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Abstract: The Raglan mining site in northern Quebec relies on diesel for electricity and heat
generation, resulting in annual emissions of 105,500 tons of CO, equivalent. This study
investigates the feasibility of decarbonizing the site’s power generation system by inte-
grating a renewable energy network of wind turbines and a pumped hydro storage plant
(PHSP). It uniquely integrates PHSP modeling with a dynamic analysis of variable wind
speeds and extreme climatic conditions, providing a novel perspective on the feasibility of
renewable energy systems in remote northern regions. MATLAB R2024b-based simulations
assessed the hybrid system’s technical and economic performance. The proposed system,
incorporating a wind farm and PHSP, reduces greenhouse gas (GHG) emissions by 50%,
avoiding 68,500 tons of CO, equivalent annually, and lowers diesel consumption signifi-
cantly. The total investment costs are estimated at 2080 CAD/kW for the wind farm and
3720 CAD/KkW for the PHSP, with 17.3 CAD/MWh and 72.5 CAD/kW-year operational
costs, respectively. The study demonstrates a renewable energy share of 52.2% in the
energy mix, with a payback period of approximately 11 years and substantial long-term
cost savings. These findings highlight the potential of hybrid renewable energy systems to
decarbonize remote, off-grid industrial operations and provide a scalable framework for
similar projects globally.

Keywords: decarbonization; wind turbines; renewable energies; wind farm; energy storage;
PHSP

1. Introduction

As the world undergoes an ecological transition, countries that signed the Paris
Agreement have committed to significantly reducing greenhouse gas (GHG) emissions by
cutting the consumption of fossil fuels, which are known contributors to pollution. As a
signatory, Canada accounted for 0.73 Gt CO; equivalent emissions in 2013 [1] and 0.69 Gt
of CO;, in 2023 [2], representing 1.95% and 1.2% of global GHG emissions, respectively. The
country has set ambitious targets to reduce national GHG emissions by 40-45% by 2030
and achieve net-zero emissions by 2050 [3-6].

In this context, the Raglan mining company has prioritized decarbonizing its oper-
ations, focusing specifically on its electricity production system. Located in the remote
Nunavik region of northern Quebec, the Raglan mining site primarily produces raw nickel
through ore exploration, underground excavation, and rock separation. Due to its remote
location, the mine is not connected to Quebec’s public electricity grid, which is predomi-
nantly powered by hydroelectric energy (97%) [5]. Instead, Raglan operates its electricity
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production network, which includes thermal power stations and two 3 MW wind turbines.
This network heavily relies on diesel, which has a significant environmental impact.

In 2021, the mine consumed 58.9 million liters of diesel, with electricity generation
alone accounting for 73% of this consumption, resulting in 119,440 tons of CO; equivalent
emissions. Self-propelled mining equipment accounted for the remaining 27%, emitting
44,400 tons of CO, equivalent. The site’s 25 kV network (25 kV-G) operates on a cogenera-
tion principle (see Figure 1), where six of its twenty generators (Electro-Motive Diesel, EMD
generators in Figure 1) feature recovery loops that fulfill the mine’s heating requirements,
including ore drying, building heating, and domestic hot water.
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Figure 1. Scheme of the integrated electrical and heating networks.

Notably, Raglan is the first site in Canada’s far north to successfully implement large
wind turbines. Building on this achievement, the mine aims to expand its wind energy
capacity with a larger wind farm, aligning with its environmental goals and reducing
energy costs.

Green technologies in the electricity generation sector are now necessary in the context
of limited energy resources and, above all, to reduce GHG emissions. Heavy industries are
increasingly launching programs to decarbonize their facilities. Du et al. [7] emphasize the
need for a profound transition in the electricity sector on a global scale to achieve decar-
bonization objectives. According to Balaban et al. [8], profound changes in the electricity
production chain (transport, electricity consumption, etc.) are necessary to decarbonize an
energy system, as two-thirds of total GHG emissions come from the electricity production
sector. According to Dongsheng et al. [9], a resilient energy future by 2050 is only possible
if sustainable and cost-effective energy solutions are considered in the power generation
sector. Obiora et al. [10] and Roshan Kumar et al. [11] emphasize that decarbonization must
be preceded by a transition to low-carbon energy infrastructures, which is the only way to
mitigate the severe environmental impacts of climate change.

Significantly reducing the share of fossil fuels in the energy mix must be a major objec-
tive for any installation dedicated to electricity generation [12]. Wang et al. [13] highlight
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the importance of hydropower in achieving carbon neutrality. They believe that deep
decarbonization can be achieved if considerable efforts are made and large-scale projects
in the hydropower sector are initiated. Lee et al. [14] recommend using hydrogen, carbon
capture and storage (CCS) technologies, and bioenergy as options for decarbonization in
industry. Promising strategies for deep decarbonization depend exclusively on integrating
renewable energies [15]. The first pumped hydro storage plant (pumped hydro storage
plant, PHSP) appeared in Italy and Switzerland at the end of the 20th century and is now
the most widely used large-scale storage system. With almost 160 GW and 9000 GWh
installed worldwide, these plants represent over 90% of the total storage capacity [16].
The PHSP is the most advanced technique for stationary energy storage [17,18]. Pumped
storage power (PSP) plants are energy sources that regulate renewable energy electricity
networks (e.g., wind and photovoltaic) [19]. Figure 2 provides a schematic representation
of a typical PHSP. An example of a pumped storage facility in Canada is Ontario Power
Generation’s Sir Adam Beck Pumped Storage Generating Station, which has a capacity of
174 megawatts. It pumps water from the Niagara River into a 300-hectare reservoir for
energy storage [20].
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Figure 2. A multi-energy complementary power generation system of hydropower, wind power, and
PV, including the hybrid pumped storage power station [19].

In this context, the pumped storage hydroelectric plant was chosen to store surplus
energy from the local network because of its simplicity, technological maturity, regulation,
and ability to secure the electricity network. It can be used to regulate peaks, reduce
fluctuations in renewable energy sources, and optimize energy production by storing
surplus energy [21-25]. Hence, this project aims to study the possibility of decarbonizing
the Raglan Mine site’s electricity production system (the 25 kV-G network) by significantly
reducing or even eliminating diesel consumption by integrating a wind farm coupled with
a PHSP.

The specific objectives are as follows:

e Provide an overview of the PHSP solution;
e Introduce the stochastic models;
e  Formulate, implement, and validate a performance prediction method;
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e  Size the PHSP according to the power needed, topology, wind power capacity, required
decarbonization level, and financial viability.

There are multiple advantages of PHSPs, making them particularly interesting for
integrating fluctuating energies such as wind power. The works of the IHA [26,27] are
conclusive and agree on the technology’s assets, starting with analyzing the transitory
periods and explaining that PHSPs” dynamic responses are fast and stable. This flexibility
from hydro dams’ energy allows for the best possible tracking of the grid’s power demand.
Secondly, besides having a high overall efficiency (70 to 85%), stationary generation offers
mechanical inertia, which helps maintain the grid’s frequency stability. Finally, due to the
significant size of the water reservoirs and the power that can be installed, PHSPs can meet
storage needs on a large scale and for various periods, ranging from several months to a
few minutes.

Silva et al. [18] focused on the role of pumped storage hydropower in the context of
energy storage in the event of an increase in renewable energy capacity. The results of this
study show that it is possible to increase renewable energies to 85%, thanks to pumped
hydroelectric storage, while reducing emissions by 1 Mton of CO; eq from electricity
production. To increase the absorption of electricity from renewable energies into the power
grid, Zhou et al. [28] proposed an optimization operation framework for a peak-shaving and
valley-filling (PS-VF) operation-driven PHSP station located in Hunan Province, China. The
authors argue that hydropower generation, CO, emission reduction, and power system
stability are consequences of efficiently optimizing the pumped storage station. Zhou
et al. [29] were interested in integrating renewable energies into the electricity grid while
minimizing residual load fluctuations and adapting to the intermittent nature of renewable
energies. To this end, they proposed the joint use of hydroelectric and off-river pumped
storage power stations.

Wu et al. [30] provided a framework for planning and designing a pumped storage
station in an integrated base. The study concerned a hydro-photovoltaic storage unit
in Xizang province, with a total installed capacity of 49,485 MW. The results show that
89.86% of the power absorbed in the integrated base is controllable. This highlights the
significant role of pumped storage in the high-quality development and high proportion of
the integrated hydropower-wind-photovoltaic storage base.

To meet these needs, the first issue is to identify relevant sites for PHSPs. For this
purpose, a powerful tool is presented in these works [31-34]. The Geographic Information
System (GIS) is a mathematical model that scans the topography of an area by adopting
selection criteria with a weighting system for these criteria. This tool allows the listing
and classifying of the identified sites according to their characteristics (existence and size
of water basins, gross head, or distance between reservoirs). Through this method, the
RE100 research group from the Australian National University [29] estimated, in 2020, the
potential existence of over 600,000 sites worldwide. Similarly, the European Commission
estimated, in 2013, a potential of over 100,000 GWh in the territory of the member states.
This study is looking for sites with an existing basin separated by up to 20 km from another
basin or from a place that could accommodate an artificial one. Finally, similar studies
conducted in Iran by Ghorbani et al. [32] and China by Wu et al. [34] allow us to address
the interest of this method, notably for different scales and criteria.

The results obtained through the GIS method are theoretical and should be treated
cautiously. However, the number of sites found is encouraging, and new topologies are
being developed, letting us assume an extension of the global potential. This shows the
growing interest in the development of PHSPs. In this regard, this interest should be
concretized through innovations, firstly, increasing the global potential and, secondly,
improving the efficiency and performance of existing PHSPs.
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Recently studied with interest, the Underground PHSP (UPHSP) uses underground
galleries, often from disused mines, as the lower water reservoir. Thus, while the upper
reservoir is located on the surface, the penstocks, powerhouse, and other components
are built underground. Although no UPHSP has yet been commissioned, technical and
economic studies have resulted in encouraging perspectives. The UPHSP’s primary interest
is not only to increase the global potential of storage plants but also to reduce the current
challenges and issues related to the flooding of natural areas and social acceptance [35,36].
According to Fan et al. [37], the advantages related to the grid (flexibility, speed, and
stability) remain unchanged, while a high efficiency is maintained, which can reach 82%.

Economically, PHSPs are considered the most cost-effective storage system over their
entire life cycle. Indeed, with a lifetime approaching 80 years, investments are largely
repaid, and a PHSP is four to eight times cheaper than other storage technologies [26,38].
Madlener and Specht [35] claim that the investment required for a UPHSP would be only
slightly higher than for a conventional plant in Germany. Also, a study conducted in
Belgium indicates that it takes EUR 12 million to invest in a 100 MW UPHSP, with an
estimated payback period of nine years [39]. Under these conditions, it is possible to
achieve savings of 2 Mton CO, eq over an installation’s lifetime.

Thus, the advantages appear numerous but are opposed by critical technical challenges.
As Menéndez et al. [38] explained, it is essential to study the reaction of the subsoil to
hydraulic surges and whether it is well prepared to accommodate the required hydraulic
infrastructure. The study of water chemistry is also a challenge, as contact with the residues
from former mining galleries could acidify the water and cause environmental problems in
the event of leakage into nature [40].

Many authors have studied the interest of SPHSPs for marine islands that present
a high potential for coupling with wind energy. Indeed, studies by the IHA [16], Kat-
saprakakis et al. [41], Ioakimidis and Genikomsakis [42], Katsaprakakis and Christakis [43],
and Portero et al. [44] agree on the interest of islands that often cumulate high wind and so-
lar potentials, mountainous relief, and high rainfall. A study on the islands of Curagao [45]
estimates an increase in the wind integration rate from 27 to 44% with the installation
of an SPHSP, resulting in a 20% reduction in GHG emissions. Moreover, in the Canary
Islands [44], energy savings are estimated at 7.68 million EUR/year, representing a payback
in four years.

This article is part of a broader research initiative exploring various energy storage
technologies to support the decarbonization of remote mining operations in northern Que-
bec. In addition to the PHSP system analyzed in this study, parallel investigations are
underway on battery energy storage systems (BESS), hydrogen storage, and redox flow
batteries. These complementary studies evaluate each option based on technical perfor-
mance, economic viability, and environmental compatibility within off-grid Arctic contexts.
However, in the context of the ongoing comparative analysis, the present paper focuses
solely on the techno-economic feasibility of implementing a PHSP system at Watts Lake.

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 with a PHSP system. Specifically, it examines how this hybrid “Diesel Thermal Power
Plant-wind farm-PHSP” configuration can address the intermittency of wind energy and
maintain a stable electricity supply across the mine’s 25 kV-G network. The study involves
the overall dimensioning of the wind—-PHSP system, an assessment of its ability to meet
both electricity and heating demands, and a techno-economic feasibility analysis to support
future investment and implementation decisions. This study advances previous research
on renewable energy integration in remote areas by addressing the unique challenges of
implementing hybrid systems under extreme northern climatic conditions. Unlike tradi-
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tional models that often neglect the variability of wind speeds and the harsh environmental
constraints of remote locations, this research incorporates a detailed stochastic analysis of
wind behavior to optimize energy generation. Additionally, integrating variable-speed hy-
draulic turbines within the PHSP enhances the system’s adaptability to fluctuating energy
demands, improving overall efficiency and reliability. By combining advanced PHSP mod-
eling with real-world environmental constraints, this study provides a novel framework
for decarbonizing off-grid industrial operations, paving the way for more sustainable and
resilient renewable energy solutions in similar remote regions.

The remainder of this paper is structured as follows. Section 2 introduces the stochastic
models and the role of variable-speed hydraulic turbines in enhancing the adaptability
of the hybrid energy system. Section 3 outlines the methodology, including estimating
electric needs, wind turbine plant design, and PHSP characteristics and sizing. Section 4
describes the modeling and simulation approach, detailing the integration of MATLAB and
Excel tools to evaluate technical and economic indices. Section 5 presents the results and
discussions, focusing on the proposed system’s technical feasibility, economic performance,
and sensitivity analysis. Section 6 validates the findings by comparing key parameters
with literature and government benchmark data. Finally, Section 7 concludes the study by
summarizing the key contributions and outlining recommendations for future research.

2. Stochastic Models and Variable Speed of Hydraulic Turbines
2.1. Stochastic Models

In addition to innovations that increase the potential development of PHSPs, there are
trends to improve their performance. One of these uses stochastic models to optimize the
operation of the storage system. The strength of this method relies on the multiplicity of
possible optimizations. By predicting the output of the grid units, the weather, the energy
demand, or the evolution of the electricity market, it is possible to improve the technical
and economic performance of the plant. In this regard, Ding et al. [46] integrate future
wind speed predictions and increase the financial benefits of generation by up to 25%.

Similarly, Bhayo et al. [47] studied rainfall to optimize the use of water volume
contained in reservoirs sized to aliment a residential house. It allows the reduction in the
capacity of the additional batteries initially planned to be installed by 13.12%. Although
this is an uncommon application, Yahia and Pradhan [48] propose optimizing the number
of pump and turbine units to limit maintenance needs. Finally, other complementary works
study the prediction of wind speeds via stochastic models [49,50].

These brief examples show multiple random variables on which stochastic optimiza-
tion models can be applied. For more examples, the following works present various
models and methodologies that are worth studying [51-54].

This study’s proposed model relies on two key components: random variables and
stochastic forecasting techniques. In the context of RE-PHSP (Renewable Energy—-Pumped
Hydro Storage) integration, the most commonly considered sources of uncertainty in
engineering applications include the following:

e Renewable energy production from various sources within the energy mix;
e  Meteorological conditions (which directly affect renewable generation);

e  Variations in energy demand;

e  Electricity market prices in deregulated environments.

Given that this work focuses on decarbonizing the Raglan mine through the sizing
and optimization of a PHSP-based hybrid energy system, the model aims to minimize the
levelized cost of electricity (LCOE) while maximizing system performance. Accordingly,
the outputs of the optimization process include the following:
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e  Economicindicators: capital and operating expenditures, energy price, payback period,
and net present value (NPV);

e  Technical indicators: installed capacity and power, number of wind turbines, wind
penetration rate, and greenhouse gas (GHG) emission reduction.

Mathematically, the model is formulated as a stochastic optimization problem, ex-

pressed as
miny g f(X,€) (1)
under stress g(X,e) <0

With f being the objective function, X the problem variables, ¢ the variable errors, and
g the constrained functions of the problem.

Table 1 shows an exhaustive list of all variables, classified into four categories: fixed,
sizing, performance, and feasibility.

Table 1. List and descriptions of model variables.

Variable

Characteristic

Influence

Fixed variables

Power call

Determines the needs of
electricity and heat networks.

The wind farm size, the installed capacity of
pumps/turbines, and the amount of water
required in the reservoirs. The scenarios impose a
thermal production in the balance.

Production of wind
turbines

Provides renewable power
injectable into the network.

The necessary autonomy of the PHSP is caused by
periods without wind and the number of wind
turbines in the park to meet the power demand.

Location

Each site has its own
opportunities and limitations.

The fall, the capacity, the pressure losses, the civil
engineering works, and, therefore, the CAPEX of
the PHSP.

Sizing variables

Number of wind
turbines

Provides the total renewable
production on the network at
any time.

The integration rate, and, therefore, the amount of
hydraulic and thermal production required,
influences the park’s CAPEX and OPEX.

Turbine power

Defines the range of electrical
power that can be injected
into the grid.

This parameter determines the PHSP’s ability to
support wind energy production and reduce
reliance on thermal generation. It directly impacts
both capital (CAPEX) and operating (OPEX) costs.

Pump power

Provides the power range that
can be subtracted from the
network.

The power range available for pumping water. It
influences the amount of wind energy lost, the rate
at which the upper basin fills, and, by extension,
the energy available for the turbines.

Network
performance

Useful wind power
production

Amount of wind energy
injected into the grid directly
or via turbines.

Influences the integration rate, GHG reduction, as
well as OPEX of wind turbines and thermal
generators.

Turbine production

Amount of energy injected
into the network via the PHSP.

Influences the integration rate, GHG reduction, as
well as OPEX of wind turbines and thermal
generators.

Wind losses

Amount of surplus energy
that could not be pumped.

Opens opportunities for other storage. Losses are
influenced by the installed pump power, the water
capacity of the reservoirs, and the number of wind
turbines.

Production of
generators

Share of the energy mix
remaining carbon-based.

Influences OPEX related to diesel and carbon taxes.
Influences GHG emissions.

Generator operating
hours

Represents the aging rate of
the generators.

Influences their lifespan and, therefore, their
replacement CAPEX.
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Table 1. Cont.

Variable Characteristic Influence
- Network’s ability to meet the mine’s needs through consistent operation of the
production units.
- Genuine benefit of the PHSP, which should significantly contribute to
Technical feasibility renewable production.
- Consistency of the assumptions used, the sites studied, and the
Feasibility dimensions chosen.

Economic feasibility

- The initial investment must be feasible.
The total balance in 2037 must be positive.
- Profitability must be assured before 2037.

GHG emissions There is no precise indicator, but the most significant possible reduction is targeted.

2.2. Variable-Speed Hydraulic Turbines

Recent innovations have significantly improved the efficiency and flexibility of PHSP
systems. Since 1996, with the installation in Kuwabara [55] and later developments in
Glodisthal in Germany (2004) and Frames 2 in Portugal (2017), several plants have adopted
variable-speed pumps (VSPs) [16]. These systems connect power converters to a Constant
Frequency Synchronous Generator (CFSG) or a Doubly Fed Induction Generator (DFIG),
ensuring the frequency and voltage stability required for grid connection. Simultaneously,
this configuration allows alternators to operate at speeds near synchronism. As Bidgoli
et al. [56] and Sivakumar et al. [57] highlight, this setup enhances operational flexibility by
enabling movement along the pump/turbine efficiency curve, offering a broader power
range with improved efficiency.

Furthermore, studies by the IHA [16], Ghorbani et al. [32], and Joint Research Cen-
tre [33] emphasize that VSP systems outperform synchronous generators in dynamic
behavior. For instance, Gao et al. [58] observed rapid power variations of up to 32 MW in
generating mode and 80 MW in pumping mode within less than 0.2 s. Despite the higher
initial costs due to the incorporation of power electronics [16], Feng et al. [59] demonstrated
the economic viability of hybrid PV-Wind-Fuel-PHS systems using variable-speed ma-
chines. Implementing such flexible systems could reduce diesel consumption significantly,
with savings ranging from 11.2% to 46.7%, depending on seasonal variations.

However, VSP systems are not without limitations. Research by the IHA [16] and
Ghorbani et al. [32] points out that power converters can adversely affect power quality,
and grid inertia may decrease when generators do not operate at synchronous speed. This
reduction in inertia could pose challenges for grids with high renewable energy penetration.

3. Methodology
3.1. Electric Needs
3.1.1. Decarbonation Scenario

Calculating the mine’s energy needs is the starting point for solving the problem since
it provides the power and capacity required. First, Raglan provided the power demand for
electrical devices in 2021 with a one-hour time step. Thus, the consumption amounts to
154,942 MWh with a peak power of 20 MW.

Then, it is necessary to estimate the hourly power to be decarbonized from the heat
network and plan the power supply of the process by the green electricity network. It is
important to note that heating the glycol water network is the only process to be electrified
since ore drying requires using exhaust gases with a low CO, content. Referring to Figure 1,
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it can be seen that for the use of exhaust gases, the required electrical load must be estimated
considering some EMD generators’ operation.

Indeed, a continuous average production of two EMD generators operating at 2.9 MW
each is sufficient to produce the required gas flow. Thus, a constant 5.8 MW of electricity
can be deducted from the power demand of the 25 kV-G network. Furthermore, according
to Figure 1, the HX-02 recuperator can still recover energy from combustion inside the
EMD generator. Likewise, the HX-01 recuperator can also be used when the load of the
EMD generator is greater than 5.8 MW, i.e., when the exhaust gas flow exceeds the needs of
the drying process. It is estimated that for each megawatt of electricity the EMD generator
produces, the HX-02 recuperator recovers 0.45 MW fed into the glycol network. In the same
way, for every megawatt exceeding 5.8 MW, the HX-01 recuperator recovers 0.61 MW, also
fed into the glycol network.

Thus, the electrical load planned to be decarbonized can be determined by summing
the load of the electrical devices and the glycol network provided by Raglan. Then,
it remains to subtract the constant production of 5.8 MW of electricity from the EMD
generators and the 2.6 MW recovered by the HX-02 recuperator and injected into the glycol
network. Figure 3 shows the details of the decarbonization process.

Power demand (MW)

30,0
—— Total electric charge
25,0
Electric network
20,0
Ghycol water network
15,0
10,0
5,0
2021-01-01  2021-02-20 2021-04-11  2021-05-31 2021-07-20 2021-09-08 2021-10-28  2021-12-17
Date of the year 2021

Figure 3. The power demand of the decarbonized network.

The decarbonization scenario predicts an electrical load varying between 10 and
25 MW for an annual consumption of 137,190 MWh. The share of the renewable energy
target in the 25 kV-G network mix (electricity + heat) is 52.2%. For the two maintained EMD
generators, producing 50,800 MWh of energy requires approximately 12.93 million liters of
diesel, resulting in 35,915 tCO,eq emissions. Thus, this scenario aims to save 25.1 million
liters of diesel and 69,640 tCO,eq emissions per year, i.e., a reduction of 66%. Moreover,
it is pointed out that maintaining two EMD generators provides a certain controllable
production, varying between 500 kW and 3.2 MW per unit. This is a definite advantage for
the flexibility of the network, its stability, and, above all, the quality of the energy.
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3.1.2. Generator Capital Expenditures (CAPEX) and Operating Expenditures (OPEX)

Based on the information provided by Raglan, it is possible to estimate the investment
costs for replacing obsolete units and the lifetime and Operation and Maintenance (O&M)
costs of the three generator models composing the 25 kV-G network (see Table 2).

Table 2. Generator expenditures.

Generator Replacement o&M Lifetime Splnmng.
Reserve Units
EMD 3.6 MW) 2.6 MCAD/MW 192 CAD/MWh 120,000 h 2
MAN (4.5 MW) 2.6 MCAD/MW  38.5 CAD/MWh 120,000 h 1
CAT (1.8 MW) 1.5MCAD 58.8 CAD/MWh 65,000 h 6

Finally, the costs related to diesel consumption and GHG emissions to be added to
the OPEX provided in Table 2 must be evaluated. First, diesel prices are estimated using
the forecasts proposed by the Energy Information Administration (EIA), available on their
website [60]. Three scenarios of annual price evolution are provided from 2021 to 2050,
giving bounds of 0.65 and 1.5 CAD/liter for the half-century. Moreover, regarding the
estimation of pollution costs, the Canadian government and its provinces have two possible
policies at their disposal. The first, known as carbon credits, is in effect in Quebec, forming
a Keynesian market where the price of the right to pollute is regulated by both supply and
demand and provincial control. The other policy is the carbon tax, which is more punitive,
charging CAD 30 for all tons of CO; equivalent emitted above 50,000 tons per year. With a
linear increase expected from CAD 30 to CAD 170 between 2023 and 2030, carbon taxes
are more straightforward to simulate than the carbon market. Hence, this regulation was
applied to the study.

Thus, knowing the details of the costs related to the operation of the generators as well
as their evolution over time, all useful information is known. Then, it is easy to estimate the
energy budget to be foreseen in the case of the status quo. This scenario of an unchanged
energy mix is then compared to the case of the installation of the wind farm and the PHSP.
Money savings are then expected from the reduction in diesel consumption, carbon taxes,
and investments related to the replacement of the generators.

3.2. Wind Turbine Plant
3.2.1. Assumptions

As explained in the introduction, choosing wind energy as a renewable source is
justified by the encouraging results of installing the first two wind turbines and the lack
of alternative options. Indeed, given the weather conditions and the location of the mine
(northern Canada, where it is extremely cold), the use of solar or hydropower does not
seem relevant to cover the quantity of the 25 kV grid electrical energy demand.

Thus, the first assumption considers that the same Enercon model of 3 MW is used
to construct the wind farm. Secondly, it is assumed that the historical production data for
2021 are the same for the coming years. This assumption was made following the results
of a study on wind distribution. We ignore the aging and the efficiency decrease in the
wind turbines over their lifetime, which is limited to 15 years (order of magnitude) due to
extreme weather conditions.

These sub-hypotheses are intended to lead to a central assumption, considering that
the historical hourly production of 2021 is representative, reproducible, and equal for
all installed units and for their entire lifetime. This extreme assumption simplifies the
solving methodology since it is sufficient to multiply the known historical production by
the number of units needed to be installed to finally know the entire production of the park.
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3.2.2. Wind Farm Capital and Operation Expenditures

Concerning the CAPEX and OPEX of wind turbines, Appendix A presents the method-
ology used to estimate variations in costs between 2023 and 2037. However, it should be
noted that in 2023, the price of wind turbines is estimated at 6.23 million CAD/unit and
18.23 CAD/MWh for CAPEX and OPEX, respectively (see Figure A1).

3.3. PHSP Characteristics and Size
3.3.1. Selected Site

Among the various potential PHSP sites around Raglan mines, the Watts Lake site,
located about 27 km west of Katinniq, has attracted much interest. Above the lake, the
Falcon River flows through landforms before ending in this lake. The main idea is to
create a dam to accumulate water in the escarpment of the riverbed. The visualization of
the topography using Toporama software, 2021 version, proposed by the government of
Canada [61], allowed us to visualize the two water reservoirs and estimate their volume, as
seen in Figure 4.
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Figure 4. Location and overall span of the PHS site (map built using Toporama software, from the
government of Canada: https:/ /atlas.gc.ca/toporama/fr/index.html (accessed on 6 October 2023)).

Figure 4 shows the location of water reservoirs (in red), flooded areas (in black), and
hypothetical locations of penstocks connecting to Watts Lake (in blue).

The red line shows the emplacement of the 30 m high, 200 m long dam to be con-
structed. Using the shape of embankment dams recommended by the US Society of
Dams [62], it is possible to estimate the civil works. Thus, water retention would require
approximately 230,000 cubic meters of embankment and 100,000 cubic meters of solid core.
The associated costs are presented in Section 3.3.4. Next, in blue, is the location of the 2.9
km long penstocks connecting the two reservoirs with a gross head of between 160 and
190 m (depending on the water height inside the basin). Finally, the black dashed line
represents the flooded area while filling the upper reservoir. The associated maximum
capacity is estimated at 8.27 million cubic meters.
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Although this site is relatively advantageous due to its large capacity and standard
head, it suffers from two main disadvantages. The first is related to the location, as an
access road and high-voltage lines must be built. According to Raglan’s data, these cost
CAD 700,000 and CAD 500,000/km, respectively. As a part of the road already exists, there
would be 25 km to build and 40 km of high-voltage lines to install. The second challenge is
related to the length of the penstocks, approaching 2.9 km. Indeed, the linear pressure losses
and the excavation costs are proportional to this variable, which is singularly important
compared to common sites. This constitutes the main challenge of operating the site.

Like any other part of the northern Quebec region, the area around Lake Watt is not
spared from climate change. According to information from the government of Quebec [63],
an increase in average temperature is expected at the end of the century, with an average
temperature of 0 °C. Added to this are earlier and more significant spring floods, an increase
in liquid and solid precipitation, and an increase in the number of days above freezing (in
spring). Significant changes and increased fragility of ecosystems are already occurring.

3.3.2. PHSP Topology

The topology corresponds to the characteristics of hydraulic units that compose the
PHSP, i.e., their power, number, type, and connection to the penstocks and electrical ma-
chines. Considering the technical and geographical characteristics of the environment,
Francis turbines and centrifugal pumps were chosen. Generating and pumping modes are
then distinct. Each unit operates independently of the others because they each have their
own penstock and their own electrical machine. Electrical machines, motors, and gener-
ators are connected to the network by converters, allowing for variable-speed operation.
Therefore, it is assumed that the efficiency of both pumps and turbines is constant, fixed at
92%, over the range of 60 to 100% of the nominal power.

The operation mode has the sets (pipelines + hydraulic machine + electrical machine)
so that it is possible to reach the full range of values between the maximum installed
pumping power and the maximum installed turbine power. These powers are 30 and 23
MW, respectively, determined by the optimization method in Section 5.1.1.

3.3.3. Size of Penstocks

Penstock sizes determine not only the expected excavation costs but also the flow
velocity, and therefore, by extension, while considering the linear pressure losses. All these
parameters depend on the pipe’s length, which, for the chosen site, reaches more than
2.9 km. So, a careful selection of penstock dimensions is required, using an optimization
between costs and losses to determine the appropriate diameters. The diameters thus
calculated are 1.64 m and 1.51 m, respectively, for turbine and pump pipes.

Given the above, the maximum linear pressure losses are limited to 10% of the gross
head, or 16 m. Depending on the hydraulic conditions, it is then easy to calculate the net
head, which gives access to the flow rate once the expected power (generated or consumed
power) has been calculated.

3.3.4. PHSP Capital and Operation Expenditures

Since the net head, capacity, and topology are defined, the financial parameters must
be carefully considered, as the expenditures are highly dependent on the site location. Con-
sidering that the cost values proposed in the literature, given in CAD/kW and CAD/kWh,
are only estimated orders of magnitude, this work is based on previous work [38,64,65]
and information from the Raglan mining site, to establish an investment table below (see
Table 3). The lower reservoir does not incur any costs because it is a natural reservoir. This
means that there are no expenses related to excavation, embankment dam, or compacted
dam costs.
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Table 3. CAPEX decomposition of the PHSP.

Quantities Price/Unit Source X Price
Excavation 0 m3 396 CAD/m? 1 0
Lower Solid dam 0 m?3 50 CAD/m? Raglan 1 0 CAD
reservoir
Embankment 0 m3 20 CAD/m’ 1 0
dam
Excavation 0 m3 396 CAD/m? 1 0
Upper Solid dam 97,957 m3 50 CAD/m’ Raglan 1 4,897,866 CAD
reservoir Embankment [35]
227,607 m3 20 CAD/m? 1 4,552,134
dam
Tunnels Excavation 22,700 m3 396 CAD/m? Raglan 1 8,989,200 CAD
Road Construction 27 km 70,000 CAD/km Raglan 1 18,900,000 CAD
Power lines Construction 40 km 500,000 CAD/km Raglan 1 20,000,000 CAD
Equipment 26,500 KW 600 USD/kKW [38] 1 20,654,100 CAD
Powerhouse Structure
Excavation 26,500 kW 97 USD/kW [64] 2 6,678,159 CAD
DIRECT COST (DirC) 85 MCAD
Engineering and construction management 259
Financial costs (contingency and insurance) D
(DirC)
Development costs
INDIRECT COST 21 MCAD
TOTAL COST 106 MCAD

It can be calculated from Table 3 that the construction of roads and high-voltage lines
represents 37% of the initial investment. Other expenses include the installation of the
powerhouse, penstocks, and water reservoir. By multiplying factors on prices given in the
literature, it is possible to consider the location of the Raglan mine in the expected cost
increase. Thus, the investment is estimated to be around 4000 CAD/kW, corresponding to
a 50% increase compared to the data found in the literature [26].

Appendix B presents the methodology used to estimate O&M costs. Unlike the price
of diesel, carbon taxes, and wind turbine O&M, the value for PHSP is fixed and estimated
at 72.5 CAD/kW-year.

4. Modeling and Simulations

4.1. Project Variables
4.1.1. Input Data

All parameters determined in the precedent sections are data used for simulations.
This includes the hourly power demand, the wind generation for 2021, and all natural
and calculated characteristics of the PHSP. In addition to these fixed variables, some are
considered modifiable for optimization purposes, including the number of wind turbines
and the power installed for both turbines and pumps.

4.1.2. Output Data
The output data are also divided into two categories, starting with technical indices:

e  The network’s ability to meet the electricity needs of the mine;
e The renewable integration rate and the PHSP’s ability to significatively increase
this rate.
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The coherence of the chosen dimensions is assessed by the evolution of the wa-
ter volume inside the upper basin and by the amount of wind energy thrown out (see
Section 5.1.1).

Secondly, financial indices were determined to evaluate the economic feasibility of
the project:

e  The net present value (NPV) is calculated using both a discount and an inflation rate.
Following the report [66], their respective values are implemented at 8 and 2%:

e  The payback period,
e  The initial investment required.

All those indices were obtained thanks to the MATLAB algorithm and the Excel
program presented in the next section. Then, the results for the above-mentioned outputs
are summarized in Section 5.

4.2. Algorithm and Programming
4.2.1. MATLAB Program

To assess the validity of the techno-economic indices, it is necessary to implement
grid operations for wind and PHSP installation. The MATLAB program, whose role is
to simulate the grid, comprises two main parts. The first defines the characteristics of
production units (diesel, wind, and hydro), while the second is a loop that compares power
demand and wind production. These latter are evaluated at the hourly time step. Whether
it results in a lack or excess production, the program then compensates with a response
from the PHSP and diesel generators. This operation is repeated 8760 times, representing
an hourly simulation for an entire year. Moreover, the evolution of the volume available
in the PHSP is also monitored to validate, in part, the consistency of the sizing. For more
details, Appendix C provides the flowchart of the main loop and a more precise description.

The MATLAB program provides the annual production of wind turbines, hydraulic
turbines, pumps, and various generator models. The renewable integration rate, the wind
energy losses, the energy deficit, and the operating hours of each diesel generator model
are also known. These data and the technical and financial parameters presented above
allow for assessing the project’s feasibility.

4.2.2. Technical and Economic Analysis

The techno-economic analysis was conducted via an Excel program that uses all
the information generated on MATLAB. By associating this information with the known
economic parameters, it is possible to calculate the price of thermal, wind, and hydraulic
energy for the simulated year. This operation can then be repeated, considering the
evolution of specific parameters (the price of diesel, carbon taxes, wind power OPEX, etc.)
to determine the evolution of the price of energy between 2023 and 2037. Those dates
correspond to the theoretical beginning of the project and the end of the mining exploitation
license. By adding, for the year 2023, the wind and hydro CAPEX, as well as the generator
replacement CAPEX, if necessary, it is possible to know the total and annual price of energy
on the 25 kV-G network for the next fifteen years. In parallel, the same work is done for
the status quo scenario, which gives access to the yearly savings, thanks to renewable
production. These last collected data allow us to follow the evolution of the recovery of the
initial investment.

4.2.3. Aspects Related to Energy Sizing

The energy production capacity of the PHSP system was sized based on three main
factors: the energy demand of the Raglan mine, the projected output of the planned
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wind farm, and peak demand conditions. The PHSP sizing process takes into account the
following key parameters:

e  Head height: This is site-specific and represents the naturally available hydraulic head,
directly influencing the potential power output.

e  Storage capacity: Defined by the volume of the upper and lower reservoirs, this
determines the energy autonomy of the PHSP system—i.e., the duration for which it
can operate at maximum output without recharge. This factor is essential in supporting
a high share of variable renewable energy on the local grid.

e Flow rate: This is the primary controllable variable and plays a key role in system
performance. The maximum flow rate influences the dimensioning of penstocks and
turbines and pressure losses within the system.

Using these parameters, the hybrid energy system was optimized through a techno-
economic approach aimed at minimizing the levelized cost of electricity (LCOE), maximiz-
ing the net present value (NPV), and achieving the shortest possible return on investment
(ROI). While economic and technical indicators are crucial in project evaluation, this study’s
primary objective remains reducing greenhouse gas (GHG) emissions. As such, GHG re-
duction is the central evaluation criterion guiding the overall system design.

Technological advances in wind turbine engineering have further contributed to
system performance by improving energy yield and durability. These improvements
are largely due to advanced materials that reduce turbine weight and increase efficiency,
such as lightweight composites (e.g., carbon fiber or high-strength polymer fibers). These
innovations also enable wind turbines to operate more effectively at low wind speeds,
thereby reducing variability and improving overall system reliability [67].

5. Results and Discussions

5.1. Dimensions and Performances
5.1.1. Technical Feasibility

Table 4 summarizes the main technical parameters obtained following the simulations.

Table 4. Technical performances of the grid.

Variables Results Units
Number of wind turbine 17 Dimensionless
Hydraulic turbine power 23 MW
Hydraulic pump power 30 MW
Wind energy used 126,000 MWh/year
Wind energy lost 9700 MWh/year
Hydpraulic turbine generation 40,200 MWh/year
Liters of diesel consumed 14.6 ML /year
Total GHG emissions 40,500 tCOqeq/year
Need to install a new generator None Dimensionless
Renewable energy rate compared to the grid 48.1 Yo
Renewable energy rate compared to the 91.8 o
objective ' ?
Energy deficit 0 MWh

A distinction is then made between sizing variables and grid performance parameters.
Referring to the technical feasibility indices, it can be concluded that:

e  The energy deficit is zero, which means that the production units meet all the net-
work needs;
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e  The production of the turbines represents 25% of the energy mix targeted by decar-
bonization, which proves the importance of the PHSP. Moreover, the “renewable
energy rate compared to the objective”, which refers to this share of the energy mix,
reveals satisfactory results as 91.8% of the target is reached.

The last point to check is the consistency of the chosen dimensions for the wind and
hydro installations. This is based both on the energy losses of the wind turbines and on the
evolution of the water volume in the upper reservoir. Figure 5 illustrates all of the above.
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Figure 5. Evolution of the water volume into the upper reservoir.

The variation in water volume over the year gives an overall idea of the wind and
hydraulic sizing quality. Indeed, if the events of water shortage are the most frequent, it can
be expected that the pump power is under-dimensioned (limiting the energy absorption) or
that the wind farm is under-dimensioned (requiring the use of turbines too frequently). On
the other hand, if excess water is too frequent, it means that the pumping capacity or the
wind farm is oversized. The second case is problematic since the initial investment would
be too high. Thus, a relatively optimized system involves an appropriate balance between
its shortage and excess episodes.

Figure 6 represents the average daily power outputs calculated from the hourly power
outputs recorded in 2021 on the two Enercon E82 E4 turbines installed.

5.1.2. Economic Feasibility

Table 5 shows the OPEX and CAPEX of the generation units throughout the project.
Notably, a distinction is made between the CAPEX of the wind turbines, planned to be
installed in 2023, and the investment required to replace the two initial units (expected in
2032). In addition, using the cost and output decomposition given in Table 5, the wind,
hydro, and thermal energies’ levelized costs of energy (LCOEs) can be estimated at 69, 206,
and 202 CAD/MWH, respectively. In comparison, for the status quo, the overall LCOE
is 256 CAD/MWh, which explains the profitability of the installations. Indeed, Table 6
provides the economic feasibility indices presented in Section 4.1.2.
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Figure 6. Daily power produced by the two Raglan wind turbines in 2021.

Table 5. Total CAPEX and OPEX over the life of the project.

Sources Price MCAD)
Diesel 191
Carbon taxes 0
Maintenance 17
Replacement 0
Total generator cost 208
Wind OPEX 37.6
Wind CAPEX 2023 93.5
Wind CAPEX 2032 94
Total wind cost 140.5
PHSP OPEX 28.8
PHSP CAPEX 135
Total PHSP cost 163.8
Total cost 512.3
Table 6. Financial indices.
Index Price Units
Total discounted cost 346 MCAD
Net present value (NPV) 5.6 MCAD
Total cost without discount 512.3 MCAD
Final balance without discount 122 MCAD
Payback 2034 Dimensionless
Average OPEX without discount (15 years) 18.3 MCAD/year
CAPEX in 2023 without discount 228.5 MCAD
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Through these results, the real influence of the discounting of the monetary value can
be seen since, once it is considered, the project balance is barely positive. On the other hand,
without considering it, profitability is assured in 2034, with a final saving of 122 million
CAD for an initial investment of 200 million CAD.

Thus, it can be concluded that with the chosen assumptions, the proposed study frame-
work and the simulation method indicate an encouraging technical and economic feasibility.
However, to conclude more confidently, a few additional studies need to be carried out,
mainly to validate certain conditions or clarify constraints that have been overlooked.

5.2. Discussion and Complementary Studies
5.2.1. Discussion on the Main Hypothesis

In this section, we analyze the hypotheses that seem to be the most questionable. The
first debatable assumption is the one about the reproducibility of the 2021 wind production,
which is considered identical for the next fifteen years and all the installed units. This
production is bound to change, either due to natural changes in wind speeds or the aging of
the turbines. Similarly, the second questionable assumption is that the grid energy demand
shall remain unchanged until the end of the mine exploitation. In fact, it is supposed to
increase from 2023 and then decrease in the last years of operation, but it has been chosen
to keep it constant to simplify the study. Finally, to facilitate the resolution, the price
of pollution was calculated using the carbon tax policy and not from the carbon market
specific to Quebec. Thus, the results obtained, which otherwise greatly support the project’s
economic feasibility, may differ somewhat from reality.

5.2.2. Complementary Studies

To go further in the realization of this project and to complete the pre-feasibility
assessment stage, it could be relevant to study the following three main points. First, it
is necessary to prove a genuine interest in Watts Lake by studying, among other things,
the access to the site, the expected environmental impact, and the jurisdiction related to
creating a structure on Inuit territories. Indeed, no preliminary study has been conducted
to ensure the site could be exploited. The second would be related to the estimation of
the wind generation, which could be assessed with greater precision. For this, it would be
necessary to determine the optimal location for the wind farm installation to deduce the
associated production. In addition, considering the use of more powerful turbines could
lead to a reduction in the size of the wind farm and possibly a reduction in investment
costs. Finally, it seems necessary to investigate the power quality, the frequency and voltage
stability, and the power driving options to control precisely all units” production. Indeed,
these last criteria are undeniably required to respect all network norms.

6. Results Validation

Although finding works in a similar configuration to the present one in the literature
is challenging, a comparative analysis is carried out to validate the model’s key parameters.
The costs associated with the creation and operation of the PHSP, GHG emissions, and
the overall performance of the PHSP were retained as key parameters for comparison.
Regarding the cost of the PHSP, the predictions of this model are very close to those
mentioned in the work of Madler and Specht [35] (see Table 7 below). As for GHG
emissions, the value of 40,500 t CO; eq/year, found in this model, is well within the lower
limit (i.e., less than 50,000 t CO; eq/year) from which carbon taxes are imposed by the
government of Canada [68], which shows that the decarbonization objectives of the Raglan
Mine site have been achieved (see Table 7 below). Finally, the yield of PHSP equipment in
this model is consistent with the yields mentioned by the IHA [26].
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Table 7. Comparison with different results in the literature and errors in the simulation.
Cost of PHSP [CAD/kW installed]
Madler and Specht [35] Present model Difference
2925-4680 3100-4000 14.53%
GHG emissions [t CO; eq/an]
Government of Canada [68] Present model Margin
50,000 40,500 19%
Yield of PHSP [-]
IHA [26] Present model Error
0.86 0.85 1.16%

The use of bold and background color is to highlight the labels and what is being compared. It is also to separate
two different comparisons.

Since the proposed hybrid wind-PHSP system has not yet been implemented at the
Raglan mine, real-world operational data are currently unavailable for direct validation. As
an alternative, we adopted a benchmarking approach, comparing our model outputs with
results from similar studies found in the literature. These reference studies were selected
based on comparable characteristics, such as using pumped hydro storage in remote or
isolated contexts, integration with variable renewable energy sources, and shared decar-
bonization objectives. The validation focused on three key variables, system cost, energy
performance, and GHG emissions reduction, and revealed strong consistency, particularly
regarding PHSP efficiency and economic metrics. This comparative analysis provides a
reliable basis for assessing the model’s credibility without site-specific performance data.

Based on the above information, predictions, and comparisons, the results of this
model can be considered reliable and valid.

7. Conclusions

To meet GHG emission limitation requirements, the Raglan mining company has
prioritized the decarbonization of its operations, focusing specifically on its electricity
production system. Given that Raglan Mine wishes to increase the integration rate of
renewable energies in its energy mix, this work focused on the Raglan Mine site’s local
electricity and heat network.

The evaluation and validation of the results were done using technical indices, which
question the electrical production units’ capacity to meet the mine’s energy needs.

Regarding the financial aspects, annual energy prices from 2023 to 2037, for both the
renewable hybrid system and the case of the status quo, were calculated. Three financial
indices were deduced: the final balance, the return on investment period, and the initial
investment to be expected in 2023.

The results obtained also showed that the site chosen for the installation of the PHSP
can meet the objectives of reducing current diesel consumption by 60%. The three technical
and financial criteria mentioned above were also validated since the return on investment
period is 11 years.

Furthermore, without considering discounting and inflation rates, the final balance is
positive and amounts to more than 120 million CAD in 2037, compared to the status quo,
for an initial investment of 200 million CAD. The investment costs of the wind turbines and
the PHSP are estimated at CAD 1830/kW and CAD 4000/kW, respectively, while the OPEX
are estimated at CAD 18.4/MWh and CAD 72.5/kW-year. The results show investment
costs of CAD 2080/kW and CAD 3720 CAD/kW, respectively, for the wind farm and the
PHSP. As for the operating costs, the values of 17.3 CAD/MWh and 72.5 CAD/kW-year
were found for the wind farm and the PHSP.
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While this study successfully demonstrates the techno-economic feasibility of inte-
grating a wind farm with a PHSP system to decarbonize the Raglan mine, it is essential to
note that detailed power quality aspects, such as voltage fluctuations, frequency regulation,
and grid inertia management, are not covered within the current analysis. Our modeling
approach focuses on energy balance and cost assessments and does not include dynamic
simulations of grid stability. These power quality considerations are critical for ensuring
reliable operation under high renewable penetration and extreme weather conditions and
will be addressed in a subsequent study using specialized power systems analysis tools.

The detailed feasibility study of implementing a PHSP at Watts Lake is undoubtedly
the most important next step. It is a question of evaluating in much more detail the costs,
the access to the site, and the possibility of building infrastructures, regarding both the
topography constraints and, especially, the influence of frost (because of the location in the
northern region of Canada, with extremely negative temperatures) on the behavior of the
pumping plant.

Future work will also focus on conducting a detailed sensitivity and probabilistic
analysis to evaluate the impacts of uncertainties related to wind variability, water avail-
ability, energy demand, and long-term climate conditions on the system’s performance
and reliability.

Thus, there remains a wide range of studies that future work could tackle to finalize
the present project.
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Appendix A

The present paper and the Appendices A-D describe all the data and processes.

Figure A1 represents the expected evolution of the CAPEX and OPEX of wind turbines.

These results were obtained by referring mainly to the work of Sens et al. [69] and
Wiser et al. [70], who provide cost projections based on actual prices from 2012 for CAPEX
and 2018 for OPEX. Then, these costs were re-evaluated by considering the decomposition
of investment and maintenance costs, respectively proposed by Stehly et al. [71], from
the National Renewable Energy Laboratory (NREL) and by Wiser et al. [70]. Thus, the
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visualization of the different expenses allows us to judge those dependent on the insular
location of the mine, such as the creation of the foundations. These parameters were
then doubled to consider the location of Raglan, which provides a new cost projection.
Moreover, as the results of the above works are given in euros and US dollars, the currencies
are converted back to Canadian dollars using the historical monthly conversion values
provided by the Canadian government website between 2017 and 2022 [72]. The rates were
then estimated at 1.299 CAD/USD and 1.498 CAD/EUR.
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Figure A1. Wind turbines CAPEX and OPEX projections.

Appendix B

Similarly to wind turbines, the O&M costs of the PHSP were determined using an
expenditure breakdown provided by Oladosu and Sashav (2022) [65]. Thus, all expenses
influenced by the location of the mine were doubled, e.g., maintenance of the dam or the
power plant. Then, the OPEX, initially estimated at 39 USD/kW-year, was recalculated to
55.8 USD/kW-yr, i.e., a fixed cost of 72.5 CAD/kW-year. In contrast to the costs of wind
turbines, it is assumed that no evolution is expected in the coming years due to the maturity
of hydro technologies.

Appendix C

This last appendix presents the flowchart used in the MATLAB program to simulate the
network operation and all the production units. Figure A2 below represents the main loop.

First, the wind generation and the power demand of the grid are compared to deter-
mine the expected operating mode of the PHSP. Thus, in case of an energy lack, the pumps
and turbines are activated to obtain, at best, the missing power. The opposite is also true
for pumping in cases of excess production. So, the terms “turbines” and “pumps” only
represent the global operation mode of the PHSP since all units can work simultaneously
to obtain a final expected production or consumption. After determining the power to be
deployed, it is possible to determine the net flow. Indeed, it is possible to calculate the gross
flow rate and the associated head losses from the gross head and the expected power to
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obtain the net flow rate. It is through this variable that, at the end of the loop, it is possible
to calculate the accurate volume gained or lost in the upper reservoir.

Then, once all parameters of the PHSP are determined, the operation of the generators
remains to be established. In the case of excess energy, the auxiliary generators are not
required. There is, therefore, no deterioration of the machines and no energy deficit. On the
other hand, the power surplus may be even more significant than the pumping capacity, in
which case the energy dissipation is accounted for observation purposes.

Groes Head calculabion
N = wind production - power demand

if no, then lack

Torbmes(s) = min(MN(1), tobme power) Pormipe(1) = 0 Pumps(1) = min[N(1), pump power)

Calculation of gross flow rates, flow velocity and sssociated
pressure losses. Gives net head and et Sow rabes

Caleulatyon of generator produchion, deficst, and wind produchon
losses. Calonlation of the remamngg life of generators

Vi1 = Vi) + MNet flow mte

Figure A2. Flowchart of the main loop.

However, in the case of an energy shortage that exceeds the turbine capacity, there
is a risk of an energy deficit. The energy deficit can be avoided by activating the EMD,
MAN, and CAT generators in this order. On the other hand, the number of generators
operated is then counted to know each unit’s total hours of operation at the end of the year.
The remaining lifetime can then be estimated, and the possible replacement needs can be
estimated. The generator orders follow the process shown in Figure A3.

This last figure shows the effects of cogeneration in saving the electricity required.
Indeed, when the wind turbines and the PHSP cannot fully meet the needs, the EMD
generators are switched on. However, for each megawatt produced, the HX-01 and HX-02
heat exchangers recover 1.06 megawatts sent to the glycol network, which are therefore
deducted from the overall electricity demand. Thus, at best, the EMD generators can supply
2.06 x 2 x 3.2 MW of power. Beyond that, it is the MAN and the CAT generators that take
over. The number of generators used is then calculated, which gives the total operating
hours at the end of the year.
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if yes, then excess if no, then lack

T = PHSP producton P = PHSP consumphon
Generator needs, G=N-T Generator needs =0
Wind energy used = wind production Wind energy wsed = power demand
Losseg =0 Losses = N—P

EMD = min{G/2.06,3.2%2)
MAN = mm(G— 2 06¥EMD_ 4 3)
CAT = min(G— 2.06*EMD — MAN, 6%1.8)
deficit = G— 2 06*EMD— MAN - CAT

EMD >0

hours EMD = floor(EMD/3.2) + 1

ifno

ifyes

hours CAT = floor{CAT/1.8) + 1

Figure A3. Flowchart of the generators’ commands.

Appendix D

Table Al gives a summary of the main equations used in this model.
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Table Al. Main equations used in this model.

Equation Variable Observation Meaning of Terms
Definition of the nature of the flow:
Re=U=xD/v
Kinematic viscosity of water,
v=1.68x10"%m?2/s L: length of hydraulic pipes |[m]
Linear pressure If Re <2000, the flow is laminar and A = D : diameter Of hydraulic pipes [m]
AHpg = /\% 1 P 64/Re according to the Hagen—Poiseuille U: flow velocity [m/s]
g 0sses law. A friction coef ficient
On the other hand, if Re > 3000, then the Re: Reynolds number
regime is turbulent, and the coefficient can
be determined by several laws or
graphically via the Moody diagram.
Q=uxm2 Hydraulic flow U : flow velocity [m/s]

N
Actual Value = Value » 1) Net present value
(1+1) (NPV)

Each investor is free to choose their own
inflation and discount rates to judge the
economic feasibility of their projects.

N : the number of years separating the expenditure
from the expenditure from the discount date
i: the inflation rate
t : the discount rate

Hpet = Hyaw =+ AHreg + AHsing =
{Hmw - )\% — C% in turbine

Gross drop
Hygw + /\% + é% in pumping

The gross drop corresponds to a real
difference in altitude between the inlet
and the outlet of the hydraulic network.

Hyaw = Gross head [m)]

L : length of hydraulic pipes [m]

D : diameter of hydraulic pipes [m]
U : flow velocity [m/s]

A : linear head loss coef ficient

( = singular head loss coef ficient

0 %8 *Hyuer+Q
Nmotor* Npump

Pinjected into the network = Hgenerator * Niurpine * O * & * Hpet ¥ Q .
Hydraulic power

Psuptracted from the network —

From these equations, an analogy with
electrical quantities can be observed.

nx = ef ficiency of hydroelectric machines
p : the density of water [kg/m®]
g : the constant of gravity (9,81 m/s?]
Hyet : the net head [m]
Q : the flow rate [m3/s]

. Stochastic
minyezy f(X, ¢) optimization
under stress g(X,e) <0
problems

This work uses stochastic forecasting
models, which are mathematical models
that consider the probable error inherent
in the chosen parameters.

With f being the objective function, X the problem
variables, ¢ the variable errors, and g the constrained
functions of the problem.
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