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Abstract

Transitioning to sustainable energy systems is crucial for reducing greenhouse gas (GHG)
emissions, especially in remote industrial operations where diesel generators remain the
dominant power source. This study examines the feasibility of integrating a redox flow
battery (RFB) storage system to optimize wind energy utilization at the Raglan mining
site in northern Canada, with the goal of reducing diesel dependency, enhancing grid
stability, and improving energy security. To evaluate the effectiveness of this hybrid system,
a MATLAB R2024b-based simulation model was developed, incorporating wind energy
forecasting, load demand analysis, and economic feasibility assessments across multiple
storage and wind penetration scenarios. Results indicate that deploying 12 additional
E-115 wind turbines combined with a 20 MW/160 MWh redox flow battery system could
lead to diesel savings of up to 63.98%, reducing CO2 emissions by 68,000 tonnes annually.
However, the study also highlights a key economic challenge: the high Levelized Cost
of Storage (LCOS) of CAD (Canadian dollars) 7831/MWh, which remains a barrier to
large-scale implementation. For the scenario with high diesel economy, the LCOS was
found to be CAD 6110/MWh, and the corresponding LCOE was CAD 590/MWh. While
RFB integration improves system reliability, its economic viability depends on key factors,
including reductions in electrolyte costs, advancements in operational efficiency, and
supportive policy frameworks. This study presents a comprehensive methodology for
evaluating energy storage in off-grid industrial sites and identifies key challenges in scaling
up renewable energy adoption for remote mining operations.

Keywords: decarbonization; renewable energies; energy storage; redox flow batteries;
wind energy; economic analysis

1. Introduction
In the past two decades, dependence on fossil fuels has steadily decreased due to

resource depletion and growing concerns over greenhouse gas (GHG) emissions from their
combustion. These challenges have prompted governments worldwide to implement strict
energy policies to regulate and manage the utilization of both fossil and renewable energy
sources. To mitigate GHG emissions, countries that have ratified the Paris Agreement
have established regulatory frameworks that set maximum allowable emission thresholds
for industries, with penalties for non-compliance. As a signatory to the Paris Agreement,
Canada, which accounted for 0.72 Gt CO2-equivalent emissions in 2013 (1.95% of global
emissions at the time) [1], has committed to reducing national GHG emissions by 40–45% by
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2030 and achieving net-zero emissions by 2050 [2–5]. In 2021, the Raglan mine’s production
process consumed 58.9 million liters of diesel, with electricity generation alone accounting
for 73% of this consumption, resulting in 119,440 tons of CO2-equivalent emissions. Self-
propelled mining equipment accounted for the remaining 27%, emitting 44,400 tons of CO2

equivalent. To meet these ambitious targets and minimize the environmental and economic
risks associated with climate change, transitioning toward decarbonization through the
adoption of renewable energy technologies and sustainable energy practices has become
imperative [6].

According to Da Silva et al. [7], decarbonization is characterized by three fundamental
challenges: (i) replacing fossil fuels with renewable energy sources, (ii) developing alterna-
tive solutions for sectors where reducing fossil fuel consumption is particularly difficult,
and (iii) eliminating carbon dioxide emissions through advanced mitigation strategies.
Du et al. [8] highlight the necessity of a comprehensive transformation in the global elec-
tricity sector to achieve effective decarbonization. Similarly, Balaban et al. [9] argue that
decarbonizing an energy system requires significant structural changes across the electricity
production chain, including generation, transmission, and consumption, as this sector
alone accounts for nearly two-thirds of total GHG emissions. Dongsheng et al. [10] further
emphasize that ensuring a resilient and sustainable energy future by 2050 is only feasible if
power generation integrates cost-effective and scalable renewable solutions. Meanwhile,
Obiora et al. [11] and Roshan Kumar et al. [12] stress that a transition to low-carbon energy
infrastructures must precede decarbonization efforts, as this remains the most effective
approach to reducing the severe environmental impacts of climate change.

Amid the ongoing energy transition, many industrial facilities are actively investing
in renewable energy systems to reduce carbon emissions and enhance energy sustainability.
In this context, the Raglan mining company in Nunavik, northern Quebec, has committed
to decarbonizing its electricity generation network by expanding its wind farm. As a major
producer of raw nickel, the site’s operations encompass ore exploration, underground
excavation, and rock processing, all of which require a reliable and continuous energy
supply. Among the most widely adopted renewable alternatives, solar and wind energy
are increasingly integrated into off-grid and industrial energy systems. However, due to
their intermittent nature and weather dependence, these energy sources require advanced
energy storage solutions to ensure grid stability and operational reliability. This study
investigates the feasibility of storing surplus wind energy using redox flow batteries (RFBs)
to regulate and optimize local electricity production.

For Asri et al. [13], it is, therefore, crucial to critically analyze the fundamental char-
acteristics of energy storage systems (ESSs) in order to establish benchmarks for selecting
the most suitable technology. Mahadevan et al. [14] claim that each ESS technology has
unique strengths and limitations, influencing its applicability and suitability for specific
applications. The choice of an ESS is influenced by factors such as energy density, cost,
scalability, and the intended use case, whether for short-term grid balancing or long-term
energy storage. It is crucial to consider the climatic conditions of a region before imple-
menting any energy storage system [15]. Table 1 focuses on ESSs currently proficient in
providing critical storage capacities of at least 20 MW.

Redox flow battery technology has gained significant attention as a viable solution
for large-scale energy storage due to its high efficiency, long cycle life, and independent
scalability of power and capacity [16–21]. These batteries are considered one of the most
promising technologies for integrating renewable energy into electricity grids [22–24],
offering low-cost and long-duration storage capabilities [25]. The large-scale deployment
of variable renewable energy resources is heavily influenced by the availability of cost-
effective, long-duration storage solutions [26]. Despite their advantages, flow batteries
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accounted for only 5% of the 16 GWh installed energy storage capacity worldwide in 2021,
highlighting the need for further technological advancements and economic optimizations
to expand their adoption.

Table 1. Comparison and characteristics of energy storage systems [13].

Storage System
Type

Max Power Rating
[MW] Discharge Time Max Cycles or Lifetime Energy Density

[Wh/L] Efficiency

Pumped hydro ~3000+ 4 h–16 h 30–60 years 0.2–2 70–85%

Compressed air ~1000 2 h–30 h 20–40 years 2–6 40–70%

Molten salt 100–150 Several hours ~30 years 70–210 80–90%

Li-ion battery 1–100+ 1 min–8 h 1000–10,000 cycles 200–400 85–95%

Lead–acid 1–100 1 min–8 h 6–40 years 50–80 80–90%

Flow battery 10–100+ Several hours 12,000–14,000 cycles 20–70 60–85%

Hydrogen ~100+ Minutes–weeks 5–30 years ~600 (at 700 bar) 25–45%

Flywheel 1–20 Seconds–minutes 20,000–100,000+
cycles 20–80 70–95%

A flow battery is a reversible and rechargeable electrochemical system that stores
energy in chemical form and converts it back into electrical energy when needed. The
fundamental operating principle of these batteries involves the circulation of an electrolytic
solution (electrolyte) from one or more storage reservoirs into electrochemical cells facil-
itated by pumps [16,27]. These cells, consisting of two half-cells (positive and negative),
serve as the site for redox reactions, enabling the storage and release of energy. Flow batter-
ies can be configured in series and/or parallel to achieve the desired voltage and current
characteristics. They are often considered a hybrid technology between fuel cells and con-
ventional batteries, where hydrogen (H2) and oxygen (O2) gases in fuel cells are replaced
by electrolytes capable of storing electrical charges [28]. The schematic representation of a
flow battery system is illustrated in Figure 1.

Figure 1. Schematics and working principle of redox flow batteries [16].
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Several studies have explored the application of flow batteries for energy storage
in different renewable energy systems. Ouyang et al. [25] investigated the performance
of a vanadium redox flow battery (VRFB) within a microgrid integrating a biomass gasi-
fier and a solid oxide fuel cell designed for electricity generation in rural environments
(Figure 2). Their findings indicate that the electrolyte flow rate plays a crucial role in battery
performance, with an efficiency of 84% achieved during peak shaving operations.

Figure 2. Flow battery in a renewable energy microgrid [25].

Zheng et al. [29] examined the integration of a flow battery system to address the
intermittency of renewable energy sources while managing fluctuating energy demand. The
proposed energy system featured a hybrid setup comprising a partially covered parabolic
mirror thermal photovoltaic collector, a vanadium redox flow battery, thermal energy
storage, and an absorption chiller/heat pump. Their comparative analysis between a
VRFB-based system and a Power-to-Hydrogen-to-Power (P2H2P) system revealed that the
VRFB system achieved an exergy efficiency of 78.52%, outperforming the P2H2P system,
which had an efficiency of 41.73%.

Yesilyurt et al. [30] explored the feasibility of powering an air-source hybrid heat
pump using a vanadium redox flow battery-based energy storage system. Their study
selected two key performance indicators: exergy destruction and exergy efficiency. Using a
MATLAB Simulink model, they analyzed a system where solar photovoltaic panels and
wind turbines charged the VRFB. The results showed that integrating wind turbines with
the VRFB was more effective, as the photovoltaic-based system exhibited significant exergy
destruction and lower exergy efficiency.

In a different study, Oshnoei et al. [31] presented a load frequency control model for
a wind power system and redox flow battery storage. Their findings demonstrated that
frequency-based VRFB modeling yielded superior performance compared to conventional
VRFB modeling techniques, highlighting the potential of flow batteries in enhancing
grid stability.

Among the different types of flow batteries, all-vanadium redox flow batteries (VRFBs)
stand out due to their flexibility, adaptability, and scalability. Reynard and Girault [32]
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investigated redox flow battery technology for energy storage and clean hydrogen pro-
duction, integrating VRFBs with catalytic reactors to enhance efficiency. Huang et al. [33]
estimated the overall efficiency of such systems to range between 70% and 85%, while
Ulaganathan et al. [34] reported efficiencies exceeding 83%, a value often used as a bench-
mark for sizing battery systems.

One key advantage of all-vanadium flow batteries is their ability to indepen-
dently scale storage capacity and power output. Hosseiny and Wessling [35] and
Skyllas-Kazacos et al. [36] emphasize that increasing storage capacity is directly propor-
tional to the electrolyte volume, necessitating larger electrolyte reservoirs for extended
operation. Zhang et al. [36] further highlight that increasing the battery’s storage capacity
and cycle duration can effectively reduce capital expenditure (CAPEX) per kilowatt-hour,
improving the economic feasibility of large-scale deployments.

The economic viability and resilience of hybrid energy system solutions depend
on a comprehensive evaluation of economic and reliability factors during the design
phase [37]. In the literature, numerous studies have investigated the investment costs
and financial feasibility of redox flow battery (RFB) storage systems for large-scale energy
applications. Cremoncini et al. [38] classify two primary approaches to the techno-economic
analysis of RFBs: The first focuses on material and investment costs. In contrast, the
second incorporates Levelized Cost of Storage (LCOS) models to assess long-term financial
sustainability. Darling [26] conducted a detailed techno-economic study on redox flow
batteries, demonstrating that capital and operational costs, combined with projected energy
throughput, are key determinants of LCOS.

According to IRENA [39], the costs of vanadium and zinc/bromine flow batteries could
decline by more than 60% over the next two decades, driven by technological advancements
and growing market interest. Similarly, Schmidt et al. [40] predict a steady reduction in
redox flow battery costs due to economies of scale and material innovations. Minke and
Turek [41] emphasize that assessing the techno-economic feasibility of RFBs remains a
significant challenge for large-scale projects, where system costs must be evaluated based
on material composition, system design, and modeling methodologies.

Zheng et al. [42] emphasize the need for a deeper understanding of the technical and
economic performance parameters of flow battery technologies to enhance their commercial
viability. Zhang et al. [43] further highlight that cost challenges remain a significant barrier
to the widespread adoption of RFBs. Noack et al. [44] advocate for optimization strategies
in vanadium redox flow battery systems, particularly in reducing material costs, optimizing
bipolar plate resistances, and improving energy storage media efficiency.

To support cost reductions, Viswanathan et al. [45] developed a cost model for re-
dox flow batteries, revealing that the energy-to-power ratio of the storage system is a
crucial factor in minimizing costs across various battery chemistries. Additionally, LCOE
reductions are influenced by integrating advanced materials (e.g., novel alloys), improved
manufacturing processes, and higher nominal power capacities [46]. Currently, the lev-
elized cost of energy (LCOE) for redox flow batteries is estimated at CAD 0.0503/kWh [29].
Ouyang et al. [25] report a payback period of 7.33 years for a microgrid equipped with a
vanadium redox flow battery, further reinforcing the economic feasibility of this technol-
ogy. In the literature, LCOS models for redox flow batteries have been widely utilized to
evaluate cost-effectiveness across different storage applications [38,40].

This study evaluates the feasibility of integrating a redox flow battery storage system
with an expanded wind farm at the Raglan mining site. This research utilizes a MATLAB
R2024b-based simulation model to evaluate the technical, economic, and environmental
impacts, with a focus on diesel savings, CO2 emissions reduction, and system reliability.
Unlike previous studies focusing on standalone storage systems, this research integrates
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a comprehensive techno-economic analysis, comparing multiple wind–battery hybrid
scenarios. Specifically, it examines how different battery capacities (80 MWh, 120 MWh,
160 MWh) and wind penetration levels (45–75%) affect the Levelized Cost of Energy (LCOE)
and Levelized Cost of Storage (LCOS), key determinants of project feasibility [26,44].

The key research questions guiding this study are as follows:

1. What is the optimal configuration of wind energy and redox flow storage to maximize
diesel savings at the Raglan mining site?

2. What are the economic implications of integrating large-scale redox flow batteries,
particularly in Arctic conditions?

3. How does energy storage improve grid stability, and what policy incentives could
enhance financial feasibility?

This article is part of a broader research initiative exploring various energy storage
technologies to support the decarbonization of remote mining operations in northern
Quebec. In addition to the redox flow battery system analyzed in this study, parallel
investigations are underway on battery energy storage systems (BESS), hydrogen storage,
and PHSP systems [47,48]. These complementary studies evaluate each option based on
technical performance, economic viability, and environmental compatibility within off-grid
Arctic contexts. However, due to the ongoing comparative analysis, this paper focuses
solely on the techno-economic feasibility of implementing a redox flow battery system in
the Raglan hybrid electricity network.

Building on this context, the present work investigates the potential for significantly
reducing or even eliminating diesel dependency at the Raglan mine by integrating a
wind farm coupled with a redox flow battery storage system. Specifically, it examines
how this hybrid “Diesel Thermal Power Plants–Wind Farm–redox battery” configura-
tion can address the intermittency of wind energy and maintain a stable electricity sup-
ply across the mine’s 25 kV-G network. The study involves the overall dimensioning
of the wind–redox battery system, assessing its ability to meet electricity and heating
demands, and techno-economic feasibility analysis to support future investment and
implementation decisions.

The findings of this study offer valuable insights for industrial energy planners,
policymakers, and renewable energy developers, providing a scalable model for integrating
storage systems in off-grid mining operations.

Given that this work focuses on decarbonizing the Raglan mine through the sizing
and optimization of a hybrid energy system based on redox flow battery storage, the
model aims to minimize the levelized cost of electricity (LCOE) while maximizing system
performance. Accordingly, the outputs of the optimization process include

• Economic indicators: capital and operating expenditures, energy price, payback period,
and net present value (NPV);

• Technical indicators: installed capacity and power, number of wind turbines, wind
penetration rate, number of generators in operation or removed, redox battery capacity,
and greenhouse gas (GHG) emission reduction.

The specific objective of this work is to study the feasibility of integrating a redox
flow battery (RFB) storage system into the Raglan mine site’s hybrid grid to reduce diesel
dependence, improve grid stability, and enhance energy security (optimizing wind farm
energy production and addressing wind farm intermittency).

Table 2 summarizes relevant work on RFB applications.
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Table 2. Summary of works applying RFB technology.

References Context-Application Storage System Results

Zheng et al. [29]

To address the intermittency of
renewable energy sources
To manage fluctuating
energy demand

VRFB system Exergy efficiency of 78.52%

Yesilyurt et al. [30] Powering a hybrid air-source
heat pump VRFB system Efficiency of wind turbine

integration with VRFB

Oshnoei et al. [31] Load frequency control model
for a wind power system VRFB system

Higher performance due to
the use of frequency-based
VRFB

Reynard and Girault [32]

Energy storage
Clean hydrogen production,
integrating VRFBs with catalytic
reactors to enhance efficiency

VRFB system Improving the efficiency of
catalytic reactors

Ouyang et al. [25]

Performance of a VRFB within a
microgrid integrating a biomass
gasifier and a solid oxide fuel
cell designed for electricity
generation in
rural environments

VRFB system

Battery performance is
highly dependent on the
flow of the electrolyte.
An efficiency of 84% was
achieved during peak
shaving operations.

The rest of this paper is organized as follows: Section 2 briefly describes the energy
system; Sections 3 and 4 detail the methodology, including the design and sizing of the wind
energy storage system, as well as the assumptions and modeling framework used to assess
the technical, economic, and environmental feasibility of integrating redox flow batteries
(RFBs); Section 5 presents the validation of the model with global data at Raglan mine;
Section 6 discusses the results, including economic feasibility and grid performance; and
Section 7 outlines the conclusions and recommendations for future energy storage projects.

2. System Description
The Raglan mining site, located in northern Quebec, Canada, operates a localized

energy network known as “Network 25 kV-G,” which supplies both electricity and heat
to the site. This network comprises twenty diesel generators and a wind farm with two
operational wind turbines. Among these twenty generators, six EMD models (see Figure 3)
are equipped with heat recovery loops, forming a cogeneration system that meets the site’s
thermal energy demands.

As part of its decarbonization strategy, the Raglan mining company is committed
to reducing diesel consumption, a major contributor to the site’s greenhouse gas (GHG)
emissions. Given the high wind energy potential in the region, the company plans to expand
the existing wind farm by adding additional wind turbines to replace the diesel generators
scheduled for decommissioning. However, due to the intermittent nature of wind energy,
integrating an energy storage solution is essential to ensure grid stability, reliability, and
continuous energy supply. To address these challenges, the company is considering a redox
flow battery (RFB) storage system to help mitigate wind energy fluctuations and regulate
the 25 kV-G network during peak and low-demand periods.



Appl. Sci. 2025, 15, 7147 8 of 33

 

Figure 3. Scheme of the electrical and heating networks.

The VRB ENERGY all-vanadium redox flow battery, manufactured by a Vancouver-
based Canadian company, has been selected for this application (see Figure 4). This battery
technology offers high efficiency, long cycle life, and independent scalability of power and
capacity, making it well-suited for large-scale renewable energy storage at the Raglan site.

Figure 4. VRB ENERGY all-vanadium flow battery: battery model VRB-ESS, 1 MW, 500 MWh of
energy storage capacity installed or in development [49].

The project’s first phase focuses on optimizing wind farm production, ensuring a
complete transition from diesel generators, meeting electrical and thermal energy demands,
and appropriately sizing the redox flow battery required for the site’s operations. The
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successful implementation of this hybrid wind–storage system plays a critical role in
achieving the site’s long-term energy transition and sustainability goals.

3. Methodology
This study aims to design and optimize a wind energy storage system utilizing redox

flow batteries (RFBs) at the Raglan mining site, thereby reducing diesel consumption and
decarbonizing electricity production. The MATLAB-based simulation model developed
for this study integrates wind power generation, battery storage dynamics, load demand,
and economic feasibility analysis. The main equations used in the model are presented in
Appendix A.

3.1. Assumptions

The simulation is based on the 2020 operational data from the Raglan site, considering
the following key assumptions:

• Energy demand: The mine’s annual electricity consumption is 145,195 MWh, requiring
34.2 million liters of diesel. The daily average electricity consumption of the site is
shown in Figure 5.

Figure 5. Daily electricity consumption of the 25 kV network in 2020.

• Wind resource: Wind speed data from 2020 indicates monthly average speeds between
6 and 9 m/s (see Figure 6) with an annual average of 8.5 m/s at the wind turbine hub
height (92 m).

• Ambient temperature: The average temperature on site is −15 ◦C, which affects air
density (1.367 kg/m3 instead of the standard 1.225 kg/m3).

• Wind farm expansion: The existing two wind turbines (Enercon E-82) are expected
to be supplemented with newer E-115 EP3 E4 turbines, each with a rated power of
4260 kW (92 m hub height) and a power curve illustrated in Figure 7.

• Battery storage: The selected VRB ENERGY all-vanadium flow battery is installed in a
heated facility to mitigate cold-related efficiency losses.
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Figure 6. Wind speed in 2020 in Raglan.

Figure 7. The power curve of the E-115 EP3 E4 wind turbine.

3.2. Wind Energy Production in Mining Sites: Forecasting, Optimization, and Utilization

Given that wind production is highly dependent on wind speed, this study used
wind speed data from several years (2017–2018–2019–2020–2021). The year 2020 was
chosen as it was the most representative compared with the other years. An average
speed of approximately 8.5 m/s was therefore established over the year. This is homoge-
neous. Figure 8 shows the occurrence of wind speeds at quarter-hourly intervals over the
year 2020.
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Figure 8. Frequency of occurrence of different wind speeds in 2020.

The distribution of Figure 8 is made possible using Equation (A5) in Appendix A.
From the wind data (wind potential of the site) of the Raglan mining site, the power

available for each of the wind turbines is deduced using the information provided by the
manufacturer. For example, the E-115 EP3 E4 wind turbine (Enercon, Aurich, Germany)
produces 3472 MW, while the E-82 E4 wind turbine (Enercon, Aurich, Germany) produces
1880 MW when the wind speed reaches 11 m/s. As wind speeds are dependent on the
seasons and the weather, energy production from wind turbines is also dependent on them.
Except for violent winds (storms, etc.) with speeds of up to 26.5 m/s, wind production is
higher when the wind is stronger. Thus, the wind distribution at the Raglan site follows a
Weibull distribution, and its shape is characteristic of it (see Figure 8).

Considering that wind energy production is intermittent, the project plans to couple
the wind farm with a redox flow battery storage system.

To study the periods without wind at Raglan, an assumption is made that considers
a wind speed of less than 3 m/s to be a period without wind. This assumption is based
on the fact that the E-115 wind turbine does not produce even 80 kW below 3 m/s, which
is required for de-icing. In 2020, there was 643 h without wind over the whole year. The
longest period without wind was 28 consecutive hours. During this 643 h, almost 100% of
electricity production would have to rely on diesel generators (see Figure 9).

The periods without wind, representing more than 61% of cases, are shorter than eight
hours. This indicator can be used to determine the battery size and its storage life.

3.3. Sizing of the Energy System

Raglan mine is set to expand its renewable energy capacity by 2030, with wind energy
selected as the primary source due to the region’s abundant wind resources and the
success of its initial wind turbine project, which currently operates two turbines. The
additional wind energy generated should be integrated into the 25 kV-G network, marking
a significant milestone in the site’s decarbonization efforts. This transition reduces reliance
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on diesel generators, enhances energy sustainability, and aligns with broader carbon
reduction targets.

Figure 9. Number of occurrences of windless periods.

3.3.1. Sizing, Installation, and Cost of the Wind Farm

Proper sizing and installation of the wind farm are critical, as site-specific characteris-
tics directly influence turbine performance. The Raglan mining site in northern Canada
experiences extreme cold temperatures throughout the year, making wind energy more
suitable than solar power due to limited sunlight availability. Among the various renew-
able energy sources, wind power is particularly well-adapted to the climatic conditions of
northern Canada [48].

As mentioned, the Raglan site currently operates two Enercon E-82 E4 wind turbines,
each with a nominal power output of 3 MW, integrated into the 25 kV grid network. To
expand the site’s renewable energy capacity and advance its decarbonization objectives,
the current project proposes deploying additional wind turbines of the latest ENERCON
model, the E-115 EP3 E4. This upgraded model, featuring a 92 m mast and a nominal
power rating of 4.260 MW, represents a 42% increase in capacity compared to the existing
turbines. Table 3 summarizes the key characteristics of the wind turbines at the Raglan
mine site.

Table 3. Characteristics of the wind turbines at the Raglan mine site.

Types of Wind
Turbine

Minimum Wind
Speed for a Wind

Turbine
Operation

Wind Speed to
Reach Maximum

Power

Maximum
Operating Wind

Speed of the Wind
Turbine

E-82 3 m/s 17 m/s 26 m/s

E-115 2 m/s 14.5 m/s 34 m/s

The E-115 wind turbine is significantly larger than its predecessor, featuring a rotor
diameter of 115.7 m and a sweep area of approximately 10,516 m2. One of its key advantages
is the ability to generate higher energy output while reducing the number of turbines
required, thereby minimizing land use and environmental impact. Additionally, this model
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is specifically designed to withstand Arctic conditions, including frost, extreme cold, and
severe storms. Given the site’s environmental challenges, the estimated operational lifespan
of the wind turbines is conservatively set at 15 years for design purposes. However, the
manufacturer specifies a lifespan of 25 years under standard operating conditions.

Due to the extensive size of the Raglan mining site, careful selection of the wind
farm’s location is essential to ensure optimal connectivity to the 25 kV-G electrical network
while facilitating access for maintenance teams. The area surrounding Katinniq has been
identified as the most suitable location for the additional wind turbines. LiDAR (Light
Detection and Ranging) studies are planned to further refine site selection and optimize
turbine placement, enabling the accurate assessment of wind characteristics, including
speed, intensity, and directional patterns.

A thorough analysis of investment costs is crucial in large-scale projects, as it informs
key decisions regarding equipment selection, financial feasibility, and trade-offs between
technical performance and site-specific constraints. Understanding these costs is essential
for optimizing project design while balancing economic and environmental considerations.

In recent years, the cost of wind energy projects has significantly declined and
is expected to continue decreasing in the coming decades. According to Stehly and
Duffy [50], this trend is driven by improvements in turbine performance, reduced energy
losses and operational risks, enhanced cost management, and advances in materials and
construction techniques.

To evaluate the financial feasibility of the wind energy expansion at Raglan, this
study employs the Levelized Cost of Energy (LCOE) metric. LCOE is a key economic
indicator that provides a comparative assessment of different energy technologies. It
consists of two main components: capital expenditure (CAPEX), which represents upfront
investment costs, and operating expenditure (OPEX), which includes maintenance and
operational expenses. LCOE is typically expressed in CAD/kWh or CAD/MWh and is
influenced by five primary factors: initial capital investment, ongoing operational costs,
system performance, financial and tax assumptions, and project lifespan.

The study also incorporates data from the IRENA report [46], which provides relevant
insights specific to Canada, including the Raglan mining site. Based on these indicators
and the referenced report, the cost analysis yielded the results in Table 4.

Table 4. Wind CAPEX, OPEX, and LCOE in Canada and Raglan.

Localization OPEX
(CAD/kW·yr)

OPEX
(CAD/MWh)

CAPEX
(CAD/kW)

CAPEX
(CAD/MWh)

LCOE
(CAD/MWh)

Canada 46.9 11.84 1833 23.15 35.0

Raglan 117.6 30.76 4857 84.69 115.5

The results indicate a substantial increase in both OPEX (150.8%) and CAPEX (164.9%)
for the Raglan site compared to the national average, primarily due to the site’s extreme
environmental conditions, including harsh winters and remote location.

The price of an ENERCON E-115 EP3 E4 wind turbine (4.260 MW) for the Raglan site
is calculated at approximately CAD 20,690,000 using the cost estimates from Table 4. A
simplifying assumption was adopted to determine the total wind farm investment cost,
wherein the cost of a single wind turbine is multiplied by the total number of turbines
planned for deployment.

3.3.2. Sizing, Implementation, and Cost of the Storage System

Despite the abundant wind energy potential at the Raglan site, an energy storage
solution is essential to mitigate wind power’s intermittency and ensure grid stability.
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This study assesses the feasibility of integrating redox flow batteries (RFBs) as the pri-
mary storage technology, given their proven advantages, pre-installation readiness, and
technological maturity.

To accurately size the storage system for the Raglan mining site, this study relies
on agency reports, laboratory data, and direct manufacturer specifications. Given the
region’s extreme climatic conditions, a critical design consideration is protecting batteries
from subzero temperatures. While redox flow battery systems are typically delivered
in insulated containers, prolonged exposure to temperatures below −5 ◦C can cause
performance degradation. Specifically, low temperatures can impair electrolyte flow, reduce
electrochemical efficiency, and shorten system lifespan. To mitigate these risks, the storage
units are housed in a heated shed, ensuring protection against snow, wind, and frost while
maintaining optimal operating conditions.

Two key parameters determine the size of the shed:

• The footprint of the redox battery system;
• The required storage capacity.

This study directly consulted battery manufacturers since literature sources do not
provide standard values for redox battery footprints. The responses varied between
30 m2/MWh and 80 m2/MWh, with an average value of 50 m2/MWh selected for this
project. Given the large footprint of the mining site, the battery storage facility is strate-
gically located near the main complex in Katinniq, ensuring efficient integration into the
mine’s energy circuit.

As with the wind farm investment analysis, the cost estimation for redox batteries is a
critical aspect of the feasibility assessment. Due to the harsh environmental conditions at
Raglan, cost adaptations are necessary to account for additional infrastructure requirements.
This study uses the Levelized Cost of Storage (LCOS) metric to quantify the financial
viability of storage deployment.

LCOS represents the cost per kWh of stored electricity over the system’s lifetime,
incorporating capital (CAPEX) and operational (OPEX) expenses. This metric provides a
long-term perspective on the economic feasibility of storage solutions, where a lower LCOS
indicates greater profitability [51]. Table 5 presents the estimated LCOS for the Raglan site
based on different storage durations.

Table 5. LCOS of redox systems at Raglan (CAD/MWh).

10 MW, Raglan
Parameters 4 h 6 h 8 h

Storage system

Storage unit and electrolyte 118.1 105.2 98.3

Storage balance 23.6 21.0 19.8

Energy system

Power supply equipment 14.3 9.5 7.1

Control and communication 0.9 0.6 0.4

System Integration 21.9 19.3 18.0

System balance

Engineering, transportation, and construction 83.0 73.0 68.7

Project development 41.8 37.2 34.9
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Table 5. Cont.

10 MW, Raglan
Parameters 4 h 6 h 8 h

Network Integration 9.0 6.0 4.5

Total CAPEX 312.5 271.8 251.8

Total OPEX 35.3 33.9 33.3

Total LCOS 347.8 305.8 285.0

The estimated LCOS values of 347.8, 305.8, and 285.0 CAD/MWh correspond to 4 h,
6 h, and 8 h storage durations, respectively. These values align with literature estimates and
manufacturer-provided data, confirming their validity as benchmarks for cost assessment.
Note here that LCOS also represents the total lifetime cost of the storage system (including
operating and maintenance costs), divided by the total amount of electricity that the
system is expected to store during its lifetime [51]. Based on the above cost assessments,
Table 6 presents the final investment costs for the redox battery system and associated
infrastructure, specifically for a 20 MW system at Raglan.

Table 6. Final costs of redox batteries.

20 MW, Raglan
Parameters 4 h 6 h 8 h

Electrochemical system (M CAD) 117.0 152.7 188.6

Area required (m2) 4000 6000 8000

Shed price (M CAD) 32.5 48.8 65.0

Total cost (M CAD) 149.5 201.4 253.6

With the energy system components and financial parameters established, we develop
a simulation model that integrates these factors into a comprehensive analysis. This model
enables scenario testing and the evaluation of different configurations of wind–storage
integration, optimizing the economic and technical feasibility of the renewable energy
transition at Raglan.

4. Design, Sizing, and Modeling of the Wind Energy and Storage System
A MATLAB-based simulation model was developed to evaluate the performance of

the Raglan mine energy network following the integration of additional wind turbines
and energy storage. This model enables the simulation of various operational scenarios by
incorporating multiple input parameters, including

• Wind energy production;
• Electricity and heat generation based on generator operation;
• Diesel fuel consumption;
• Energy storage dynamics (charging and discharging cycles).

The model operates on an hourly time scale over an entire year, allowing for a detailed
analysis of key performance indicators such as

• Renewable energy penetration rate;
• Wind energy curtailment losses;
• Diesel fuel savings;
• Greenhouse gas (GHG) emissions reduction;
• Economic performance metrics (including financial feasibility analysis).
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The MATLAB-based dynamic model provides a crucial tool for predicting system
behavior under various configurations, eliminating the need for physical testing. It enables
the identification of optimal energy management strategies while ensuring grid stability
and cost-effectiveness.

The simulation framework is structured into four interdependent sub-models, which
operate in an iterative process to capture the complex interactions between energy produc-
tion, storage, and demand, as shown in the flowchart in Figure 10.

 

Figure 10. Modeling framework flowchart.

4.1. Model Input Data

The MATLAB-based simulation program developed for this study is fully configurable,
enabling flexible parameter adjustments tailored to specific simulation objectives. The
operating parameters are structured within a “structure array” to enhance readability
and clarity, facilitating efficient data organization and processing within the MATLAB
workspace (see Figure 11). Key configurable parameters include

Figure 11. Structure array of model input parameters.
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• Number of wind turbines;
• Number of diesel generators in operation;
• Maximum battery power (maximum_battery_power);
• Battery storage duration (battery_storage_time);
• Total battery storage capacity (max_battery_capacity).

The structure array is linked to an internal MATLAB folder containing the essen-
tial datasets from the Raglan mining site, which are required for accurate simulation.
These include

• Hourly heat demand data (2021);
• Wind speed data at 15 min intervals (2020);
• Electricity consumption data from the 25 kV network (hourly, 2020);
• The power curve of the ENERCON E-115 wind turbine.

By integrating these site-specific datasets, the MATLAB model enables a realistic and
data-driven simulation, allowing for accurate assessments of wind energy integration,
energy storage performance, and diesel displacement strategies at the Raglan mining site.

4.2. Sub-Model 1: Wind Speed Model

This sub-model utilizes the “2020 Wind Data, 15 Minutes” dataset to simulate vari-
ations in wind speed under different conditions. For simulation purposes, three distinct
wind scenarios were defined:

• Unfavorable: Wind speed decreases between −10% and −5%;
• Random: Wind speed fluctuates within a range of −5% to +5%;
• Favorable: Wind speed increases between +5% and +10%.

These conditions enhance the model’s flexibility, reflecting the natural variability of
wind speeds, which fluctuate continuously. The simulation of wind speed variations is
controlled by the following formula (Equation (1) and Equation (A4) in Appendix A):

r = a + (b − a) ∗ rand(N, 1) (1)

where

• a and b are the lower and upper bounds of the wind speed variation interval;
• N represents the random numbers within the interval (a,b);
• rand(N,1) is the MATLAB random function that generates values within the

specified range.

A 15 min time step is used in the model, ensuring high-resolution variability in
wind speed. Equation (1) serves as the MATLAB function for wind speed randomization,
allowing for dynamic simulation of the 25 kV grid response, particularly regarding

• Wind turbine performance fluctuations;
• Energy storage system behavior under variable wind conditions;
• Grid stability under different wind penetration scenarios.

Additionally, this sub-model enables further analysis of critical wind conditions,
such as

• The number of hours per year with no wind;
• Consecutive hours with zero wind generation;
• Consecutive hours without peak wind speeds.

By incorporating these stochastic wind variations, the model ensures a realistic as-
sessment of wind energy intermittency and its impact on grid stability and energy storage
requirements at the Raglan mining site.
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4.3. Sub-Model 2: Wind Power Generation Model

The wind power generation model is based on Sub-Model 1, utilizing the same 15 min
time step for consistency. This sub-model incorporates the wind turbine’s power curve (see
Figure 7) and simulates energy production under varying wind conditions.

The model utilizes a MATLAB function, such as the ‘SEARCHV’ function in Microsoft
Office, to accurately map wind speed values to corresponding power outputs, ensuring
precise alignment between input wind speeds and turbine-generated power.

Given the harsh environmental conditions at Raglan (including cold temperatures,
frost, and storms), a correction factor is applied to account for production inefficiencies.
This factor was determined using real-world production data from the existing E-82 wind
turbines, reflecting the actual site conditions. The correction factor is calculated as follows
(Equation (2) and Equation (A8) in Appendix A):

Corrective f actor =
Real production o f the E − 82 wind turbines

Production obtained using its power curve f rom the supplier
(2)

Data analysis from 2019 to 2021 revealed that the E-82 wind turbines at Raglan pro-
duced only 86.8% of their theoretical capacity due to site-specific constraints. The same cor-
rection factor (0.868) was applied to the E-115 wind turbines to ensure
realistic projections.

The time step is increased from 15 min to 1 h to facilitate further analysis, allowing for
the following:

• Estimation of the wind farm’s load factor;
• Calculation of total wind energy production (based on the number of new

turbines installed);
• Computation of average hourly energy output per turbine.

Following multiple simulation iterations, the average load factor of the E-115 wind
turbines was determined to be 43.6%. Subsequent calculations use this value to refine
energy output estimations and assess the wind farm’s overall performance under Raglan’s
environmental conditions.

4.4. Sub-Model 3: Model of the Response to Electrical Demand

The electrical demand response model simulates the behavior of the 25 kV network
under different load conditions. This sub-model is essential for monitoring and controlling:

• Battery management (state of charged and discharged energy);
• Unused surplus energy;
• Generator consumption.

To introduce flexibility, a randomization factor is applied to simulate variations in
electrical demand. The model uses Equation (1) (previously introduced) with a random
fluctuation range of −5% to +10%, ensuring a realistic simulation of demand changes.

A key objective of this sub-model is to ensure that the 25 kV network maintains a
surplus of energy, enabling efficient battery storage and load management. Additionally,
it anticipates future increases in electrical demand, given that the Raglan mine plans to
expand nickel production.

Complete decarbonization is not immediately feasible since the ore-drying process
relies entirely on diesel generators. Thus, the model accounts for the continued op-
eration of some generators to meet heat demand, ensuring a pragmatic transition to
renewable energy.

Two scenarios were tested to analyze the behavior of the 25 kV network under different
supply and demand conditions:
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1. Electricity demand is satisfied:

• The energy supply exceeds demand, generating excess power.
• The surplus is directed toward charging storage batteries.
• If batteries are fully charged, the excess energy is curtailed (rejected).
• This is the ideal case for the Raglan mine, as it maximizes the utilization of

renewable energy.

2. Electricity demand is not satisfied:

• The 25 kV network draws from battery storage to cover the deficit.
• If battery reserves are insufficient, additional power must be generated.
• In this case, an emergency recourse to diesel generators is triggered.
• Each generator has an estimated power output of 2.88 MW.

Figure 12 illustrates Sub-Model 3’s operating structure and details how energy de-
mand, supply, and storage interact within the MATLAB simulation framework.

Figure 12. Management of the electrical part of the MATLAB model.

4.5. Sub-Model 4: Thermal Demand Response Model

At the Raglan mine site, heat is generated through two primary sources:

• Heat recovery from EMD engine blocks;
• Diesel-fired boilers.

The thermal energy sub-model is based on operational data from 2021, during which
87% of the energy produced by diesel generators was recovered and utilized for heating
through the cooling circuit—a particularly critical process during the cold months at Raglan.

The model integrates specific heat recovery values from two key sources:

• Exhaust gas recovery: 5.12 MWh;
• 31-HX-02 heat exchanger recovery: 12.35 MWh.

Additionally, the model predicts the contribution of wind energy to the heating
circuit. When the diesel generator output is insufficient, surplus wind energy is directed to
compensate for the heat demand.

Figure 13 illustrates a simplified schematic of the thermal management sub-model,
depicting how different energy sources interact to maintain the site’s heating requirements.
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Figure 13. Thermal part management.

5. Validation of the Global Model
The global model integrates the four sub-models presented earlier, providing a com-

prehensive simulation of the Raglan energy system. This model accounts for both existing
infrastructure and newly proposed installations, ensuring a realistic representation of
energy production, storage, and consumption at the site.

To guarantee accuracy and computational efficiency, the MATLAB-based program has
been thoroughly tested for

• Error-free execution;
• Optimized calculation times;
• Seamless operation with a single command.

The MATLAB simulation results are automatically exported to an Excel file using the
“writetable” function to facilitate further analysis and generate structured data tables.

Its predictions were compared against actual operating data from the Raglan mining
site to validate the model’s accuracy. The results are presented in Table 7.

Table 7. Comparison between actual plant data and the present work.

Characteristics Modeled Value Real Value Relative Error (%)

Diesel consumed
by generators (L) 37,979,558 37,141,356 2.26

Diesel consumed
by boilers (L) 111,815 111,182 0.57

Total diesel
consumed by the
25 kV network (L)

38,091,374 37,252,539 2.25

Wind power
production (MWh) 16,286 16,871 3.59
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The low relative errors observed in all key parameters confirm the accuracy and
reliability of the simulation. The results demonstrate that the model provides a realistic
approximation of the Raglan mine’s energy system, making it a valuable tool for assessing
new renewable energy integration and optimizing system performance.

6. Results and Discussion
6.1. Data

Table 8 presents the data and operating parameters used for modeling and simulation.
These values are essential for sizing the wind farm’s energy storage system and estimating
the electricity and heat demand at the Raglan site.

Table 8. Model input and output data.

Data at the Entrance Value

Exchange rate as of 21 September 2022 1.34 CAD/USD

Load factor (%) 32%

Lifetime of project (yr) 15.00

IRENA Canada Wind OPEX (CAD/kW.yr) 35.00

IRENA Canada Wind CAPEX (CAD/kW.yr) 1368

Exits Value

CAPEX (CAD/MWh) 49.24

OPEX (CAD/MWh) 24.15

LCOE (CAD/MWh) 73.40

Several additional site-specific parameters were used in the modeling process:

• Wind speed at Raglan: Monthly average wind speed is typically between 6 and 9 m/s.
• The overall efficiency of electricity production by generators is 3.78 kWh/L, corre-

sponding to an electricity generation efficiency of 35.5%.
• Air density: Approximately 1.37 kg/m3, based on an average atmospheric temperature

of −15 ◦C, a common condition at Raglan.

The following assumptions were made regarding energy production and
consumption data:

• Wind energy production data from 2020 was used as the baseline for modeling wind
power generation.

• Electricity consumption data from 2020 was used to model the electrical demand of
the mine.

• Thermal energy consumption data from 2021 was used to represent the mine’s
heating requirements.

By integrating these parameters and historical datasets, the model accurately repre-
sents the energy dynamics at the Raglan site, supporting the optimization of wind energy
integration, energy storage, and system performance.

6.2. Model Results

This section presents the simulation results of the proposed model, which aims to
decarbonize the Raglan mining site by integrating a vanadium flow battery storage system
coupled with a wind farm.

The primary objective of this study is to develop optimized solutions that

• Reduce diesel consumption, lowering operational costs and reliance on fossil fuels;
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• Decrease greenhouse gas (GHG) emissions, mitigating the environmental impact of
mining activities.

The following subsections provide an in-depth analysis of the model’s performance,
including energy production, storage efficiency, and the potential for diesel displacement
through the integration of renewable energy.

6.2.1. General Trend Results

To significantly reduce diesel consumption, a large penetration of wind energy in the
energy mix is necessary, which implies the installation of additional wind turbines. This is
the only way to reduce diesel consumption and the number of installed generators. The
different simulations focus on three main variables: the number of generators to be left
running permanently throughout the year, which varies from zero to three; the battery
capacity, which can take values of 0 MWh, 80 MWh, 120 MWh, and 160 MWh; and the
additional number of E-115 wind turbines to be installed, which varies from 0 to 12.

Tables 9 and 10 provide a visual representation of the different configurations, enabling
easy identification of diesel savings. It presents the diesel consumption reduction (as a
percentage of diesel saved compared to the status quo) for the different configurations,
considering all combinations of the number of new wind turbines, the battery capacity, and
the number of generators to be kept running. Table 9 shows that significant diesel savings
of up to 63.98% can be achieved. This is only possible by stopping all generators while
increasing the number of wind turbines and the storage capacity of the flow battery.

Table 9. Amount of diesel saved, in the cases of 120 MWh and 160 MWh redox battery.

Number of Wind
Turbines

160 MWh Redox Battery 120 MWh Redox Battery
0 gen 1 gen 2 gen 3 gen 0 gen 1 gen 2 gen 3 gen

12 −63.98% −58.66% −51.98% −41.84% −62.72% −57.43% −50.82% −40.88%
11 −62.83% −57.69% −51.27% −41.28% −61.56% −56.44% −50.08% −40.37%
10 −61.45% −56.59% −50.35% −40.79% −60.20% −55.34% −49.12% −39.76%
9 −59.82% −55.34% −49.33% −40.13% −58.63% −54.10% −48.15% −39.08%
8 −57.85% −53.71% −48.14% −39.32% −56.71% −52.58% −46.95% −38.23%
7 −55.19% −51.75% −46.75% −38.29% −54.20% −50.68% −45.61% −37.17%
6 −51.24% −49.12% −44.79% −37.13% −50.51% −47.99% −43.78% −36.02%
5 −45.15% −44.70% −42.17% −35.43% −44.82% −44.12% −41.11% −34.44%
4 −37.87% −37.96% −37.46% −32.95% −37.79% −37.70% −36.86% −32.18%
3 −30.06% −29.83% −29.52% −27.95% −29.96% −29.86% −29.46% −27.49%
2 −20.62% −20.62% −20.34% −19.21% −20.65% −20.59% −20.29% −19.20%
1 −10.14% −10.20% −10.07% −9.23% −10.19% −10.17% −10.17% −9.21%
0 0.73% 0.74% 0.61% 0.96% 0.71% 0.66% 0.68% 1.09%

Legend: Dark green = very good economy; Light green = good economy; Yellow = fairly good economy;
Red = bad economy; gen = generator.

The reduction in diesel consumption is directly linked to the penetration of wind
energy into the Raglan mine’s energy mix; logically, the greater the number of wind
turbines built, the more significant the proportion of wind energy in Raglan’s energy mix.
As a result, diesel consumption and the number of operating generators decrease. As such,
the diesel savings increase by reducing the number of generators in operation, as well
as by increasing battery capacity and wind turbine capacity. By leaving three generators
in operation, we can achieve diesel savings of 35.44%, 39.66%, 40.88%, and 41.84% for
the 0 MWh (without battery), 80 MWh, 120 MWh, and 160 MWh battery sizes. Besides
this, the best diesel savings options, in the case of removing all generators and integrating
12 additional wind turbines into the grid, amount to 56.68%, 61.27%, 62.72%, and 63.98%,
respectively, for the 0 MWh (without battery), 80 MWh (see Table 10), 120 MWh, and
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160 MWh batteries (see Table 9). In contrast, with four wind turbines added to the grid and
one generator in continuous operation, the configuration with the largest storage capacity
(160 MWh battery) remains the best option, with an estimated diesel savings rate of 37.96%.

Table 10. Amount of diesel saved, in the cases of without redox battery and 80 MWh redox battery.

Number of Wind
Turbines

80 MWh Redox Battery Without Redox Battery
0 gen 1 gen 2 gen 3 gen 0 gen 1 gen 2 gen 3 gen

12 −61.27% −56.06% −49.49% −39.66% −56.68% −51.31% −44.79% −35.44%
11 −60.10% −55.05% −48.74% −39.16% −55.43% −50.34% −43.93% −34.76%
10 −58.79% −53.93% −47.82% −38.49% −54.17% −49.16% −43.00% −34.10%
9 −57.22% −52.62% −46.75% −37.79% −52.51% −47.80% −41.88% −33.29%
8 −55.29% −51.14% −45.56% −36.92% −50.60% −46.15% −40.63% −32.23%
7 −52.92% −49.33% −44.11% −35.91% −48.45% −44.40% −39.07% −31.19%
6 −49.56% −46.73% −42.33% −34.69% −45.82% −42.09% −37.31% −29.84%
5 −44.39% −43.23% −39.96% −33.20% −42.28% −39.37% −35.05% −28.21%
4 −37.69% −37.37% −36.13% −30.95% −37.01% −35.46% −32.12% −26.10%
3 −29.94% −29.72% −29.21% −26.90% −29.62% −29.14% −27.56% −23.15%
2 −20.61% −20.52% −20.23% −19.08% −20.51% −20.27% −19.61% −17.86%
1 −10.14% −10.08% −10.09% −9.19% −10.14% −10.04% −9.71% −8.76%
0 0.71% 0.63% 0.51% 1.11% 0.64% 0.66% 0.72% 1.32%

Legend: Dark green = very good economy; Light green = good economy; Yellow = fairly good economy;
Red = bad economy; gen = generator.

Scenario of Two Generators in Operation and 120 MWh Battery: Impact of Adding Wind
Turbines to the 25 kV-G Network

This scenario evaluates the performance of a hybrid system with two continuously
operating diesel generators and a 120 MWh redox flow battery. The number of additional
E-115 wind turbines varies from 0 to 12 to assess their impact on system costs and operation.
The results are shown in Figure 14:

Figure 14. Performance indicator variation with the number of wind turbines (WTs) for a system
with 120 MWh battery and two generators running continuously: (a) LCOE vs. number of WTs;
(b) LCOS vs. number of WTs; (c) diesel savings vs. number of WTs; (d) energy discharged from
batteries vs. number of WTs.
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(a) Levelized Cost of Energy (LCOE): The LCOE initially decreases as wind turbines
are added, reaching a minimum of around four turbines, beyond which further additions
lead to a gradual increase. This reflects that the optimal integration point of wind energy
before overcapacity leads to diminishing returns (see Equation (A1) in Appendix A).

(b) Levelized Cost of Storage (LCOS): LCOS sharply decreases with the addition
of wind turbines and approaches zero after four turbines, indicating maximal economic
utilization of the battery system beyond that point (see Equation (A2) in Appendix A).

(c) Diesel Savings: Increasing wind capacity consistently reduces diesel usage. How-
ever, the rate of diesel savings declines with each additional turbine, illustrating a
saturation effect.

(d) Battery Discharge Energy: The energy discharged from the battery increases with
added wind power, peaking at around six turbines. Beyond this point, battery usage
stabilizes or slightly declines, suggesting that excess wind generation reduces reliance
on storage.

This analysis highlights the trade-offs between wind capacity, storage utilization, and
diesel consumption. An optimal configuration emerges with four to six additional turbines,
effectively balancing cost and performance.

In addition to the analysis of the number of installed wind turbines, we explore the
variation in the previous parameters with the wind penetration rate related to both installed
capacity and the specific site operating conditions:

Wind Penetration(%) = WP(%) =
Ewind
Eload

× 100 (3)

As such, in Figure 15, we account for the actual wind energy contribution over a year,
not just the installed capacity. Although the overall trends in Figure 15 resemble those in
Figure 14, key distinctions emerge in subfigures (b) and (c):

Figure 15. Performance indicator variation with the wind power penetration rate (WPP, %) for
a system with 120 MWh battery and two generators running continuously: (a) LCOE vs. WPP;
(b) LCOS vs. WPP; (c) diesel savings vs. WPP; (d) energy discharged from batteries vs. WPP.
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(a) The Levelized Cost of Energy (LCOE) steadily decreases as wind penetration
increases from 10% to 50%, reaching a minimum of approximately CAD 490/MWh at 50%.
Beyond this point, the LCOE rises, indicating an optimal penetration level of around 50%.

(b) The Levelized Cost of Storage (LCOS) experiences a sharp decline between 10%
and 20% wind penetration, after which the reduction becomes more gradual. LCOS
reaches zero at 50% penetration, confirming this as the most economically efficient point for
storage operation.

(c) Diesel consumption shows an almost linear decrease throughout the entire range
of wind penetration, reinforcing a strong negative correlation between wind contribution
and fossil fuel reliance.

(d) Battery discharge increases with wind penetration, peaking around 55% and then
slightly decreasing. This suggests a saturation point in the contribution of storage to
system balancing.

Together, these results confirm that a wind penetration rate of around 50% of-
fers the best trade-off between cost reduction, storage utilization, and diesel offset in
this configuration.

Impact of the Number of Operating Generators and Additional Wind Turbines on the
Diesel Savings

For a system with a 120 MWh battery, Figure 16 illustrates the impact of wind turbine
additions on diesel savings under different generator operation scenarios (0 to 3 genera-
tors running). The most significant diesel reduction occurs when no generators operate
permanently, resulting in over 150% savings compared to the baseline. The >100% diesel
savings reflect not only avoided electricity production from diesel but also the replacement
of diesel used for thermal needs (e.g., building or process heating) through excess wind
energy and heat recovery. This indicates net-negative diesel consumption relative to the
baseline for electricity generation only when combined power and heat offset benefits
are considered.

Figure 16. Share of diesel saved for different numbers of continuously running generators, depending
on the number of wind turbines, with 160 MWh redox battery storage.
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The relative diesel savings decrease as more generators remain permanently online
(Figure 16b–d). This demonstrates that continuously operating diesel generation limits the
economic and environmental benefits of wind integration.

6.2.2. Results for the Most Economical Scenario

Economic performance is a primary driver for technology adoption in any industrial
context, especially for mining operations. This section presents the results for the most
cost-effective scenario over a 15-year project horizon.

As it is currently not feasible to fully disconnect all diesel generators due to ore pro-
cessing and operational constraints, the most economical scenario involves maintaining
two generators running continuously, integrating five E-115 wind turbines, and including
a redox flow battery system rated at 20 MW/80 MWh. Under these conditions, the con-
figuration with continuous operation of two generators outperforms the three-generator
alternative in terms of both cost and environmental performance.

Table 11 presents the main characteristics of the most economical scenario. This
scenario reduces 42,429.6 tCO2 emissions, equivalent to 39.96% of the diesel consumed in
Raglan annually. It also allows for savings of CAD 155.8 million. The return on investment
is estimated at ten years.

Table 11. Results of the most economical scenario.

Data Type Value Unit

Wind CAPEX (5 wind turbines) 103.4 M CAD

CAPEX redox (battery and hangar) 149.5 M CAD

TOTAL CAPEX 253.0 M CAD

CAPEX additional cost 236.3 M CAD

TOTAL Economy 155.8 M CAD

LCOE complete system 460 CAD/MWh

LCOS complete system 7830 CAD/MWh

Wind integration 80.48 %

Wind penetration 48.71 %

Diesel saved 39.96 %

Quantity of GHG avoided 42,429 tCO2 eq.

“CAPEX Additional Cost” refers to the incremental investment required to deploy
the hybrid system—batteries, wind turbines, and supporting infrastructure—compared
to a business-as-usual scenario (diesel-only operation). CAPEX is calculated using
Equation (A7) in Appendix A. Equation (A6) allows for the estimation of OPEX.

The high LCOS (CAD 7831/MWh) results from including building infrastructure costs
(~25% of total) and the high capital intensity of redox flow storage, especially in remote,
harsh-climate environments like Raglan.

6.2.3. Scenarios with the Highest Diesel Savings

As observed in Tables 9 and 10, the scenario with the highest diesel savings involves a
large-scale hybrid configuration comprising a wind farm of 14 turbines, of which 12 are
additional E-115 units, coupled with a 160 MWh redox flow battery. In its initial form, no
diesel generators are running continuously. Under these conditions, the system achieves
substantial environmental benefits, with an estimated reduction of 68,000 tCO2 equivalent,
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corresponding to a diesel savings rate of 63.98%. However, this scenario is infeasible at
Raglan, primarily due to operational constraints related to ore drying.

Considering the actual operation conditions, the ore drying process at Raglan relies
entirely on heat recovered from the exhaust gases of diesel engine blocks. Since the process
requires continuous thermal input, a realistic scenario requires keeping two generators run-
ning in the implemented scenario. Thus, the finalized configuration includes 12 additional
E-115 wind turbines, a 160 MWh redox flow battery system, and two diesel generators
operating continuously. The technical and economic results for this high diesel-reduction
scenario are summarized in Table 12. It is noted that the LCOE in the case of the most
economical scenario is lower (Table 11), compared to that of the scenario with high diesel
savings. This is explained by the fact that the total cost of energy production with high
diesel savings uses a large share of energy from wind turbines, the production cost of
which, at the Raglan site, is high, associated with this, the limited lifespan (15 years for
wind turbines at Raglan, while the LCOE is often calculated for lifespans of 20 or 25 years)
of renewable energy equipment (due to the cold climate, difficult maintenance). In the
case of LCOS, the scenario with the greatest diesel savings presents a low value, i.e., CAD
6110/MWh (see Table 12).

Table 12. Results of the scenario with high diesel economy.

Data Type Value Unit

Wind CAPEX (12 wind turbines) 248.3 M CAD

CAPEX redox (battery and hangar) 253.6 M CAD

TOTAL CAPEX 501.9 M CAD

CAPEX additional cost 485.2 M CAD

TOTAL Economy −16.3 M CAD

LCOE complete system 590 CAD/MWh

LCOS complete system 6110 CAD/MWh

Wind integration 45.81 %

Wind penetration 60.09 %

Diesel saved 51.98 %

Quantity of GHG avoided 55,203 tCO2 eq.

6.3. Discussion

The results presented in this study are based on a model built with several conservative
assumptions. Consequently, real-world outcomes may be even more favorable. For instance,
actual wind power generation could exceed projections, battery utilization might be higher,
diesel prices could rise, and the cost of redox flow technology may decrease over time.

One of the most significant cost drivers in the current analysis is the purchase and
installation of redox flow batteries. As this technology has not yet reached full industrial
maturity, large-scale systems like those required at Raglan remain rare and costly. Addi-
tionally, the need to construct a dedicated facility to house the tanks and electrochemical
stacks adds substantial capital costs, unlike storage systems that do not require such infras-
tructure. Despite these limitations, most configurations analyzed yield a positive return
on investment.

Soon, Raglan may be eligible for government subsidies to support decarbonization
projects. If such funding is secured, it would reduce total project costs and significantly
improve profitability. However, since the amount and timeline of potential subsidies remain
uncertain, they have not been included in the current financial assessment.
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Another potential but unquantified benefit is the commercial value of decarbonized
or “green” nickel. Once Raglan completes its decarbonization process, it could position
its nickel as a low-carbon product, an attractive feature for the growing electric vehicle
(EV) industry. This could give Raglan a strategic commercial advantage in emerging clean
technology markets.

The study also highlights that removing diesel generators from the 25 kV-G network
is more effective in reducing emissions than simply increasing storage capacity. This aligns
with Raglan’s plans for the second phase of its decarbonization strategy, which involves
retiring the remaining EMD diesel generators. To enable this, an alternative ore-drying
process must be identified that does not rely on engine exhaust heat.

Once diesel generators are fully phased out, wind energy penetration is expected to
increase significantly. At that point, a new challenge will emerge: ensuring the quality
and stability of electricity integrated into the network. This will likely require careful
management of power electronics, grid-forming inverters, and control systems to maintain
voltage and frequency standards in a diesel-free environment.

7. Conclusions and Perspectives
This study explores the decarbonization of the Raglan mining site by expanding its

wind farm and integrating a redox flow battery energy storage system. To set the record
straight, a brief comparison of different energy storage technologies is also presented
and discussed.

In the first phase, we analyzed wind potential data at the Raglan site to assess the
feasibility of installing additional wind turbines that could replace the site’s diesel genera-
tors, which currently meet its electrical needs. The second phase focused on identifying
the technical requirements for sizing and implementing the storage system, particularly by
analyzing the site’s electrical and thermal demand. These factors are essential to ensure
optimal operation of the combined wind–battery system.

A hybrid simulation model, consisting of four sub-models, was developed using
MATLAB and Excel. The model evaluated various scenarios, including

* Full or partial decommissioning of diesel generators;
* The number of additional E-115 wind turbines to be added;
* The ideal energy storage capacity of the redox flow battery.

Each scenario was assessed using two key economic indicators: the levelized cost of En-
ergy (LCOE) and the Levelized Cost of Storage (LCOS). The results indicate that completely
removing diesel generators is currently not feasible, primarily because some processes, such
as ore drying, depend on the residual heat from diesel engines. Consequently, maintaining
at least two generators in continuous operation is necessary.

The study also highlights the significant cost of implementing redox flow batteries
under current market conditions. The LCOS, estimated at 7831 CAD/MWh, is high due
to the price and infrastructure requirements of the storage system. As a result, battery
utilization remains low, making the widespread integration of redox storage at Raglan
technically possible but economically challenging under current conditions.

While this work demonstrates the techno-economic feasibility of integrating wind
energy and redox storage for decarbonization, it does not address the grid stability or
power quality issues, such as voltage fluctuations, frequency regulation, grid inertia,
and stability during high renewable penetration. These aspects are crucial for ensuring
reliable and safe operation, particularly in remote and weather-exposed environments
such as Raglan. They will be investigated in future work using dynamic power system
simulation tools.
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Additionally, model results were compared with literature benchmarks for validation.
While the current model is robust, further work is needed to refine the operating parameters
and reduce reliance on assumptions. This will ensure more accurate and scalable projections
for wind integration.

Future studies will focus on the following aspects:

• Detailed sensitivity and uncertainty analysis of key parameters (wind variability,
energy demand, climate trends);

• Probabilistic modeling to assess long-term performance and reliability under varying
environmental and operational conditions;

• Power system simulations to evaluate voltage and frequency stability under high-
renewable-integration scenarios.

These next steps will provide a more comprehensive understanding of the technical
and economic dynamics of large-scale decarbonization of remote industrial sites.
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Table A1. Main equations used in this model.

Equation Equation Number Variable Observation Meaning of Terms

LCOE
[ $

kWh

]
=

∑T
t=1

CAPEXt [$]+OPEXt [$]
(1+i[%])t

∑T
t=1

Qt [kWh]
(1+i[%])t

(A1) LCOE Equation taken from the IRENA [43] report
“Renewable power generation costs 2021”

CAPEXt : investment expenditure for year t OPEXt :
operating and maintenance and fuel expenses during year t
Qt : electricity production during year t
i : discount rate
T : system lifetime

LCOS
[ $

kWh

]
=

CAPEXt [$]+∑T
t=1

OPEXt [$]
(1+i[%])t

+∑T
t=1

Charging cost[$]
(1+i[%])t

+
End−o f−li f e cost[$]

(1+i[%])T+1

∑T
t=1

Elecdischarged [kWh]

(1+i[%])t

(A2) LCOS The LCOS equation is taken from the work of
Schmidt et al. [38].

Charging cost : cost of electricity (or more broadly of energy)
needed to power the system.
End − o f − li f e cost : either the dismantling cost or the value
of the installation at the end of the system’s life
(salvage value)
Elecdischarged : annual amount of electricity discharged by
the system

Q = m × Cp × ∆T (A3) Amount of heat The specific heat capacity of the exhaust gases
is taken as 1066 J/kg.K

m : mass
Cp : The specific heat capacity of the exhaust gases
∆T : Temperature variation

r = a + (b − a) ∗ rand(N, 1) (A4) Wind speed The simulation of wind speed variations

a and b are the lower and upper bounds of the wind speed
variation interval
N represents the random numbers within the interval (a,b)
rand(N,1) is the MATLAB random function that generates
values within the specified range.

fλ(x; λ, k) =

{
k
λ

( x
k

)k−1e−( x
k )k ; i f x ≥ 0

0 ; i f x < 0
(A5) The Weibull distribution The Weibull distribution is used to estimate

the annual mean wind speed at Raglan.

λ the scale factor,
k the shape factor and;
x the wind speed.

OPEX
[ $

MWh

]
= 1000

Fc×8760 × OPEX
[ $

kW.an

]
(A6) OPEX LCOE corresponds to the addition of CAPEX

and OPEX. Fc: load factor

CAPEX
[ $

MWh

]
= 1000

Fc×8760×D × CAPEX
[ $

kW

]
(A7) CAPEX LCOE corresponds to the addition of CAPEX

and OPEX.
Fc: load factor
D: project lifespan

Corrective f actor =
Real production o f E−82 wind turbines

production obtained using its power curve f rom the supplier
(A8) correction factor

The correction factor is applied to account for production
inefficiencies. It takes into account the harsh environmental
conditions in Raglan (cold, frost, storms, etc.).
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