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A B S T R A C T

Due to increasing global energy demand and environmental concerns, reliable, sustainable, and renewable en
ergy systems are increasingly needed, particularly for remote cold-region communities dependent on fossil-fuel- 
based electricity generation. This research presents a techno-energy-economic feasibility assessment of a hybrid, 
deep geothermal plant (HDGP) integrating a single-stage binary-cycle geothermal system with wind turbines, 
photovoltaic panels, battery storage medium, and a backup diesel generator to provide reliable baseload elec
trical power in cold environments. Fort Liard, located in Canada’s Northwest Territories, is selected as the case 
study due to its favourable geothermal potential but with a heavy dependence on diesel-based electricity gen
eration. The research introduces an innovative HOMER™-based geothermal modelling approach in which geo- 
fluid is treated as an equivalent fuel source for system optimization and long-term performance evaluation. 
Actual climate and geological information, operational data, market-based costs, and load profiles are utilized for 
the techno-energy-economic analysis. The results indicate that the optimized HDGP can sustainably supply the 
community’s electrical demand for 30+ years while reducing geothermal operating intensity through renewable 
load sharing. The optimal wind and solar capacities provide ~50% of the annual electricity demand, extending 
the estimated geothermal operational lifecycle from 30 to ~43 years. The levelized cost of electricity for the 
HDGP is estimated at ~0.27 CAD$/kWh, ~2.6 times lower than the existing diesel-based electricity cost of 
~0.70 CAD$/kWh. The economic analysis illustrates an internal rate of return of ~10.7% and a payback 
duration of ~13 years. This feasibility assessment can be applied to other cold environments worldwide with 
similar geological and social attributes. The research also aligns with the UN Sustainable Development Goals, 
adopted in 2015, defined to reach the world’s 2030 climate targets.

1. Introduction

Energy is a crucial and integral factor in supporting well-being and 
driving the social, technological, economic, industrial, and sustainable 
development of societies worldwide [1], and guided by the UN Sus
tainable Development Goals (SDGs). Its demand and utilization are 
growing dramatically for various reasons, the primary ones being the 
explosion in the world’s population [2] and the concurrent escalation in 
urbanization and industrialization [3,4]. Historically, carbon-based, 

non-renewable (CBNR) energy sources—such as wood and forestry 
residues (early) and oil, coal, and natural gas (later)—have governed the 
global energy market [5]. It is reported that CBNR energy sources and 
nuclear currently account for ~60% and ~10% of global electrical 
power production, respectively, whereas renewables are responsible for 
~30% [6]. However, reliance on CBNR energy sources has led to energy 
crises, resource scarcity, environmental issues—such as global warming, 
climate change, and ecosystem degradation—as well as significant 
health risks.

To lessen the environmental footprint—particularly addressing 
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concerns related to the release of greenhouse gases into the 
atmosphere—while meeting the world’s energy demands, ensuring en
ergy security, and reaching sustainable development and decarbon
ization objectives, a pressing transition to clean, sustainable, and 
reliable energy sources is needed [7,8]. Among these, geothermal en
ergy (GE)—whether utilized individually or in hybrid configurations 
with other energy sources and storage methods—offers a viable, envi
ronmentally friendly, and reliable solution to achieve the objectives 
mentioned above by delivering clean, dispatchable, stable, and baseload 
energy (heat and electrical power) necessities for societies [9]—espe
cially those located in remote, isolated jurisdictions and islands with 
suitable geothermal resources [10,11]. It is reported that by early 2025, 
geothermal-based power plant technologies generated nearly 16.8 GWe 
across 35 countries [12], with projections estimating an increase to 
around 160 GWe by 2050 [13].

Even though GE presents several benefits—including local avail
ability, almost zero-to-low CO2 emissions, climate independence, and 
baseload capability with minimal influence from geopolitics or fluctu
ations in energy demand [14,15]—it still encounters various issues. The 
primary issue is the decline in thermal energy transfer rates from 
geo-reservoirs over time if not appropriately managed, leading to 
reduced productivity [16]. The rate of loss depends on the amount of 
thermal energy extracted and the temperature of the re-injected fluid, 
both influenced by the system’s production rate and the reservoir’s 
thermal energy capacity and characteristics. This research addresses this 
issue by designing an efficient HDGP.

The utilization of hybrid renewable power generation (HRPG) sys
tems is expanding because of their benefits, such as enhanced reliability, 
security, and stability in electricity supply [17], improved productivity 
[18], mitigated pollution and environmental impacts [19], and contri
butions to decarbonization goals [20]. The design and management of 
isolated renewable microgrids pose significant optimization challenges, 
particularly in terms of excess energy management, component sizing, 
and system reliability. These challenges further intensified in 
cold-climate environments, where seasonal demand variability and 
extreme temperatures create additional operational constraints, which 
are not addressed in most of the existing literature [21–23]. HRPG 

systems are widely deployed in remote, isolated communities and 
islands to provide electricity needs [24,25]. Recent studies by Shah
verdian et al. [26,27] investigated hydrogen-based hybrid renewable 
systems for off-grid applications, demonstrating that integrating 
photovoltaic (PV) and ground-source systems, proton exchange mem
brane fuel cells, and hydrogen storage with multi-objective optimization 
can improve the reliability, sustainability, and economic feasibility of 
HRPG systems. These findings further support the motivation of the 
present HDGP study.

The design of HRPG systems depends on multiple factors, comprising 
local and regional characteristics (e.g., weather, geographical, and 
geological attributes) [28,29], resource availability and existing infra
structure (e.g., transmission lines) [30], along with energy demand, and 
load profile and variability [31,32].

Studies demonstrate the potential of hybrid renewable energy sys
tems (HRESs) to improve reliability, reduce emissions, and enhance 
techno-economic performance in remote and energy-intensive applica
tions. Wang and Simonson [33] reported that a grid-tied PV system for 
poultry farms achieved an optimal PV capacity of 20 kW and reduced the 
net present cost (NPC) by about USD$ 3200 compared with the no-PV 
base case, although battery storage was not economically feasible 
under current market conditions. Mahmoud et al. [34] optimized a 
hybrid PV-concentrated solar power (CSP) plant and found that the 
optimal configuration, consisting of 61.4% PV and 38.6% CSP, produced 
3.64 × 108 kWh/year with a levelized cost of electricity (LCOE) of USD$ 
0.033/kWh. In geothermal applications, Hajabdollahi et al. [35] showed 
that a geothermal-based cogeneration system achieved an exergy effi
ciency of 23.81% and a payback duration (PD) of ~7 years, confirming 
its technical and economic viability. Similarly, Salari et al. [36] 
demonstrated that a wind–diesel–battery HRES for remote communities 
reduced annual CO2 emissions from 72,500 to 15,190 kg/year and diesel 
consumption from 29,970 to 5854 L/year. These findings further sup
port the development of optimized geothermal-based hybrid systems 
(GBHSs) for reliable, low-carbon, and economically feasible power 
generation, consistent with the objective of the present research. HRPG 
systems incorporating GE have been investigated from various per
spectives and for different applications. However, GBHSs have generally 

Nomenclature

CRF Capital recovery factor
Cann,tot Total annualized cost CAD$/yr
CP,gf Specific heat capacity of geo-fluid kJ/kg⋅ ◦C
Crep Replacement cost CAD$
Ct Annual cost in year t CAD$
C0 Initial investment CAD$
Eserved Annual electrical energy served kWh/yr
f Nominal inflation rate %
i Nominal discount rate %
ireal Real discount rate %
LHVgf Lower heating value of brine-fuel MJ/kg
ṁgf Mass flow rate of geo-fluid kg/s
Rcomp Component lifetime Hours
Rproj Project lifetime Hours
Rrem Remaining lifetime Hours
Rrep Replacement cost duration Hours
SOCmin Minimum state of charge %
ρgf Geo-fluid (brine) density kg/m³
ΔTgf Geo-fluid temperature difference across the heat exchanger 

◦C

Abbreviati
BSSs Battery Storage Systems

CBNR Carbon-Based, Non-Renewable
CNT Canada’s Northwest Territories
COMFAR Computer Model for Feasibility Analysis and Reporting
CRF Capital Recovery Factor
CSP Concentrated Solar Power
DOD Depth of Discharge
FL Fort Liard
GBHSs Geothermal-Based Hybrid Systems
GE Geothermal Energy
HDGP Hybrid Deep Geothermal Plant
HOMER Hybrid Optimization of Multiple Energy Resources
HRES Hybrid Renewable Energy System
HRPG Hybrid Renewable Power Generation
IRR Internal Rate of Return
LCOE Levelized Cost of Electricity
NPC Net Present Cost
NPV Net Present Value
ORC Organic Rankine Cycle
O&M Operation and Maintenance
PD Payback Duration
PV Photovoltaic
SDGs Sustainable Development Goals
SOC State of Charge
UPS Uninterruptible Power Supply
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received less attention compared to other hybrid system combinations. 
Olabi et al. [37] examined various potential integrations of GE with 
other energy sources and technologies to enhance output productivity. 
Their findings demonstrate that geothermal-solar integration is the most 
common combination. Moreover, only about one-eighth of GBHSs are 
dedicated to producing electricity. Kariuki et al. [38] conducted a sys
tematic review of hybrid geothermal-solar power systems, examining 
their trends, challenges, opportunities, and prospects. While these sys
tems offer various benefits and applications, their complexity remains a 
major issue due to the need for advanced control and optimization, as 
well as economic and feasibility assessments, along with design, oper
ational, and maintenance challenges. A study by Bokelman et al. [39] 
found that a hybrid power system combining geothermal and solar can 
generate 2 to 9 times more electrical energy than a stand-alone geo
thermal-based binary cycle system.

Using Aspen-HYSYS software, Zhou et al. [40] evaluated the opera
tion and effectiveness of a hybrid solar-geothermal system based on 
LCOE and power output, comparing it to stand-alone solar and 
geothermal systems located in a hot, dry region of Australia. They 
examined the impact of key controlling factors, encompassing ambient 
air temperature, solar radiation, geo-reservoir quality, and the power 
cycle’s steady and unsteady operating modes. Their findings indicate 
that the hybrid system outperforms stand-alone geothermal and solar 
systems when at least 68% of its energy input is derived from solar en
ergy. Moreover, the LCOE of the hybrid system was about 23% lower 
than that of the stand-alone geothermal installation. According to a 
techno-economic, environmental, and site appropriateness assessment 
conducted by Fedakar et al. [41] in three provinces in Türkiye, hy
bridizing geothermal and solar energy results in approximately 64% 
lower carbon dioxide emissions and a significantly lower LCOE 
compared to stand-alone solar PV systems with a suitably sized battery 
bank.

Hai et al. [42] studied the hybridization of geothermal and biomass 
energy via two different approaches to enhance electricity production in 
a gas turbine-Rankine cycle combined power plant. Tafavogh and 
Zahedi [43] proposed an innovative hybrid system that encompasses 
five renewable sources—geothermal, solar, hydro, wind, and 
biomass—to provide electricity, heat, and pure water. Bozkurt and Genç 
[44] analyzed and optimized a hybrid geothermal-solar-wind power 
system using HOMER™ software. Naseh and Behdani [45] carried out a 
feasibility analysis on a hybrid geothermal-solar-wind-diesel power 
system to define the optimal size for both off-grid and grid-connected 
utilizations. Bamisile et al. [46] modelled and analyzed a hybrid 
wind-geothermal system (using the Kalina cycle) for multi-generation 
uses, such as electrical power and hydrogen production, utilizing a 
novel technique. Nuclear and geothermal energy are hybridized to 
produce hydrogen through three separate cycles, alongside the genera
tion of electrical and thermal energy [47]. Liu et al. [48] analyzed an 
innovative hybrid system integrating geothermal and biogas for the 
concurrent production of electrical power (using the binary cycle), 
hydrogen, and fresh/hot/cold water utilizing Aspen-HYSYS software.

Beyond cold-environment and geothermal-centric configurations, 
HOMER™-based techno-economic optimization has also been widely 
applied to design off-grid and grid-connected HRPG systems in tropical, 
developing-country settings, offering useful methodological parallels for 
the present work. Yadav et al. [49–51] emphasized the role of HOM
ER™-based optimization in improving the techno-economic perfor
mance of isolated HRESs. Their studies considered hybrid renewable 
configurations with multi-energy storage [49], isolated rural microgrid 
design [50], and techno-economic-environmental energy management 
using different storage technologies [51]. Mojumder et al. [52] coupled 
HOMER™ Pro with MATLAB/Simulink to evaluate 
PV–wind–battery–grid microgrids in Hatiya Upazila, Bangladesh, 
reporting an LCOE of 0.0587 USD$/kWh alongside a life-cycle assess
ment of environmental impacts. Related studies have extended this 
approach to PV/wind/diesel/battery hybridizations for rural Char Atra 

[53], rooftop PV systems for an urban campus [54], and PV–bio
mass–battery configurations for Char Amanullah [55], while broader 
reviews [56,57] have situated such designs within global HRES chal
lenges, regulatory frameworks, and battery-recycling sustainability 
concerns. Although these studies address warm, tropical contexts, they 
collectively demonstrate that HOMER™-based multi-source optimiza
tion, fuel- and resource-sensitivity analysis, and life-cycle-aware design 
constitute a transferable methodological framework—one that this 
research adapts to the very different climatic, geological, and 
load-profile constraints of a remote northern Canadian community 
served by an HDGP.

Momani et al. [58] applied an artificial rabbit optimization for the 
cost-optimal sizing of battery energy storage systems in microgrids and 
achieved a reduction in operational cost from 1069.10 USD$/day to 
778.81 USD$/day. Similarly, Alsaqqar and Abuelrub [59] utilized par
ticle swarm optimization and golden jackal optimization algorithms for 
optimizing hybrid PV-diesel-hydrogen systems, showing that higher 
renewable energy penetration significantly reduced CO2 emissions, 
although it increased the total NPC by ~39%. These studies demonstrate 
the importance of integrating advanced optimization algorithms and 
techno-economic assessment in the design of reliable HRESs.

Geothermal-based power plants (alone or combined with other 
sources and technologies) in cold environments have received fewer 
investigations and implementations than those in hot/warm environ
ments. There are several geothermal-based power plants in cold-climate 
countries, such as Iceland and Alaska (USA), which operate as stand- 
alone geothermal facilities, while in Canada, a hybrid geothermal- 
natural gas system is in operation [60]. One of the primary contribu
tions of this research in filling knowledge gaps is the 
techno-energy-economic assessment of the long-term (30+ years) per
formance of HDGP utilization in a cold and harsh environment (Cana
da’s north), with a focus on clean energy access and security for the 
benefit of local inhabitants.

Canada, as a cold, expansive, and energy-intensive country, stands 
among the highest per capita energy consumers globally [61]. Its 
various regions utilize diverse energy sources to produce both electrical 
power and heat [62]. The country is also home to many (>280) remote 
(i.e., off-grid) communities, primarily Indigenous and sparsely popu
lated [63], plus isolated sites, e.g., mines and military bases. They are 
predominantly situated in Canada’s north and rely heavily, or entirely, 
on CBNR energy sources (largely diesel, but also oil and coal) to fulfill 
their electrical power and heating requirements [16], with an annual 
consumption of about 90 million litres of diesel fuel [64]. Canada plans 
to achieve carbon neutrality by 2050 [65]; as part of this plan, the 
country is working to lessen its dependence on fossil fuel-based facilities 
(primarily diesel systems) in remote communities and isolated sites by 
developing cleaner and more eco-friendly energy sources. GE, whether 
stand-alone or hybridized, is a promising renewable and reliable energy 
source to support this transition, coupled with sustainable and decar
bonization practices.

This research aims to assess the feasibility of utilizing an HDGP to 
meet the annual electrical power requirements of an off-grid, Indige
nous, and fossil fuel-reliant community in northern Canada, which is 
considered representative of similar communities in cold environments 
globally. Table 1 briefly compares the contributions of the present work 
with those of selected previous studies. The research’s originalities are 
summarized as follows: 

• Determining practical and realistic values for the LCOE and key 
economic indicators—NPC, net present value (NPV), PD, and inter
nal rate of return (IRR)—by collecting actual data/characteristics of 
the study area, along with real market prices for the purchase and 
costs for installation, operation, and maintenance of various hybrid 
system components.

• Applying a systematic method for the techno-energy-economic per
formance assessment of an HDGP in a cold climate, incorporating the 
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optimal capacities of wind and solar systems to generate ~50% of the 
community’s electrical power demand. This method ensures the geo- 
reservoir’s thermal energy effectiveness and sustainable productivity 
during the hybrid plant’s operational life.

• Addressing knowledge and research gaps associated with 
geothermal-based hybrid electrical power generation systems in 
which GE serves as the leading energy source. Such systems have 
been less studied and implemented in cold and harsh environments 
compared to hot/warm environments and other hybrid system 
configurations.

• Predefining the geothermal system in HOMER™ software through an 
innovative technical method for modelling and assessment, since this 
system is not defined in the software in the same manner as other 
energy-producing technologies.

2. Study area description

To examine the performance of an HDGP designed for a cold envi
ronment, the Fort Liard (FL) area was selected as the study site. It is 
located in the southwest corner of Canada’s Northwest Territories (CNT; 
Fig. 1) and is home to ~500 members of the Acho Dene Koe First Nation. 
FL’s latitude and longitude are, respectively, 60◦ 14′ 06″ N and 123◦ 28′ 
58″ W. The community’s peak power load is ~550 kW [66], while its 
average power production is ~245 kW [16]. Currently, three diesel 
generators operate in FL, collectively possessing a capacity of 1.32 MW 
[67]. One generator serves to provide the baseload, another is 

designated for automatic-start peak shaving, and the third is utilized as a 
backup [68]. Fig. 2 presents FL’s climatic data, including ambient air 
temperature (measured at 2 m above the ground), wind speed (at an 
altitude of 80 m), and solar radiation (both direct and diffuse irradi
ance), recorded hourly during the year 2019, as an example [16]. The 
highest and lowest air temperatures are 26.64 ◦C and − 38.05 ◦C, 
respectively, with a mean of about − 1.9 ◦C (Fig. 2(a)). In addition, the 
highest and lowest wind speeds are, respectively, 12.55 m/s and 0.29 
m/s, with an average of about 4.3 m/s (Fig. 2(b)).

Each year, FL consumes nearly 550,000 litres of diesel fuel [69], 
which must be transported during the warmer months from different 
cities, such as Edmonton in Alberta (~1250 km from FL), Canada. 
Excluding government subsidies—provided to lessen the LCOE for 
northern inhabitants—residential energy prices between September and 
March are ~0.31 CAD$/kWh for the first 1000 kWh per month and 
above, rising to ~0.70 CAD$/kWh (actual price). In contrast, the sub
sidized rate applies only to the first 600 kWh/month between April and 
August [67].

In line with the Government of Canada’s objectives for sustainability, 
decarbonization, and energy security, federal, provincial/territorial, 
and regional/local governments aim to expand renewable, reliable, and 
affordable energy systems (stand-alone or hybrid) for remote commu
nities. FL is located within the Western Canadian Sedimentary Basin 
[70] and sits above a hot sedimentary aquifer, thus a promising site for 
geothermal power generation [71]. The region’s geothermal gradient is 
around 40 ◦C/km [72] and its permafrost thickness is about 10 m [73].

Table 1 
Comparative literature review of selected hybrid geothermal and renewable energy studies and the present research.

Ref. System/Scope Key Findings Research Gap/Limitation Contribution of the Present Research

Olabi et al. [37] and 
Kariuki et al. [38]

Reviews of GBHSs Geothermal hybridization improves 
reliability, sustainability, and system 
performance

Limited detailed techno- 
economic feasibility assessments 
and optimization studies

Provides a comprehensive techno-energy- 
economic feasibility assessment of an 
HDGP using HOMER™ and COMFAR™

Bokelman et al. [39], 
Zhou et al. [40], and 
Fedakar et al. [41]

Geothermal–solar hybrid 
systems with LCOE analysis

Hybrid systems can reduce LCOE and 
improve electricity generation 
compared with stand-alone systems

Limited integration of multi- 
source systems and project-level 
economic indicators

Evaluates a multi-source HDGP 
integrating geothermal, PV, wind, battery 
storage, and backup systems with 
detailed financial indicators

Hai et al. [42], 
Tafavogh and Zahedi 
[43], Bamisile et al. 
[46], and Liu et al. 
[48]

Multi-source GBHSs Hybrid renewable systems improve 
energy utilization and operational 
flexibility

Primarily focused on 
thermodynamic or conceptual 
analyses rather than practical 
feasibility assessment

Focuses on practical implementation 
using actual load demand, market-based 
costs, and long-term operational analysis

Bozkurt and Genç [44] 
and Naseh and 
Behdani [45]

HOMER™-based geothermal 
hybrid optimization studies

HOMER™ is effective for identifying 
optimal hybrid renewable 
configurations

Limited methodological 
development for geothermal 
modelling and integrated 
economic evaluation

Introduces an innovative HOMER™ 
geothermal modelling approach 
combined with COMFAR™ economic 
analysis

Present research An HDGP system consisting 
of PV, wind, battery storage, 
and diesel backup

Optimized HDGP achieves reliable 
electricity generation with a lower 
LCOE than diesel-based systems and 
favourable NPV, IRR, and PD

- Provides an integrated techno-energy- 
economic feasibility framework using 
actual site data, real market costs, and 
long-term performance assessment

Fig. 1. Map illustrating FL’s geographical location within CNT.
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In 2011, a Canadian company conducted a preliminary study on 
developing a stand-alone geothermal system in FL to supply its annual 
electricity requirements [72]. The geology beneath FL is complex with 
overlapping terms. The Middle Devonian strata beneath the FL area 
comprise the Nahanni Formation, underlain by the Headless and Landry 
Formations. Secondary replacement dolomitization produced the 
stratigraphically equivalent Manetoe Formation dolomite, as shown in 
Fig. 3 [72]. The production interval is referred to here as the Nahan
ni/Manetoe Formations.

The proposed geothermal system consisted of a production well, 
completed in the Nahanni/Manetoe Formations at a depth of ~4.25 km, 
and an injection well, planned for shallower the Mattson Formation at a 
depth of ~1.45 km. The Mattson Formation was selected for re-injection 
to reduce drilling expenses and mitigate potential issues such as thermal 
short-circuiting and premature geo-reservoir cooling.

In this research, based on FL’s peak electrical power consumption 
and the worst-case ambient conditions—namely, the warmest expected 
days of the year happening in June and/or July—a geothermal plant 

Fig. 2. Changes in (a) ambient air temperature (at 2 m above the ground), (b) wind speed (at 80 m altitude), (c) direct solar irradiance, and (d) diffuse solar 
irradiance, recorded hourly throughout 2019 in FL, CNT.
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(Fig. 4) was designed as the principal generation source to produce its 
long-term electricity requirements (30+ years), supplemented by other 
energy systems. Fig. 4 provides a schematic illustration of the binary 
organic Rankine cycle (ORC) geothermal plant configuration used as the 
conceptual basis for the HOMER™ geothermal generator model in this 
research.

The main input data from the geo-reservoir in the Nahanni/Manetoe 

Formations to the geothermal plant heat exchanger are as follows: 

• Geo-fluid temperature: 170 ◦C
• Geo-fluid pump pressure: 1200 kPa
• Geo-fluid mass flow rate: 30 kg/s
• Geo-fluid content: Hypersaline fluid (200 ppt) with a neutral pH, 

high magnesium, calcium, and bicarbonate content, and a sodium- 
chloride composition [74].

3. Materials and methods

3.1. Simulation and optimization process

The techno-energy-economic feasibility assessment was carried out 
by applying two software tools—HOMER™ and COMFAR™—to analyze 
the performance and effectiveness of an HDGP designed specifically for 
the conditions in FL. Fig. 5 illustrates the process of conducting the 
feasibility assessment using HOMER™ and COMFAR™. In the first step, 
real community data—such as power profile and loads, population, 
climate conditions, geographical features, geological settings, and 
existing power systems and infrastructure—were collected. Prices for 
purchasing and costs for installing, operating, and maintaining various 
HDGP components were also obtained in detail from manufacturers, 
vendors, and relevant companies; engineering calculations and estima
tions were used when this information and data were unavailable. 
Financial indicators, including discount and inflation rates, were also 
determined. The inflation rate was set at 7.7% and the discount rate at 
2.5% [16], reflecting actual values at the time of the assessment (year 
2023). The project’s lifetime was selected as 30 years, which is a com
mon timeframe for geothermal power plant projects [75,76].

The data transfer between HOMER™ and COMFAR™ proceeds as 
follows: HOMER™ is used to identify the optimal system configuration 
and compute the LCOE and NPC under the specified sensitivity param
eters. The LCOE output from HOMER™, combined with the actual en
ergy selling price in FL (0.70 CAD$/kWh, unsubsidized [67]), 
determines the annual revenue stream. Fixed investment costs, opera
tion and maintenance (O&M) costs (Table 3), and replacement sched
ules derived from HOMER™ optimization results are then entered into 
COMFAR™ as annual cash flows. COMFAR™ applies standard dis
counted cash flow methodology [77,78] to compute NPV, IRR, and PD. 
Validation of the HOMER™ model was performed by comparing the 
simulated annual energy output against the community load data [66,
67].

In the second stage, all required data and information, along with the 
HDGP components and their specifications, were entered into HOMER™ 
for simulations and optimization. Fig. 6 demonstrates the schematic 
design of the HDGP in HOMER™ based on FL’s characteristics. In the 
third step, COMFAR™ was employed to define the project’s economic 
outcomes, utilizing financial standards. Finally, sensitivity analyses 
were conducted on several important parameters. FL’s total annual 
electrical energy demand is ~2147 MWh, with peak use occurring in 
December and January and the lowest in June and July.

A hydrogen system was initially considered as part of the HDGP. 
HOMER™ simulations indicated that hydrogen-integrated configuration 
produced a higher LCOE than the optimal HDGP configuration without a 
hydrogen system, due to the high capital cost of the electrolyzer and fuel 
cell stack, low round-trip efficiency, and the limited electrical contri
bution relative to the battery system. The hydrogen system was there
fore excluded from the final HDGP design, while it is retained in Fig. 6 to 
document the full configuration space evaluated.

To realistically simulate demand, daily and hourly random variables 
(including hourly efficiency) were increased by 10%. This created sig
nificant fluctuations in the hourly and daily electrical power profiles. 
These ±10% variabilities were modelled using real 2020 FL load data. 
Although actual records show a maximum monthly variation of about 
15%, compounding the 10% daily and hourly variables establishes a 

Fig. 3. Stratigraphic column of the geology beneath the FL area (redrawn from 
[72]). The Manatoe Dolomite is a regionally extensive diagenetic replace
ment dolomite.

Fig. 4. Schematic design of the single-stage binary ORC geothermal plant (not 
to scale).
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conservative “worst-case” fluctuation of roughly 21%. These changes 
led to noticeably greater variability in both the hourly and daily elec
tricity demand profiles. As a result, the total annual electrical energy 
demand for the FL community was estimated at approximately 2147 
MWh [16], with peak consumption occurring in December/January and 
the minimum in June/July. Fig. 7 illustrates the changes in hourly and 
daily electrical power use in FL during the selected year 2020.

The designed HDGP comprises the following components: 

• A single-stage binary ORC (the primary source), whose main com
ponents consist of a turbine-generator (with an overall efficiency of 
77%), an air-cooled condenser (including eight fans), a feed pump, 
and a heat exchanger incorporating a preheater and a vaporizer with 
a pinch-point temperature of 8 ◦C (Fig. 4). The working fluid used in 
this cycle was R245fa due to its favourable properties.

• Wind turbines (Eocycle EOX25 Class III) with a rated power of 25 
kW, a 30-year lifetime, an operating temperature range of − 20 to 40 
◦C, and a cut-in/cut-out wind speed range of 2.75 to 20 m/s.

• PV panels (Canadian Solar CS6U-340 M) with a nominal maximum 
power of 340 W, a 25-year design lifetime, a module efficiency of 
20.2%, and an operating temperature range of − 40 to 85 ◦C.

• A battery storage system (BSS) comprising SimpliPhi PHI 3.8 kWh 48 
V lithium batteries with a 25-year lifetime, an operating efficiency of 
98%, and an operating temperature range of − 20 to 60 ◦C. To ensure 
appropriate operating conditions for the battery bank, a winterized 
container was used.

• A converter with a lifetime of over 15 years and an efficiency of 
96.5%.

Fig. 5. Feasibility assessment process utilizing HOMER™ and COMFAR™.

Fig. 6. Schematic design of the proposed HDGP in HOMER™.
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• A backup diesel generator (for emergencies, maintenance, and repair 
periods only).

The above components were selected from a range of commercially 
available options based on their suitable specifications. The battery bank 
serves as both an energy storage medium and an uninterruptible power 
supply (UPS) for 30 min. The 30-minute UPS specification corresponds 
to the estimated ORC plant ramp-up time from minimum output (~10 
kW, 1% of rated capacity) to full net output (~600 kW), governed by the 
thermal inertia of the binary cycle heat exchanger. This duration also 
exceeds the diesel generator emergency startup time (around 5–10 min), 
ensuring a seamless transition to backup operation if required.

3.2. Sensitivity analysis process

To maintain the geo-reservoir’s thermal energy effectiveness and 
ensure its sustainable productivity throughout the HDGP’s 30-year 
operational life, sensitivity analyses conducted using HOMER™ for 

various wind and solar system capacities (shown in Table 2) identified 
their optimal capacities as ~50% of FL’s electrical power requirements, 
considering the lowest LCOE while mitigating the geo-reservoir’s ther
mal capacity degradation. Indeed, HOMER™ simulates and analyzes 
systems based on the entered capacities. For each scenario, nearly 
1500,000 individual simulations are performed. Table 3 presents the 
capacity of each component in the designed HDGP according to HO
MER™’s optimization results.

Based on the calculations conducted [16], the geothermal plant’s net 
electrical power output is ~600 kW, which exceeds FL’s peak electrical 
power demand (~550 kW), occurring only on a few hours/days each 
year. The remaining electrical power output (~400 kW) is allocated for 
the plant’s own operations. The average hourly meteorological 
data—such as global horizontal irradiance, wind speed, and ambient air 
temperature—for a 30-year period were used in HOMER™, based on 
FL’s geographical coordinates derived from the NASA dataset.

This research reasonably assumes that the selected geo-reservoir for 
geo-fluid extraction in the dolomite strata of the Nahanni/Manetoe 
Formations are capable of retaining consistent geo-fluid temperature at 
a relatively low flow rate (30 kg/s) during the project’s lifetime for 
several reasons, as outlined below: 

• Integrating wind and solar systems to provide ~50% of the com
munity’s annual electrical power demand.

• The presence of suitable thermo-fluid and geological properties, as 
determined from 50 offset deep oil and gas wells within a 30 km 
radius of FL. The obtained data illustrate that the target geo-reservoir 
possesses high temperatures (~178 ◦C at the top and ~184 ◦C at the 

Fig. 7. (a) Hourly and (b) daily electrical power consumption changes in FL during 2020.

Table 2 
Sensitivity analyses conducted using HOMER™ for various parameters and 
components.

Parameter/ 
component

Unit Amount

Inflation rate Percent 3, 5, 7, 7.7, and 9
Global horizontal 

irradiation
kWh/m2/ 
day

2, 2.5, 2.89, 3, 3.5, and 4

Wind speed m/s 2, 2.5, 3, 3.33, 3.5, 4, and 4.5
Geothermal plant kW 

(capacity)
1000

Wind turbines kW 
(capacity)

0, 100, 200, 300, 400, 500, 600, 700, 800, 
900, 1000, 1100, 1200, 1300, 1400, 1500, 
1600, 1700, 1800, 1900, and 2000

PV panels kW 
(capacity)

0, 100, 200, 300, 400, 500, 600, 700, 800, 
900, 1000, 1100, 1200, 1300, 1400, 1500, 
1600, 1700, 1800, 1900, and 2000

Backup generator kW 
(capacity)

500

Battery bank String 100, 200, 300, 400, 600, 900, 1200, 1500, 
1800, 2100, 2400, 2700, and 3000

Table 3 
Capacity of components in the HDGP based on HOMER™’s optimization results.

Component Capacity Unit

Geothermal plant ~1000 kW
Wind turbines 16 #
PV panels 400 kW
Backup generator 500 kW
Battery bank 200 string
Converter 288 kW
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bottom [72]); high permeability and porosity (ranging from 5% to 
12%, measured from drill cores [79]); significant geo-fluid influx 
because of its liquid-dominated nature; and a highly fractured 
geological structure.

• A geo-reservoir volume of 3.75 km3 and a thickness of ~150 m 
beneath the study community [72].

• Sustainability calculations for the target geo-reservoir, considering a 
15% thermal energy recovery factor and 9% electrical efficiency, 
which demonstrated its ability to generate electricity for 30 years 
[16,72].

Accurately characterizing a geo-reservoir generally involves several 
essential steps. These typically include drilling a test well, doing tem
perature logging and flow tests, and simulating the reservoir’s thermal 
and chemical behaviour over the entire project lifespan.

Table 4 provides the fixed investment expenditures, comprising 
prices for the selected equipment and preparatory expenses (trans
portation expense, site preparation expense, etc.), accompanied by the 
O&M expenditures. O&M expenditures are calculated on an annual 
basis. For the geothermal plant, the O&M expense is determined and 
reported per unit of annual operating hours. The geothermal plant 
capital cost of ~18.2 million CAD$ includes drilling and completion of 
both production and injection wells, the binary ORC, and associated 
surface infrastructure. Drilling operations constitute the largest portion 
of the investment (~16 million CAD$), while the remaining costs 
correspond to engineering design, procurement, site preparation, civil 
works, and installation of surface equipment. These costs were estimated 
using actual market-based geothermal project cost data and supplier 
quotations.

3.3. Governing equations

3.3.1. Geothermal system
An innovative technical approach was utilized to simulate the 

geothermal system in HOMER™ since it is not predefined in the software 
like wind and solar systems. Hence, the geothermal system was 
modelled as a generator with a specific fuel (i.e., geo-fluid or brine) in 
the software. The calorific value of this new fuel, LHVgf , can be obtained 
from Eq. (1) [80], based on the brine’s specific heat capacity, 

CP,gf

(

≃ 3.8░kJ
kg

∘
C [16]

)

, and the brine temperature difference between 

the inlet and outlet of the heat exchanger (see Fig. 4), ΔTgf 

(≃ 60.26 ∘C)—the data is sourced from [16]. 

LHVgf = CP,gf ΔTgf (1) 

The resulting calorific value (LHVgf = ~0.229 MJ/kg) and the brine 
density (ρgf = 897 kg

m3 [16]) are employed to define a new fuel in HO
MER™’s library, referred to as “brine-fuel.” After defining the specific 
fuel, a ~1000-kW generator was selected as the geothermal system, 
which can be described as a “brine-fueled generator system.”

The brine-fuel consumption (L/kWh) represents the amount of fuel 
(brine) required to generate 1 kW of gross electrical power for one hour. 

To establish the formulation, it is necessary to determine the total 
thermal power production and the volumetric flow rate of fuel. 

Total thermal power productiongf = ṁgf CP,gf ΔTgf (2) 

where ṁgf

(

= 30 kg
s

)

is the mass flow rate of geo-fluid.

Applying Eq. (2) yields a total thermal power production of ~6.87 
MW, which represents the heat exchange between the geo-fluid and the 
working fluid inside the heat exchanger.

The volumetric flow rate is given by: 

Volumetric flowgf =
ṁgf

ρgf
(3) 

Applying Eq. (3) yields a volumetric flow rate of ~120,401 L/hr, 
indicating that the volume of brine-fuel must flow through the heat 
exchanger to produce ~6.87 MW of thermal power. By dividing the 
volumetric flow rate by the total thermal power production, the brine- 
fuel consumption can be determined as follows: 

brine − fuel consumption =
Volumetric flowgf

Total thermal power productiongf
(4) 

Applying Eq. (4) yields a brine-fuel consumption of ~17.53 L/kWh; 
that is, the geothermal system consumes ~17.53 litres of brine-fuel per 
kWh of gross electricity generated. This value is used to define the brine- 
fuel in HOMER™.

Within the operational framework considered in this research, it is 
assumed that the geothermal system can operate continuously with a 
minimum net output corresponding to 1% of its rated capacity, ensuring 
stable baseload operation. If electricity consumption increases or wind 
and solar PV generation drops, the geothermal system automatically 
adjusts its output to supply the community’s electrical power needs.

3.3.2. Battery storage system (BSS)
A BSS is integrated into the hybrid system to improve operational 

flexibility and mitigate the intermittency associated with renewable 
energy generation. The charging and discharging behaviour of the bat
tery bank is governed by the balance between renewable generation, 
load demand, system control strategy, and the battery state of charge 
(SOC).

The battery system’s performance and lifetime are strongly influ
enced by the depth of discharge (DOD) and operating temperature. The 
DOD characterizes the proportion of the total battery capacity that can 
be safely utilized during operation. Accordingly, the minimum allow
able SOC can be expressed as: 

SOCmin = 100 − DOD (5) 

Based on the manufacturer’s specifications for the selected battery 
technology, a DOD of 90% was adopted in this research, and subse
quently, SOCmin = 10. This constraint prevents excessive battery 
degradation and contributes to reliable long-term system performance.

3.3.3. Component operational lifecycle
The operational lifecycle of each system component represents the 

duration over which it can operate reliably under standard operating 
conditions before replacement is required. Within the HOMER™ 
modelling framework, the component lifecycle is associated with annual 
operating hours and the overall project lifetime. The effective opera
tional lifecycle can be estimated as [81]: 

Operational lifecycle =
Project lifetime (hours)
Annual operating hours

(6) 

The above equation enables the determination of component 
replacement intervals, which are subsequently incorporated into the 
techno-economic assessment of the hybrid system.

Table 4 
Fixed investment and O&M expenditures for each HDGP equipment.

O&M cost (CAD 
$/yr)

Fixed investment cost 
(CAD$)

Equipment

125,000 18,210,000 Geothermal plant
64,000 6560,000 Wind turbines
10,741 787,094 PV panels
5/operation 

hour
150,000 Backup generator

200 760,000 Battery bank
- 207,624 Converter
1000 20,000 Other fixed investments (e.g., 

winterized container)
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3.3.4. Economic performance indicators
The economic feasibility of the designed HDGP is assessed utilizing 

several widely adopted financial indicators, including NPC, LCOE, NPV, 
IRR, and PD. According to HOMER™, NPC, also known as the life-cycle 
cost, represents the present value of all expenses associated with 
installing and operating a power plant throughout its project lifespan, 
offset by the present value of the total revenue generated during the 
same period. Considering the inflation rate f , the present value of annual 
costs is expressed as [82]: 

NPC =
∑n

t=1

Ct(1 + f)t

(1 + i)t (7) 

where Ct is the annual cost in year t, i is the nominal discount rate, and 
n is the project lifetime.

The real discount rate is calculated using the following equation 
[82]: 

ireal =
i − f
1 + f

(8) 

The total NPC is converted into an equivalent annual cost using the 
capital recovery factor (CRF), as follows [83]: 

CRF(ireal, n) =
ireal(1 + ireal)

n

(1 + ireal)
n
− 1

(9) 

The total annualized cost of the hybrid system is therefore [84]: 

Cann,tot = NPCtot × CRF (10) 

The LCOE can be calculated as [84]: 

LCOE =
Cann,tot

Eserved
(11) 

where Eserved denotes the annual electrical load supplied by the system.
The NPV is an economic metric based on the discounted cash flow 

method that accounts for the inherent time value of money. It is well- 
suited for the economic assessment of capital-intensive, long-term pro
jects and can establish relationships between profitability, operational 
efficiency, and environmental performance [77]. The NPV is defined as 
[78]: 

NPV =
∑n

t=1

Ct

(1 + r)t − C0 (12) 

Here, C0 is the initial investment and r is the nominal discount rate.
The IRR is a financial metric employed to estimate the potential re

turn on an investment [85], with a higher IRR making a project more 
appealing. The IRR corresponds to the discount rate at which the NPV 
becomes zero [86]: 

NPV =
∑n

t=1

Ct

(1 + IRR)t − C0 = 0 (13) 

The PD is another key financial metric utilized to evaluate the 
profitability of an investment. However, it measures different aspects of 
the investment’s financial performance compared to the IRR. The PD 
represents the time required to recover the initial investment, given by 
[87]: 

PD =
Initial investment

Annual cash inflow
(14) 

It should be noted that the IRR reflects the investment’s profitability 
over time, while PD provides a snapshot of the total profit relative to the 
initial cost.

The salvage value of system components at the end of the project 
lifetime, assuming linear depreciation, is determined by [88]: 

S = Crep
Rrem

Rcomp
(15) 

where Crepis the replacement cost and Rcomp represents the component 
lifetime. The remaining lifetime of a component is calculated as [88]: 

Rrem = Rcomp −
(
Rproj − Rrep

)
(16) 

The replacement cost duration (Rrep), utilizing the integer function 
INT(), is given by [88]: 

Rrep = Rcomp⋅INT
(

Rproj

Rcomp

)

(17) 

Here, Rproj is the project lifetime and Rcomp is the equipment lifetime.

4. Results and discussion

4.1. Techno-energy assessment

Based on the techno-energy results obtained from HOMER™ simu
lations, Table 5 summarizes the annual electricity production of each 
HDGP component. The geothermal system’s share of total electricity 
generation (~54%) is consistent with the baseload-dominant design 
philosophy adopted in this research. This proportion is higher than the 
40–45% geothermal contribution reported for hybrid solar-geothermal 
systems in temperate climates [39,40], which is expected given FL’s 
high-latitude, low-insolation conditions. The wind contribution (~25%) 
aligns well with the average wind speed of ~4 m/s at 30 m hub height. 
The PV contribution (~21%) is lower than that reported for 
lower-latitude hybrid systems [41], reflecting the seasonal solar 
resource limitations at 60◦N. However, PV generation is strategically 
concentrated during the summer months, when the geothermal system is 
modulated to its minimum output, thereby maximizing geo-reservoir 
thermal recovery. Under baseline operating conditions, the HDGP dis
places ~550,000 litres of diesel per year [69], equivalent to an annual 
CO2 avoidance of ~1450 tonnes CO2 (using an emission factor of 2.68 kg 
CO2/L diesel [89]). Of this reduction, the geothermal system contributes 
~783 tonnes CO2/year avoided (~54%), wind turbines ~362 tonnes/
year (~25%), and PV panels ~305 tonnes/year ~ (21%). As shown in 
Table 4, the geothermal, wind, and solar PV systems respectively pro
duce ~1266, ~588, and ~497 MWh of electrical energy per year, and 
the total annual electricity produced (~2350 MWh/year) slightly ex
ceeds the yearly electricity demand (~2147 MWh/year) in FL. The 
primary reason for the surplus electricity production by the HDGP is the 
alteration in geothermal system utilization throughout the year. This 
surplus electricity can be employed for various purposes, such as com
munity development through the establishment of greenhouses or pas
sive community heating. Under normal conditions, the backup diesel 
generator produces no power. It is only activated during emergencies, 
repair, or maintenance periods. The designed HDGP can serve as a clean 
and eco-friendly electrical power producer during its operation.

A worst-case reliability analysis confirms that, in the event of 
simultaneous geothermal plant shutdown and absence of wind/solar 
generation, the 760-kWh BSS (684 kWh usable at 90% DOD) can supply 
the residual 50 kW load (peak demand minus generator capacity) for 
~13.7 h. The backup diesel generator is activated within about 5–10 
min during extended outages. HOMER™ simulations confirmed zero 

Table 5 
Summary of electricity production by each component in the designed HDGP.

Component Production (kWh/year) Percent
Geothermal plant 1265,799 53.9
Wind turbines 588,045 25.0
PV panels 496,606 21.1
Backup generator 0 0
Total 2350,450 100
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annual unmet load, validating the system’s reliability in meeting FL’s 
electricity demand under all simulated operating conditions.

Fig. 8 displays the electrical power output of each HDGP component 
over time during a year. As depicted in Fig. 8(a) and (c), the impact of PV 
panel utilization is evident during the hours between 10 AM and 6 PM, 
especially in the summer months when solar insolation is at its peak in 
this region. As demonstrated in Fig. 8, the electrical power produced by 
the geothermal system fluctuates during daylight hours in response to 
the performance of the PV panels and wind turbines. When these 
renewable sources operate efficiently, the geothermal system maintains 
a minimum output level to preserve its recovery ability and long-term 
stability. Table 6 shows a summary of the electrical power output for 
the geothermal, solar PV, and wind systems in the designed HDGP, along 
with their hours of operation over the course of a year.

Fig. 9 illustrates the charge and discharge cycles of the BSS over time 
during a year. This storage system, which consists of 200 batteries, is 
extensively employed to meet FL’s electrical power demand. The battery 
bank helps enhance the stability, reliability, and security of the electrical 
power supply, enabling it alone to meet FL’s electrical power re
quirements for ~3 h.

For comparison purposes, HOMER™ simulations indicated that if a 
solar PV system were to independently provide the community’s elec
trical power demands instead of the designed HDGP, approximately 
2800 kW of PV panels would be required. In the case of an independent 
electrical power supply by a wind system, 96 × 25-kW wind turbines 
(totalling 2400 kW) would be needed. Note that the capacity of 
renewable systems may vary depending on the rated capacity of the BSS. 
In both cases, a large number of batteries would be required due to the 
intermittent nature of wind and solar energy. Calculations conducted 
using HOMER™ software indicated that the geothermal system requires 
an annual consumption of 22,170,997 litres of brine-fuel to generate 
1265,799 kWh of electricity, with an average brine-fuel consumption of 

~2531 litres per hour and ~60,742 litres per day.
Applying Eq. (6) yields an operational lifecycle of ~43 years for the 

geothermal plant. This result indicates that the hybrid system proposed 
in this research can extend the geothermal plant’s operational lifecycle 
from the initial project lifetime of 30 years to ~43 years. This extension 
is attributed to reduced annual operating hours resulting from the 
integration of solar PV and wind systems. It further exhibits that the 
employed hybridization strategy helps preserve the geo-reservoir’s 
thermal energy efficiency and long-term stability. Previous geo- 
reservoir engineering studies have reported that reducing geothermal 
production rates and implementing intermittent or moderated utiliza
tion strategies can mitigate geo-reservoir thermal drawdown and 
improve long-term reservoir sustainability [90,91]. Therefore, the 
calculated ~43-year operational period in the present research should 
be interpreted as an estimated extension of the system lifecycle associ
ated with reduced geothermal utilization due to hybridization with wind 
and solar PV systems, rather than as the result of a fully coupled 
geo-reservoir simulation.

Fig. 8. Variations in electrical power production over time for (a) geothermal, (b) wind, and (c) solar PV systems.

Table 6 
Summary of electrical power output and hours of operation per annum for the 
geothermal, solar PV, and wind systems in the HDGP.

Quantity Geothermal 
system

PV 
panels

Wind 
turbines

Units

Min. electrical power 
output

6.00 0 0 kW

Max. electrical power 
output

440 460 540 kW

Ave. electrical power 
output

208 56.7 67.1 kW

Hours of operation 6095 4394 5263 hours/ 
year
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4.2. Economic assessment

To perform the economic assessment utilizing HOMER™ and COM
FAR™ software, various factors—including replacement cost, salvage 
value, and NPC—must first be determined. Table 7 presents the break
down of NPC for the designed HDGP. The replacement cost accounts for 
the periodic renewal of HDGP components, whereas the salvage value is 
calculated based on each component’s technical working hours and the 
remaining nominal lifetime.

The cost summary for the designed HDGP is presented in Table 8. 
The LCOE for the HDGP is ~0.27 CAD$/kWh, substantially lower than 
the ~0.70 CAD$/kWh LCOE for the current diesel facility in FL, 
considering the unsubsidized cost of diesel in northern Canada.

COMFAR™ software uses financial standards to compute various 
economic indicators, such as the NPV, IRR and PD. The changes in NPV 
based on a discount rate ranging from 0% to 100% are depicted in 
Fig. 10. As illustrated in this figure, the NPV at a 0% discount rate is 
almost equal to CAD$ 137 M, indicating that the initial investment value 
is fixed at around CAD$ 28 M and will reach CAD$ 165 M after 30 years. 
When the discount rate is 2.5%, the approximate investment value after 
30 years reaches about CAD$ 100 M, meaning that the investment in
creases by CAD$ 72 M.

Fig. 11 represents the IRR for the designed HDGP, which is calculated 
to be 10.7%. For comparison purposes, if only the geothermal plant is 
considered to fulfill FL’s electrical power requirements, its IRR is 
determined to be 14.1%, which is slightly higher than that of the 
designed HDGP caused by the lower capital investment. However, while 
the hybrid system has a slightly lower IRR, it can extend the project’s 
lifetime by enabling the recovery and recharge of the geo-reservoir.

The PD for the designed HDGP is shown in Fig. 12 for both normal 
mode and dynamic mode (calculated at a 2.5% discount rate) and is 
compared with that of a stand-alone geothermal plant. The PD for the 
designed HDGP is found to be 12.9 years in normal mode and 14.6 years 
in dynamic mode, which are slightly greater than those of the stand- 
alone geothermal system.

4.3. Sensitivity analysis

HOMER™ software was used to perform sensitivity analysis for some 
selected parameters.

Fig. 9. Charge and discharge cycles of the BSS.

Table 7 
NPC for the designed HDGP, presented in Canadian dollars.

Component Capital cost (CAD$) Operating cost (CAD$) Replacement cost (CAD$) Salvage value (CAD$) Total cost (CAD$)

Geothermal plant 18.2M 6.15M 0.00 0.00 24.4M
Wind turbines 6.56M 4.52M 13.2M − 10.9M 13.5M
PV panels 787,094 759,325 2.03M − 2.08M 1.50M
Backup generator 150,000 0.00 0.00 -$642,123 − 492,123
Battery bank 760,000 14,139 2.62M − 2.68M 709,747
Converter 207,624 0.00 436,169 0.00 643,793
Other equipment 20,000 70,693 0.00 0.00 90,693
Whole HDGP 26.7M 11.5M 18.3M − 16.3M 40.3M

Table 8 
Summary of the costs for the designed HDGP (CAD$).

Capital cost 26.7M

Operating cost 11.5M
Replacement cost 18.3M
Salvage value − 16.3M
Total cost 40.3M
LCOE CAD$0.27/kWh

Fig. 10. NPV variations for the designed HDGP, presented in Canadian dollars.

Fig. 11. IRR for the designed HDGP and the stand-alone geothermal system.
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4.3.1. Sensitivity analysis of the economic indicators
According to the sensitivity analysis conducted on the inflation rate, 

which was examined within the range of 2.5% to 10% (Table 2), the 
LCOE for the designed HDGP is determined and shown in Fig. 13. The 
figure demonstrates that the LCOE decreases as the inflation rate in
creases, demonstrating that the inflation rate plays a significant role in 
determining the LCOE.

Fig. 14 presents a sensitivity analysis of variations in capital cost, 
operating cost, and energy price on the IRR. The results indicate that if 
the capital cost decreases by 8% (green line), the IRR increases to 
11.43%. According to the analysis, variations in operating cost have a 
relatively smaller effect on the IRR, primarily because of the high level 
of capital investment. As a result, the ratio of operating cost to capital 
cost, as well as the influence of energy price, is comparatively lower. 
However, operating cost has a significant influence on the calculation of 
the LCOE, leading to a larger gap between the LCOE and the energy 
selling price. Based on this analysis, if the energy price increases by 20%, 
the margin between the LCOE and the energy price widens, conse
quently increasing the IRR to ~12.5%. It is evident that if these variables 
change simultaneously, their combined effect on the IRR can also be 
evaluated.

4.3.2. Geothermal plant’s power production sensitivity
Fig. 15 displays the variations in the geothermal plant’s electrical 

power production and the system LCOE as the capacities of PV panels 
and wind turbines increases. In this figure, the numerical values 
(0.18–0.29 CAD$/kWh) correspond to the LCOE sensitivity surface, 
while the color represents geothermal power output. The electrical 
power output of the geothermal plant decreases with the increasing 
capacities of PV panels and wind turbines, and this reduction helps 
sustain the geo-reservoir’s thermal energy capacity and long-term 
productivity.

4.3.3. LCOE sensitivity
The changes in the LCOE relative to an increase in the capacities of 

PV panels and wind turbines are shown in Fig. 16. The LCOE alters 
slightly with an increase in the capacity of the solar PV system. At the 
same time, this alteration is significantly greater with an increase in the 
capacity of the wind system. This difference is because of the wind 
system’s higher investment and operating costs compared to the solar 
PV system.

4.3.4. Energy price sensitivity
Fig. 17 presents the sensitivity of the HDGP economic performance 

under different electricity price scenarios. The analysis demonstrates 
that the IRR of the HDGP increases significantly as the reference elec
tricity price increases from the subsidized rate of ~0.30 CAD$/kWh to 
the unsubsidized rate of ~0.70 CAD$/kWh. Under the subsidized diesel 
scenario (~0.30 CAD$/kWh), the HDGP still achieves a positive IRR of 
3.81%, confirming the economic feasibility of the system even under 
conservative market conditions. For the weighted average diesel tariff 
scenario (~0.50 CAD$/kWh), the IRR increases to 7.78%, while the 
unsubsidized diesel price scenario results in the highest IRR of 10.71%. 
These results confirm that the proposed HDGP remains economically 
competitive without considering government subsidies, grants, carbon 
credits, or renewable energy incentives in the LCOE calculation.

5. Conclusions and proposed future research

A techno-energy-economic feasibility evaluation was performed on 
an HDGP designed specifically for FL’s Indigenous, off-grid, and fossil 
fuel-dependent community in CNT. This community is considered 
representative of similar communities in cold environments worldwide 
with suitable geothermal conditions. The evaluation was based on actual 
data/costs/prices for different HDGP components, chosen from a range 
of commercially available options. According to HOMER™’s optimiza
tion program, which aims to achieve the lowest LCOE, the hybridization 
strategy involved using the optimal capacities of wind turbines and PV 
panels to provide ~50% of FL’s annual electrical power demand. This 
approach helps preserve the geo-reservoir’s thermal energy efficiency 
and ensures stable productivity during the hybrid plant’s operating life. 
The primary findings of this feasibility assessment are summarized as 
follows: 

• The designed HDGP can deliver dispatchable and stable baseload 
electrical power to fulfill FL’s yearly energy requirements over a 30- 
year lifespan, with an insignificant environmental footprint. The 
contributions of each electrical power producer in the HDGP were 
around 54% for the geothermal system, 25% for wind turbines, and 
21% for PV panels.

Fig. 12. Normal and dynamic PDs for the designed HDGP and the stand-alone 
geothermal system.

Fig. 13. Effect of inflation on the LCOE for the designed HDGP.

Fig. 14. Effect of variations in capital and operating costs, and energy price on 
the IRR of the designed HDGP.
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• The HDGP generated ~2350 MWh of electricity per annum, which 
was slightly greater than FL’s annual electricity consumption 
(~2147 MWh), and this excess can be used for the community’s 
development.

• The BSS contributed substantially to supplying stable, reliable, and 
secure electrical energy for the community’s demand, enabling in
dependent operation for about three hours.

• The hybridization of wind, solar PV, and BSSs with the geothermal 
plant reduced the geothermal system’s operating hours over the 
year, generally leading to an increase in the geothermal plant’s 
operational lifecycle from 30 to ~43 years by allowing sufficient 
time for the geo-reservoir to recover its thermal energy capacity.

• The LCOE for the designed HDGP was calculated to be ~0.27 CAD 
$/kWh, whereas the LCOE for FL’s current diesel-reliant facility, 
excluding government subsidies, was ~0.70 CAD$/kWh. This high
lights the cost-effectiveness of the HDGP compared to the existing 
power generation system.

• The economic assessment showed an IRR of ~10.7% for the designed 
HDGP, which was slightly less than that of a stand-alone geothermal 
system (14.1%). Additionally, the PD for the HDGP was found to be 
~13 years. This was slightly longer than that of a stand-alone 
geothermal plant (~11 years).

• The sensitivity analysis results indicated that increasing the capacity 
and number of wind turbines significantly affects the LCOE due to 
the high operational costs associated with wind systems. Conse
quently, the reduction in the margin between the LCOE and the en
ergy price leads to a decrease in the IRR.

• Technical sensitivity analysis showed that increasing the capacity of 
wind turbines and PV panels significantly influenced the perfor
mance of the geothermal system. The results suggest that wind and 
solar systems can contribute to reducing the thermal load and 
enhancing geo-reservoir recovery.

The findings of this research can apply to similar societies in cold 
regions with favourable geothermal potential, supporting efforts to 
achieve decarbonization, as well as clean energy access and security 
goals.

This research outcomes align with several SDGs established by the 
United Nations in 2015. The HDGP directly advances SDG #7 (Afford
able and Clean Energy) by delivering dispatchable, renewable baseload 
electricity at a cost 61% lower than the unsubsidized diesel alternative. 
The elimination of diesel consumption during normal operation sup
ports SDG #13 (Climate Action) by removing the community’s primary 
source of greenhouse gas emissions (~1450 tonnes CO2eq/year avoi
ded). Improved energy security and the reduced cost burden for Indig
enous residents contribute to SDG #11 (Sustainable Cities and 
Communities), while the transferable methodology supports SDG #17 
(Partnerships for the Goals) by providing a replicable framework for 
similar remote communities in cold-climate jurisdictions worldwide.

Future studies are proposed as follows: 

• Conduct thermal, hydraulic, mechanical, and chemical simulations 
of the Nahanni/Manetoe Formations, which serves as the target geo- 
reservoir for geo-fluid extraction, over the project’s lifespan.

• Perform systematic life cycle and socio-environmental assessments 
of the designed HDGP.

• Design and analyze the production and injection wells to prevent 
short-circuiting.

• Develop a smart system to properly monitor, control, and manage the 
hybrid system.

Fig. 15. Effect of PV panels and wind turbines on the geothermal plant’s electrical power production.

Fig. 16. Effect of PV panels and wind turbines on the LCOE.

Fig. 17. Sensitivity analysis of the IRR of the designed HDGP under different 
subsidized and unsubsidized diesel electricity price scenarios.
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• Model and evaluate deep boreholes as energy storage systems for the 
proposed HDGP.

• Determine and address the practical implementation challenges 
faced by remote communities, particularly those located in cold 
environments, such as policy barriers, financing mechanisms, and 
maintenance logistics.
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