

designers requiring separate DHW preparation at the central substation, the service pipe 

network will require a doubling of pipe in the distribution network or the addition of a 

heating interface unit (HIU) with adequate numbers of heat exchangers at the building level. 

Two configurations of the centralized case appear in Figure 72, with Figure 72a being an 

obviously inefficient design due to the doubling of trenchworks. 
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Figure 72 Variations of the centralized DH network configuration. “A” represents 

an archaic version of DH design with obvious inefficiency and lack of control. 

“B” represents a modern configuration of centralized network 

configurations, albeit with a higher number of components than distribution 

only. 

The component costs are not perfect parallels of an actual product applications at the 

building level. For example, flow rates on the DHW preparation with an assigned PN10 

constraint for the technical fluid side, are based on an approximation of the number of homes 

within a building from 3.2 and Figure 74. Without additional hydraulic optimization and 

building owner surveys on the number of apartments, the outcomes do not represent 

adequate end-use flow rates in all cases. Again, optimization is possible to finalize system 

pressures and component purchase orders using interoperable software such as Netsim 

(Nihleen, 2019), but remains outside the project boundaries. For the most part, however, the 

DHW loads do match typical daily profiles found in other research (Danish Energy Agency, 

2018; Nehrir et al., 2000). More important is that the general unit costs for HIUs, HTUs, and 

central substations at least matches a minimum-possible set of criteria from one software 

iteration to the next. 

3.6.3 Simultaneity or diversity factors 

In Helena’s westside, the overall peak demand exceeds the peak resource availability. 

Peak demand across the heat network, however, does not require simultaneous delivery. In 

the heat demand density mapping for the target area, 3.2, DHW demand is drawn from an 

empirical formula and 80% of the building peak demand is assigned to space heating demand. 

Comsof Heat identifies these attributes in the building polygon attribute table. Space heating 

and DHW each have a unique simultaneity formula across the software (Comsof Heat, 

2020a). The simultaneity formula for DHW is: 
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 1

√𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 ℎ𝑜𝑚𝑒𝑠
 

 

Eq. 12 

 

The simultaneity formula for space heating is: 

 
 

𝑋 +
(1 − 𝑋)

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 ℎ𝑜𝑚𝑒𝑠
 

 

Eq. 13 

Where: 

X is the selected simultaneity factor, also known as the diversity factor.  

 

 

Figure 73 The non-linear decline curve of simultaneous demand. As the number of 

consumers on the DH network increases, so too does the diversity 

(simultaneity) factor (H. Tol & Svendsen, 2020). 

Simultaneity factor is 0.62 in this case and follows from the same methods of Jebamalai et al. 

(2019) and H. Tol & Svendsen (2020), seeming to be known as a Danish standard  for 

residential structures, with a non-linear decline curve appearing in Figure 73. No 

differentiation between a commercial consumer and residential consumer is made in this case 

for the simultaneity factor. This decline curve, significant if there are less than about 100 

consumers, is uniform across the Helena target area where 1344 demand structures appear 

with still more apartments in each. A method for conversion of the number of homes, where 

the number of homes might also be thought of as the number of apartments in each building 

polygon, appears in Figure 74. This populates 1554 homes across the target area. Calculating 

the number of homes, Comsof Heat then reads this value from the attribute table, applying 

the simultaneity factor across the distribution network. 
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Figure 74 Standardization method for calculating the number of homes per building 

polygon for identification by Comsof Heat, from building archetypes. Factors 

may be larger for more densely populated centers and these estimates are from 

imagery review of the typical multi-family, hotel, and strip mall structures 

across the target area. 

3.6.4 Engineering parameters across the DH network 

Additional parameter inputs for Comsof Heat include the maximum distance to a 

demand point, the soil thermal properties, and seasonal profiles. The maximum distance to 

a demand point is set at 650-500m in higher to lower production scenarios, to prevent 

substation cluster crossing in the simulation. The soil thermal properties and elevation inputs 

appear in Table 7. Ten-Mile Creek plain and the transportation pipeline corridor is made up 

in part by Villy silty loam with an average water table depth of 61cm near the creek bank 

(Natural Resources Conservation Service, 2020). No specific thermal conductivities were 

drawn from this soil species in the literature but could be an addition for a later date. Finally, 

the seasonal profiles are made by revisiting the Montana HDD in Figure 56 and using the 

meteorological seasons30 to compile percentages of demand for summer, fall, winter, and 

spring, as seen in Figure 75.  

Table 7 Engineering parameter inputs for Comsof Heat across the DH target area. 

 

 
30 Meteorological seasons in North America are summer, fall, winter, and spring. Spring includes the months of 

March, April, and May. Summer includes June, July, and August. Fall includes September, October, and 

November. Winter includes December, January, and February. 

https://www.ncei.noaa.gov/news/meteorological-versus-astronomical-seasons 

Description Value Units Reference

Soil thermal conductivity 1.6 W/(m.K) default

Wet ground thermal conductivity 2.2 W/(m.K) default

Ground temperature 5.21 ℃ (Berkley Earth, 2013)

Ground to air transition insulance 0.0685 m2.K/W default

Ground water depth 0.61 meters (Natural Resources Conservation Service, 2020)

Total area height difference 120-67 meters Section 3.2.10

https://www.ncei.noaa.gov/news/meteorological-versus-astronomical-seasons
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Figure 75 Percentages of seasonal demand in Montana, from the HDD of 1971-2000 

in Figure 56 (National Oceanic and Atmospheric Administration, 2011). 

By limiting the pipe sizes from DN25-DN600 across all the scenarios, the West Helena 

target area requires an optimization of the hydraulic head found in Table 7. In the centralized 

case, the pipe catalog on both the transportation and distribution network are within the 

DN25-DN200 range. Accommodating the pressure requirements of PN10 at the consumer 

delivery point in the 2-layer scheme requires the elimination of all buildings not within a 

70m elevation differential across the entire area. Since Euclid avenue sits below the BGRA, 

the lowest elevation of 1212m serves as the minimum value. Adding 70m of elevation to 

match the hydraulic head requirement, therefore, requires the elimination of all demand 

points above 1282m. This eliminates 107 buildings in the maximum production, liberal 

building quantity, case. Similarly, the elevation differential for the direct distribution only 

case with delivery pressures of PN10 is 68m, requiring the elimination of 125 buildings. 

This head decreases slightly in successive scenarios. Determining this differential for the 

selected pipe catalogs is as simple as allowing Comsof Heat to attempt to generate the 

maximum production scenario with the 120m target area elevation difference, then reducing 

that elevation until the network successfully calculates.  

3.6.5 Pipe cost scaling factors 

Comsof Heat can run an automatic generation of the heat network across the target 

area, without cost rules. This enables the designer to commission a quote from the bill of 

materials generated as an output in Comsof Heat. Pipe costs will be the largest fraction of 

the total DH network costs. Logstor A/S, a full-service preinsulated pipe material supplier 

for DH, provides the quote on this project.  

Calculating the network costs of the pipe and the accompanying labor and installation 

can be done by making estimates from the pipe diameter. Logstor has a line of continuously 

produced preinsulated twin pipe product in the range of DN25-DN200 that match the 4GDH 

criteria, including the leak detection technology seen previously in Figure 15 (Logstor A/S, 
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n.d.). They also provide quotes for single pipe with improved insulation that are useful in 

keeping pressures low across the direct-to-house, distribution only case. To that end, Comsof 

Heat accepts a “pipe cost per meter with scaling factor.” The scaling factor accounts for the 

labor, trenching, backfill, bedding material, traffic control, repaving, and thrust block costs. 

A lack of civil engineering information from other DH projects in the United States 

can limit the ability of the designer to create scaling factors. The few DH developments in 

the US have widely varying degrees of costs by linear meter and inadequate price 

breakdowns on a nominal pipe diameter basis (Bjorklund & Stramara, 2018). City of Helena 

planning offices have a municipal bid catalog that includes previous civil engineering costs 

for in street trenching. Unfortunately, this historic municipal bid information also suffers 

from a lack of sufficient proxy tasks for a DH network (City of Helena, 2018; Selvig, 2019).  

Due to a lack of proxy information in similar civil engineering projects, a linear 

formula of DH network installation cost estimates on DN250, DN200, DN150, DN100, and 

DN80 are drawn from Rafferty (1996) at Klamath Falls, Oregon. Cost scaling factors for 

Comsof Heat are made from this previous work. The same cost scaling factor is in use for 

the single and twin pipe. A triple pipe recirculation solution of the non-service connections 

is not a part of this project as the applicability of the cost scaling factor is uncertain, with no 

previous triple-pipe research cost breakdowns found to supplement a test case. An addition 

of 25% in contingency costs over these estimates, common in district energy cost planning 

across the United States (Bjorklund & Stramara, 2018), is built into the scaling factor curve 

found in Figure 76. An estimate of the nominal diameter cost scaling factor for paved streets 

in the Western United States follows the linear formula: 

 
 

𝑆𝑐𝑎𝑙𝑖𝑛𝑔 𝐹𝑎𝑐𝑡𝑜𝑟𝑃𝑎𝑣𝑒𝑑 =  −0.0638 (
𝑃𝑖𝑝𝑒 𝐷𝑁

1000
) + 3.1863 

 

Eq. 14 

Accounting for unpaved sections, the scaling factor formula becomes: 

 
 

𝑆𝑐𝑎𝑙𝑖𝑛𝑔 𝐹𝑎𝑐𝑡𝑜𝑟𝑈𝑛𝑝𝑎𝑣𝑒𝑑 = −0.0163 (
𝑃𝑖𝑝𝑒 𝐷𝑁

1000
) + 2.6813 

 

Eq. 15 



3.6 COMSOF HEAT IMPLEMENTATION AND NETWORK COSTS

  111  

  

 

Figure 76 Linear formula to generate scaling factors from DH pipe installation 

estimates under unpaved surfaces at Klamath Falls, Oregon, plus a 25% 

contingency (Rafferty, 1996, sec. Distribution piping). Another finding was 

drawn for installation under paved surfaces, in agreement with K. J. Beckers 

& Young (2017). 

From this “pipe cost per meter with scaling factor,” the pipe cost inputs from Logstor 

will allow Comsof Heat to generate the transportation and distribution network costs. These 

pipe and joint cost estimates on a per meter basis are found in  Where: 

 PCDN is pipe cost by diameter number 

 m is meter 

 SFSurface Type is the scaling factor of cost by excavation surface type 

 ICDN is the installed cost of pipe by diameter number 

Table 8 and Table 9, including delivery fees to Helena, Montana. This project uses 

the average from pipe cost scaling factor formulas, in Eq. 14 and Eq. 15, for DN80-DN250. 

From Rafferty (1996) this factor is 3.17 and 2.68 for paved and unpaved surfaces, 

respectively. Scaling factors per pipe diameter are much more conservative than those found 

in Nussbaumer & Thalmann (2016), yet may underestimate cost outcomes in comparison to 

Bjorklund & Stramara (2018). K. J. Beckers & Young (2017) derived from previous work in 

Reber (2013), that DN175 has a cost of $750/m while the K Rafferty (1996) scaling factor 

analog in this project using a linear formulation of twin Logstor pipe price quotes on DN175 

across unpaved surfaces is about $771/m, indicative of good agreement. Comsof Heat 

implements this scaling factor in the following formula during the DH network automation: 

 
 

 (
𝑃𝐶𝐷𝑁

𝑚
) ∗ (𝑆𝐹𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑇𝑦𝑝𝑒) = 𝐼𝐶𝐷𝑁/𝑚 

 

Eq. 16 

 Where: 

 PCDN is pipe cost by diameter number 

 m is meter 

 SFSurface Type is the scaling factor of cost by excavation surface type 
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 ICDN is the installed cost of pipe by diameter number 

Table 8 Twin Continuously-produced Series 2 pipe (improved insulation) and joint 

cost estimates (USD) on a per meter basis, including delivery fees to Helena, 

Montana. Quotes modified from Logstor A/S (Lorenzen, 2020).  

 

Table 9 Single Continuously-produced Series 2 (improved insulation) pipe and joint 

cost estimates (USD) on a per meter basis, including delivery fees to Helena, 

Montana. Quotes modified from Logstor A/S (Lorenzen, 2020). 

 
  

Since hydraulic head is difficult to overcome across the demonstration site given the 

pressure constraint of PN10 at the building connection, single pipe is in use for the 

distribution only design schemes with direct delivery to the house. The service connection 

pipes, however, are twin pipe that allow for minimal excavation requirements across private 

property trenches. By limiting the pipe diameters in the scenarios, when building delivery 

PN values decrease with temperature a certain number of demand points at higher elevation 

across the target area will also require exclusion. The designer must weigh the options of 

excluding additional buildings or delivering hot water at higher pressures where hydraulic 

head is a confounding factor, though deference to the Euroheat Task Force Customer 

Installations (2008) standards is the ideal place to end up in the decision making process. 

This combination of software allows the designer to quickly generate cost outputs by 

simply replacing the supply temperature and the maximum MWthermal production value. 

Size

Joints + Pipe cost per meter 

USD with delivery

DN25 39.42

DN32 44.46

DN40 47.6

DN50 62.16

DN65 71.12

DN80 85.68

DN100 124.77

DN125 185.47

DN150 224.45

DN200 302.41

Size

Joint+Pipe cost per meter 

USD with delivery Size

Joint+Pipe cost per meter 

USD with delivery

DN25 20.93 DN200 137.06

DN32 23.41 DN250 183.67

DN40 26.95 DN300 228.71

DN50 32.30 DN350 265.88

DN65 36.24 DN400 334.51

DN80 45.11 DN450 382.69

DN100 62.60 DN500 441.89

DN125 83.04 DN600 517.80

DN150 100.42
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Comsof Heat then saves the state outcomes for different scenarios to develop a catalog of 

potentials across the community. Saving different states can also be helpful if the designer 

uses more than one pipe catalog and wishes to compare costs, heat loss reductions from 

insulation grades, and other factors that eventually affect the LCOH.  

3.6.6 Revenue constraints and over-trenching avoidance 

Aside from the heat-source matching constraint in use across every Comsof Heat DH 

network generation in this project, the hydraulic head, the temperature differential, and 

revenue constraints could also help or hinder trenching efficiency. The extent of the 

networks in Comsof Heat will automatically spread out across the target area without a 

revenue or linear heat density optimization constraint. Using revenue constraints to avoid 

this trench network spread, designers should minimally leverage a per kWh tariff, one-time 

connection cost, and possibly a fixed cost. This will force the demand point connections to 

take place in tighter clusters, closer to the heat source. Tariffs can be drawn in Montana from 

the NorthWestern energy rate comparison tool (NorthWestern Energy, 2020). A look at the 

cluster appearance with heat source matching, pressure constraints, and revenue matching 

in Figure 77 indicates an ideal network construction for this project.  

 

Figure 77 The importance of revenue matching to avoid over-trenching. In this 

conservative building case, over-trenching is avoidable by assigning an 

optimization by revenue constraint to the network parameters in Comsof Heat. 

‘A’ represents maximum production and ‘B’ represents minimum production. 

3.6.7 GEOPHIRES production values as Comsof Heat inputs 

Developing DH network costs across multiple scenarios involves first placing the 

highest peaking boiler thermal power into Comsof Heat, using network layout “heat source 

matching.” In the maximum case, appearing in Table 3, the average production temperature 

is 97.1℃. This is the supply temperature for the transportation layer in Comsof Heat rules 
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in the 2-layer case - Figure 78, or the distribution layer in the distribution only case - Figure 

79. Since each of the numerous scenarios in section 3.3 rely on a reservoir return temperature 

of 47℃ to establish the linear thermal drawdown of the geothermal resource, this is the 

return temperature input for the transportation network in Comsof Heat in the 2-layer case, 

or the distribution rule in the distribution only case. Meeting the legionella control criteria 

(X. Yang et al., 2015), a supply of 55℃ and return of 30℃ are minimum inputs for all 2-

layer cases.  

 

 

Figure 78 Comsof Heat GDHS on Helena, Montana’s westside given maximum 

production values from the BGRA, for 2-layers. The transportation network 

appears in dark gray lines and the distribution network is the multi-colored 

clusters from 1MW maximum substation dimensioning. This arrangement 

delivers to all demand points at <10 bar, optimizes for revenue, and is heat 

source matched. 

 

Figure 79 Comsof Heat GDHS on Helena, Montana’s westside given maximum 

production values from the BGRA, for building level distribution only. This 

arrangement delivers to all demand points at <10 bar, optimizes for revenue, 

and is heat source matched. 

3.6.8 Deciding on boilers and network configurations 

Limiting the number of scenarios for the final iteration of GEOPHIRES using the 

maximum production scenarios is helpful for the boiler versus no-boiler cases. The designer 

may quickly assess the necessity of a boiler for their DH target area. Considerations in this 

case could be the availability of excess production from the DH network, or the desire for 

higher utilization factors of the wellhead production values. If there is excess production 
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from the maximum production scenario, the designer may consider an alternative, such as 

cascading end uses. In the case of BGRA, there is clearly an excess of heat that will be 

available in non-peaking seasons. A possible variation could then be the supplementation of 

industrial and commercial heating requirements at the nearby State Nursery or the adjacent 

High-Country Growers greenhouse operations. In that case, heat purchase agreements may 

end up dictating which scenarios, either boiler or no boiler, the designer ultimately pursues.  

Network configurations are a function of the end use pressures that meet local 

regulation and the overall network costs. In this project the overall network costs will be the 

dominating consideration. The final LCOH outputs in this case will include a brief 

examination of boiler versus no-boiler, the liberal versus conservative number of target area 

structures, and the distribution only versus 2-layer network configurations – 44 in total. An 

additional 11 simulations, for the ‘peaking boiler’ scenario, are incapable of producing an 

accurate LCOH since the type of heat source that augments the geothermal wells is not a 

consideration.  

3.6.9 Control system costs 

The building level substations in the project use a Modbus communication protocol in 

C-203 heating controllers from the manufacturer Ouman, of Finland - Figure 80. These 

controllers require one communications card per demand point for central management 

system connectivity. Since the project lifetime is 40 years, the card lifetime is set to 20 years. 

These cards are fully capable of transmitting substation faults that are critical to avoid 

customer comfort problems, discussed in 2.2.5, and save consumers money. Public prices 

from Ouman indicate a cost per card of $661 (Ouman, 2020). As an alternative to this 

pricing, the cost of the link cards might also come from the substation supplier as an 

additional cost (Ozolins, 2020). Assuming a 20% delivery, this comes to $793.20. In sales 

correspondence, this unit price could be greatly reduced with bulk purchases made by the 

utility or community seeking a DH network installation.  

There are a variety of central control solutions and the annual subscription for the 

necessary software may cost between $10,000-100,000+ per year, depending on vendor and 

the number of demand points. Ouman itself has several central control system options, 

including “Ounet” subscription services. Export agents at Ouman are available to discuss 

the necessary consumer product certifications that may vary between the European and 

North America markets (Mertala, 2020). Product certification differences for the import-

export market are not a consideration in this project. For the purposes of the Helena target 

area, a fixed cost of $28,000/year is assumed for a central control management system. 

 

 

Figure 80 Ouman heating controllers with link card from the HIUs allow central 
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control connection (Ouman, 2020). 

3.7 Last Iterations of GEOPHIRES for Whole system LCOH 

3.7.1 Interacting variables of Comsof Heat and GEOPHIRES 

GEOPHIRES accepts the 44 simulation outputs of the Comsof Heat network costs and 

EUEF in the second to last iteration. The end-use efficiency factor from the first iteration of 

GEOPHIRES in Table 4 is a value for the wellhead gathering system and heat transfer 

scheme. It is an intrinsic part of the heat source value in Table 5 and when combined with 

the simultaneous demand met, provides an end-use efficiency factor input for the final 

iteration of GEOPHIRES. For the “heat source matching” strategy in use for version 20.2 of 

Comsof Heat, the end-use efficiency factor stems from the following values in the technical 

report (TR), allocated resort power in 3.5, and GEOPHIRES simulations: 

 
 (𝑆𝐷𝑀𝑇𝑅 + 410𝑘𝑊𝐵𝑎𝑙𝑛𝑒𝑜𝑙𝑜𝑔𝑦) − (𝑂𝐻𝐿𝑇𝑅)

𝐻𝑆𝐺𝐸𝑂𝑃𝐻𝐼𝑅𝐸𝑆,Table 5
= 𝐸𝑈𝐸𝐹𝐶𝑜𝑚𝑠𝑜𝑓 𝐻𝑒𝑎𝑡 Eq. 17 

 

 Where: 

 SDMTR is the simultaneous demand met from the technical report 

 OHLTR is the overall heat losses from the technical report 

 HSGEOPHIRES,Table 5 is the heat source size from GEOPHIRES 

 

Therefore, combining GEOPHIRES values, and Comsof Heat EUEF values: 

 

𝐸𝑈𝐸𝐹𝐶𝑜𝑚𝑠𝑜𝑓 𝐻𝑒𝑎𝑡 = 𝐸𝑈𝐸𝐹𝐺𝐸𝑂𝑃𝐻𝐼𝑅𝐸𝑆,𝐹𝑖𝑛𝑎𝑙 

 

For a whole system analysis, the GEOPHIRES surface-plant costs correlation, must also 

include the additional sum of the Comsof Heat network. The GEOPHIRES capital cost 

formula from K. F. Beckers & McCabe (2019) with the Cplant variable: 

 
 𝐶𝑐𝑎𝑝[𝑀𝑖𝑙𝑙𝑖𝑜𝑛𝑠 $] = 𝐶𝑤𝑒𝑙𝑙𝑠 + 𝐶𝑠𝑡𝑖𝑚 + 𝐶𝑔𝑎𝑡ℎ + 𝐶𝑝𝑙𝑎𝑛𝑡 + 𝐶𝑒𝑥𝑝𝑙 

 Eq. 18 

Where: 

Ccap is the capital cost of the project 

Cwells is the cost of the wells 

Cstim is the cost of any stimulation 

Cgath is the cost of the gathering system 

Cplant is the cost of the surface plant to include the end-use 

Cexpl is the cost of exploration 

 

Since no end use correlation, such as aquaculture, greenhouses, balneology, or DH exists or 

could be accurate from estimates inside of GEOPHIRES on a project-by-project basis, this 

initial surface plant cost variable simply quantifies the wellhead housing and control system 

junction. Adding the later cost findings of the Comsof Heat DH network to Cplant in 

GEOPHIRES and rerunning the simulation then prepares the designer to modify the 
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utilization factor. 

The utilization factor from Table 4 is recast after attaching the EUEFGEOPHIRES,Final 

of the system. This allows GEOPHIRES to project the average annual production in GWh 

with the entire system connected. Applying this annual production average to the following 

formula determines the utilization rate: 

 
 

𝑈𝐹 =
(

𝐷𝐶𝑜𝑚𝑠𝑜𝑓,𝑇𝑅 + 𝑆𝐿𝐶𝑜𝑚𝑠𝑜𝑓,𝑇𝑅

1000
) + (

410𝑘𝑊𝐵𝑎𝑙𝑛𝑒𝑜𝑙𝑜𝑔𝑦 ∗ 8760
1000

)

𝐴𝐴𝑃𝐺𝐸𝑂𝑃𝐻𝐼𝑅𝐸𝑆
 

Eq. 19 

 

Where: 

UF is utilization factor for the final iteration of GEOPHIRES 

DComsof, TR is annual demand (MWh) found in the Comsof Heat technical report 

SLComsof, TR is service connection heat losses (MWh) on the technical report 

410kWBalneology is the direct use fraction at Broadwater Hot Springs Resort 

AAPGEOPHIRES is the simulated annual heat production (GWh) 

 

Increases to the utilization rates in this project are possible. Improvements to these values 

could follow from a seasonal demand profile based on more precise consumer building 

profiles. The annual demand found in the Comsof Heat technical report is built out by the 

percentages found in Figure 75. From those percentages, heating is necessary across all four 

seasons at the demonstration site. Adding industrial heat demand, such as dehydration, 

drying, pasteurization, or others industries during non-peak loading from the residential 

system can help stabilize these utilization rates and possibly increase them in some cases (K. 

Beckers, 2016; J. W. Lund et al., 2010). Another way to increase this utilization rate could be 

to add adsorption or adsorption cooling to the network, converting heat energy to cold water 

(Liu et al., 2015). The thresholds of cooling feasibility during summer months, however, are 

not a consideration in this project. 

3.7.2 Combined Comsof Heat and GEOPHIRES values for West Helena 

Table 10 summarizes the combined values of the network costs and the 

EUEFGEOPHIRES,Final. Table 11 summarizes the utilization rates for the final iteration of 

GEOPHIRES. These tables replace the EUEF in Table 4 and Cplant of the initial 

GEOPHIRES simulations. Applying the EUEFGEOPHIRES,Final and the modified utilization 

rates with the network quantity will decrease the heat production values for GEOPHIRES to 

less than the quantity of simultaneous demand met on the network, projecting thermal 

drawdown over the 40-year lifetime of the project. This will result in slight variances 

between the simultaneous demand met at the beginning of the production years to the end 

of the production years from the value found in 3.7.1. In this iteration, the production value 

change are irrelevant to the heat matching in Comsof Heat because all the designer is doing 

is modifying Eq. 18 which is a variable for Eq. 5, then taking the cost output values as the 

final result in 4.3.4.  
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Table 10 Some replacement values for one of the last iterations of GEOPHIRES. These 

values combine Comsof Heat network costs, plant costs, and end-use 

efficiencies of previous simulations. 

 
 

After running GEOPHIRES with the network EUEF, then applying Eq. 19, the 

simulations last run to provide whole system LCOH values includes the utilization factors 

found in Table 11. 

Table 11 Utilization factors for the last iteration of GEOPHIRES before arriving at 

the whole system LCOH values. These rates are the result of Eq. 19, reflecting 

the seasonal heat demand profile built from Figure 75. 

 

3.8 Running GEOPHIRES for Policy Incentive Analysis 

To test the efficacy of the application of a municipal SID and the GSC to fund the 

GDHS, a low temperature production scenario at 500m reservoir depth is isolated. A low 

temperature production case has higher certainty, and the intermediate wellbore depth has a 

lower well field cost than deeper drilling variants. Production test case 4A meets these 

Scenario EUEF - Final

Network and 

Plant Costs EUEF - Final

Network and 

Plant Costs EUEF - Final

Network and 

Plant Costs EUEF - Final

Network and 

Plant Costs

1A 0.609 29,269,968$  0.655 30,655,430$  0.820 22,630,360$  0.877 23,298,315$  

1B 0.874 21,262,324$  0.877 21,141,492$  0.904 12,305,911$  0.928 12,917,777$  

2A 0.894 19,939,504$  0.886 20,151,696$  0.900 10,546,409$  0.948 11,786,722$  

3A 0.845 29,137,221$  0.886 30,005,870$  0.897 17,938,816$  0.921 18,099,524$  

3B 0.891 15,718,997$  0.885 16,126,618$  0.912 9,700,783$    0.943 10,670,844$  

4A 0.893 20,241,272$  0.894 19,448,609$  0.903 10,536,345$  0.956 12,046,945$  

5A 0.829 28,944,161$  0.874 30,012,032$  0.901 18,424,105$  0.917 18,554,363$  

5B 0.887 16,084,161$  0.888 16,085,886$  0.897 9,789,711$    0.940 11,424,244$  

6A 0.895 20,344,707$  0.891 20,916,969$  0.909 10,712,849$  0.946 11,826,901$  

7A 0.819 28,885,861$  0.864 29,890,603$  0.899 18,598,240$  0.927 18,448,171$  

7B 0.889 15,981,525$  0.886 16,330,117$  0.905 10,323,040$  0.959 10,706,442$  

Distribution Only; Conservative 

Heat Demand

Distribution Only; Liberal Heat 

Demand

2-Layer; Conservative Heat 

Demand
2-Layer; Liberal Heat Demand

Distribution Only; 

Conservative Heat 

Demand

Distribution Only; 

Liberal Heat 

Demand

2-Layer; 

Conservative Heat 

Demand

2-Layer; Liberal 

Heat Demand

Scenario Utilization Rate Utilization Rate Utilization Rate Utilization Rate

1A 0.362 0.359 0.312 0.310

1B 0.375 0.376 0.336 0.336

2A 0.394 0.401 0.362 0.362

3A 0.357 0.356 0.318 0.318

3B 0.386 0.391 0.356 0.357

4A 0.391 0.392 0.359 0.358

5A 0.357 0.356 0.318 0.318

5B 0.386 0.388 0.359 0.356

6A 0.388 0.394 0.358 0.357

7A 0.357 0.356 0.317 0.317

7B 0.385 0.388 0.355 0.352
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criteria in the 2-layer conservative heat demand map with an LCOH of $0.14/kWh including 

building retrofits, a heat source average of 4.36MWthermal, and a wellhead fluid temperature 

of 64.4℃. The number of buildings connected to the system is 328. 

A $7,685,453 cost defrayment from a 20-year 0.4% SID, on MTDOR assessed 

property values and an annual increase of 1.86% inline current inflation rates (US Bureau of 

Labor and Statistics, 2020), can decrease revenue pressure for the GDHS operation. 

Decreasing revenue pressure through community ownership of the utility was a hallmark of 

GDHS success in 2.2.9 and the SID application test can indicate the validity of this claim. 

Further, the State of Montana GSC amounts to $1500 per owner. Assuming each building is 

an individual claimant of the tax credit, this adds another $492,000 for a total cost 

defrayment of $8,177,453. Subtracting this amount from the network costs found in Table 

10, 4A is rerun through the LCOH formulation in GEOPHIRES to produce a policy incentive 

driven cost for the conservative 2-layer design scheme. Doing so serves as a proxy for 

community ownership and can highlight the level of additional incentivization or financial 

supports that should be put in place by the policymaker.  

3.9 Simplified Whole system Costs of Natural Gas 

To compare the whole system LCOH for a GDHS to the incumbent technology, 

natural gas, requires an estimate of whole system costs that include individual space heating 

units and water heaters. Whole system costs of natural gas, without considering the cost of 

maintenance, inflation, or other externalities, follows from the formula: 

𝑊𝑆𝐶𝑁𝐺 =
𝑆𝐻𝑛 + 𝐷𝐻𝑊𝑛 + (𝐸𝐶 ∗ 𝐷𝑃𝐵𝑃 ∗ 𝑋)

𝐴𝐷𝐶𝐻,𝑇𝑅 ∗ 1000 ∗ 𝑃𝐿
 

 

Eq. 20 

 

Where: 

WSCNG is the whole system cost of heating with natural gas in $/kWh 

SHn is the space heating for structures n 

DHWn is the domestic hot water for structures n 

ADCH,TR is the annual demand in MWh found in the Comsof Heat technical report  

PL is the project life, in this case 40 years 

EC is the equipment cost for 1 SFR condensing furnace (CFCSH,DP) and 1 SFR power vent 

water heater (HWHCDHW,DP) 

DPBP is the number of active demand points per scenario, attached to building polygons 

X is the number of service life periods for the furnace and water heater, over the project life* 

*The service life of a furnace and water heater in this project is 20 years 

 

The space heating, SHn, is a variable including the project lifetime and the efficiency factor 

of the supply component, following the formula: 

𝑆𝐻𝑛 = (𝐴𝐷𝐶𝐻,𝑇𝑅 ∗ .8) ∗ 1000 ∗ (
𝑁𝐺𝐶

𝐸𝐹𝑆𝐻
) ∗ 𝑃𝐿 

 

Eq. 21 

 

Where: 

NGC is the natural gas cost in $/kWh 

EFSH is an annual efficiency factor of natural gas for space heating using a condensing furnace 
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The domestic hot water, DHWn, is also a variable including the project lifetime and efficiency 

factor of the supply component, following the formula: 

 

𝐷𝐻𝑊𝑛 = (𝐴𝐷𝐶𝐻,𝑇𝑅 ∗ .2) ∗ 1000 ∗ (
𝑁𝐺𝐶

𝐸𝐹𝐷𝐻𝑊
) ∗ 𝑃𝐿 Eq. 22 

 

Where: 

EFDHW is an annual efficiency factor of natural gas for DHW using a power vent water heater 

 

The equipment cost, EC, per demand point is scaled from individual building demands in the 

maximum production case, per design scheme, per kW peak demand for DHW and space 

heating following the formula: 

 

𝐻𝑊𝐻𝐶𝐷𝐻𝑊,𝐷𝑃 =
∑ 𝐻𝑊𝐻𝐶𝑘𝑊𝑖

𝑛
𝑖=1 ∗ ∑ 𝑃𝐷𝐷𝐻𝑊𝑖

𝑛
𝑖=1

𝐷𝑃𝑛
 

 

Eq. 23 

 

Where: 

HWHCDHW,DP is the hot water heater cost for domestic hot water supply, per demand point 

HWHCkW,i is the hot water heater cost per kW demand, per building 

PDDHW,i is the peak demand for domestic hot water at each building 

DPn is the number of demand points met per maximum production scenario 

 

𝐶𝐹𝐶𝑆𝐻,𝐷𝑃 =
∑ 𝐶𝐹𝐶𝑘𝑊𝑖

𝑛
𝑖=1 ∗ ∑ 𝑃𝐷𝑆𝐻𝑖

𝑛
𝑖=1

𝐷𝑃𝑛
 

 

Eq. 24 

 

Where: 

CFCSH,DP is the hot water heater cost for domestic hot water supply, per demand point 

CFCkW,i is the condensing furnace cost per kW demand, per building 

PDSH,i is the peak demand for space heating at each building 

 

Therefore, 

𝐸𝐶 = 𝐶𝐹𝐶𝑆𝐻,𝐷𝑃 + 𝐻𝑊𝐻𝐶𝐷𝐻𝑊,𝐷𝑃 

 Eq. 25 

 

 In each circumstance the efficiency factors and component costs for the natural gas 

system are drawn from Schoenbauer et al. (2017). This report includes the prices found in 

residential units, surveyed in Minnesota. The open market price for the average condensing 

furnace is $4250. Assuming this is equivalent to meet the needs of a 10kW peak space heating 

demand, based on Danish Energy Agency (2018) averages for SFRs, the per kW price 

(CFCkW) is $425. The efficiency factor for a condensing furnace (EFSH) used in Eq. 21 is 

90%. The open market price for the average power vent water heater is $2100. Assuming 

from Eq. 8 that the typical residential peak load for DHW is 32kW, then the per kW price 

(HWHCkW) is $65.60. The efficiency factor for a power vent hot water heater (EFDHW) used 

in Eq. 22 is 60%, largely the result of standby heat losses.  

Average costs are taken per demand point across each design scheme. In the 

conservative demand case, average EC values are $7091 for equal building coverage as the 

distribution only design and $7137 for equal building coverage as the 2-layer design. In the 
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liberal demand case, average EC values are $5696 for equal building coverage as the 

distribution only design and $5566 for equal building coverage as the 2-layer design. Liberal 

demand scenarios have smaller component costs because the demand per building is lower, 

reflecting the additional coverage of smaller buildings. Natural gas costs (NGC) in use for 

this project are drawn from July 2020 residential consumer rates (NorthWestern Energy, 

2020). 

3.10 Summary of Methods 

In this project, the first step is to select a target community for potential development 

of the GDHS. This is done by aggregating the building densities of the entire State of 

Montana, the geothermal surface manifestations above the 55℃ legionella safety threshold, 

and weighing it against the highest heat demands by county in GeoVision preparatory studies 

(McCabe et al., 2016; Montana State Library, 2018; X. Yang et al., 2015). Across a total of 

17 surface manifestations and adjoining communities within an 8km radius, Broadwater Hot 

Springs was the most suitable for development. Quaternary fault proximity from USGS GIS 

data was an additional consideration but no discernable connection to the surface 

manifestations were made for this work (Schmitt, 2017). 

 Mapping the heat demand of a portion of the West Side neighborhood in Helena, 

Montana, is done by aggregating building footprints, MTDOR information on building 

compositions, interpreting building load factors from Natural Resources Canada 

simulations, then determining the gas consumption by floorspace area in CBECS and RECS 

for different structure types and years of construction (A. Dalla Rosa et al., 2012; Energy 

Information Administration, 2012, 2015a; Lewis and Clark County, 2012; Montana 

Department of Revenue, 2020b). Taking this annual consumption, 80% is assumed for space 

heating demand incorporating a peak demand formula and HDD for Montana, with DHW 

peak demands given a 32kW value for each living unit within a structure (Jebamalai et al., 

2019; National Oceanic and Atmospheric Administration, 2011; H. İ. Tol & Svendsen, 

2012). The living units per structure in this case are an approximation from Figure 74. 

GEOPHIRES and Comsof Heat are two pieces of software that provide a techno-

economic simulation of the geothermal resource and the accompanying DH network, 

respectively (K. F. Beckers & McCabe, 2019; Comsof Heat, 2020b). These pieces of 

software join through several iterations to determine LCOH values for each of 11 final 

production test cases. Information to develop these production scenarios takes existing data 

from MBMG, USGS, DOE, GWIC, and a previous master’s thesis (Galloway, 1977; Green, 

2004; Gruber & Lindsay Drilling, 1976a; Lienau et al., 1994; Mullane et al., 2017; Reed et 

al., 1983; Robertson, 1988; G. Smith & Icopini, 2016; J. Sonderegger, 1984; J. Sonderegger 

et al., 1981; Wang et al., 2020). This data becomes the input parameters for GEOPHIRES, 

which goes on to predict production values for Comsof Heat simulations of the GDHS 

network using component cost quotes from vendors and labor cost scaling factors from 

previous study (Berkley Earth, 2013; Danish Energy Agency, 2018; Logstor A/S, n.d.; 

Mertala, 2020; Mueller, 2020; Natural Resources Conservation Service, 2020; Ozolins, 

2020; Rafferty, 1996, 2001, 2003). This project also tests the potential efficiency gains of 

the geothermal wells by augmenting the production with a peaking boiler. To determine the 

efficacy of the heat source matching strategy and the DH design schemes available to the 

developer using Comsof Heat, a liberal and conservative version of the building-level heat 

demand map is run in simulation for each of the production scenarios, given a distribution 

only and 2-layer layout.  

To weigh the potential of existing geothermal and municipal bond supports available 
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to the GDHS developer, building owner, and policymaker, this project takes a single 

production test case, on the conservative heat demand map, with a wellhead temperature of 

64.4℃ and determines the defrayed LCOH. This defrayment uses a 0.4% SID and a GSC 

equivalent to the number of structures across the service area, joining the values of each 

building demand point to the property values found in MTDOR data (Montana Department 

of Revenue, 2020b, n.d.; Montana State Legislature, 2007). Doing provides insights to the 

policymaker about the improvements to geothermal development incentives that can be 

made to decarbonize building heat across their jurisdictions. 

Finally, this project compares all the geothermal DH LCOH possibilities to the 

building-owner costs using a simplification of natural gas heating. Building-owner costs 

include condensing furnaces and water heaters, their accompanying efficiency factors, the 

July 2020 residential consumer price of natural gas, and a replacement rate of 20 years over 

the 40-year lifetime of this GDHS project (NorthWestern Energy, 2020; Schoenbauer et al., 

2017). This whole system cost of natural gas ignores infrastructure costs to the gas utility, 

maintenance costs to the building-owner, and the environmental impacts of gas line leakage 

across the service area. Therefore, whole system costs of natural gas in this case are a very 

conservative estimation. Compiling and interpreting this information, while done by one 

person in this project, will benefit greatly by employing an interdisciplinary team of experts 

including geologists, reservoir modelers, engineers, civil works employees, business 

administrators, policymakers, potential customers, and state-level environmental, energy, 

natural resource, and law professionals. Nonetheless, it is obvious that a skeleton team can 

deliver preliminary results without delaying a project in the early stages of consideration. 

 

Chapter 4 

4Assessment Results 

4.1 Community Suitability Selection 

Community selection may not be necessary for the planner who already has a target 

area in mind. In this project, surface manifestations and wells serve as the basis for statewide 

assessment and eventual targeting of a western segment of Helena, Montana. The suitability 

results appear in Table 12. Alternative selection methods could target existing oil well 

infrastructure where the water fraction of production is already known. Such an alternative 

would shift the focus area of this type of project to the Eastern portion of Montana, where 

oil wells are prevalent.  
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Table 12 Results of community suitability selection. Criteria for suitability appear in 

3.1. 

 

4.2 Heat Demand Density Mapping 

The heat demand density mapping process is quite complex in the United States due 

to the clout of utility companies claiming proprietary customer data. The results for the 

selection area in West Helena indicate a peak demand of 19.22MWthermal in the liberal 

demand case and 18.31MWthermal for the conservative demand case. A portion of this demand 

is for DHW and space heating. Allocation in the case of this project was 80% for space 

heating. The remainder of the DHW demand, however, is built from assumptions on the 

number of homes per building. A simple allocation like this is not indicative in all cases of 

the DHW flow rates necessary to fill faucet outputs on an individual building basis but seems 

to be in good agreement with other research and expert opinion (Nehrir et al., 2000; H. İ. 

Tol & Svendsen, 2012; Vogel, 2008). Future improvement to the DHW allocation using 

some development of daily load profiles might modify the system pipe dimensioning to a 

degree that increases end-use efficiencies, thereby reducing whole system LCOH estimates. 

The opposite, however, might hold true if lower pressure constraints require a larger 

diameter pipe catalog.  

Approximations of the variability in this 20% remainder of DHW daily load may be 

found in Jebamalai et al. (2019), though they rely on an accurate number of homes or faucets 

per building. For this project, the approximations for number of homes found in Figure 74 

needs to increase in reliability. Perhaps more specific information on the number of units 

inside of buildings can be found elsewhere in Department of Revenue databases. In addition, 

these estimates are from European hot water consumption patterns. There is a widely known 

variability between the household water consumption patterns of North American and 

European residences.31. In the future, it may benefit the designer to draw a ratio from other 

 
31 According to the United Nations Food and Agricultural Organization AQUASTAT database. 

https://ourworldindata.org/water-use-stress#freshwater-use-for-households-and-public-services 

https://ourworldindata.org/water-use-stress#freshwater-use-for-households-and-public-services
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literature to compensate for this difference.  

 

 

Figure 81 The liberal heat demand case across the target area includes 1363 building 

polygons in “A.” The conservative heat demand case includes 1156 building 

polygons in “B.” 

4.3 GDHS Assessments with Comsof Heat and GEOPHIRES 

As mentioned in sections 3.4 and 3.5, there are 11 production test cases in use for each 

of the surface network design schemes. A visual depiction of the production test cases 

appears in Figure 82 with “A” values containing 2 production wells and “B” values 

containing 1 production well; refined data from Table 3. The shallowest wells are vertically 

drilled simulations, saving on costs, while those reservoirs appearing at 500m or greater 

depth require deviated wells, adding to costs. The conjoined production test cases and DH 

network design schemes provide the basis of the results found in this section. 

 

Figure 82 Production test cases. These production test cases join with the DH network 

design scheme, forming the basis of efficiency and cost results in this project. 
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4.3.1 Production efficiency using a supplemental boiler or pump scheme 

Across 11 instances, the peaking boiler case demonstrates the well production 

efficiency increases that might be available if the GDHS is given a supplemental heat source. 

These 11 instances are from the 2-layer network development using the same 1MW 

substation distribution layout in the liberal heat demand scenario. Comparing the boiler 

versus no boiler scenarios indicates that the augmentation of the geothermal resource with a 

heat source that amounts to 20% of well production results in an efficiency increase of 

13.1%, appearing in Figure 83. This efficiency increase is for the geothermal production 

alone and is not the same as the overall system efficiency. Therefore, the designer would 

have the more difficult task of justifying the socio-economic costs of the supplemental 

source and its fuel origins. This lifecycle impact assessment concern for a peaking scheme 

is particularly true if the source is of fossil origin. Fuel sources of fossil origin for the boiler 

will have long-lived negative socio-economic impacts (Miller, 2013). Though the word 

boiler is in use here, the heat source itself could be any variety of sustainable heat producing 

scheme, such as a GSHP. 

 

 

Figure 83 System efficiency increases possible by augmenting the geothermal resource 

with a 20% peaking heat source back up. The result is an average production 

efficiency increase of 13.1% in the 2-layer liberal demand scenario.  

4.3.2 DH network cost differences for centralized or decentralized scheme 

Pipe dimensioning and, therefore, the overall cost of the DH network decreases with 

a centralized versus a decentralized circumstance. This is largely the result of the pressure 

requirements at the point of consumer delivery. Distribution only design schemes in this 

project struggle to accommodate the hydraulic head while meeting the pressure delivery 

constraints. Not all the PN values for the resource temperature meet the Euroheat ideal for 

consumer delivery (Task Force Customer Installations, 2008). All maximum delivery 
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pressures were held at PN10 with a 1 bar margin. In simulation, all PN values fell below 10 

bar. Pressures below 10 bar are an acceptable standard for direct to consumer delivery 

according to the Danish Energy Agency guidelines, even for low-temperature heat sources 

(Danish Energy Agency, 2014, p. 18).  

Decreasing this consumer side delivery value to the more desirable PN6 for lower 

temperatures might be more difficult without hydraulic optimization and a modification of 

the hydraulic head from the point of production to the point of delivery. It will also result in 

a larger overall pipe diameter for the network and, therefore, cost (Jebamalai et al., 2019). 

Nonetheless, the centralized case enables the designer to maintain higher pressure values on 

the transportation network while decreasing consumer delivery pressures on the distribution 

side. This is especially useful for the mountainous environments of the West and, as Figure 

84 demonstrates using the conservative heat demand scenario, decreases initial capital costs 

of the GDHS project. Decreasing the capital costs for the pipelines results in an average 

savings of 48.8%.  

 

 

Figure 84 Decrease in initial capital costs of the pipe network using the centralized 

scheme. These costs also include all network component estimates.  

From discussions with suppliers, it is also notable that the centralized scheme may 

save the HIU purchaser 6% where a HEX and expansion tank are no longer necessary for 

space heating preparation. A percentage of savings this low does not support the findings of 

Rafferty (1996) but the methods of cost analysis differ and the evidence for a 6% savings 

only represents one supplier solicitation. In this project, an average of public cost 

information from the Danish Government and private supplier quotes from Gebwell of 

Finland are drawn for HIU totals, whereas Rafferty (1996) uses construction cost estimate 

catalogs. This percentage of savings may scale with larger HIU purchase orders and could 

be a topic for future refinement. 
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4.3.3 End-use efficiencies in centralized and decentralized schemes 

Initial capital cost reductions in 4.3.2. might entice the investor to the GDHS but it 

does not always produce the most desirable system efficiencies. The end-use efficiency 

factor in the centralized versus decentralized scenarios appears graphically in Figure 85 

using the averages of the two conservative and two liberal heat demand scenarios. In general, 

the 2-layer scenarios result in a higher simultaneous demand met while the distribution only 

cases suffer from higher heat losses due to the larger pipe diameters. The deep drilling 

scenario, 1A, efficiency suffers from a small community target area. The demand in this case 

is insufficient on the south side of Euclid Avenue to justify drilling two deep wells for that 

neighborhood alone. Future deep drilling assessments in the area, therefore, could benefit 

by expanding the target area for demand matching purposes. In this project, the 2-layer 

network scheme was often capable of achieving higher efficiencies by accommodating more 

demand points across greater elevation gains at the demonstration site. Distribution only 

scenarios could not meet the same demand in all cases because of the building delivery 

pressure constraint of less than 10 bar. Additionally, a larger single pipe catalog in the 2-

layer transportation network, replacing the Logstor twin pipe catalog, does not result in any 

savings due to the additional trenching requirements.  

 

 

Figure 85 System efficiency differences between the distribution only and 2-layer 

scenarios. These lines represent the average of the liberal and conservative 

demand scenarios.  

4.3.4 Whole system LCOH results 

The whole system LCOH for each scenario is a function of the well drilling depth, the 

network layout, pipe and component costs, project lifetime, the production temperature of 

the geothermal well, efficiency factors, and the simultaneous demand met across the 

network. Effectively, the combination of new material costs, techno-economic assessment 
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of the geothermal resource, and the optimization of the DH network in this project ensures 

that estimates closely reflect the state of the art in geothermal 4GDH design. These prices 

have been converted from the more common thermal expression of British thermal units to 

kWh for ease of comparison to heat alternatives. In Figure 86 the lowest cost occurs in 

scenario 7A. This is a scenario that would have low-confidence levels because the 

production temperature exceeds that of other known wells nearing a similar depth at the 

BGRA. Nonetheless, the designer is free to formulate the scenarios of low likelihood for 

contingency planning purposes.  

In each case of liberal demand versus conservative demand on the distribution only 

versus the 2-layer design schemes, the conservative case has a higher LCOH. The simple 

fact is that heat demand density across a community matters and zoning planners that 

anticipate leveraging a GDHS for their jurisdiction should incentivize density increases. The 

range of LCOH in the conservative demand case is $0.092-0.1815/kWhthermal and $0.126-

0.216/kWhthermal for the 2-layer and distribution only scheme, respectively. The range of 

LCOH in the liberal demand case is $0.0911-0.180/kWhthermal and $0.123-0.207/kWhthermal 

for the 2-layer and distribution only scheme, respectively. Under no circumstance on the 

conservative or liberal heat demand map, was the lowest cost design scheme a decentralized, 

distribution only heat network, as shown in Table 13. Designs for liberal heat demand were 

prominently cost effective using a 2-layer scheme.  

 

Figure 86 Whole system LCOH with well depth for 4 geothermal district heating 

design schemes in Helena, Montana using iterations of GEOPHIRES, and 

Comsof Heat in QGIS.  



4.3 GDHS ASSESSMENTS WITH COMSOF HEAT AND GEOPHIRES

  129  

  

Table 13 Whole system LCOH values for 4 geothermal district heating design 

schemes. The lowest cost design scheme per scenario is highlighted. 

 
 

Grouping these costs by temperature is another way of considering the likelihood or 

confidence that the designer might have in scenarios. At BGRA, the current production 

temperature of the wells is maximally 67℃. This temperature, therefore, has the highest 

confidence level across all scenarios, regardless of drilling depth. The range of whole system 

LCOH by reservoir temperature appears in Figure 87. Discerning between the conservative 

and liberal heat demand cases is difficult because Comsof Heat optimizes the cost pathways, 

regardless of the demand potential. The high reservoir temperature scenarios have higher 

costs because geochemical evidence in the literature requires deeper drilling to strike this 

production value (J. Sonderegger, 1984).  

 

Distribution 

Only; 

Conservative 

Heat Demand

Distribution 

Only; Liberal 

Heat Demand

2-Layer; 

Conservative 

Heat Demand

2-Layer; 

Liberal Heat 

Demand

Scenario $/kWh thermal $/kWh thermal $/kWh thermal $/kWh thermal

1A 0.2160 0.2071 0.1658 0.1597

1B 0.2075 0.2061 0.1815 0.1795

2A 0.2034 0.2023 0.1573 0.1573

3A 0.1402 0.1368 0.1092 0.1068

3B 0.1488 0.1498 0.1208 0.1222

4A 0.1836 0.1778 0.1355 0.1375

5A 0.1300 0.1269 0.0986 0.0976

5B 0.1375 0.1365 0.1082 0.1136

6A 0.1737 0.1754 0.1259 0.1276

7A 0.1256 0.1225 0.0942 0.0911

7B 0.1303 0.1317 0.1051 0.1020
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Figure 87 Average whole system LCOH values by reservoir temperature for the 

liberal and conservative heat demand cases; altered scale.  Cost optimization 

in Comsof Heat leaves little difference between the demand conditions.  

Just as for the power plant LCOH values found in Figure 64, the whole system 

intensity of demand met per dollar spent can indicate the most cost-effective DH design 

schemes. By taking the simultaneous demand met for each scenario, found in the technical 

report outputs of Comsof Heat, then dividing it by the whole system levelized cost of heat, 

the designer arrives at the intensity of demand met per dollar spent. Intensities for each of 

the 4 DH design schemes with their associated capital investment costs are found in Figure 

88. Scenario 1A, the deepest drilling test case with 2 wells, suffers from a lower efficiency 

factor, benefiting the low heat loss 2-layer design scheme, due to overproduction of heat for 

the target area in Helena, Montana. The difference in simultaneous demand met – a function 

of the heat loss, network elevation differences, well output, etc. - results in a divergence of 

the 2-layer and distribution only cost effectiveness for 1A. This overproduction can be 

ameliorated by adding additional buildings that demand heat to the network. Further, not all 

the most ideal outcomes for cost effectiveness share high geologic confidence levels. For 

example, case 7A is ideal but unlikely, since a higher-than-normal temperature must be 

reached in the well at a depth of less than 200m.  
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Figure 88 Intensities of heat demand met per dollar spent, considering whole system 

expenses, and capital costs. These measures are a proxy for cost effectiveness. 

More ideal outcomes have a higher intensity value.  

4.4 Weighing Existing Policy Incentive Efficacy 

From 3.8, additional funding from the GSC and SID using production test case 4A 

with a 2-layer design scheme results in a whole system LCOH of $0.083/kWh, a reduction 

in heat delivery costs of 41%. This represents a cost savings over natural gas, using the 

method in 3.9, of 61%. While SIDs in Montana cannot initially exceed 20 years, there is an 

extension possibility to 30 years (Montana State Legislature, 2007). As mentioned in 2.6.5, 

the SID leverages bond sales for an immediate raise of funds.  

The GSC adds a nominal amount of money but it really benefits the homeowner by 

defraying the typical building service line connection fee. As mentioned in 2.5.7, the GDHS 

operation in the heat purchase agreement can use free service connections as an incentive 

for the building owner participation, leaving the GSC funds for use on HIUs or HTUs. Since 

this project uses a whole system LCOH, the GSC is still applicable in the cost assessment, 

even though they are grants to individuals and not companies. A GSC would not be an 

applicable incentive if the GDHS operator were to only consider the costs up to the point of  

service connection – something gas utilities are free to do, leaving the cost of a boiler, gas 

furnace, or water heater to the structure owner.  

The property values in this policy incentive analysis may not be consistent in every 

case assessed values for the 328 buildings. Spatial joins for the demand points and parcels 

values (Montana Department of Revenue, 2020b) may result in a duplication of numbers 

across some buildings. The point, however, is to demonstrate how effective these incentives 

could be. The policy planner is free to attempt a SID or TIF increase over the amount in this 

example but in any case, this exposes the county commission or the municipality to protest. 

Community buy-in, therefore, will remain an imperative part of GDHS implementation and 

financing.   
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4.5 Whole System Geothermal DH Costs Versus Natural Gas 

Baseline comparisons of geothermal DH costs to natural gas individual system costs 

on a $/kWh basis indicate that savings is possible with GDHS. As the wells become 

shallower and the temperature for the production scenario increases, the levelized cost 

decreases for the GDHS. Based on the equations in 3.9, natural gas does not experience the 

same scaling of cost effectiveness because efficiency factors and individual building furnace 

costs are fixed over decades while the GDHS is capable of increasing cost effectiveness with 

increases in flow, higher temperature strikes, and cascading uses. The effects of these 

differences appear in Figure 89, with the highest certainty outcomes heating between 314-

470 structures. 

In every case, the individual natural gas-fired building heating options are higher than 

the potential geothermal DH option. There is, of course, a difference in certainty for the 

geologic condition and fluid characteristics that might occur across these well production 

test cases. The low temperature production scenarios are the most likely outcomes because 

they are based on existing temperature values from the shallow on-site wells. These higher 

certainty fluid production temperatures range from 63.9-64.8℃ and with an unsubsidized 

LCOH from $0.128-0.203/kWh. The equivalent natural gas system costs to cover the same 

number of buildings as these higher certainty cases range from $0.208-219/kWh. Certainty 

can change with additional exploration of the geothermal system. 

 

Figure 89 Whole system geothermal heat delivery costs versus the natural gas 

equivalent across all scenarios. Individual building gas-fired heating options 

have a higher whole system cost over the same 40-year project lifetime. 

4.6 Summary of Results 

The community selection indicates that several other areas across the State of Montana 

are also good candidates for GDHS prefeasibility analysis. This project selects Helena, 

Montana, using Broadwater Hot Springs to demonstrate a new method of GDHS analysis. 
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A building heat map for a part of the West Side neighborhood in Helena connects to the 

geothermal resource by automating a design scheme from the likely wellhead production 

area, BGRA. DH is typically thought of as most suitable for high heat demand density areas, 

but this project indicates that GDHS is still cost effective in comparison to the natural gas 

incumbent technology.  

Policy incentives available to Montana residents and commercial business do reduce 

the capital costs of development and alleviate the high upfront costs to the building owners. 

The GSC is not enough to stand on its own to reduce the cost to the building owner below 

that of gas condensing furnaces and water heaters and does require a municipal levy in the 

form of an SID. It is, however, apparent that the long-term cost savings for a 40-year long 

GDHS operation is cost competitive. Each geothermal production scenario beats the cost of 

natural gas in the long run, making upfront incentives the only major hurdle to customer 

uptake and adoption.  

Chapter 5 

5Discussion 

GDHS designers in the United States face the challenge of matching the geologic 

uncertainty of the geothermal resource to the heat demands of a nearby community while 

minimizing the DH network costs. To date, few successful GDHS designs move from 

assessment to implementation. Tabulations of energy potentials and idealizing network 

conditions for a given geothermal resource are better left to automation, thereby reducing 

human error (Jebamalai et al., 2019). All these requirements remain while the materials and 

control capabilities in DH continue to improve (H. Lund et al., 2014; Schweiger et al., 2019). 

To leverage the 4GDH technology and new developments in geothermal techno-economic 

assessment, this project uses the first known combination of GEOPHIRES and Comsof Heat 

network automation to produce whole system LCOHs for utility planners, using existing 

public data. 

5.1 Modifying production test cases 

While these simulations select and fix a set number of temperature differentials and 

production values for the geothermal wells, the ambitious designer is free to modify this 

method to better suit their DH network. Comsof Heat enables users to rapidly reassess their 

network when criteria changes during the planning process. The same ability to change 

criteria applies to GEOPHIRES as well. If new well data becomes available or new numeric 

models, such as TOUGH2, become available, the designer can quickly modify conditions 

with this iterative process. Further, the designer with greater certainty and financial support 

can improve these networks through hydraulic optimization in Netsim (Nihleen, 2019).  

Future work for the target area, for example, might include feedback from the 
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geothermal well owners and water rights holders at Broadwater Hot Springs. Likely private 

owners could use the techniques in this project to create their own feasibility studies or solicit 

them through geothermal consultants. Another future area of analysis might be some 

variation of the ∆T from the production well to reinjection, which in turn will delivery higher 

returns on investment for the drilled wells. The target areas for GDHS development using 

these software packages are only limited by imagination and might alternatively be 

subdivision developments, campus heating, resort expansions, or some other configuration 

spurred by developer interests.  

5.2 Building heat demand development 

Consumer energy demand data from utilities is unavailable in most parts of the United 

States. This remains a persistent barrier for geothermal district heating development. 

Overcoming this key barrier will empower investors, designers, and communities to choose 

among energy options not previously made available to them. Several efforts to develop heat 

demand density maps across the country have drawn consumption profiles as low as the 

county level (Gils et al., 2013; McCabe, Gleason, et al., 2017). Using public revenue data, 

building polygons, commercial and residential building energy consumption surveys, 

satellite imagery, and Google StreetView, this project formulates the first known method of 

building heat demand density mapping in the United States.  

This heat demand density mapping can serve as a starting point when choosing among 

energy options. A community that unilaterally supports the development of a GDHS through 

one of the property and sales tax levy mechanisms found in 2.6.5 can also improve this heat 

mapping effort by voluntarily divulging their energy consumption profiles to the designer. 

This refinement, wherever it takes place, should also serve to improve the uncertainty of 

regional building energy consumption characteristics. For example, the basement 

assumptions made in this project did not align with the RECS or the revenue data since 

several unknowns remain, such as occupancy, finished floorspace, and heating patterns for 

belowground areas, therefore, introducing potential for greater error. Refining this mapping 

process for future DH planning efforts will help cleave communities from the desires of 

proprietary data holders and traditional energy monopolies across the United States.  

While the gas utility companies of the United States are not willing to provide the 

consumption data of individual customer buildings, it is important to understand that most 

DH alternatives will operate at a higher efficiency factor than individual gas boilers across 

a community (Bertelsen & Vad Mathiesen, 2020). This lack of efficiency from the individual 

gas burners is a combination of oversizing or under sizing the boiler or furnace for the 

building, the age of the gas burner, flue gas losses, level of maintenance, and low levels of 

insulation that force frequent heat calls to the gas burner, among other reasons (Bennett & 

Elwell, 2020; Schweitzer, 2017). Distinguishing these differences paints a picture for the 

consumer where thermal price parity between GDHS and gas delivery to the building is 

unnecessary in many cases. GDHS heat delivery costs can still be cheaper to the building 

owner by reducing control cycling and wasteful fuel losses, even when the GDHS delivers 

at a higher cost per unit of heat.  

5.3 Increasingly complex heat source price comparisons 

While none of the whole system LCOH values found for production simulations at 

BGRA were in direct competition with July 2020 unit prices of natural gas, this is not an 
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accurate representation of the costs to gas consumers – proven by 4.5. It is still possible for 

the delivery unit price of geothermal heat to become competitive over the near future. Such 

a decrease in unit of heat delivery price would directly decrease LCOH. In these project 

scenarios, the unit price of gas would often have to sink to $0/kWh to become competitive 

with the geothermal LCOH. Consumers, however, often fail to consider prices beyond what 

appears on their monthly utility invoice. In previous predictive cost analysis by K. Beckers 

(2016), the likely threshold for natural gas unit price parity from low-temperature 

geothermal sources may occur widely by 2030. 

 The whole system LCOH found here, however, accounts for most homeowner retrofit 

expenses over the lifetime of the project – making the values from the project more relevant 

to the building owners than simply the price they pay to their current utility provider. This 

would allow homeowners to have sustainable heat delivery for at least 40 years at a price 

they could rely on. A whole system LCOH also enables the future community heat utility to 

provide complete 4GDH services using appropriate cost comparisons, including building 

energy efficiency measures such as weatherization, central control, and suitable radiative 

technology within customer structures, the background for which is in 2.2.  

5.4 Reflecting policy through price 

Methods of lowering this whole system LCOH to become cost competitive with 

natural gas may include some combination of building energy efficiency measures and 

expanding service area, an increased pumping plan with greater annual temperature 

drawdown allowances from the reservoir (held at 5%/year in this case), sale of carbon offsets 

to a certified retailer, accounting for the Geothermal Systems Credit on a per-customer basis, 

applying the AERLP, appealing for income tax exclusions, or reducing the LCOH in line 

with the sales tax leverages possible through improvement districts (Birkby, 2012; R Gordon 

Bloomquist, 2003; Montana State Legislature, 2009, 2017; Platt & Cilimburg, 2018). As the 

demonstration in 4.4 shows, clean energy policy incentives have room to grow in the drive 

to support sustainable heat networks. In addition, fundamentally rethinking the social cost 

of carbon, those external costs generated by pollution from fossil fuel combustion, would 

raise the price of natural gas to such an extent that alternatives such as GDHS become more 

favorable. To date this price on carbon has not been put in place for the State of Montana 

but such bills will continue to appear in the State Legislature, such as HB 193 from the 66th 

session by Dunwell (2019). 

Simple comparisons of LCOH must also accompany sound policy decisions. If an 

energy policymaker is interested in their options to decarbonize building heat demand, 

geothermal DH is a clear winner in comparison to electrification. For these scenarios, the 

price point for geothermal DH often beats the market rate for electricity in Montana by over 

50%, as of July 2020 (NorthWestern Energy, 2020). Nothing is as simple as electrifying 

everything to decarbonize the broader grid and US policymakers need district heating in 

their toolbox of options. 

5.5 Adoption rates, consumption, and potential savings 

An intrinsic weakness behind these levelized costs is the assumption of a 100% 

adoption rate by consumers. For the provider not expecting full adoption, Comsof Heat in 

combination with QGIS also allows for random selections of buildings at a different rate of 

adoption, to refine cost expectations. Modification of these costs on a year-by-year basis 
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could also include a multi-phase roll-out of system construction so the operator may know 

the turnaround time for capital investment to profit (Marlein, 2020a).  

Utilization factors in this project improve greatly by accounting for the bathing uses 

at Broadwater Hot Springs Resort. This reinforces the importance and value added to a 

geothermal developer, in adding more direct and cascading uses to the system. The 

additional benefit for the resort alone was around 10% increases in utilization, reducing the 

net LCOH. From Table 11 it could be that the real utilization rate is more for the seasonal 

demand in the residential area causing further downward pressure on the geothermal LCOH, 

since the input is built from building demand averages that are slightly below MTDEQ 

estimates, noted in 3.2.9. A place like Broadwater with a history of other direct uses, 

including commercial greenhouse operations, can reduce the LCOH further through 

cooperative industries. In addition, from Icelandic experience, the construction of 

geothermal DH networks tends to increase, not decrease the rates of heat consumption, as 

the resource is abundant and there is no limit on DHW availability to the end-user 

(Valdimarsson, 2008). 

During review of the utilization rate results in Table 11, it was found that Comsof Heat 

version 20.2 varies the DHW consumption at the same rate as the seasonal demand profile 

input from Figure 75 (Marlein, 2020b). While this is an appropriate method of estimation 

for the heating demand, the DHW acts more like a constant throughout the year, maintaining 

demand on the network across all seasons. As Jebamalai et al. (2019) points out, the DHW 

demand has an outsized impact on the dimensioning of the pipe network, and in this project 

it does have an impact on the utilization rates of the production wells when coupling to the 

geothermal heat source. Future versions of Comsof Heat will account for this relatively 

constant DHW demand (Marlein, 2020b), in variable DemandComsof, TR of Eq. 19, and are 

worth revisiting in the future. The consequence of this alternative annual demand will be a 

slight deviation from the prices found in 4.3.4. 

Improvements to the cost analysis could include the scaling of savings for bulk 

purchases of HIUs that do not require a space heating HEX in the centralized scheme. As 

mentioned in 2.2.2, TES could also supplement any of these scenarios to provide load 

flexibility to the DH operator in such a way that reduces overall network costs and increases 

potential revenue streams. Built in TES calculations for the heat network are a forthcoming 

feature in Comsof Heat updates (Jebamalai et al., 2020).  

5.6 Wellfield management and project lifetimes 

Another area of future work using these software packages could be the addition of 

make-up well drilling, well stimulation, and an extension of the project lifetime. Make-up 

well drilling is also possible to simulate across GEOPHIRES but was not a consideration for 

this project. Well stimulation may be worth investigating as more geologic or geomechanical 

information is made available in the exploration phase at BGRA. Pipeline lifetimes too, 

could greatly influence the levelized costs. In communications with Logstor – a pipe 

manufacturer – for example, they have many European pipe installations that far exceed the 

initial warrantee periods or the expected project lifetimes at conception (Lorenzen, 2020). 

The planner, in those cases, could expect the whole system LCOH to further decrease. 

5.7 Improving energy intelligence for policymakers 

Moving these assessments from the planning phase to implementation requires that 
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US GDHS operators and investors step up and seek additional input from the community 

and geophysical experts. More fundamentally, these assessments – using existing data –

provide enough information to decide if further exploration and conceptualization is 

worthwhile for that community. In Montana, the residents could choose to own the GDHS 

and lease the heat source, or the private geothermal water rights holders could project 

ambitious plans to entice a community to act on clean energy desires, becoming the owners 

of the GDHS themselves. Comsof Heat and the accompanying district visualizations help 

the designer express these possibilities directly to the policymaker and the public.  

Local DH initiatives are the most immediate way to put this exploration into action, 

envisioning decarbonization that benefits the affected community directly. Gas and electric 

utilities are not going to be compelled by their own corporate responsibility statements to 

undertake an energy transition away from fossil fuels. The push for decarbonization using 

DH in Europe continues to envision changes taking place at the local, district, and municipal 

level, albeit with grants and policy supports from the European Commission (Kruit et al., 

2020). Broad neighborhood DH initiatives are similarly possible in the United States along 

with proper technical support, consultations, and design assistance from higher echelons of 

government, such as the state and national levels.  

In Helena, additional geologic exploration is necessary during which time a petition 

for the RID/SID, with background in 2.6.5, could take place throughout the community 

(Perlmutter & Birkby, 1980). Financial allocations for these exploration costs are built into 

the cost outcomes in 4.3.4. The adoption rate and plausible production temperatures at the 

wellhead may be refined with the GDHS target area shifting towards likely customers based 

on the petition efforts. Increasing this adoption rate may be as simple as offsetting some of 

the homeowner connection fees and retrofit costs for HIUs and HTUs with the State of 

Montana’s $1500 Geothermal Systems Credit (Birkby, 2012; Montana Department of 

Revenue, n.d.). Low-emission geothermal heat delivery is within reach for the West Helena 

community. 

5.8 Lessons Learned and Recommendations 

Geothermal energy in the subsurface has unique transfer mechanisms by locale and is 

always dynamic. Likewise, the district heating network operates in a dynamic state, whether 

that be inside of building circuits or across transportation and distribution lines. No engineer 

or scientist, no lone designer, will anticipate all the potential variables when coupling these 

dynamic systems.  

 

• GDHS planners should use these tools knowing that high levels of uncertainty exist 

in the earliest project stage, when aggregating only existing public data. Refinements 

should be a continuous process from bench work, through exploration, onto 

construction. 

• Collecting the parameters necessary to run simulations in GEOPHIRES and Comsof 

Heat is the most time-consuming portion of this type of bench research.  

• Time steps in this case were not run between the two pieces of software and the 

average production outputs were the connective parameter between the two. A 

modeler wishing to examine system effects across time steps of the production 

scenarios should anticipate running a new simulation of Comsof Heat for each. 

Requiring, for example, 160 simulations per scenario given 4 production time steps 

per year over 40 years. 
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• Visualizations from the Comsof Heat outputs provide a common medium of 

communication for a GDHS project, enabling refinement by policymakers, the public, 

engineers, technicians, municipal planners, geothermal experts, geologists, and 

others.  

• Planners should develop several project lifetimes after they feel comfortable with the 

outcome of the simulations, providing a broader analysis of costs. DH systems have 

long lifetimes.  

• Community buy-in will continue to be an important part of GDHS implementation. 

Therefore, it is important to educate stakeholders on the long-lasting benefits of 

proper GDHS implementation, ameliorating concerns over the high up-front capital 

costs.  

• Simulations are only as good as the inputs they are given. This work represents the 

most accurate outcomes of a long journey that included many human errors along the 

way. Potential for improvements abound.  

• Municipal utility planners should use the methods in this project not as a construction 

decision making standard but as a tool in their exploratory, feasibility, and 

communicative efforts. 

• This project uses geothermal as the heat source but many of the methods are 

applicable to alternative or combined heat source studies.   

• Lawmakers should mandate the release of building heat consumption data from gas 

and electric utility companies to the public, anonymized to 100m2 or less, across the 

entire country. This would be an improvement over similar European projects like 

HotMaps32 and accelerate research into the decarbonization of building energy 

consumption. 

• GDHS planning and exploration should have public financial support, now.  

• Researchers who out-of-hand dismiss district heating for low demand density areas in 

their energy source development standards are ill-informed.  

• Dynamic hydraulic optimization was not a part of this project but could be done by 

importing the outputs of Comsof Heat into Netsim software. This would change the 

cost of pumping from the value taken from built-in cost estimates in GEOPHIRES.  

• Comsof Heat is capable of multi-phase rollouts of the pipeline network that are more 

representative of actual construction timelines for a DH installation, not tested in this 

project. Future efforts to incorporate these rollouts would require production cases 

with varying capacity factors and end-use efficiencies over each construction period.  

• Using Comsof Heat is a very effective way to decrease the costs of the pipe network 

with automation. Analysis of the heat source and coupling of the production system 

to the DH network, however, requires careful inspection. Automating this connection 

in the future is another possibility. 

 

 

 

 
32 https://www.hotmaps-project.eu/ 

https://www.hotmaps-project.eu/
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Chapter 6 

6Conclusion 

As the United States looks to a future of ongoing decarbonization in industry, 

transportation, and electricity generation, it cannot leave out heat planning. With recent 

improvements in district energy systems, more geothermal resources are suitable for 

exploitation in GDH than at any other point in history. Driving the understanding of GDH 

feasibility is digitalization, making assessments more accessible to the public, coherent to 

the policy maker, and pragmatic for the designer.  

The Western United States has many low-temperature geothermal resources that were 

previously considered uneconomic for district heating development. Little effort on the part 

of the federal government has been put into exploring these geothermal resources since the 

late 1970s (J. Sonderegger et al., 1981; Thorsteinsson, 2008). Meanwhile, district heating 

materials and technologies have been improving continuously. The advent of 4GDH control 

and design automation improves the cost effectiveness of these low-temperature geothermal 

resources (Averfalk & Werner, 2020). To assess these increases in cost effectiveness 

requires the use of a new method – found in this project, integrating community heat 

demand, geothermal reservoir assessments, and district heating networks. Using Helena, 

Montana as a demonstration area, this project integrates building-level heat demand density 

mapping in QGIS, GEOPHIRES techno-economic simulation, and Comsof Heat district 

heating network automation, to produce whole system LCOHs. All this work is done using 

existing and publicly available information.  

Considering GDHS in Montana, means presenting options for sustainable energy 

consumption where consumers were never given a choice. Across the Western United States, 

this means sparsely populated, often rural, towns are capable of sustainable energy adoption 

on a scale not possible for some of their urban counterparts. Whole system LCOH 

comparisons enable community policymakers, investors, designers, and operators to plan 

and incentivize GDHS development wherever it is possible. Computing power has changed 

greatly since the 1970s DOE geothermal exploration efforts and the technical barriers to 

understanding these software packages are low. Results from this work indicate that vast 

gains in feasibility have taken place for GDHS since the last widespread investigations of 

the oil crises. Every community adjacent to a geothermal resource with the means to do so 

should be conducting an assessment with their existing public data. There is no need to wait 

on a monopolistic gas or electric utility provider to change what does not benefit them.  

The landmark 2019 GeoVision study from NREL cites a potential for 17,500 GDHS 

operating by 2050. There are currently 21 in operation today. GeoVision speculates that this 

maximum potential is possible through investment and technologic advances in direct-use 

EGS (US DOE Geothermal Technologies Office, 2019). Cost effectiveness in this project 

was proven without stimulation of the wells and without the need for EGS. Conventional 

geothermal resources in rural settings should not be written off for their scalable direct use 

potential. With that, public policymakers and planners can move easily through a decision-

making process of design, exploration, and implementation. Combining GEOPHIRES and 

Comsof Heat software exposes the potential for DH from every geothermal resource 
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adjacent to a community across the United States, regardless of size. Whenever the time 

comes that direct-use EGS is economic then this method of assessment will also serve as the 

most compelling point of interest for stakeholders. There is, however, no need to wait as the 

country has low-temperature geothermal manifestations available for exploitation now.  



   141 

 

  

Reference List 

Arslan, O., Ozgur, M. A., Kose, R., & Tugcu, A. (2009). Exergoeconomic evaluation on the 

optimum heating circuit system of Simav geothermal district heating system. Energy 

and Buildings, 41(12), 1325–1333. https://doi.org/10.1016/j.enbuild.2009.07.029 

Austrian Institute of Refrigeration Air Conditioning and Heating. (2010, February). The 

limitation of simulation. EcoLibrium, (2010.2). Retrieved from 

https://www.airah.org.au/Content_Files/EcoLibrium/2010/February/2010-02-

Limitation.pdf 

Avalon Geothermal, LLC. (2009). Nevada Geothermal Utility Company (Avalon 

Geothermal) district heating surface plant. Retrieved from 

http://nvgeothermal.com/9.jpg 

Averfalk, H., & Werner, S. (2018). Novel low temperature heat distribution technology. 

Energy, 145, 526–539. https://doi.org/10.1016/j.energy.2017.12.157 

Averfalk, H., & Werner, S. (2020). Economic benefits of fourth generation district heating. 

Energy, 193, 116727. https://doi.org/10.1016/j.energy.2019.116727 

Baird, K. (n.d.). The Hotel Broadwater and Natatorium. Retrieved September 2, 2020, from 

http://www.helenahistory.org/Broadwater_natatorium.htm 

Baldvinsson, I., & Nakata, T. (2016). A feasibility and performance assessment of a low 

temperature district heating system – A North Japanese case study. Energy, 95, 155–

174. https://doi.org/10.1016/j.energy.2015.11.057 

Beckers, K. (2016, May 29). Low-temperature geothermal energy: Systems modeling, 

reservoir simulation, And economic analysis. Cornell University, Ithaca, New York. 

Retrieved from https://ecommons.cornell.edu/handle/1813/44328 

Beckers, K. (2020). NREL/GEOPHIRES-v2. Python, National Renewable Energy 

Laboratory. Retrieved from https://github.com/NREL/GEOPHIRES-v2 

Beckers, K. F., & McCabe, K. (2019). GEOPHIRES v2.0: Updated geothermal techno-

economic simulation tool. Geothermal Energy, 7(1), 5. 

https://doi.org/10.1186/s40517-019-0119-6 

Beckers, K. F., Lukawski, M. Z., Reber, T. J., Anderson, B. J., Moore, M. C., & Tester, J. W. 

(2013). Introducing GEOPHIRES v1.0: Software package for estimating levelized 

cost of electricity and/or heat from enhanced geothermal systems. In Thirty-Eighth 

Workshop on Geothermal Reservoir Engineering. Stanford, California. 

Beckers, K. J., & Young, K. R. (2017). Performance, cost, and financial parameters of 

geothermal district heating systems for market penetration modeling under various 

scenarios. United States: Stanford, CA: Stanford Geothermal Program. Retrieved 

from https://pangea.stanford.edu/ERE/pdf/IGAstandard/SGW/2017/Beckers.pdf 

Belu, R. (2020). Building integrated renewable energy and microgrids. In Building Electrical 

Systems and Distribution Networks: An introduction (1st ed., p. 590). CRC Press. 

Bennett, G., & Elwell, C. (2020). Effect of boiler oversizing on efficiency: a dynamic 

simulation study. Building Services Engineering Research & Technology. 

https://doi.org/10.1177/0143624420927352 

Bergantino, R. N. (2005). Lewis and Clark meet the Fort Union formation. Retrieved from 

http://www.lewis-clark.org/article/1568 

Berkley Earth. (2013). Regional climate change: Montana. Berkley, California: Berkley 

Earth. Retrieved from http://berkeleyearth.lbl.gov/regions/montana 

Bertelsen, N., & Petersen, U. (2017, June). Thermal energy storage in greater Copenhagen. 



142    

   

Aalborg University, Denmark. Retrieved from 

https://projekter.aau.dk/projekter/files/260124158/samlet_fardig.pdf 

Bertelsen, N., & Vad Mathiesen, B. (2020). EU-28 residential heat supply and consumption: 

Historical development and status. Energies, 13(8), 1894. 

https://doi.org/10.3390/en13081894 

Birkby, J. (1982a). Montana geothermal commercialization planning. Final report. United 

States. https://doi.org/10.2172/6203806 

Birkby, J. (1982b). Montana’s geothermal resources: an overview. Geo-Heat Center 

Quarterly Bulletin, 7(3). Retrieved from 

http://digitallib.oit.edu/digital/collection/geoheat/id/10940 

Birkby, J. (2012). Geothermal energy in Montana: A consumer’s guide (p. 48). Helena, 

Montana: Montana Department of Environmental Quality; Energy and Pollution 

Prevention Bureau. Retrieved from 

http://deq.mt.gov/Energy/renewableenergy/Geothermal/consumerguide 

Birkby, J. (2013). Touring Montana and Wyoming hot springs. Falcon Guides. 

Birkby, J. (2020, July 8). Photos of geothermal pools in Montana. 

Birman, J. H., Cohen, J., & Spencer, G. J. (1980). Geothermal space heating applications for 

the Fort Peck Indian Reservation in the vicinity of Poplar, Montana. (Final No. 

DOE/ID/12048-4). United States: US Department of Energy. 

https://doi.org/10.2172/6664705 

Bjorklund, A., & Stramara, K. (2018). An analysis of European hot water technology 

installation costs. District Energy, 104(3), 80. 

Blackketter, D. (2015). A demonstration system for capturing geothermal energy from mine 

waters beneath Butte, Montana. Montana Tech of the Univ. of Montana, Butte, MT 

(United States). Retrieved from https://www.osti.gov/servlets/purl/1206629 

Blackwell, D., & Richards, M. (2004). Geothermal map of North America. American 

Association of Petroleum Geologists. Retrieved from https://www.smu.edu/-

/media/Site/Dedman/Academics/Programs/Geothermal-

Lab/Graphics/Geothermal_MapNA_7x10in.gif?la=en 

Bloomquist, R G. (1986). A review and analysis of the adequacy of the U.S. legal, 

institutional and financial framework for geothermal development. Geothermics, 

15(1), 87–132. https://doi.org/10.1016/0375-6505(86)90031-3 

Bloomquist, R G. (2005). The evolution of U.S. policy designed to encourage geothermal 

development provision of access and encouraging project development. Presented at 

the World Geothermal Congress 2005, Antalya, Turkey: Washington State University 

Energy Program. Retrieved from https://www.geothermal-

energy.org/pdf/IGAstandard/WGC/2005/2201.pdf 

Bloomquist, R G, Black, G. L., Parker, D. S., Sifford, A., Simpson, S. J., & Street, L. V. 

(1985). Evaluation and ranking of geothermal resources for electrical offset in Idaho, 

Montana, Oregon and Washington. United States. https://doi.org/10.2172/891051 

Bloomquist, R Gordon. (2003). United States geothermal policy: Provision of access and 

encouraging project development. In Geothermal Training Programme. The United 

Nations University. Retrieved from https://orkustofnun.is/gogn/flytja/JHS-

Skjol/IGC2003ShortCourse/05Bloomquist.pdf 

Bohm, B., Kristjansson, H., Ottosson, U., Rama, M., & Sipila, K. (2008). District heating 

distribution in areas with low heat demand density. IEA R&D Programme on District 

Heating and Cooling Including the Integration of CHP, Annex VIII Project 8DHC-

08, 3, 2008. Retrieved from https://www.iea-

dhc.org/fileadmin/documents/Annex_VIII/Final-Report_8DHC_08_03.pdf 

Bonneville Environmental Foundation. (2016). Corporate social responsibility questions. 

Retrieved September 25, 2020, from http://www.b-e-f.org/learn/frequently-asked-

questions/ 



   143 

 

  

Bost, D. (1984). Energy research abstracts (Vol. 9). Oak Ridge, Tennessee: Office of 

Scientific and Technical Information. 

Brown, K. E. (1979). Geothermal energy in Montana: Site database and development status 

(p. 278). Oakland, California: US Department of Energy. 

https://doi.org/10.2172/5286001 

Brummer, N., & Bongers, J. (2019). Mijnwater Heerlen: Roadmap to 2040. Heerlen, 

Netherlands: Mijnwater B.V. Retrieved from https://guidetodistrictheating.eu/wp-

content/uploads/2019/12/HeatNetNWE_Heerlen-Transition-Roadmap_District-

Heating.pdf 

Carlson, G., & Birkby, J. (2015). Electricity generation from geothermal resources on the 

Fort Peck Reservation in northeast Montana. Poplar, Montana: Economic 

Development Office Fort Peck Tribes. https://doi.org/10.2172/1179246 

Caulk, R. A., & Tomac, I. (2017). Reuse of abandoned oil and gas wells for geothermal 

energy production. Renewable Energy, 112, 388–397. 

https://doi.org/10.1016/j.renene.2017.05.042 

Chiasson, A. (2013, January). The economic, environmental, and social benefits of 

geothermal use in Montana. Geo-Heat Center Quarterly Bulletin: Geothermal Use in 

Montana, 31(4), 36. Retrieved from 

https://oregontechsfstatic.azureedge.net/sitefinity-production/docs/default-

source/geoheat-center-documents/quarterly-bulletin/vol-31/bull31-4-

all.pdf?sfvrsn=1ed18d60_4 

City of Helena. (2018, September 12). Birch street water main replacement bid tabulations. 

Collins, J. (1959). The history of district heating. District Energy OnSite, (June, 2009). 

Retrieved from http://www.verenum.ch/Dokumente/1959_Collins_History.pdf 

Comsof. (2020). About us. Retrieved April 16, 2020, from https://comsof.com/about-us/ 

Comsof Heat. (2020a). Comsof Heat designer version 2020.1 - online manual. Comsof. 

Retrieved from https://www.manula.com/manuals/comsof/heatplanit-

designer/2020.1/en/topic/about-comsof-heat-designer 

Comsof Heat. (2020b, March 16). Comsof Heat technical training materials. Comsof. 

Dahlback, H., Engstrom, H., Ek, M., Lund, H., Nilsson, G., Nilsson, L.-G., & Baldefors, J. 

(2016). District heating, substations design and installation (Technical regulations). 

Sweden: Energi Företagen. 

Dalla Rosa, A., Li, H., & Svendsen, S. (2011). Method for optimal design of pipes for low-

energy district heating, with focus on heat losses. Energy, 36(5), 2407–2418. 

https://doi.org/10.1016/j.energy.2011.01.024 

Dalla Rosa, A., Boulter, R., Church, K., & Svendsen, S. (2012). District heating (DH) 

network design and operation toward a system-wide methodology for optimizing 

renewable energy solutions (SMORES) in Canada: A case study, 45(1), 960–974. 

https://doi.org/10.1016/j.energy.2012.06.062 

Dalla Rosa, Alessandro, Li, H., Svendsen, S., Werner, S., Persson, U., Ruehling, K., et al. 

(2014). Toward 4th generation district heating: Experience and potential of low-

temperature district heating (IEA DHC annex X report). Retrieved from 

https://backend.orbit.dtu.dk/ws/portalfiles/portal/105525998/IEA_Annex_X_Toward

_4th_Generation_District_Heating_Final_Report.pdf 

Danish Board of District Heating. (n.d.). District heating history. Retrieved October 27, 

2020, from https://dbdh.dk/dhc-in-denmark/district-heating-history/ 

Danish Energy Agency. (2014). Guidelines for low-temperature district heating (No. 64010– 

0479). Denmark. Retrieved from https://www.danskfjernvarme.dk/-

/media/danskfjernvarme/gronenergi/projekter/eudp-lavtemperatur-fjv/guidelines-for-

ltdh-final_rev1.pdf 

Danish Energy Agency. (2018). Technology data for individual heating plants. Copenhagen, 

Denmark: Danish Energy Agency. Retrieved from https://ens.dk/en/our-



144    

   

services/projections-and-models/technology-data/technology-data-individual-heating-

plants 

Dash, Z. V., Murphy, H. D., & Smith, M. C. (1988). Hot Dry Rock Geothermal Energy 

Development Program Annual Report Fiscal Year 1988. United States. 

https://doi.org/10.2172/896951 

Department of Housing and Urban Development. Manufactured home construction and 

safety standards, Pub. L. No. Part 3280, 24 CFR - Housing and Urban Development 

(2013). Retrieved from https://www.govinfo.gov/content/pkg/CFR-2014-title24-

vol5/pdf/CFR-2014-title24-vol5-sec3280-702.pdf 

Dillman, K. J. (2018). Profit Maximization Model for the Cascading Use of Geothermal 

Energy. University of Iceland, Reykjavik, Iceland. Retrieved from 

https://skemman.is/bitstream/1946/30634/1/Master%C2%B4sThesisFinalSubmission

-KevinDillman.pdf 

Dumas, P., Angelino, L., Latham, A., & Pinzuti, V. (2014). Developing geothermal district 

heating in Europe. Brussels: GeoDH. Retrieved from http://geodh.eu/wp-

content/uploads/2012/07/GeoDH-Report-2014_web.pdf 

Dumas, Philippe, Pavlovic, G., Attila, K., Marion, M., & Olivier, R. (2020, June). 

Geothermal energy in my backyard: Tackling energy poverty with renewables. 

Webinar presented at the European Geothermal Energy Council Series, Virtual. 

Retrieved from https://www.egec.org/events/geothermal-energy-in-my-back-yard-

tackling-energy-poverty-with-renewables/ 

Dunwell, M. A. Establish a carbon tax and distribute revenue, Pub. L. No. HB 193 (2019). 

Retrieved from 

http://laws.leg.mt.gov/legprd/LAW0210W$BSIV.ActionQuery?P_BILL_NO1=0193

&P_BLTP_BILL_TYP_CD=HB&Z_ACTION=Find&P_SESS=20191 

Energy Information Administration. (2012). Commercial buildings energy consumption 

survey (CBECS) data. Retrieved August 6, 2020, from 

https://www.eia.gov/consumption/commercial/data/2012/ 

Energy Information Administration. (2015a). RECS 2015 Table CE1.5 - Summary annual 

household site consumption and expenditures in the West. Washington, D.C.: Energy 

Information Administration. Retrieved from 

https://www.eia.gov/consumption/residential/data/2015/c&e/pdf/ce1.5.pdf 

Energy Information Administration. (2015b). Residential energy consumption survey (RECS) 

Table HC1.1 Fuels used and end uses in U.S. homes by housing unit type, 2015. 

Washington, D.C. Retrieved from 

https://www.eia.gov/consumption/residential/data/2015/hc/php/hc6.8.php 

Energy Information Administration. (2020a). US average residential price: Natural gas. 

Washington, D.C.: Energy Information Administration. Retrieved from 

https://www.eia.gov/dnav/ng/ng_pri_sum_a_EPG0_PRS_DMcf_m.htm 

Energy Information Administration. (2020b, January 22). Commercial buildings energy 

consumption survey (CBECS) 2018 status. Retrieved June 15, 2020, from 

https://www.eia.gov/consumption/commercial/ 

Energy Information Agency. (2018). Consumption & efficiency data. Retrieved May 23, 

2020, from https://www.eia.gov/consumption/data.php 

Energy Information Agency. (2020, January). Annual energy outlook 2020: Buildings. 

Presented at the Annual Energy Outlook, Washington, D.C. Retrieved from 

https://www.eia.gov/outlooks/aeo/pdf/AEO2020%20Buildings.pdf 

European Committee for Standardization. (2019). Prefabricated district heating and district 

cooling pipe system. Retrieved July 13, 2020, from 

https://standards.cen.eu/dyn/www/f?p=204:7:0::::FSP_LANG_ID,FSP_ORG_ID:25,

6089&cs=180D3783899D4CCC29C3A99A4F191CE9A#1 

Faulds, J. E., Coolbaugh, M. F., Vice, G. S., & Edwards, M. L. (2006). Characterizing 



   145 

 

  

structural controls of geothermal fields in the northwestern Great Basin: A progress 

report. Geothermal Resources Council Transactions, 30, 69–76. 

Fitzgerald, P. (2009). Map of public lands of Montana for use on Wikivoyage, English 

version. Retrieved from 

https://commons.wikimedia.org/wiki/File:Montana_public_lands_map.png 

Fortum. (2018, October 23). Fortum commits to produce carbon-neutral district heating in 

Espoo in the 2020s. Retrieved October 27, 2020, from 

https://www.fortum.com/media/2018/11/fortum-commits-produce-carbon-neutral-

district-heating-espoo-2020s 

Fortum. (2020). Espoo clean heat. Retrieved October 27, 2020, from 

https://www.fortum.com/espoo 

Gadd, H., & Werner, S. (2013). Daily heat load variations in Swedish district heating 

systems. Applied Energy, 106, 47–55. https://doi.org/10.1016/j.apenergy.2013.01.030 

Gadd, H., & Werner, S. (2015). Fault detection in district heating substations. Applied 

Energy, 157, 51–59. https://doi.org/10.1016/j.apenergy.2015.07.061 

Galloway, M. (1977). Qualitative hydrogeologic model of thermal springs in fractured 

igneous crystalline rocks. Montana State University, Bozeman, Montana. Retrieved 

from 

https://scholarworks.montana.edu/xmlui/bitstream/handle/1/5260/31762100139425.p

df?sequence=1 

Gelegenis, J. (2005). Rapid estimation of geothermal coverage by district-heating systems. 

Applied Energy, 80(4), 401–426. https://doi.org/10.1016/j.apenergy.2004.04.008 

Geological Survey (U.S.), United States., Department of Energy., & Office of Scientific and 

Technical Information. (1978). Selected data from thermal-spring areas, southwestern 

Montana. Retrieved from http://www.osti.gov/servlets/purl/5793650/ 

Gilbert, S., & Halim, S. (2016, August). Steiner tree. National University of Singapore. 

Retrieved from 

https://www.comp.nus.edu.sg/~stevenha/cs4234/lectures/03b.SteinerTree.pdf 

Gils, H. C., Cofala, J., Wagner, F., & Schöpp, W. (2013). GIS-based assessment of the 

district heating potential in the USA. Energy, 58, 318–329. 

https://doi.org/10.1016/j.energy.2013.06.028 

Glassley, W. E. (2014). Chapter 12: Direct use of geothermal resources. In Geothermal 

Energy: Renewable Energy and the Environment (2nd ed., pp. 255–280). Boca Raton, 

Florida: CRC Press. 

Google. (2012). Google maps: Street view. Photo, Helena, Montana. Retrieved from 

https://www.google.com/maps/ 

Google Earth, & Landsat/Copernius. (2020). Helena West Side GDHS. Helena, Montana: 

Google Earth. 

Gorroño-Albizu, L., Sperling, K., & Djørup, S. (2019). The past, present and uncertain future 

of community energy in Denmark: Critically reviewing and conceptualising citizen 

ownership. Energy Research & Social Science, 57, 101231. 

https://doi.org/10.1016/j.erss.2019.101231 

Government of Canada, N. R. C. (2019). Comprehensive energy use database. Retrieved 

May 23, 2020, from 

https://oee.nrcan.gc.ca/corporate/statistics/neud/dpa/menus/trends/comprehensive_tab

les/list.cfm 

Green, G. (2004, October 18). Montana geologic map data: From Report 2005-1351. 

Geologic units, Denver, CO: US Geological Survey. Retrieved from 

https://mrdata.usgs.gov/geology/state/state.php?state=MT 

Gruber, F., & Lindsay Drilling. (1976a). Aquifer test on 4 4.5" wells at BGRA. Broadwater 

Geothermal Area, Montana. Retrieved from 

http://mbmggwic.mtech.edu/logsrv/2011_4/260817_PUMP.PDF 



146    

   

Gruber, F., & Lindsay Drilling. (1976b). Geothermal well log from GWIC ID 260817. 

Broadwater Geothermal Area, Montana. Retrieved from 

http://mbmggwic.mtech.edu/logsrv/2011_4/260817.PDF 

Gruber, F., & Lindsay Drilling. (1976c). Geothermal well logs for GWID ID 260106, 

260815, 260816. Retrieved from 

http://mbmggwic.mtech.edu/logsrv/2011_4/260816.PDF 

Gunderson, J. A. (2011). Preliminary geothermal map of Montana using bottom-hole 

temperature data (Open-File No. 608). Butte, Montana: Montana Bureau of Mines 

and Geology. Retrieved from http://www.mbmg.mtech.edu/pdf-open-

files/mbmg608_geothermal.pdf 

Gunnerson, J. (2020, May 4). Pre-insulated pipe suppliers. 

Haines Photo Company. (1908, October 6). Broadwater Hotel, Helena, Mont. Library of 

Congress. Retrieved from https://www.loc.gov/pictures/item/2007662456/ 

Hamm, S., Augustine, C., Tasca, C., & Winick, J. (2019). An overview of the U.S. 

Department of Energy’s GeoVision report: Preprint. United States. Retrieved from 

https://www.osti.gov/servlets/purl/1569961 

Helena Convention and Visitors Bureau. (2020). Spring Meadow Lake. 

Hicks, M. J., Faulk, D., & Devaraj, S. (2019). Tax increment financing: Capturing or creating 

growth? Growth and Change, 50(2), 672–688. https://doi.org/10.1111/grow.12296 

Hinz, N. H., Faulds, J. E., & Coolbaugh, M. F. (2014). Association of fault terminations with 

fluid flow in the salt wells geothermal field, Nevada, USA. Geotherm Resource 

Council Transactions, 38, 3–10. 

del Hoyo Arce, I., Herrero López, S., López Perez, S., Rämä, M., Klobut, K., & Febres, J. A. 

(2018). Models for fast modelling of district heating and cooling networks. 

Renewable and Sustainable Energy Reviews, 82, 1863–1873. 

https://doi.org/10.1016/j.rser.2017.06.109 

Hulleras Del Norte S.A. (2019). Barredo colliery district heating. Mieres, Spain: University 

of Oviedo. Retrieved from https://www.districtenergyaward.org/wp-

content/uploads/2019/09/19GDECA-Desc-DHeating-BarredoColling-Spain.pdf 

Hvelplund, F., & Djørup, S. (2017). Multilevel policies for radical transition: Governance for 

a 100% renewable energy system. Environment and Planning C: Politics and Space, 

35(7), 1218–1241. https://doi.org/10.1177/2399654417710024 

Icopini, G. (2020, January 11). Data Assistance. 

IEE. (2020, May 23). Promote geothermal district heating systems in Europe. Retrieved May 

23, 2020, from /energy/intelligent/projects/en/projects/geodh 

Institut Wohnen und Umwelt GmbH. (2016). IEE Project TABULA. Retrieved April 13, 

2020, from https://episcope.eu/iee-project/tabula/ 

International District Energy Association; Expert panel discussion: Finding the right fit and 

implementing with wisdom from the trenches. (2020). Retrieved from 

https://www.youtube.com/watch?v=YieHBxeeQQs&feature=youtu.be 

Jacquez, G. M., & Meliker, J. R. (2011). Exposure reconstruction using space-time 

information technology. In J. O. Nriagu (Ed.), Encyclopedia of Environmental Health 

(pp. 636–644). Burlington: Elsevier. https://doi.org/10.1016/B978-0-444-52272-

6.00118-5 

Jebamalai, J. M., Marlein, K., Laverge, J., Vandevelde, L., & Van Den Broek, M. (2019). An 

automated GIS-based planning and design tool for district heating: Scenarios for a 

Dutch city. Energy, 183, 487–496. https://doi.org/10.1016/j.energy.2019.06.111 

Jebamalai, J. M., Marlein, K., & Laverge, J. (2020). Influence of centralized and distributed 

thermal energy storage on district heating network design. Energy, 117689. 

https://doi.org/10.1016/j.energy.2020.117689 

Jensen, J. K., Ommen, T., Markussen, W. B., & Elmegaard, B. (2017). Design of serially 

connected district heating heat pumps utilising a geothermal heat source. Energy, 



   147 

 

  

137, 865–877. https://doi.org/10.1016/j.energy.2017.03.164 

Jones, S. R., Gillott, M., Boukhanouf, R., Walker, G., Tunzi, M., Tetlow, D., et al. (2019). A 

system design for distributed energy generation in low-temperature district heating 

(LTDH) networks. Future Cities and Environment, 5(1). 

https://doi.org/10.5334/fce.44 

Karl, B., & Hass, E. (2013). Electric Power generation using geothermal fluid coproduced 

from oil and/or gas wells: Chena Hot Springs resort (p. 10). Chena Hot Springs, 

Alaska: US Department of Energy: Geothermal Technologies Office. Retrieved from 

https://www.energy.gov/sites/prod/files/2014/02/f7/chenahotsprings_peerreview2013

_0.pdf 

Kennedy, M., Hopkins, C., Rogers, J., McCormack, I., Djurhuus, S., Flørning, J., et al. 

(2017, May). Low carbon energy supply strategy WP1: Existing factors and barriers. 

Ramboll Vanderweil. Retrieved from https://www.cambridgema.gov/-

/media/Files/CDD/Climate/NetZero/LCESS/appendix1lcesswp1existingfactorsandbar

riers_webversion.pdf 

Kinney, C., Dehghani-Sanij, A., Mahbaz, S., Dusseault, M. B., Nathwani, J. S., & Fraser, R. 

A. (2019, November). Geothermal energy for sustainable food production in 

Canada’s remote northern communities. ENERGIES. ST ALBAN-ANLAGE 66, CH-

4052 BASEL, SWITZERLAND: MDPI. https://doi.org/10.3390/en12214058 

Kruit, K., Vendrik, J., van Berkel, P., van der Poll, F., Rooijers, F., Jossen, Q., et al. (2020). 

Zero carbon buildings 2050 summary report (Net-Zero 2050). Brussels, Belgium: 

European Climate Foundation; CE Delft. Retrieved from 

https://europeanclimate.org/content/uploads/2020/07/ecf--buildings-netzero-

fullreport-v11-pages-lo.pdf 

Kruseman, G. P., & Ridder, N. A. de. (1994). Analysis and evaluation of pumping test data 

(2. ed. (compl. rev.), repr). Wageningen: International Institute for Land Reclamation 

and Improvement. 

Lewis and Clark County. (2012). Lewis and Clark County building footprints 2012. Helena, 

Montana: Lewis and Clark County Government. 

Li, H., Sun, Q., Zhang, Q., & Wallin, F. (2015). A review of the pricing mechanisms for 

district heating systems. Renewable and Sustainable Energy Reviews, 42, 56–65. 

https://doi.org/10.1016/j.rser.2014.10.003 

Lienau, P. J., Lund, J. W., Rafferty, K., & Culver, G. (1994). Reference book on geothermal 

direct use. United States. https://doi.org/10.2172/92050 

Lincoln, M. (2014, February 2). Today marks the 25th anniversary of one of Helena’s worst 

disasters. Retrieved June 24, 2020, from https://helenair.com/news/local/today-

marks-the-25th-anniversary-of-one-of-helenas-worst-disasters/article_92b4017c-

8bd9-11e3-9b48-001a4bcf887a.html 

Liu, X., Yang, Z., Gluesenkamp, K., & Momen, A. (2015). A Technical and economic 

analysis of an innovative two-step system for utilizing low-temperature geothermal 

resources to condition commercial buildings (No. ORNL/TM-2015/655) (p. 72). Oak 

Ridge, Tennessee: Oak Ridge National Laboratory. Retrieved from 

https://www.energy.gov/sites/prod/files/2015/12/f27/A%20Technical%20and%20Eco

nomic%20Analysis%20of%20an%20Innovative%20Two-

Step%20Absorption%20System%20for%20Utilizing%20Low-

Temperature%20Geothermal%20Resources%20to%20Condition%20Commercial%2

0Buildings.pdf 

Logstor A/S. (n.d.). Logstor Twinpipe system. Pind Promotor. Retrieved from 

https://www.logstor.com/media/1899/twinpipe_en_p_dh.pdf 

Lorenzen, T. (2020, July 2). Pipe cost estimates, Montana, USA. 

Lowry, T. S., Ayling, B., Hinz, N., Sabin, A., Arguello, R., Blake, K., & Tiedeman, A. 

(2020). Deep direct-use geothermal feasibility study for Hawthorne NV. United 



148    

   

States. https://doi.org/10.2172/1606296 

Lu, S.-M. (2018). A global review of enhanced geothermal system (EGS). Renewable and 

Sustainable Energy Reviews, 81, 2902–2921. 

https://doi.org/10.1016/j.rser.2017.06.097 

Lulu Island Energy Company. (2019). Oval Village District Energy Utility future plans. 

Retrieved October 27, 2020, from http://www.luluislandenergy.ca/future-plans-

ovdeu/ 

Lund, H., Werner, S., Wiltshire, R., Svendsen, S., Thorsen, J. E., Hvelplund, F., & 

Mathiesen, B. V. (2014). 4th generation district heating (4GDH): Integrating smart 

thermal grids into future sustainable energy systems. Energy, 68, 1–11. 

https://doi.org/10.1016/j.energy.2014.02.089 

Lund, H., Østergaard, P. A., Chang, M., Werner, S., Svendsen, S., Sorknæs, P., et al. (2018). 

The status of 4th generation district heating: Research and results. Energy, 164, 147–

159. https://doi.org/10.1016/j.energy.2018.08.206 

Lund, J. W., & Allen, E. D. (1980). Assessment of the geothermal potential within the 

Bonneville Power Administration (BPA) marketing area. United States. 

https://doi.org/10.2172/7080797 

Lund, J. W., & Lienau, P. J. (2009). Geothermal district heating. In International Geothermal 

Days Slovakia (p. 18). Slovakia: International Geothermal Association. Retrieved 

from https://www.geothermal-

energy.org/pdf/IGAstandard/ISS/2009Slovakia/II.1.LUND.pdf 

Lund, J. W., & Toth, A. (2020). Direct utilization of geothermal energy 2020 worldwide 

review (p. 39). Presented at the World Geothermal Congress 2021, Reykjavik, 

Iceland: International Geothermal Association. Retrieved from 

https://www.geothermal-energy.org/pdf/IGAstandard/WGC/2020/01018.pdf 

Lund, J. W., Gawell, K., Boyd, T. L., & Jennejohn, D. (2010). The United States of America 

country update 2010. In Thirty-Fifth Workshop on Geothermal Reservoir Engineering 

(p. 19). 

Marinova, M., Beaudry, C., Taoussi, A., Trépanier, M., & Paris, J. (2008). Economic 

assessment of rural district heating by bio-steam supplied by a paper mill in Canada. 

Bulletin of Science, Technology & Society, 28(2), 159–173. 

https://doi.org/10.1177/0270467607313953 

Marlein, K. (2020a, March 6). Automated planning and design tool for DH networks. 

Retrieved July 29, 2020, from https://celsiuscity.eu/automated-planning-and-design-

tool-for-dh-networks/ 

Marlein, K. (2020b, September 17). Technical report annual demand. 

Mattson, E. D., & Neupane, G. (2017). LCOH estimated from existing geothermal district 

heating systems in the U.S. GRC Transactions, 41, 9. 

McCabe, K., Gleason, M., Reber, T., & Young, K. R. (2016). Characterizing U.S. heat 

demand for potential application of geothermal direct use: Preprint. United States. 

Retrieved from https://www.osti.gov/servlets/purl/1330943 

McCabe, K., Gleason, M., Reber, T., & Young, K. R. (2017). Characterizing U.S. heat 

demand market for potential application of geothermal direct use. United States: 

Davis, CA: Geothermal Resources Council. Retrieved from 

https://gdr.openei.org/files/823/McCabe_66460_NREL.docx 

McCabe, K., Mooney, M. E., Sigrin, B. O., Gleason, M., & Liu, X. (2017). The distributed 

geothermal market demand model (dGeo): Documentation. United States. 

https://doi.org/10.2172/1408285 

McCabe, K., Beckers, K. J., Young, K. R., & Blair, N. J. (2019). GeoVision analysis 

supporting task force report: Thermal applications. quantifying technical, economic, 

and market potential of geothermal district heating systems in the United States. 

United States. https://doi.org/10.2172/1524767 



   149 

 

  

Mertala, M. (2020, July 21). Ouman quotations. 

Metesh, J. (2000). Geothermal wells and springs in Montana (Open-File No. 415). Butte, 

Montana: Montana Bureau of Mines and Geology. 

Miller, C. A. (2013). Energy resources and policy: Vulnerabilty of energy resources and 

resource availability – Fossil fuels (oil, coal, natural gas, oil shale). In R. A. Pielke 

(Ed.), Climate Vulnerability (pp. 37–51). Oxford: Academic Press. 

https://doi.org/10.1016/B978-0-12-384703-4.00304-X 

Minibems Ltd. (2020). Heat network performance analysis information sheet. Retrieved from 

http://www.minibems.com/resources/ 

Montana Bureau of Mines and Geology. (n.d.). Mapper (v4.7). Butte, Montana. Retrieved 

from https://mbmg.mtech.edu/mapper/mapper.asp?view=Wells& 

Montana Climate Office. (2020, January 2). Mean annual temperature. Raster, Missoula, 

Montana: Montana Forest and Conservation Experiment Station. Retrieved from 

https://mco.cfc.umt.edu/datasets/data/climate/temperature/mean_annual_temp/ 

Montana Department of Environmental Quality. (2006). District heating cost assessment. 

Retrieved January 19, 2020, from 

http://deq.mt.gov/Energy/renewableenergy/Geothermal/district 

Montana Department of Environmental Quality. (n.d.). The home. Retrieved May 6, 2020, 

from 

http://deq.mt.gov/Energy/climatechange/energy/EnergyDemand/Residential/TheHom

e 

Montana Department of Revenue. (2020a). Tax increment financing. Retrieved June 28, 

2020, from https://mtrevenue.gov/property/tax-increment-financing-tif/ 

Montana Department of Revenue. (2020b, June 12). Montana spatial data infrastructure. 

Geographic Database, Helena, Montana: Montana State Library. Retrieved from 

ftp://ftp.geoinfo.msl.mt.gov/Data/Spatial/MSDI/Cadastral/ 

Montana Department of Revenue. (n.d.). Geothermal system credit. Retrieved July 29, 2020, 

from https://mtrevenue.gov/taxes/tax-incentives/geothermal-system-credit/ 

Montana State Legislature. Montana environmental policy act, 75-1–101 Montana Code 

Annotated § (1971). Retrieved from 

https://leg.mt.gov/content/Services%20Division/Lepo/mepa/title75.pdf 

Montana State Legislature. Exceptions to permit requirements, 85-2–306 Montana Code 

Annotated § (1979). Retrieved from https://leg.mt.gov/bills/mca/85/2/85-2-306.htm 

Montana State Legislature. Special improvement districts, 7-12–41 Montana Code Annotated 

§ (2007). Retrieved from 

https://leg.mt.gov/bills/mca/title_0070/chapter_0120/part_0410/sections_index.html 

Montana State Legislature. Energy production or development: Tax abatement, 15-24–3111 

Montana Annotated Code § (2009). Retrieved from 

https://leg.mt.gov/bills/mca/title_0150/chapter_0240/part_0310/section_0110/0150-

0240-0310-0110.html 

Montana State Legislature. 7-3-4201 Definitions., 7-3–4201 Montana Code Annotated § 

(2015). Retrieved from https://leg.mt.gov/bills/mca/7/3/7-3-4201.htm 

Montana State Legislature. Alternative energy loan revolving account, 75-25–101 Montana 

Annotated Code § (2017). Retrieved from 

https://leg.mt.gov/bills/mca/title_0750/chapter_0250/part_0010/section_0010/0750-

0250-0010-0010.html 

Montana State Library. (2018, July 18). Montana building footprints. Retrieved June 13, 

2020, from 

https://mslservices.mt.gov/Geographic_Information/Data/DataList/datalist_Details.as

px?did={6e5c6746-4bb5-4a36-b74a-bd82ec51870c} 

Montana State Library. (2020, June 9). Building areas and propertyIDs. 

Mueller, D. (2020, July 13). VAV boxes. 



150    

   

Mullane, M., Gleason, M., Reber, T., McCabe, K., Mooney, M., & Young, K. R. (2017). An 

estimate of shallow, low-temperature geothermal resources of the United States. 

United States: Davis, CA: Geothermal Resources Council. Retrieved from 

https://www.osti.gov/biblio/1357951 

Muntean, J., Davis, D., & Ayling, B. (2018). The Nevada mineral industry 2017 (Special 

Publication No. MI–2017). Nevada Bureau of Mines and Geology. Retrieved from 

http://minerals.nv.gov/uploadedFiles/mineralsnvgov/content/Programs/Geo/GeoLinks

-MI2017.pdf 

National Oceanic and Atmospheric Administration. (2011). Heating degree days, by state. 

Retrieved June 11, 2020, from https://openei.org/datasets/dataset/heating-degree-

days-by-state-weighted-by-population-per-2000-census 

National Renewable Energy Laboratory. (2005). Geothermal technologies program Montana 

(GeoPowering the West). US Department of Energy. Retrieved from 

https://www.nrel.gov/docs/fy06osti/38244.pdf 

Natural Resources Conservation Service. (2020). Web soil survey: Lewis and Clark County. 

Helena, Montana. Retrieved from 

https://websoilsurvey.nrcs.usda.gov/app/WebSoilSurvey.aspx 

Nehrir, M. H., Gerez, V., LaMeres, B. J., & Jamshidi, M. (2000). Shifting residential electric 

thermal storage loads: An automated fuzzy logic-based control strategy. Bozeman, 

Montana: Montana State University. Retrieved from 

http://www.montana.edu/blameres/vitae/publications/d_conference_full/conf_full_00

2_shifting_loads.pdf 

NGUC. (2017, August). Nevada Geothermal Utility Company (NGUC): Overview. 

Retrieved June 17, 2020, from http://nvgeothermal.com/ 

Nihleen, J. (2019). The lifecycle of a heating grid. Sweden. Retrieved from 

https://www.youtube.com/watch?v=UeWze-K7Orw 

Northwest Energy Efficiency Alliance. (2014). Montana single family homes: State summary 

statistics. Portland, Oregon: Northwest Energy Efficiency Alliance. Retrieved from 

https://neea.org/img/documents/montana-state-report-final.pdf 

NorthWestern Energy. (2020). Rate comparison tool. Billings, Montana: Northwestern 

Energy. Retrieved from https://www.northwesternenergy.com/account-

services/whats-included-in-your-total-bill/tariffs-and-rates/rate-comparison-tool 

Nussbaumer, T., & Thalmann, S. (2016). Influence of system design on heat distribution 

costs in district heating. Energy, 101, 496–505. 

https://doi.org/10.1016/j.energy.2016.02.062 

Østergaard, D. S., & Svendsen, S. (2016). Theoretical overview of heating power and 

necessary heating supply temperatures in typical Danish single-family houses from 

the 1900s. Energy and Buildings, 126, 375–383. 

https://doi.org/10.1016/j.enbuild.2016.05.034 

Østergaard, P. A., & Andersen, A. N. (2016). Booster heat pumps and central heat pumps in 

district heating. Applied Energy, 184, 1374–1388. 

https://doi.org/10.1016/j.apenergy.2016.02.144 

Ouman. (2020). Ouman building automation price list 2020. Retrieved from 

https://ouman.fi/wp-content/uploads/2020/03/Price-list_2020_ENG_LQ.pdf 

Ozolins, V. (2020, July 7). Gebwell G-Power district heating substations. 

Perlmutter, S., & Birkby, J. (1980). Montana geothermal handbook: A guide to agencies, 

regulations, permits, and financial aids for geothermal development. United States: 

Montana Department of Natural Resources and Conservation Renewable Energy 

Bureau. https://doi.org/10.2172/6887519 

Persson, U., & Werner, S. (2011). Heat distribution and the future competitiveness of district 

heating. Applied Energy, 88(3), 568–576. 

https://doi.org/10.1016/j.apenergy.2010.09.020 



   151 

 

  

Platt, T., & Cilimburg, A. (2018, May). Frequently asked questions about Missoula 

electricity landscape and montana laws and regulations. Climate Smart Missoula. 

Retrieved from 

https://www.missoulaclimate.org/uploads/4/3/2/6/43267085/appendixiii_faq_missoul

a100_report_10.17.2018.pdf 

Porse, S. (2018, September). Geothermal Technology Office overview and perspectives on 

EGS. Retrieved from https://arpa-

e.energy.gov/sites/default/files/3.%20Porse_FINAL_EGS%20Overview_ARPA_E_

V3.pdf 

PRISM Climate Group. (2006). 100th Meridian. Corvallis, Oregon: Oregon State University. 

Retrieved from https://prism.oregonstate.edu/explorer/ 

Rafferty, K. (1996). Selected cost considerations for geothermal district heating in existing 

single-family residential areas. United States. https://doi.org/10.2172/270672 

Rafferty, K. (2001). Building space heating, 22(3), 5. Retrieved from 

https://digitallib.oit.edu/digital/collection/geoheat/id/11279/rec/1 

Rafferty, K. (2003). The economics of connecting small buildings to geothermal district 

heating systems. Geo-Heat Center Quarterly Bulletin, 4–8. Retrieved from 

http://digitallib.oit.edu/digital/collection/geoheat/id/11324/ 

Rämä, M., & Sipilä, K. (2010). Challenges on low heat density district heating network 

design, 5. 

Ramey, H. J., Jr. (1962). Wellbore Heat Transmission. Journal of Petroleum Technology, 

14(04), 427–435. https://doi.org/10.2118/96-PA 

Rao, L. (2020, May 14). Geothermal in district energy schemes [Phone]. 

Rasband, J., Salzman, J., Squillace, M., & Kalen, S. (2016). Natural resources law and 

policy (3rd ed.). New York, NY, USA: Foundation Press. 

Reber, T. J. (2013). Evaluating opportunities for enhanced geothermal system-based district 

heating in New York and Pennslyvania, 293. 

Redko, A., Redko, O., & DiPippo, R. (2020). 5 - Heating with geothermal systems. In Low-

Temperature Energy Systems with Applications of Renewable Energy (pp. 177–224). 

Academic Press. https://doi.org/10.1016/B978-0-12-816249-1.00005-4 

Reed, M. J., Mariner, R. H., Brook, C. A., & Sorey, M. L. (1983). Selected data for low-

temperature (less than 90 degrees C) geothermal systems in the United States; 

reference data for U.S. Geological Survey Circular 892 (Report No. 83–250). 

https://doi.org/10.3133/ofr83250 

Reidhav, C., & Werner, S. (2008). Profitability of sparse district heating. Applied Energy, 

85(9), 867–877. https://doi.org/10.1016/j.apenergy.2008.01.006 

Roberts, B. (2009, October 13). Geothermal resources of the United States: Locations of 

identified hydrothermal sites and favorability of deep enhanced geothermal systems 

(EGS). Golden, CO: National Renewable Energy Laboratory. Retrieved from 

https://www.nrel.gov/gis/images/geothermal_resource2009-final.jpg 

Robertson, E. C. (1988). Thermal properties of rocks. Retrieved from 

https://pubs.usgs.gov/of/1988/0441/report.pdf 

Roots, A. (2008). Trespassing in Montana. Outside Bozeman. Retrieved from 

https://www.outsidebozeman.com/departments/trespassing-montana 

Rosen, M. A. (2004). Exergy analysis of energy systems. In C. J. Cleveland (Ed.), 

Encyclopedia of Energy (pp. 607–621). New York: Elsevier. 

https://doi.org/10.1016/B0-12-176480-X/00129-7 

Ross, J. F. (2018, September 10). The scientist who lost America’s first climate war. The 

Atlantic. Retrieved from https://www.theatlantic.com/ideas/archive/2018/09/how-the-

west-was-lost/569365/ 

Salazar, J., & Brown, M. [eds. ]. (1995). Hot dry rock energy: Hot dry rock geothermal 

development program. Progress report. Fiscal year 1993. United States. 



152    

   

https://doi.org/10.2172/45603 

Saletti, C., Morini, M., & Gambarotta, A. (2020). The status of research and innovation on 

heating and cooling networks as smart energy systems within Horizon 2020. 

Energies, 13(11). https://doi.org/10.3390/en13112835 

Schmitt, R. G. (2017). Quaternary Faults Web Application [Data set]. U.S. Geological 

Survey. https://doi.org/10.5066/F7S75FJM 

Schoenbauer, B., Bohac, D., & Huelman, P. (2017). Measure guideline: Combined space 

and water heating installation and optimization. Golden, CO: National Renewable 

Energy Laboratory. https://doi.org/10.2172/1349800 

Schontzler, G. (2019, November 17). Montana State looks to add geothermal wells, save 

energy. Bozeman Daily Chronicle. Retrieved from 

https://www.bozemandailychronicle.com/news/montana_state_university/montana-

state-looks-to-add-geothermal-wells-save-energy/article_e6331fb5-5829-5e7f-8847-

5400bc9e3bfb.html 

Schrock, H. (2020, September 25). Renewable energy credits questions [Video conference]. 

Schweiger, G., Kuttin, F., & Posch, A. (2019). District heating systems: An analysis of 

strengths, weaknesses, opportunities, and threats of the 4GDH. Energies, 12(24), 

4748. https://doi.org/10.3390/en12244748 

Schweitzer, J. (2017). Facts and figures about domestic gas boilers. Horsholm, Denmark: 

Danish Gas Technology Center. Retrieved from 

http://www.dgc.eu/sites/default/files/filarkiv/documents/R1603_facts_gas_boilers.pdf 

Selvig, M. (2019, August 14). City of Helena bid tabulations in the westside water and sewer 

project. 

Sernhed, K., & Jönsson, M. (2017). Risk management for maintenance of district heating 

networks. 15th International Symposium on District Heating and Cooling, DHC15-

2016, 4-7 September 2016, Seoul, South Korea, 116, 381–393. 

https://doi.org/10.1016/j.egypro.2017.05.085 

Siler, D. L., Faulds, J. E., Hinz, N. H., Dering, G. M., Edwards, J. H., & Mayhew, B. (2019). 

Three-dimensional geologic mapping to assess geothermal potential: examples from 

Nevada and Oregon. Geothermal Energy, 7(1), 2. https://doi.org/10.1186/s40517-

018-0117-0 

Smith, G., & Icopini, G. (2016). Survey of selected geothermal springs and wells in 

southwestern Montana (No. 677). Butte, Montana: Montana Bureau of Mines and 

Geology. 

Smith, J., & Beckers, K. (2020). Uncertainty and sensitivity analysis for geothermal reservoir 

performance and techno-economic assessments: A software package for 

GEOPHIRES. 

Snyder, D. M., Beckers, K. F., Young, K. R., & Johnston, B. (2017). Analysis of geothermal 

reservoir and well operational conditions using monthly production reports from 

Nevada and California. GRC Transactions, 41. Retrieved from 

http://pubs.geothermal-library.org/lib/grc/1033909.pdf 

Soltani, M., M. Kashkooli, F., Dehghani-Sanij, A. R., Kazemi, A. R., Bordbar, N., Farshchi, 

M. J., et al. (2019). A comprehensive study of geothermal heating and cooling 

systems. Sustainable Cities and Society, 44, 793–818. 

https://doi.org/10.1016/j.scs.2018.09.036 

Sonderegger, J. (1984). A summary of geothermal studies in Montana, 1980 through 1983 

(Open-File No. 142). Helena, Montana: US Department of Energy. Retrieved from 

http://mbmg.mtech.edu/pdf-open-files/mbmg142.pdf 

Sonderegger, J., Bergantino, R. N., Clark, D., Smith, R., & Rautio, S. A. (1981, June 22). 

Geothermal Resources of Montana. Butte, Montana: Montana College of Mineral 

Science and Technology. 

Sonderegger, J. L., Schmidt, F. A., & Ruscetta, C. A. (1981). Geothermal resources in 



   153 

 

  

Montana. In D. Foley (Ed.). United States. Retrieved from 

https://www.osti.gov/servlets/purl/7369410 

Southern Methodist University Geothermal Laboratory. (2011). Temperature-at-depth maps. 

University Park, Texas: National Renewable Energy Laboratory. Retrieved from 

https://maps.nrel.gov/geothermal-prospector/ 

Spangenberg, E. (2020, June 3). GIS building data. 

Sperling, K., Hvelplund, F., Nielsen, S., Lehmann, M., Brown Madsen, K., & Sejbjerg, A. 

(2015). Background report on energy strategy for Mariagerfjord municipality (ISP 

Font Series No. 2015– 02). Aalborg University. 

St1 Oy. (2018). Clean geothermal heat deep from the earth. Retrieved November 16, 2020, 

from https://www.st1.com/geothermal-heat 

State of Montana Library. (2020, June). Administrative boundaries. Retrieved September 30, 

2020, from http://geoinfo.msl.mt.gov/msdi/administrative_boundaries 

Stegnar, G., Staničić, D., Česen, M., Čižman, J., Pestotnik, S., Prestor, J., et al. (2019). A 

framework for assessing the technical and economic potential of shallow geothermal 

energy in individual and district heating systems: A case study of Slovenia. Energy, 

180, 405–420. https://doi.org/10.1016/j.energy.2019.05.121 

Task Force Customer Installations. (2008). Guidelines for district heating substations (p. 72). 

Euroheat and Power Board. Retrieved from https://www.euroheat.org/wp-

content/uploads/2008/04/Euroheat-Power-Guidelines-District-Heating-Substations-

2008.pdf 

Thorhallsson, S. (2003). Geothermal well operation and maintenance, 23. 

Thorsteinsson, H. H. (2008). U.S. geothermal district heating: Barriers and enablers. 

Massachusetts Institute of Technology, Cambridge, MA. Retrieved from 

http://hdl.handle.net/1721.1/42932 

Thorsteinsson, H. H., & Tester, J. W. (2010). Barriers and enablers to geothermal district 

heating system development in the United States. Energy Policy, 38(2), 803–813. 

https://doi.org/10.1016/j.enpol.2009.10.025 

Toews, M. (2019). Method and apparatus for power production. Google Patents. 

Tol, H., & Svendsen, S. (2020). Operational planning of low-energy district heating systems 

connected to existing buildings. Presented at the Proceedings of the 2nd International 

Conference on Renewable Energy: Generation and Applications, Denmark. Retrieved 

from http://www.engg.uaeu.ac.ae/icrega12/ 

Tol, H. İ., & Svendsen, S. (2012). Improving the dimensioning of piping networks and 

network layouts in low-energy district heating systems connected to low-energy 

buildings: A case study in Roskilde, Denmark. Energy, 38(1), 276–290. 

https://doi.org/10.1016/j.energy.2011.12.002 

University of Washington. (2016). Exploring regional opportunities in the U.S. for clean 

energy technology innovation, Volume 2 (University Reports). Seattle, Washington: 

US Department of Energy. Retrieved from 

https://www.energy.gov/sites/prod/files/2016/10/f33/Exploring%20Regional%20Opp

ortunities%20in%20the%20U.S.%20for%20Clean%20Energy%20Technology%20In

novation_Volume%202%20-%20%20University%20Reports%20-

%20October%202016.pdf 

US Bureau of Labor and Statistics. (2020). Consumer price index inflation calculator: 

January 2019-January 2020. Washington, D.C. Retrieved from 

https://www.bls.gov/data/inflation_calculator.htm 

US Census Bureau. (2010). Decennial census datasets - 2010. Retrieved January 22, 2020, 

from https://www.census.gov/programs-surveys/decennial-census/data/datasets.html 

US Department of Energy. (2016a). Geothermal electricity technology evaluation model. 

Washington, D.C. Retrieved from 

https://www.energy.gov/eere/geothermal/geothermal-electricity-technology-



154    

   

evaluation-model 

US Department of Energy. (2016b, July 14). Montana geothermal permitting process: 

RAPID toolkit. Retrieved June 26, 2020, from 

https://openei.org/wiki/RAPID/Geothermal/Montana 

US Department of Energy. (2016c, December 1). Montana geothermal drilling & well 

development. Retrieved June 28, 2020, from 

https://openei.org/wiki/RAPID/Geothermal/Montana/Drilling_%26_Well_Developm

ent 

US Department of Energy. (2017). How California can expand U.S. geothermal energy 

production. Retrieved September 29, 2020, from 

https://www.energy.gov/eere/articles/how-california-can-expand-us-geothermal-

energy-production 

US Department of Energy. (2018, June 14). Department of Energy selects University of Utah 

site for $140 million geothermal research and development. Retrieved January 7, 

2021, from https://www.energy.gov/articles/department-energy-selects-university-

utah-site-140-million-geothermal-research-and 

US DOE Geothermal Technologies Office. (2019). GeoVision: Harnessing the heat beneath 

our feet (p. 218). Washington, D.C.: US Department of Energy. Retrieved from 

https://www.energy.gov/sites/prod/files/2019/06/f63/GeoVision-full-report-opt.pdf 

US Energy Information Administration. (2018). 2015 Residential energy consumption 

survey. Washington, D.C. Retrieved from 

https://www.eia.gov/consumption/residential/data/2015/c&e/pdf/ce3.1.pdf 

US Energy Information Administration. (2020, June 18). Use of energy in explained. 

Retrieved October 27, 2020, from https://www.eia.gov/energyexplained/use-of-

energy/ 

US Geological Survey. (2008). Broadwater Hot Springs geothermal area. Retrieved June 16, 

2020, from https://openei.org/wiki/Broadwater_Hot_Spring_Geothermal_Area 

US Geological Survey. (2013). USGS 13 arc-second n47w113 1 x 1 degree. Washington, 

D.C.: US Geological Survey. Retrieved from 

https://www.sciencebase.gov/catalog/item/5deb331de4b02caea0f0edab 

US Office of Surface Mining Reclamation and Enforcement. (2012). Well purging 

procedures for obtaining valid water samples, 5. Retrieved from 

https://www.arcc.osmre.gov/about/techDisciplines/hydrology/docs/techGuidance/201

2/tsd-wggb-Well_Purging.pdf 

USDA Farm Service Agency. (2020). Google maps: satellite imagery. Helena, Montana: 

Maxar Technologies. Retrieved from https://www.google.com/maps/@46.5963989,-

112.0626749,281m/data=!3m1!1e3 

Valdimarsson, P. (2008, May). General guidelines in geothermal district heating design. 

Presented at the Workshop for Decision Makers on Direct Heating Use of 

Geothermal Resources in Asia, Tianjin, China. Retrieved from 

https://orkustofnun.is/gogn/flytja/JHS-Skjol/China%202008/Presentations/41-

Pall%20Valdimarsson.pdf 

Vivian, J., Emmi, G., Zarrella, A., Jobard, X., Pietruschka, D., & De Carli, M. (2018). 

Evaluating the cost of heat for end users in ultra low temperature district heating 

networks with booster heat pumps. Energy, 153, 788–800. 

https://doi.org/10.1016/j.energy.2018.04.081 

Vogel, M. (2008, November 13). Water heater choice and maintenance can reduce energy 

costs. Retrieved June 17, 2020, from http://www.montana.edu/news/6503/water-

heater-choice-and-maintenance-can-reduce-energy-costs 

Wang, C., Winterfeld, P., Johnston, B., & Wu, Y.-S. (2020). An embedded 3D fracture 

modeling approach for simulating fracture-dominated fluid flow and heat transfer in 

geothermal reservoirs. Geothermics, 86, 101831. 



   155 

 

  

https://doi.org/10.1016/j.geothermics.2020.101831 

Waring, G. A. (1965). Thermal springs of the United States and other countries of the world 

- a summary. United States: US Geological Survey,Washington, DC. Retrieved from 

https://www.osti.gov/servlets/purl/5147988 

Watts, B., Howard, W., Climas, J., & Bentham, T. (2010). A case against the widespread use 

of district heating and CHP in the UK (p. 28). London, England: Max Fordham 

Consulting Engineers. Retrieved from 

https://www.maxfordham.com/assets/media/images/publications/Widesread%20use%

20of%20district%20heating/District_Heating__CHP_Study.pdf 

Werner, S. (2017). District heating and cooling in Sweden. Energy, 126, 419–429. 

https://doi.org/10.1016/j.energy.2017.03.052 

Wood, G. (2014, August 5). Geothermal energy to expand in Richmond. Retrieved October 

27, 2020, from https://www.richmond-news.com/geothermal-energy-to-expand-in-

richmond-1.1296887 

Yang, X., Li, H., & Svendsen, S. (2015). Alternative solutions for inhibiting Legionella in 

domestic hot water systems based on low-temperature district heating. 

https://doi.org/10.1177/0143624415613945 

Yang, Xiaochen, Li, H., & Svendsen, S. (2016). Decentralized substations for low-

temperature district heating with no Legionella risk, and low return temperatures. 

Special Issue on Smart Energy Systems and 4th Generation District Heating, 110, 

65–74. https://doi.org/10.1016/j.energy.2015.12.073 

Young, K. (2016). U.S. Heat demand by sector for potential application of direct use 

geothermal. Golden, CO: National Renewable Energy Laboratory. Retrieved from 

https://gdr.openei.org/submissions/823 

 

 



156    

   

Appendix A GEOPHIRES Parameter 

Tables for the BGRA, Iteration 1 

Parameter name Type Parameter Value Reference to Value

Reservoir Model (Linear) Percentage Temperature Drawdown 4 (Snyder et al., 2017)

Reservoir Depth Kilometers 3.5 (Sonderegger, 1984)

Number of Segments Quantity across total depth 4

Gradient 1 C/km 42

(Southern Methodist University Geothermal 

Laboratory, 2011)

Thickness 1 Kilometers 1

Gradient 2 C/km 30

(Southern Methodist University Geothermal 

Laboratory, 2011)

Thickness 2 Kilometers 1

Gradient 3 C/km 30

(Southern Methodist University Geothermal 

Laboratory, 2011)

Thickness 3 Kilometers 1

Gradient 4 C/km 14 (Sonderegger, 1984)

Thickness 4 Kilometers 0.5

Maximum temperature Degrees Celcius 109 (Sonderegger, 1984)

Number of Production Wells Count 1 or 2

Number of Injection Wells Count 1

Production Well Diameters Inches (constant inner diameter) 8.5

Injection Well Diameter Inches (constant inner diameter) 8.5

Ramey Production Wellbore Model Enabled (1) Disabled (0) 1

Injection Wellbore Temperature Gain Degrees Celcius 0

Production Flow Rate Per Well Kilograms/second 31.5 (Sonderegger, 1984)

Reservoir Volume Option Specify reservoir volume only 4

Reservoir Volume Cubic Meters 1000 (US Geological Survey, 2008)

Water Loss Fraction (total geofluid lost)/(total geofluid produced) 0

Injection Temperature Degrees Celcius 47

Maximum Drawdown No redrilling is considered 1

Reservoir Heat Capacity J/kg/K 1000 (Wang et al., 2020; Robertson, 1988)

Reservoir Density kg/m3 2650 (Wang et al., 2020)

Reservoir Thermal Conductivity W/m/k 5.1 (Wang et al., 2020)

Porosity 0-1 0.05 (Kruseman & Ridder, 1994)

Reservoir Permeability m2 1.00E-13 default value

Reservoir Thickness m 250 default value

Reservoir width m 500 default value

Well Separation m 1000 default value

End-use Option Direct-use Heat 2

Circulation Pump Efficiency 0-1 0.75 default value

Utilization Factor required flow for project/possible flow 0.924702774 (Smith & Icopini, 2016; Sonderegger, 1984)

End-Use Efficiency Factor Assuming heat exchanger at the wellhead plant 0.95

Surface Temperature Celcius 5.21 (Berkley Earth, 2013)

Ambient Temperature Celcius 6.5878 (Montana Climate Office, 2020)

Plant Lifetime years 40

DH systems have longer mechanical lifetimes 

than electricity generation

Economic Model Standard LCOE/LCOH model 2

Discount Rate 0-1 0.07 default value

Inflation Rate During Construction 0-1 0.0186 (US Bureau of Labor and Statistics, 2020)

Well Drilling and Completion Capital 

Cost Adjustment Factor

Multiplier for built-in well drilling and 

completion capital cost

correlation; 75% well success assigned 1.5

Well Drilling Cost Correlation deviated liner, small (8.5in) diameter 2

Resevoir Stimulation Capital Cost No stimulation 0

Field Gathering System Capital Cost 

Adjustment Factor

GEOPHIRES assumes $500/meter of pipe 

length with 750m per well 1 default value

Exploration Capital Cost

Assumes slimhole at 60% of production well 

cost and $1M USD for geophysical work default value

Exploration Capital Cost Adjustment 

Factor

Multiplier; BGRA has been explored to a fair 

extent 0.5

Wellfield O&M Cost

1% of total well and field gathering system 

costs; 25% of labor costs default value

Wellfield O&M Cost Adjustment 

Factor Multiplier 1 default value

Surface Plant O&M Cost

1.5% of total surface plant costs and 75% of 

annual labor costs; from BLS utility data default value

Surface Plant O&M Cost 

Adjustment Factor Multiplier 1 default value

Water Cost No reservoir water losses assumed 0

Electricity Rate Small Commercial; $/kWh in Montana 0.131 (NorthWestern Energy, 2020)

Time Steps Per Year Number of internal annual simulation time steps 4

GEOPHIRES Broadwater Direct Use Simulation, Scenario 1; Deep Drilling 109

Surface Technical Parameters

Economic/Financial Parameters

Simulation Parameters



 

  

 

 

Parameter name Type Parameter Value Reference to Value

Reservoir Model (Linear) Percentage Temperature Drawdown 4 (Snyder et al., 2017)

Reservoir Depth Kilometers 1 (Mullane et al., 2017)

Number of Segments Quantity across total depth 1

Gradient 1 C/km 67

Thickness 1 Kilometers 1

Maximum temperature Degrees Celcius 67 (Sonderegger, 1984)

Number of Production Wells Count 1 or 2

Number of Injection Wells Count 1

Production Well Diameters Inches (constant inner diameter) 8.5

Injection Well Diameter Inches (constant inner diameter) 8.5

Ramey Production Wellbore Model Enabled (1) Disabled (0) 1

Injection Wellbore Temperature Gain Degrees Celcius 0

Production Flow Rate Per Well Kilograms/second 31.5 (Sonderegger, 1984)

Reservoir Volume Option Specify reservoir volume only 4

Reservoir Volume Cubic Meters 1000 (US Geological Survey, 2008)

Water Loss Fraction (total geofluid lost)/(total geofluid produced) 0

Injection Temperature Degrees Celcius 47

Maximum Drawdown No redrilling is considered 1

Reservoir Heat Capacity J/kg/K 1000 (Wang et al., 2020; Robertson, 1988)

Reservoir Density kg/m3 2650 (Wang et al., 2020)

Reservoir Thermal Conductivity W/m/k 5.1 (Wang et al., 2020)

Porosity 0-1 0.05 (Kruseman & Ridder, 1994)

Reservoir Permeability m2 1.00E-13 default value

Reservoir Thickness m 250 default value

Reservoir width m 471.5 From QGIS areal extent

Well Separation m 1000 default value

End-use Option Direct-use Heat 2

Circulation Pump Efficiency 0-1 0.75 default value

Utilization Factor required flow for project/possible flow 0.924702774 (Smith & Icopini, 2016; Sonderegger, 1984)

End-Use Efficiency Factor Assuming heat exchanger at the wellhead plant 0.95

Surface Temperature Celcius 5.21 (Berkley Earth, 2013)

Ambient Temperature Celcius 6.5878 (Montana Climate Office, 2020)

Plant Lifetime years 40

DH systems have longer mechanical lifetimes 

than electricity generation

Economic Model Standard LCOE/LCOH model 2

Discount Rate 0-1 0.07 default value

Inflation Rate During Construction 0-1 0.0186 (US Bureau of Labor and Statistics, 2020)

Well Drilling and Completion Capital 

Cost Adjustment Factor

Multiplier for built-in well drilling and 

completion capital cost

correlation; 75% well success assigned 1.5

Well Drilling Cost Correlation deviated liner, small (8.5in) diameter 2

Resevoir Stimulation Capital Cost No stimulation 0

Field Gathering System Capital Cost 

Adjustment Factor

GEOPHIRES assumes $500/meter of pipe 

length with 750m per well 1 default value

Exploration Capital Cost

Assumes slimhole at 60% of production well 

cost and $1M USD for geophysical work default value

Exploration Capital Cost Adjustment 

Factor

Multiplier; BGRA has been explored to a fair 

extent 0.3

Wellfield O&M Cost

1% of total well and field gathering system 

costs; 25% of labor costs default value

Wellfield O&M Cost Adjustment 

Factor Multiplier 1 default value

Surface Plant O&M Cost

1.5% of total surface plant costs and 75% of 

annual labor costs; from BLS utility data default value

Surface Plant O&M Cost 

Adjustment Factor Multiplier 1 default value

Water Cost No reservoir water losses assumed 0

Electricity Rate Small Commercial; $/kWh in Montana 0.131 (NorthWestern Energy, 2020)

Time Steps Per Year Number of internal annual simulation time steps 4

GEOPHIRES Broadwater Direct Use Simulation, Scenario 2; Intermediate Drilling 67

Surface Technical Parameters

Economic/Financial Parameters

Simulation Parameters
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Parameter name Type Parameter Value Reference to Value

Reservoir Model (Linear) Percentage Temperature Drawdown 4 (Snyder et al., 2017)

Reservoir Depth Kilometers 1 (Mullane et al., 2017)

Number of Segments Quantity across total depth 1

Gradient 1 C/km 89

Thickness 1 Kilometers 1

Maximum temperature Degrees Celcius 89 (Reed et al., 1983)

Number of Production Wells Count 1 or 2

Number of Injection Wells Count 1

Production Well Diameters Inches (constant inner diameter) 8.5

Injection Well Diameter Inches (constant inner diameter) 8.5

Ramey Production Wellbore Model Enabled (1) Disabled (0) 1

Injection Wellbore Temperature Gain Degrees Celcius 0

Production Flow Rate Per Well Kilograms/second 31.5 (Sonderegger, 1984)

Reservoir Volume Option Specify reservoir volume only 4

Reservoir Volume Cubic Meters 1000 (US Geological Survey, 2008)

Water Loss Fraction (total geofluid lost)/(total geofluid produced) 0

Injection Temperature Degrees Celcius 47

Maximum Drawdown No redrilling is considered 1

Reservoir Heat Capacity J/kg/K 1000 (Wang et al., 2020; Robertson, 1988)

Reservoir Density kg/m3 2650 (Wang et al., 2020)

Reservoir Thermal Conductivity W/m/k 5.1 (Wang et al., 2020)

Porosity 0-1 0.05 (Kruseman & Ridder, 1994)

Reservoir Permeability m2 1.00E-13 default value

Reservoir Thickness m 250 default value

Reservoir width m 471.5 From QGIS areal extent

Well Separation m 1000 default value

End-use Option Direct-use Heat 2

Circulation Pump Efficiency 0-1 0.75 default value

Utilization Factor required flow for project/possible flow 0.924702774 (Smith & Icopini, 2016; Sonderegger, 1984)

End-Use Efficiency Factor Assuming heat exchanger at the wellhead plant 0.95

Surface Temperature Celcius 5.21 (Berkley Earth, 2013)

Ambient Temperature Celcius 6.5878 (Montana Climate Office, 2020)

Plant Lifetime years 40

DH systems have longer mechanical lifetimes 

than electricity generation

Economic Model Standard LCOE/LCOH model 2

Discount Rate 0-1 0.07 default value

Inflation Rate During Construction 0-1 0.0186 (US Bureau of Labor and Statistics, 2020)

Well Drilling and Completion Capital 

Cost Adjustment Factor

Multiplier for built-in well drilling and 

completion capital cost

correlation; 75% well success assigned 1.5

Well Drilling Cost Correlation deviated liner, small (8.5in) diameter 2

Resevoir Stimulation Capital Cost No stimulation 0

Field Gathering System Capital Cost 

Adjustment Factor

GEOPHIRES assumes $500/meter of pipe 

length with 750m per well 1 default value

Exploration Capital Cost

Assumes slimhole at 60% of production well 

cost and $1M USD for geophysical work default value

Exploration Capital Cost Adjustment 

Factor

Multiplier; BGRA has been explored to a fair 

extent 0.3

Wellfield O&M Cost

1% of total well and field gathering system 

costs; 25% of labor costs default value

Wellfield O&M Cost Adjustment 

Factor Multiplier 1 default value

Surface Plant O&M Cost

1.5% of total surface plant costs and 75% of 

annual labor costs; from BLS utility data default value

Surface Plant O&M Cost 

Adjustment Factor Multiplier 1 default value

Water Cost No reservoir water losses assumed 0

Electricity Rate Small Commercial; $/kWh in Montana 0.131 (NorthWestern Energy, 2020)

Time Steps Per Year Number of internal annual simulation time steps 4

GEOPHIRES Broadwater Direct Use Simulation, Scenario 3; Intermediate Drilling 89

Surface Technical Parameters

Economic/Financial Parameters

Simulation Parameters
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