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Abstract

This thesis focuses on the design and analysis of a renewable microgrid system for mines
in the southwest of Mongolia, with an emphasis on addressing the energy-intensive

nature of mining, diesel use, and CO2 emissions.

As a country abundant in renewable energy resources, Mongolia presents a unique
opportunity to achieve sustainable solutions in the mining sector. However, despite
proven renewable technology and a renewable-rich country, most mining companies

have yet to adopt renewable solutions.

The methodology employed in this study encompasses several key steps. Firstly, an
overview of the legal frameworks and regulations pertaining to renewable energy
deployment in the mining sector in Mongolia is conducted. Next, a concept design phase
is undertaken, integrating solar, wind, energy storage, and diesel generators to create an
off-grid hybrid system tailored to the mine's energy requirements. Considerations such as
load demand, resource availability, and system reliability are taken into account during
the design phase. Modeling and simulation techniques are employed to assess
performance and feasibility, evaluating various scenarios to meet energy needs while

minimizing diesel fuel usage and CO2 emissions.

Furthermore, a detailed business case is developed, considering the initial capital
investment, operational costs, and potential financial benefits of the renewable microgrid
system. The analysis includes factors such as the payback period, return on investment
(ROI), and levelized cost of electricity (LCOE), providing insights into the economic

viability of the system for mining operations in Mongolia.

The analysis revealed that incorporating a wind turbine in the off-grid hybrid system
increased the renewable energy fraction from 28.6% (PV + energy storage) to 88.1% (PV

+ energy storage + wind turbine), resulting in a significant reduction in the levelized cost

of electricity (LCOE) and operating costs over the life of the mine.

However, PV energy systems with a peak capacity of 6 MW offered a more reliable and
consistent energy source compared to wind turbines due to low wind speeds and higher

installation costs associated with taller hub heights (>50m).
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1 Introduction and Motivation

The mining sector consumes a significant amount of energy globally, accounting for 11%
of total global energy consumption and generating 4-7% of total greenhouse gas
emissions annually (GHG) (Ellabban & Alassi, 2021). Typically located in rural areas,

these mines often rely heavily on fossil fuels and must transport diesel over long distances

to power on-site generators, which can significantly impact operating costs due to

fluctuations in diesel prices (Ellabban & Alassi, 2021).

However, with increasing fossil fuel prices and advancements in renewable energy

systems, there has been a shift towards'integrating renewables at mine sites.

Globally, 1 GW of renewable energy systems (RES) have already been installed at

existing mines, with another 1 GW in the pipeline (Paolo & Kevin, 2017).
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Figure 1: Comparative indicators pertaining to RES integration in mining

(Gémez et al., 2020).

When solar Photovoltaic (PV) electricity is combined into a hybrid mining power plant,
these types of systems can save up (o 25-30%, and up to 70% in locations where diesel

is more expensive (Pollack & Bongaerts, 2020).

Erdenetsogt Turbat - Master Thesis

Page 8 of 81

R T T S



Renewable hybrid microgrid systems, which offer reliability, cost-effectiveness, and
environmental sustainability, are now being considered for mining projects in remote
areas of Southwest of Mongolia (ROMA, 2020).

The motivation behind my thesis is to design and demonstrate a successful off-grid hybrid
microgrid system for mining operations in Mongolia. By showcasing the feasibility and
benefits of this solution, | aim to inspire mining companies to embrace sustainable
practices and contribute to climate change mitigation. Given the energy-intensive nature
of mining, utilizing renewable energy sources presents a viable and practical approach to
reduce diesel consumption and unlock new opportunities for more sustainable mining
practices. Through this thesis, | aspire to drive positive change in the mining industry by
promoting the adoption of renewable energy solutions and fostering a more sustainable

approach to mining in Mongolia.
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1.1 State of Art

1.1.1 Hybridization in Mines Energy Production

Hybridization involves the integration of multiple energy sources, both renewable and
non-renewable, to create a more reliable and cost-effective energy system. Solar panels,
wind turbines, and energy storage devices, as well as traditional fossil fuel sources such
as diesel and gas engines, can be used in mining applications as hybrid RES (Kim et al.,

2011).

The choice of energy sources to integrate into the system depends on many factors.
Those include the mine location, the energy demand, and the availability of renewable

resources at the site.

Hybrid RES can provide significant benefits for mining operations such as reducing the
cost of energy production, lower GHG, and increase the reliability of the energy supply.
Nonetheless, developing and operating these systems may be challenging and often
requires careful consideration of factors such as the energy demand profile, the sizing of

energy storage (ESS) systems, and the control of power electronics.

1.1.2 Use of Homer Pro for Microgrid Systems and Mine Planning

HOMER Pro is a software tool that is widely used in the design and analysis of microgrids,
particularly those that incorporate renewable energy sources (HOMER Pro, 2023b).

The software allows users to model the performance of different energy systems, and to

optimize their design based on factors such as cost, energy demand, and the availability
of renewable resources (HOMER Pro, 2023b).

In the mining sector, HOMER Pro is increasingly being used to plan and optimize
microgrid systems that incorporate renewable energy sources, including solar and wind
energy. By modeling the performance of different energy systems, mining companies can

identify the most cost-effective and sustainable energy solutions for their operations

(HOMER Pro, 2023b).

Authors use HOMER Pro to design and analyze the performance of a microgrid that
integrates a solar PV system and a diesel generator set for a remote mining operation in
China. As a result, the hybrid system provided reliable and cost-effective power to the

mining operation, with a total cost of energy of $0.4/kWh. The system also reduced
Page 10 of 81
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greenhouse gas emissions by 1200 tons per year compared to a diesel-only system
(HOMER Pro, 2023b).

1.2 Problem statement

This master's thesis aims to develop a concept design and analysis of a hybrid renewable
microgrid system to meet energy demand at mine sites in southwest Mongolia in an
energy-efficient, environmentally friendly way and thereby achieve a reduction in
operating costs by reducing dependency on diesel fuel.

1.3 Objectives

The objectives of this thesis are as follows:

1. Review studies on hybrid renewable microgrid system performance, operation,
and working conditions.

2. Review Mongolia's renewable energy laws, regulations, and standards.

3. Run HOMER Pro simulation and compare different off-grid microgrid case
scenarios.

4. Analyze the optimal hybrid microgrid configuration, cost savings, payback period,
and CO2 emissions reduction.

5. Conduct market research on key suppliers and develop business case

respectively.

These objectives will contribute to find the most cost-effective, reliable, and advanced

energy solution for mine sites in the southwest of Mongolia.
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2 Microgrid
2.1 Overview

Renewable microgrid systems are small-scale energy systems that produce electricity
from solar, wind, hydroelectric, or biomass renewable sources (Microgrid Institute, 2020).
These systems typically include energy storage technologies and load management
systems and are designed to operate with or without connection to the national grid
(Microgrid Institute, 2020).

In a renewable microgrid system, energy is generated from the renewable sources and
then stored in batteries or other energy storage devices (Zhou et al., 2015). The energy
is then distributed to the local community or facility through a distribution network (Zhou
et al., 2015). Load management systems are used to control the energy demand and

ensure that the energy supply matches the energy demand (Zhou et al., 2015).

Nowadays, renewable microgrid systems have become crucial in the context of
Mongolia's energy system because the country is highly dependent on fossil fuels in order
to generate electricity, which causes many environmental and public health issues such
air pollution (Saranchimeg et al., 2018).

According to a report by the United Nations Development Programme (UNDP), Mongolia
has the potential to generate more than 400 gigawatts of solar power, which is equivalent

to 280 times the country's current electricity consumption (UNDP, 2013).

Renewable microgrid systems have the potential to help Mongolia in reducing the
country’s reliance on fossil fuels, increasing energy security and independence, and

contributing to the country's climate change initiatives (UNDP, 2013).

Renewable microgrids can also provide reliable and affordable energy to remote and off-

grid communities which currently lack access to electricity (UNDP, 2013).
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Figure 2: Layout for Hybrid Microgrid System for Mine Application (Media, 2021).

2.2 Application and Configurations

Renewable microgrid systems have a wide range of applications and can be configured
in various ways to meet specific energy needs.

According to a report by the Institute of Electrical and Electronics Engineers (IEEE) and
National Renewable Energy Laboratory (NREL), some common applications and
configurations of renewable microgrids include.

2.2.1 Islanded microgrid

This configuration operates independently from the main grid and typically includes
renewable energy sources, energy storage, and load management technologies
(Rezkallah et al., 2019). Islanded microgrids can provide reliable and secure power to
remote or off-grid communities and critical infrastructure such as hospitals and military
bases (Rezkallah et al., 2019).
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2.2.2 Grid-connected microgrid

This configuration is connected to the national grid, but it is able to operate on its own in
the event of a grid outage or failure (Rezkallah et al., 2019). Grid-connected microgrids

can help to increase energy resilience and reduce the impacts of power outages
(Rezkallah et al., 2019).

2.2.3 Hybrid microgrid

This configuration combines multiple sources of energy, including renewable and non-
renewable sources, to provide a more reliable and stable energy supply. Hybrid
microgrids can be useful in areas where renewable energy sources are intermittent or
unreliable (Zhou et al., 2015).

2.2.4 Campus or community microgrid

This configuration is designed to serve a specific campus or community and typically
includes renewable energy sources, energy storage, and load management technologies
(Zhou et al., 2015). Campus or community microgrids can help to reduce energy costs

and increase energy independence.

In summary, renewable microgrid systems are becoming increasingly popular due to their
potential to provide reliable, clean, and affordable energy. They offer several benefits over

traditional grid systems, including increased energy efficiency, reduced GHG emissions,

and improved energy reliability and security.
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2.3 Advantages and Disadvantages

Renewable microgrid systems have several advantages and disadvantages, which
should be considered when evaluating their potential as an energy solution (Hirsch et al.,
2018).

Advantages:

1. Increased energy independence and security: Renewable microgrids can operate
independently or in conjunction with the main grid, providing a more secure and
reliable energy supply (Hirsch et al., 2018).

2. Reduced greenhouse gas emissions: Renewable microgrids use clean and
renewable energy sources, which can help to reduce greenhouse gas emissions
and mitigate climate change (Hirsch et al., 2018).

3. Lower energy costs: Renewable energy sources are becoming increasingly cost-
competitive with traditional energy sources, which can help to reduce energy costs
over the long-term (Hirsch et al., 2018).

4. Improved energy efficiency: Renewable microgrids can use energy storage and
load management technologies to optimize energy use and reduce waste (Hirsch
et al,, 2018).

Disadvantages:

1. High upfront costs: The initial investment required to install a renewable microgrid
can be higher than that of traditional energy systems (Hirsch et al., 2018).

2. Intermittency of renewable energy sources: Renewable energy sources such as
solar and wind are intermittent and can be affected by weather patterns, which can
lead to variability in energy supply (Hirsch et al., 2018).

3. Maintenance and operational challenges: Renewable microgrids require regular
maintenance and monitoring to ensure optimal performance, which can be
challenging in remote or off-grid locations (Hirsch et al., 2018).

4. Limited scalability: Renewable microgrids are typically designed for small-scale

applications and may not be suitable for large-scale energy needs (Hirsch et al.,

2018).
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3 Components of Microgrid

Microgrids are small-scale power systems that can operate independently or in

connection with the main grid. They typically consist of multiple distributed energy

resources (DERs) and loads, as well as energy storage and control systems.

The below table demonstrates the overview of the components that make up a microgrid.

Table 1: Microgrid Components (Microgrid Institute, 2020).

Distributed Energy
Resources (DERs)

DERs are small-scale power generation units that are located
close to the load they serve. They can include solar panels,
wind turbines, microturbines, fuel cells, and small-scale
hydroelectric generators.

Energy Storage Systems

Energy storage systems are used to store excess energy
generated by DERs for later use when demand exceeds supply.
They can include batteries, flywheels, and pumped hydroelectric
storage.

Loads

Loads are the devices or appliances that consume electricity.
They can include lighting, heating and cooling systems, and
industrial machinery.

Power Electronics

Power electronics are used to convert the DC power generated
by DERs and stored in energy storage systems into AC power
that can be used by loads. They can include inverters, rectifiers,
and DC-DC converters.

Control Systems

Control systems are used to manage the operation of the
microgrid, ensuring that supply and demand are balanced and
that the system operates efficiently and reliably. They can
include supervisory control and data acquisition (SCADA)
systems, energy management systems (EMS), and distributed

control systems (DCS).

Erdenetsogt Turbat - Master Thesis

Page 16 of 81

W



4 Overview of Mongolian Energy System

Mongolia is a landlocked country located in Central Asia with a population of
approximately 3.348 million people as of today. The country has abundant natural
resources, including coal, oil, natural gas, and renewable energy sources such as wind,
solar, and hydropower.
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0
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Figure 3: Electricity generation by source, Mongolia 1990-2020 (IEA, 2023).

Historically, Mongolia's energy system has been heavily dependent on coal, which

accounts for over 90% of the country's electricity generation as shown in Figure 3.

The majority of Mongolia's coal reserves are located in the South Gobi region, where

several large-scale coal mines have been developed in recent years to supply raw coal
to China. — JHF—

In addition to coal, Mongolia also has significant potential for renewable energy
development. The country has abundant wind and solar resources, particularly in the Gobi
Desert region, which is one of the world's best locations for wind and solar energy.

Mongolia also has several solar, wind, and hydropower projects that feed into the main
grid and generate electricity for local communities.

Despite its potential for renewable energy development, Mongolia faces several
challenges in transitioning to a more sustainable energy system. These include limited
transmission infrastructure to connect remote renewable energy projects to the grid,
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inadequate regulatory frameworks to support renewable energy development, and limited
access to financing for renewable energy projects.

To address these challenges, the Mongolian government has implemented several
policies to promote renewable energy development, including feed-in tariffs, tax
incentives, and renewable energy quotas. The government has also prioritized the
development of a national transmission grid to support the integration of renewable
energy projects.

In summary, Mongolia's energy system is currently heavily dependent on coal, but the
country has significant potential for renewable energy development. The government and
private sectors are taking steps to promote renewable energy development, but faces

several challenges in transitioning to a more sustainable energy system.
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5 A case study for the Agnew Hybrid Gold Mine in Australia

5.1 Introduction

The Agnew Hybrid Gold Mine is located in the Eastern Goldfields region of Western
Australia and is owned and operated by Gold Fields Limited, a South African-based gold
mining company (James, 2022). The mine has been in operation since 2005 and
produces approximately 250,000 ounces of gold per year (James, 2022).

5.2 Energy System Overview

The Agnew Hybrid Gold Mine's energy system is a combination of grid-connected and
off-grid power generation(James, 2022). The mine is connected to the Western Australian
electricity grid, but also has a 23 MW gas-fired power plant on site to provide backup
power in case of grid outages. In addition, the mine has recently installed a 4 MW solar
power plant and a 13 MW battery storage system, making it one of the largest hybrid

renewable energy systems in the world (James, 2022).

5.3 Hybridization of Energy Production

The hybridization of energy production at the Agnew Gold Mine has resulted in significant
cost savings and environmental benefits (James, 2022). The mine's solar power plant
and battery storage system are expected to reduce the mine's diesel consumption by
approximately 10%, resulting in an estimated annual saving of $2-3 million. In addition,
the use of renewable energy sources has reduced the mine's greenhouse gas emissions

by approximately 40,000 tonnes per year (James, 2022).

5.4 HOMER Pro Used in Planning

HOMER Pro, a microgrid design and optimization software, was used in the planning and
design of the Agnew Hybrid Gold Mine's renewable energy system (James, 2022). The
software was used to analyze the mine's energy demand profile, identify the optimal

sizing of the solar and battery systems, and optimize the dispatch of energy from the

different sources (James, 2022).

5.5 Results and Discussion

The Agnew Hybrid Gold Mine's renewable energy system has been operational since
2019, and the results have been positive. The use of renewable energy sources has
reduced the mine's reliance on diesel generators, resulting in lower fuel costs and

reduced emissions. The solar power plant and battery storage system have also provided
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a reliable source of power, reducing the risk of power outages and downtime at the mine.
The use of HOMER Pro in the planning and design of the system has been critical in
optimizing the system's performance and ensuring that it meets the mine's energy needs
(James, 2022).

5.6 Conclusion

The Agnew Hybrid Gold Mine's renewable energy system is a successful example of the
hybridization of energy production in the mining industry. As a result of using renewable
energy sources, there were significant cost savings and environmental benefits, while
also providing a reliable and secure source of power for the mine's operations. The use
of HOMER Pro in the planning and design of the system demonstrates the importance of
advanced modeling and optimization tools in the development of effective renewable

energy systems.
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6 Overview of Renewable Energy Law and Legal

Frameworks for Hybrid Microgrids in Mongolia

Mongolia has made significant efforts towards promoting renewable energy development,

with the government implementing various laws, regulations, and standards to support
this sector.

The Law on Energy Conservation and Renewable Energy was first enacted in 2007, with
the aim of promoting renewable energy development and reducing energy consumption.
The law mandated the establishment of a Renewable Energy Fund to provide financial
support for renewable energy projects, as well as the development of a Renewable

Energy Standard to ensure the quality and safety of renewable energy systems (NREC,
2023).

In 2015, Mongolia adopted a National Renewable Energy Program with a goal of
increasing the share of renewable energy in the country's energy mix to 20% by 2020
and 30% by 2030. The program outlines various policy measures, including feed-in tariffs,

tax incentives, and simplified procedures for renewable energy project development
(World Bank, 2017).

In addition to these overarching laws and policies, Mongolia has also established
technical standards for renewable energy systems, including the Mongolian Wind Energy
Standard and the Mongolian Solar Energy Standard. These standards specify technical
requirements and safety measures for wind and solar energy systems, respectively
(NREC, 2023).

As for hybrid renewable microgrid systems, there are currently no specific laws or
regulations in place in Mongolia. However, the government has been exploring the
potential of such systems in the country's remote areas, where the grid is unreliable or
absent. The National Renewable Energy Center of Mongolia has been conducting pilot
projects to test the feasibility of hybrid renewable microgrid systems in these areas, with

the aim of providing clean and reliable energy access to local communities (NREC, 2023).
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In terms of best practices, there are several international organizations and initiatives that

provide guidelines and standards for renewable energy and microgrid systems.

For example, the International Electrotechnical Commission (IEC) has published
standards for microgrid systems, including IEC 61850, which specifies communication
protocols for microgrid control systems (Microgrid Institute, 2020). The Microgrid Institute
also provides a framework for microgrid development, including technical, economic, and
regulatory considerations (Microgrid Institute, 2020).

Mongolia has made significant progress in promoting renewable energy development;

however, there is still room for improvement in terms of specific laws and regulations for
hybrid renewable microgrid system:s.

Looking to international best practices and standards for guidance in developing a legal
framework for such systems in Mongolia may be beneficial.
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7 Concept Design and Site Analysis for Bayankhundii
Microgrid System

As mentioned earlier, the mining operations in Southwest Mongolia are typically located
in remote areas with an unstable or absent national grid.

Consequently, diesel generators are commonly employed to power facilities in these

regions. However, relying on diesel generators for energy production is both expensive
and environmentally unsustainable.

In this section, we will delve into the feasibility of implementing a microgrid hybrid
renewable system at one of these mining sites.

Our analysis will involve assessing the viability of utilizing available natural resources,
such as wind and solar energy.

Additionally, we will consider factors such as the site's specific load profile to determine
the optimal renewable energy mix.
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7.1 Site Survey

7.1.1 Site location
The Bayankhundii Project is located in the southwestern region of Mongolia,

approximately 980 km from the country's capital, Ulaanbaatar and about 300 km south of
Bayankhongor Province, as illustrated below in Figure 4.

This project is based within the Khundii Gold District, an emerging gold region that
encompasses the Bayan Khundii gold deposit, the Altan Nar gold-polymetallic deposit,
the Zuun Mod copper-molybdenum deposit, and a range of mineral occurrences currently
undergoing exploration by Erdene (ROMA, 2020).

Due to the remote location of this project site, the national grid infrastructure is either
unstable or non-existent (ROMA, 2020).

Consequently, power generation is primarily dependent on diesel generators, which are

one of the most expensive and environmentally unsustainable way to generate electricity.

We will assess the feasibility of installing a microgrid hybrid renewable energy system
that utilizes available natural resources, such as solar, and wind energy and diesel, while

considering the site's load profile in the following sections.
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Figure 4: Location of the Project (ROMA, 2020).
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7.1.2 Mine site review

According to their feasibility study, the mine site will consist of several large buildings and
constructions including 30 x 18-meter office, bus shelter, security guard house, mine dry,
24 x 24-meter warehouse, chemical storage, workshop, and so on.

The accommodation camp will be located roughly 6 kilometers north of the Process Plant,
near the site access road. The accommodation camp will be created for rostered
personnel and will have a capacity of 372 people (ROMA, 2020).

Figure 5: Drawings of Mine Workshop and Accommodation Village Render (ROMA,
2020).

7.2 Load data

According to Bayankhundii’s feasibility study the proposed solution for meeting reliability
and expected power needs on-site involves the use of a combined solar and diesel power
generation system (ROMA, 2020).

The average load demand is estimated to be around 4+ MW, and the distribution of power
on the premises will be transmitted at 6.6 kV through substations located in areas with

significant power requirements (ROMA, 2020).

The selected power station, utilizing solar, diesel, and battery technologies, has been
designed to provide a total installed load capacity of 6.29 MW. The maximum contracted
electricity demand is set at 7.2 MW, while the estimated average demand is 6 MW. The
primary substation will have a single 11 kV transformer that will feed power to the 11 kv
distribution network (ROMA, 2020).
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7.3 Load profile

The average load demand is 4 MW. However, we can anticipate a minor rise in power
consumption during roster shift hours, which typically occurs twice a day. Unfortunately,
we don't have specific data regarding the change in load during these hours, so we have

assumed that the load remains constant for our calculations.

7.4 Monthly fluctuation of load and temperature profile

Monthly Average kWh/day
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Figure 7: Monthly Average Temperature

Erdenetsogt Turbat - Master Thesis Page 27 of 81

N

e I T L L O s ey




Figure 6 and Figure 7 above shows the monthly fluctuation of load and temperature
profile. When compared to other seasons, we can see that load demands are greater
during the summer and winter seasons due to cooling and heating loads, respectively.
This is because of a fully automated Central Heating Plant (CHP). The CHP will utilize 1
x coal fired 2.5 MW boiler for use in the winter at full load and 1 x 1.0 MW boiler for hot

water in the summer months and back-up during the winter (ROMA, 2020).

7.5 Solar radiation analysis of the site

7.5.1 Monthly Solar Radiation Profile
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Figure 8: Daily Solar Radiation (Global Horizontal)

Figure 8 above displays monthly global horizontal irradiance. The average daily solar

radiation calculated for Bayankhundii is 4.81 kWh/m2/day.

The clearness index is a way to measure how clear the atmosphere is. It tells us how
much of the Sun's energy can pass through the atmosphere and reach the Earth's surface
(Page, 2018). The index is a number between 0 and 1, where 0 means very little energy
gets through and 1 means most of the energy reaches the surface (Page, 2018). We

calculate it by comparing the amount of radiation we measure on the surface to the

amount that would be expected from the Sun alone (Page, 2018).
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7.6 Wind Analysis for Site

The amount of wind energy that can be harvested changes with the cube of the wind
speed. As a result, understanding the characteristics of wind resources is critical for wind
energy development in terms of identifying suitable sites and predicting economic
viability. NASA's surface meteorological and solar energy databases were used to derive
the wind data. The wind speed data for the terrain is for 50m above the earth's surface,
averaged monthly over a ten-year period.

8

7

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Months

(=2}

wu

Wind Velocity (m/s)
w E=

N~

-

Figure 9: Average Wind Velocity @ 50m Hub Height

Figure 9 above displays the monthly fluctuation of wind speed. The average wind velocity

is approximately 6.23 m/s for Bayankhundii mine site at 50m hub height.
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7.6.1 Weibull Distribution Curve

Wind variability is one of its properties, both geographically and temporally (Denim, 2017).
Many common sites use the Weibull distribution to characterize the fluctuation in hourly
mean wind speed over a year (Denim, 2017).

The distribution can be mathematically represented as
U k
F(U) = exp(— (%))

Where F(U) is the fraction of time for which hourly mean wind speed exceeds U (Denim,
2017). It is characterized by two parameters: a ‘scale parameter’ ¢ and a ‘shape
parameter’ k which describes the variability about the mean.

oz Weibull Distribution
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Figure 10: Weibull Distribution Curve at Average Wind Speed of 6 m/s

Figure 10 above displays the Weibull distribution for an average wind speed of 6m/s with
different Weibull k value (Denim, 2017). The wind speed distribution is determined by the

scale 'c' and form factor 'k'. As seen in the graph, higher k values correspond to a narrow
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distribution of wind speed, whereas lower k values correspond to a broader distribution
of wind speed. As a result, a place with consistent wind speed will have a higher k value
(3 or 4), whereas a location with gusty wind will have a lower k value (1.5 or 1.2).

These variations are further influenced by changes in isolation throughout the year

caused by the tilt of the earth's axis of rotation (Denim, 2017).

For our analysis, we use a k value of 2, which is common in many regions.
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8 Modeling and Simulation Study for Bayankhundii
Microgrid System

In this chapter, we will conduct modeling and simulation studies for several off-grid
scenarios using HOMER Pro and HelioScope software.

In the off-grid system study, we will run simulations to determine the ideal configuration

of the renewable hybrid system in order to save money and reduce diesel generator fuel
consumption and CO2 emissions.

8.1 Homer Pro Simulation Software

Simulation

Energy Balance

Figure 11: Homer Pro Simulation - Optimization- Sensitivity Analysis Tool
(HOMER Pro, 2023b).

HOMER Energy's HOMER Pro® microgrid software is the trusted global standard for
optimizing microgrid design across all industries (HOMER Pro, 2023b). The National
Renewable Energy Laboratory (NREL) of the Department of Energy created the HOMER
Pro Software in 1992, and it was privatized in 2009 (HOMER Pro, 2023).
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The HOMER simulation performs an energy balance for each timestep of the year to
determine how a specific system is expected to operate over the course of the project, as

well as economic optimization by determining the least cost option based on the lowest
net present cost (HOMER Pro, 2023).

8.2 Steps in Simulation of Microgrid

The following flow diagram demonstrates the arranged steps that | followed to conduct
the simulation study of off-grid microgrid system for Bayankhundii Gold Project.

Load Profile Diesel

Analysis and Only Diesel Generators +
Generatos

Review of E.S xs 4 Battery Storage

Diesel Diesel
Generators + Generators +
Battery Storage + 3l Battery Storage +

PV Solar + Wind PV Solar

Business Case

Figure 12: Flow Diagram Showing Steps in Microgrid Simulation

8.3 Input Parameters for Analysis
Below Table 1 shows the parameters that have been utilized for my analysis. According
to latest data from the Central Bank of Mongolia, the country's discount rate is 13% and

its inflation rate is 11%. (Mongolbank, 2023).
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Table 2: Input Parameters for Simulation Study

Component Capital/Replacement Cost O & M Cost per Kw
PV USD 2500/kW USD 10/year
Converter USD 300/kwW 0

New Generators USD 500/kw USD 0.030/op.hr
Lithium-lon Battery USD 700/kW USD 10/year
Wind USD 2333/kW USD 20/year
Other miscellaneous USD 5000

Other Parameters

Project lifetime 15 years

Diesel Fuel Price USD 1/Liter

Discount Rate 13%

Inflation Rate 1%

Generator Life Cycle 15,000 hrs.

The input parameters, as indicated in

Table 2, have been finalized with up-to-date market information.

Several other cost metrics, such as capital and O&M (operation and maintenance), were

also examined based on the literature review and HelioScope financial results.

All of the calculations were done with a 15-year project in perspective according to
Erdene’s feasibility report (ROMA, 2020).
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The table below displays the different icons used to explain the results of the analysis in

the following calculations.

Table 3: Description of Simulation Study Icons

Icons

Description

Renewable fraction

LCOE

Initial Capital

0O & M Cost

Fuel Cost

CO2 Emissions

Discounted Payback Period
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8.4 Off-Grid System Analysis

As shown in the flow diagrams on Figure 12 and Figure 13: Bayankhundii Off-Grid
Microgrid Design Schematic (HOMER Pro, 2023b)., we will analyze the system

consideration of being completely off-grid, i.e., having no access to the national grid in
the following subsections.

\ Ac

93600.00 kWh/d
7149.60 kW peak

Converter

Figure 13: Bayankhundii Off-Grid Microgrid Design Schematic (HOMER Pro, 2023b).

Figure 13 above shows the final layout of the off-grid system. In the following sections,
we will assess the system step by step, starting with a system that solely uses diesel
generators and then adding storage, PV, and wind to compare the system output profile

and savings achieved in each scenario.
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8.4.1 Large DG (Diesel Generator)

The fuel curve describes how much fuel the generator uses to produce power. In the
model, the linear function is used. For more than two points, a linear regression technique
is employed to construct the line of best fit (Denim, 2017). The following equation
calculates the generator's fuel consumption in units per hour as a function of its electrical
output (HOMER Pro, 2023a).

F =FO0. Ygen+ F1.Pgen
(2)

Where,

FO = the fuel curve intercept coefficient [units/hr/kW]
F1 = the fuel curve slope [units/hr/kW]

Ygen = rated capacity of the generator [kW]

Pgen = the electrical output of the generator [kW]

The generator’s electrical efficiency as the electrical energy coming out divided by the
chemical energy of the fuel going in (HOMER Pro, 2023a).

The equation below describes the relationship

: 3.6 - Pgen
"lgen Miyel - LHV fyel

Where,

Pgen = the electrical output [kW]

r el = the mass flow rate of the fuel [kg/hr.]

LHVel = the lower heating value (a measure of energy content) of the fuel [MJ/kg]

The factor of 3.6 arises because 1 kWh = 3.6 MJ.

After we ran the simulation to find the optimal generator size, it was found that in order to
match the hourly load profile and, most importantly, the mine site peak load, we would

require a minimum diesel generator capacity of 7900 kW (7.9 MW).
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Figure 14: System Output Profile with DG

From Figure 14, we can observe that there is no excess electricity generated by DG as
DG output is orange and load demand is blue colored line in the graph.

In fact, the result shows yearly excess electricity of 0.0962%, which in turn leads to no
extra fuel consumption or operating cost.

According to Caterpillar, If DG is oversized, operating a diesel generator at load levels
less than 25% of rated output for extended time periods impacts the unit negatively (CAT,
2023).

The most common result is engine exhaust slobber, also known as exhaust manifold
slobber or wet stacking. Engine slobber is a black, oily liquid that can leak from exhaust
manifold joints after extended periods of low or no load (CAT, 2023). These conditions
can cause power losses, poor performance, and accelerated component wear, resulting

in higher maintenance costs and unplanned downtime or failure (CAT, 2023).
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Figure 15: 7900 kW Generator Output

We can observe from the generator output data from Figure 15 that the generator power
output is less than 3904kW for the most of the year. As a result, using a derating factor
of 0.8 for the generator, an analysis was performed to meet the load/peak demand using
a 7900-kW output capable generator.

8.4.2 Large DG + Energy Storage

The Idealized Storage Model is a replication of a straightforward storage model. It
assumes a discharge curve that remains flat due to the predominantly constant supply
voltage throughout the discharge cycle (HOMER Pro, 2023b). The model requires only
the nominal capacity in amp-hours as input, which HOMER considers as the actual
storage capacity. Notably, the Idealized Storage Model demonstrates good compatibility
with certain high-performance Lithium-lon batteries (HOMER Pro, 2023b).

To introduce a new storage component utilizing the Idealized Storage Model, the
recommended approach involves duplicating an existing component that already
incorporates this model, such as the Generic 1kWh Li-lon battery. By modifying the
variables specific to the new component, it can be tailored to meet the unique
requirements and characteristics of the intended storage system. This methodology
ensures an efficient process for creating and adapting storage components within the
framework of the Idealized Storage Model (HOMER Pro, 2023b).
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8.4.2.1 General

Table 4: Battery key terms explanations (HOMER Pro, 2023b).

Variable

Description

Nominal Voltage

The rated voltage. It is called nominal because the actual
voltage varies according to the storage unit's operating
conditions and state of charge. This input is used to convert
specifications in A or Ah to values in KW or KWh.

Nominal Capacity

The rated capacity in amp hours. It is the total capacity of the
storage system.

Round Trip Efficiency

The round-trip, DC-to-storage-to-DC efficiency of the storage
bank. HOMER assumes that the percentage loss on charge and
on discharge are the same.

Minimum State of Charge

The relative state of charge below which the storage bank is
never drawn.

Maximum Charge Rate

The maximum allowable charge rate of the storage component,
measured in amps per amp-hour of unfilled capacity.

Maximum Charge Current

The absolute maximum charge current, in amps.

Maximum Discharge
Current

The absolute maximum discharge current, in amps.
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8.4.2.2 Lifetime

For the Battery lifetime is limited by option, select the time, throughput, or time and
throughput radio button (HOMER Pro, 2023b). If you select:

e Time, the storage unit requires replacement after a fixed length of time (float life,
years).

e Throughput, the storage unit requires replacement after a fixed quantity of
energy cycles through it (throughput, kWh).

e Time and Throughput, the storage unit requires replacement when the first of
these two values are reached.

To establish a specific lifespan for the storage unit, you have two options in the HOMER
software.

First, if you want to limit the storage life based on a certain number of years, you can
input that duration as the "Float life" parameter.

Second, if you prefer to limit the storage life based on a specific quantity of energy
throughput, you can enter that value as the "Lifetime throughput." Additionally, you have
the option to select the "Enter lifetime curve" box, which aids in calculating the lifetime

throughput value.

During a lifetime test, the storage unit undergoes a series of regular charge and
discharge cycles under controlled conditions. Each cycle involves discharging the
storage to a particular depth and then fully recharging it. The purpose of this test is to
determine the number of such cycles the storage unit can endure before it requires
replacement. Manufacturers conduct multiple tests at various depths of discharge to
generate the storage unit's lifetime curve and ascertain the product's longevity (HOMER
Pro, 2023b). The lifetime curve depicts the relationship between the number of cycles
until failure and the depth of those cycles, as illustrated below (HOMER Pro, 2023b).
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Figure 16: Battery lifetime curve

In HOMER, you can define the storage lifetime curve as a table of cycles to failure versus
depth of discharge (HOMER Pro, 2023b). That set of points is represented by HOMER
as yellow diamonds. That plot, like the one before, often indicates a rapid decrease in the
number of cycles to failure as the depth of discharge increases (HOMER Pro, 2023b).
HOMER also depicts lifetime throughput, which it computes for each point on the lifetime
curve using the following equation (HOMER Pro, 2023b):

D)

it Umax r;zom
Q’gﬁﬁma b S f; d 1’(

: i
10007 /kW ”

Where:

Quretime,i = the lifetime throughput [kWh]

fi = the number of cycles to failure

di = the depth of discharge [%]

Qmax = the maximum capacity of the storage [Ah]

Vinom = the nominal voltage of the storage [V]

HOMER displays these values as black diamonds on the lifetime curve (right y-axis).

Their values typically indicate just a weak influence on discharge depth. HOMER's
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simulation logic makes the simplistic assumption that lifetime throughput is independent
of discharge depth. The calculated value of lifetime throughput is shown by the horizontal
black line in the lifetime curve. The line is the average of the calculated throughput
numbers for all of the points you enter. It is only drawn across the allowed depth of
discharge range (HOMER Pro, 2023b).

The calculated lifetime throughput is merely for reference; in the simulation, HOMER uses
the Lifetime throughput (kWh) input near the top of the page. If you intend to use the
computed throughput value, make a copy of it and paste it into the Lifetime throughput
(kWh) box (HOMER Pro, 2023b).

The battery characteristics studied for modeling include discharge rate dependent losses,
temperature dependence on capacity, cycle lifetime estimation using rain-flow counting,
and cycle by cycle deterioration based on discharge depth. The battery's minimum SOC
is considered to be 20% (HOMER Pro, 2023b).
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Figure 17: System Output Profile with Large DG + Energy Storage
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From the simulation results, as shown in Figure 17, we can observe that the addition of a
lithium-ion battery storage with a capacity of 609 kWh is not feasible.

This configuration will help to achieve reductions in fuel consumption and CO? emissions,
but it will increase the overall O&M cost, resulting in a further increase in LCOE.
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8.4.3 Large DG + Energy Storage + PV

The following equation have been utilized to find the output from the PV array.

G
Poy =Yy frp el L [1"‘ ap(fl-fl,m:)]
T,5TC (5)

where:
Ypv = the rated capacity of the PV array, meaning its power output under
standard test conditions [kW]
fev = the PV derating factor [%)]

G = the solar radiation incident on the PV array in the current time step
= kWi

Gy sre = the incident radiation at standard test conditions [1 kW/m?]

apr = the temperature coefficient of power [%/°C]

Tc = the PV cell temperature in the current time step [°C]

Teste =the PV cell temperature under standard test conditions [25°C]

In this report's HelioScope and Homer Pro results, we examined the solar radiation profile,
optimum tilt angle, and maximum PV (photovoltaic) capacity that can be put at the
Bayankhundii Mine Site. The simulation was run to examine the system while taking these
input values and temperature effects into account.
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Figure 18: System Output Profile with Large DG + Energy Storage + PV

Adding a PV capacity of 6000 kW, we can observe that a renewable penetration of 28.6%

can be achieved for our system. With this design, we need a storage capacity of 7313
Erdenetsogt Turbat - Master Thesis Page 45 of 81

EE— e ee—enaaa—— i o e e e




kWh to store and efficiently use the excess solar energy available during the day. The
installation of PV and energy storage has greatly raised the capital cost, but due to a large

reduction in fuel consumption, we can expect a decrease in operational cost, leading to
a further decrease in LCOE.
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Figure 19: PV Power Output Figure

Figure 19 shows the output from PV. We can see that the maximum output is in the

summer season, when the solar radiation is at its maximum, as we already analyzed in
Figure 8: Daily Solar Radiation (Global Horizontal).
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8.4.4 DG +* Energy storage + PV + Wind energy

The following equation is used to calculate the wind speed at a hub height of wind turbine.

Uhub :Umm -M
ln(zamm/ZO)

(6)
where:
Unw = the wind speed at the hub height of the wind turbine [m/s]
Uanem = the wind speed at anemometer height [m/s]
Znup = the hub height of the wind turbine [m]
Zanem = the anemometer height [m)]
zo = the surface roughness length [m]
In(..) =the natural logarithm
The below equation is for the calculation of the wind turbine power output.
a2
Fyre —[*]'Pm,sn’
0 (7)

where:
Pwre = the wind turbine power output [kW]
Pwre,stp = the wind turbine power output at standard temperature and pressure

(kW]
I = the actual air density [kg/m?]
o = the air density at standard temperature and pressure (1.225 kg/m?)

As a result of the wind profile and Weibull distribution analysis in Figure 9: Average Wind
Velocity @ 50m Hub Height and Figure 10: Weibull Distribution Curve at Average Wind

Speed of 6 m/s, it was evident that the Bayankhundii's average wind speed was 6.23 m/s

at 50m hub height.
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Figure 20: Power Curve of 1.5MW Wind Turbine

Power curves are commonly used to illustrate the performance of wind turbines under
standard temperature and pressure (STP) conditions. In Figure 20, we present the power
curve for a Generic 1.5MW model wind turbine. These results were derived from a wind
test report conducted in accordance with AWEA Standard 9.1-2009.

The power curve provides valuable information about the turbine's power output at
various wind speeds. For this particular wind turbine model, the rated power is 1.5MW,
achieved at a wind speed of 11.4m/s. Additionally, the turbine has a cut-in wind speed of
3.5m/s, indicating the minimum wind speed required for it to start generating power.

By examining the power curve, we can observe that at an average wind speed of 6.23m/s,
each turbine is capable of harnessing 400kW of energy from the wind. This information
is essential for conducting simulation studies and making accurate assessments based

on the provided wind parameters.

The simulation study referenced in your statement was conducted utilizing the specified

wind parameters outlined above, enabling a comprehensive analysis of the wind turbine's

performance under the given conditions.
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Based on the simulation results, it is evident that a combination of a 6000 kW PV system
and a 15,000-kW wind turbine requires a lithium-ion battery capacity of 38,196 kWh.

By incorporating these large wind turbines and energy storage systems, we were able to
achieve a remarkable increase in renewable penetration, reaching 88.10%, while also
reducing the levelized cost of electricity (LCOE) to the lowest compared with other

configurations.

Nevertheless, it is important to note that the higher capital cost associated with the wind
turbine is a factor to consider. Additionally, the fluctuation of wind power output can be

observed in Figure 21 depicted above.
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Figure 22: Wind Power Output

Based on the analysis presented in Figure 22, it is noticeable that the wind turbine output
remains below 3,901 kW for the majority of the year. This outcome is primarily due to the

relatively low average wind speed at the selected mine site.

As a consequence, the expected cost savings from the integration of the wind turbine

were not substantial.

8.4.5 Summary for Off-Grid System

Table 5: Summary of Off-Grid System Analysis (on the following page) provides a
comprehensive summary of the off-grid system analysis. Based on the summary, it can
be inferred that the most feasible option is indicated by the blue-highlighted third column.

However, the cheapest combination was the green-highlighted fourth option is considered
the optimal configuration for operating the Bayankhundii mine site entirely as an off-grid
system. This configuration results in a yearly reduction of operating costs and CO?2
emissions by as much as 88.1% when compared to a system solely reliant on diesel

generators.

However, it is important to note that the output from wind sources relies on the stochastic

wind profile, requires further site survey to accurately measure the actual wind conditions.
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9 Business Case

9.1 Business Canvas Model

Alexander Osterwalder first proposed the Business Model Canvas and it is a tool for

visualizing and documenting existing business models (Denim, 2017). Using this canvas,
you will gain insights into numerous categories such as value proposition, important
activities, customer segmentation, and revenue streams (Denim, 2017).

Only a few segments relevant to my master's thesis will be discussed in the following
sections.

@é
A/

Value Customer
Propositions Segments

—
-

Cost Revenue

Structure » Streams

-

Adapted from ‘Business Model Generation’, Alexander Osterwalder, Wiley 2012,
eo@ wwre businessms eneration.com
Licensed under a Creative Commons Artridution-ShareAlike 3.0 Unported Licemse.

Figure 23:Business Canvas Model (Osterwalder & Pigneur, 2013).

Customer segments refer to the specific groups of customers for whom we create value.
In the case of Mongolia, our customer segments include all the mines located in
Southwest Mongolia, including the Bayankhundii mining site. These mines either rely on

diesel generators due to an inconsistent power grid or operate completely off-grid.
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The core of our business model lies in the valye proposition, which encompasses the
products, services, or solutions that provide significant benefits to our customers. Our
value proposition revolves around minimizing the operational costs of the existing diesel-
powered systems by implementing a hybrid renewable energy system. By doing so, we

not only reduce their expenses but also contribute to a substantial decrease in CO2
emissions.

To ensure the successful execution of the project, establishing key partnerships is crucial.
These partnerships may involve collaborating with research institutions, consulting
companies, and other relevant stakeholders. In our pursuit, we have conducted thorough
market research and held regular meetings with major suppliers to identify suitable

equipment providers for various components such as photovoltaic (PV) systems, control
mechanisms, and energy storage solutions.

However, it is important to note that Bayankhundii is currently in the process of finding
collaborators and suppliers, actively working towards establishing essential relationships
with key partners.

The key activities required to deliver our value proposition involve a range of actions.
These activities include conducting comprehensive site surveys, carrying out detailed
feasibility studies, performing both basic and detailed engineering tasks, participating in
tender processes, managing system operation and maintenance, implementing remote

monitoring systems, and more.

By enhancing clarity and coherence, we aim to ensure a better understanding of our
customer segments, value proposition, partnerships, and key activities, all of which are

integral to the successful implementation of our business model.
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9.2 Cost Parameters Definition

The cost parameters that | evaluated in my study are listed below

o Levelized Cost of Energy (LCOE): It is the average cost per kWh of the useful

electrical energy produced by the system.

LCOE i Cann,tot

served
(8)
Where,

Cann.tot = total annualized cost of the system [USD/year]

Eservea = total electrical load served [KWh/year]

e Nominal Discount/Interest Rate (i'): The rate at which one can borrow money (%).
o Real Discount Rate (i): The real discount rate is used to convert between one-time
costs and annualized costs.

I
ey

-
+
'\-.,,’

(9)
Where:
i = real discount rate
i' = nominal discount rate

f = expected inflation rate

e Net Present Cost (NPC): The net present cost of a component is calculated by
summing the present values of all installation and operating costs and then
subtracting the present values of all revenues generated throughout the project's
lifetime. This calculation takes into account the time value of money, allowing for

a fair assessment of the component's costs and revenues in today's terms.

® Present Value (PRV): Taking into account the time value of money, the present

value is the current equivalent value of a set of future cash flows.
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CF
(1+i)N

PRV =

Where:
CF = future cash flows

i = the annual real discount rate [%)]
N= number of years

Annualized Cost (Cann): The annualized cost of a component refers to the cost that,
if distributed equally over each year of the project's lifetime, would result in the
same net present cost as the actual cost distribution (Denim, 2017). It represents
the annual expense associated with owning, operating, and maintaining an asset
throughout its entire lifespan (Denim, 2017). This concept allows for a simplified
assessment of the component's cost structure on an annual basis, providing a

useful metric for budgeting and financial planning purposes (Denim, 2017).

Con=CREIR. }Cp o
Where,
Cnec = the net present cost [USD]
i = the annual real discount rate [%]

Rrroj = the project lifetime [years]

CRF = the capital recovery factor
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o Capital Recovery Factor (CRF): The ratio used to determine the present value of

the annuity is known as capital recovery factor,

i.(1+iM)

CRF(i,N) = T

(12)
Where,

i = real discount rate

N= number of years

e Sinking Fund Factor (SFF): The ratio used to determine the future value of a
series of equal cash flow.
i
SFF(i,N) = ———
ON)= Ty
(13)
e Salvage Value (S): Salvage value is the value remaining in a component of the
power system at the end of the project lifetime.

R
= rem
S e Crep- i =y
com
(14)
Where,
Crep = replacement cost [USD]
Rrem= remaining life of component at the end of the project lifetime
Rcom = component lifetime
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e Operating Cost (Coperating): The operating cost is the annualized value of all costs

and revenues other than initial capital costs
Coperating % Cann,tot i Cann,cap
(15)

Where,

Canntot = the total annualized cost [USD/year]

Cann cap = the total annualized capital cost [USD/year]

e ROI (Return on Investment): ROI is the rate of return on, i.e., cost saving achieved

yearly on money invested. It is calculated using the equation below.

ROI = i=0 Lref [
RPTOI (Ccap— Ccap,ref) (15)
where:
Cirer = nominal annual cash flow for base (reference) system
Ci = nominal annual cash flow for current system
Roroj = project lifetime in years
Ceap = capital cost of the current system

Ceaprer = capital cost of the base (reference) system
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10 Business Case for Bayankhundii Mine Site

Table 8 the next page displays the summary of three different off-grid configurations to
develop a business case.

The first column indicates the first configuration with typical systems at remote mines in
Mongolia running with diesel generators only.

The second column indicates the second configuration with 7.9 MW diesel generators +
6 MW PV + 7.3 MWh energy storage.

And, the third and last column indicate the third configuration with the same 7.9 MW diesel
generators + 6 MW PV + 15 MW wind and 38.1 MWh energy storage.

All the systems are not connected to the grid, therefore relying completely on their own

energy production. Below,
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Table 6 summarizes the 1st and 3rd configuration cost summaries, and

Table 7 demonstrates the economical resy|ts of the 3rd configuration as compared to the
1st configuration.
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Table 6: Cost Summary

Basecase Tlowestcost system
NPC $176M $102M
e T T I T S
Initial Capital $3.95M $72.9M
0&M $13.2M/yr $2.32Mlyr
LCOE $0.396/kWh $0.230/kWh
Table 7: Economics of Winning System
Metric Value
Present worth (§) $74,039,220
Annual worth ($/yr) $5,677,047
Return on investment (%) 9.5
Internal rate of return (%) 12.8
Simple payback (yr) 6.52
Discounted payback (yr) 6.93
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1041 cash Flow

Cash flow i teeIire amaunt of Bloney 90ing into and out of a business (Denim, 2017).

Figure 24 and Figure 25 display the nominal cash flow by cost type and component type for

tne optimum hybrid system solution previously mentioneg.

Figure 24 and Figure 25 show that adding Large DG, wind, PV, energy storage, and a
system converter or controller requires a high initial capital cost of USD 72,154,297 during
the first year. The running costs include maintenance and a very tiny percentage for diesel
fuel. We incur replacement costs for DG and storage, which have a shorter lifetime than

other components in the energy mix, during the eighth year period.

At the end of the project's life cycle, we may see some salvage value supplied by
components such as the battery and system converter, both of which have a five-year

remaining lifetime. Generator salvage value is negligible.
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Figure 25: Nominal Cash Flow by Component Type
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104.2 pay Back Period

o payback period is amount of time required o recover the capital or initial investment,

anditis usually measured in years,

in our analysis, We calculate the payback period by comparing the off-grid hybrid renewable

system with the generator-only system.

Figure 26 displays the plot of nominal cumulative cash flow against the years for both the

hybrid and diesel-only systems.

As we can observe that the large DG system requires significantly lower initial capital
investment, resulting in a lower nominal cumulative cash flow compared to the hybrid system
initially.

However, at @ payback period of 6.5 years, the cash flow of the hybrid system starts to

become lower than that of the other system. We also calculated the discounted payback

period, taking into account the discount rate mentioned in

Table 2, which is determined to be as low as 6.93 years, as indicated in Table 7: Economics

of Winning System.

Furthermore, the analysis reveals that the net present cost (NPC) amounts to 176 million
USD, the return on investment (ROI) stands at 9.5%, and the internal rate of return (IRR) is

estimated to be 12.8%.
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jn our €ase: the ROI falls below the average, Indicating a relatively lower return on the

inveStment' However, the payback period is short compared to similar projects, suggesting

 quicker recovery of the initial investment.

Here’s how the hybng system saves money over the project lifetime.
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Figure 26: Nominal Cumulative Cash Flows
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11 conclusion

The main objective of this thesis was to develop conceptual designs for off-grid systems that
can offectively meet the energy requirements of mining companies in the southwestern
region of Mongolia in an energy-efficient, reliable, and environmentally sustainable solution.
additionally, market research was conducted to identify key equipment suppliers for the
Bayankhundii off-grid microgrid systems, considering factors such as modularity, reliability,

robustness, performance guarantees, cost, and maintenance requirements.

For off-grid hybrid system analysis, in this analysis, the objective was to determine

the optimal system configuration for an off-grid scenario: without access to the national grid.

The proposed configuration consisted of a 7.9 MW diesel generator (DG), 6 MW photovoltaic
(PV) panels, 15 MW wind turbine, and 38.1 MWh energy storage respectively.

The findings revealed that the inclusion of the wind turbine played a significant role in
increasing the share of renewable energy within the system. The renewable fraction
increased from 28.6% (PV + storage) to 88.1% (PV + storage + wind turbine), resulting in a
reduction in the levelized cost of electricity (LCOE) and operating costs. However, the
effectiveness of the wind turbine was limited due to low wind speeds and the high cost
associated with taller hub heights (>50m). The output of the wind turbine is heavily
influenced by the wind velocity, which has stochastic characteristics and can be affected by
factors such as water discharge from upstream. Therefore, accurate prediction of output and
cost savings would require in situ measurements and analysis prior to implementing such

technologies.

On the other hand, PV panels can be installed with any tilt angle, eliminating the need to
avoid inter-row shading and allowing for a peak capacity of 6 MW. Their performance is not
as reliant on external factors as wind turbines, making them a more predictable and

consistent energy source.

The analysis demonstrated that a hybrid system incorporating PV, wind, and energy storage
can significantly increase the share of renewable energy and reduce costs in an off-grid

mining scenario.
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However, the implementation of wind turbines requires careful consideration of site-specific

factors, such as wind speed and cost-effectiveness, while PV panels offer greater flexibility
and reliability in energy generation.
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12 Outlook and Future works

It is important to acknowledge that the optima| configuration mentioned above is not a

yniversal solution applicable to all mines in Mongolia, as individual analysis is required
pased on factors such as project location, oag profile, equipment usage patterns, fuel

orices, and project lifespan. Furthermore, advancements in technology and ongoing
research may lead to changes in the optimal configuration in the future.

pccurate prediction of yearly load escalation or fluctuation is critical in determining the most
suitable solution. Developing algorithms that utilize machine learning and artificial

intelligence can improve the accuracy of load profile predictions. This enables a more
precise assessment of the optimal system configuration.

Additionally, it is essential to consider that simulation output parameters, including capital
cost, operating cost, and payback period, are subject to change based on input technical

parameters and the costs associated with various technologies, which can be influenced by
market price fluctuations.

In summary, the optimal configuration for off-grid mining systems is not static and must be
evaluated on a case-by-case basis, considering specific project characteristics. Accurate
load prediction, the development of advanced algorithms, and an understanding of the

variability of simulation output parameters are crucial for making informed decisions and
adapting to evolving technologies and market conditions.
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List of Abbreviations and Acronyms
AC Alternating Current

BMS Battery Management System

CHP combined Heat and Power

DC Direct Current

pcs Distributed Control Systems

DERS Distributed Energy Resources

DG Diesel Generator

EMS Energy Management Systems

GCR Ground Clearance Ratio

GHG Greenhouse Gas Emissions

Hz Hertz

IEC International Electrotechnical Commission
IRR Internal Rate of Return

kW Kilowatt

kWh Kilowatt Hours

kWp Kilowatt Peak

LCOE Levelized Cost of Electricity

NPC Net Present Cost

NREL National Renewable Energy Laboratory
0&M Operation and Maintenance

PCS Power Conversion System

PMS Power Management System

PV Photovoltaic

RESs Renewable Energy Systems

RO| Return on Investment
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SCADA Supervisory Control and Data Acquisition

50C State of Charge

UNDP United Nations Development Programme
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Hi-MO 2

LR4-72HPH

445~465M

» Suitable for ground power plants and distributed projects

» Advanced module technology delivers superior
module efficiency

« M6 Gallium-doped Wafer « 9-busbar Half-cut Ce
» Excellent outdoor power generation performance

« High module quality ensures long-term reliability

25-year Warranty for Extra
Linear Power Qutput

12-year Warranty for
Materials and Processing

Complete System and
Product Certifications

IEC 61215, 1EC 61730, UL 61730

1509001:2015: 150 Quality Management System
1S014001: 2015: 1S0 Environment Management Systes
1SO45001: 2018 Occupational Health and Satety

TS62941: Guideline for module design qualilication and type approval
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Hi-MO X LR4-72HPH 445~465M
21.4% 0~3% HALF-CELL

Lower operating temperature

Additional Value _
25-Year Power Warranty
100
L ]
=2
nre
e
“s%
nm |
il
1 s 1L 15 20 o
Mechanical Parameters
Cell Orientabon 184 (6% 24)
Junction Box P68, three diodes M
4 +400, 20 + y
Output Cable mm 200mm/ £ 1400mm
length can be customized 0
Glass Single glass, 3.2mm coated tempered glass
Frame Anodized aluminum alloy trame
Weight 24.3kg %
Dimension 2094% 1038 X 35mm =
Packaging 30pcs per pallet / 150pcs per 20° GP / 650pcs per 40° HC s ‘®j ‘® !i [:E
4 o AA [ 2]
Electrical Characteristics  stc:AMLS 25°C__ NOCT:AML5 800W/m® 20°C 1m/s
Module Type LR4-TIHPH-245M LRA-T2HPH-450M LRA-T2HPH-ASSM LRA-T2HPM-A60M LRE-TIHPH-46SM
Testing Condition STC L al STC NOCT STC oCT
Maximum Power (Pmax/W) “ 1343 5 380 s -/ S =
Open Circuit Voltage (Voc/V) o1 41 a3 dea s -
Short Circuit Carrent (sc/A) ! I il 5 i s = e
Voltage at Maximum Power (Vmp/V) 4 d % » SN o T R

Current at Maximum Power (Imp/A) 1078

Modute Eficiency(%s)

Operating Par ters Mechanical Loading

Front Side Max

Operational Temperature 40°C

Power Qutput Tolerance

Voc and Isc Tolerance J

Maximum System Voltage DC1500V IEC, U

Maximum Series Fuse Rating 20A

Nominal Operating Cell Temperature 45E7C N Temperature Ratings (STC) -
Protection Class Class Il b sz - - _

" Ultypelor2 i ——

Fire Rating JEC Class € Ternperature ( of Praax - _4 N B
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Appendix 1.1: Solar Panel Technical Datasheet
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GE Energy

1.5mw

Wind Turbine

a product of
) imagination at work ecomagination

d
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Advancing wind capture performance

As a leading global provider of energy products and ser

ices, GF ¢ tinues to invest n adv:
) Invest ancingits 1.5 MW wind turbine
product platform. With a core focus on enhancing efficiency, reliability, site flexibility and dshwing multi-generational
. y.S X ty elive I
product advancements, GFS 15 MW wind turbine is the most widely used turbine in its class Our commitment is to fully
understand our customer’s needs and respond with ney technol

0gy enhancements aimed at capturin maximum wind
energy to deliver additional return on investment R 4

Technical data

Power curve

15sle 1 Sxe
Operating Data 16
Rated Capacity L500kw 1500 kw
BRI e T MO Mo ‘
CutanWind Speed. 35mss 35mis _ 1200
Cut-out Wind Speed 10 mn avg 3ms 20ms 3
RatedWind Speed Wms 115ms g 100
Wind Class — IEC 10Neso=SSMVS b Nesym 25 mis e
Vow <85 /el Ve = 80 /e = Y
Blectncol Interfoce ; -
Frequency S0/60 H2 50/60 H2 g
woltoge 60/ 690V “ w00
Rotor
Rotor Drameter m 825m 00
Swept Area 657 me 5346 me
Towe %0 60 90 120 150 180 20 %0
Hub Heghts 65/80m 8Om Wind Speed ot HH (m/s)
Fowe: Contrt 3‘&’4‘&"3@& mmn [ GE ] Sxde N GE 1 Ssle

L5sle — Classic workhorse, an efficent and reéable machine with proven technology
LSxde — Built on the success of the 1 Ssle platform captures more wind energy with 15% greater swept area

GE's 1.5 MW wind turbine is designed to maximize customer value by providing proven performance and reliability. GE's
commitment to customer satisfaction drives our continuous investment in the evolution of the 1.5 MW wind turbine through
technological enhancements

Evolution of the 1.5 MW

10,000th Unit Shupped
Mork* Vie Controller

5,000th Unit Shipped

Highly Accelerated Life
Testing (HALT) introduced

First GE Designed Blade ——\
TE RIS R |

Low Voitage RIDE-THRU
(LVRT) introduced

GE Enters Wind Industry ————

g GE 15 MW 2002 2008
FIRSTLS MW ') Rotor Size (m) 70 | 825
INSTALLED STILL [

OPERATING TODAY Cop Factor (%) | 39 | 48 [ +9Pts

 Reliabilty (%) 85 | 97 | +12Pts
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improves each year.

GEARBOX

MAIN SHAFT

« HAL testing on every design
» Cylindncal roller beanngs

* Matend upgrade

« Improved o filtration. heoting
ond cooling

SOFT BRAKE SYSTEM

CONTROL

* GEMark Vie controller
* Integrated pitch and converter
diagnostics

COUPLING

= Slip cou, design to reduce
r)a:tboxpgt\:gds 5

* Expanded operating range

Leading reliability and availability perform

GE's 15 MW wind turbine and services are designed to set the industry standard for product reliab:

ility and availability

performance. GE's continual investments in technology, established infrastructure, research capabilities and globally
recognized bUS'::SS processes allow GE to create and deliver customer value by maximizing energy capture and return
on investment. This is evident through our model year performance trend where availability performance significantly

MAIN BEARING

e Increased beanng robustness

Appendix 1.2: Generic 1.5 MW Wind Turbine Technical Datasheet
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