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Abstract

With less than 3% of the rural population in Burkina Faso having access to electricity, there is a
significant need for off-grid renewable energy systems. In partnership with The Strongest Oak
Foundation, this research focuses on the technical design of an off-grid solar photovoltaic (PV)
system that can provide electricity in the village of Pa, Burkina Faso considering economical and
environmental factors. Two design scenarios were analyzed, with 28 250 W PV modules and 897
Ah of battery storage capacity being recommended for the system design. The 600 V charge
controller and 3400 W inverter selected for the project are confirmed to be adequate. This project
could prevent 6 tonnes COzeq per year from being emitted compared to a diesel generator. This
project can make a positive impact by promoting socio-economic activity through the
implementation of clean and affordable energy and can serve as a prototype for similar systems in

the future.
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Chapter One: Introduction

Over 1 billion people around the world do not have access to electricity. These people
predominantly live in rural areas, and half of them live in Sub-Saharan Africa. The United Nations
has identified this as a major problem, making “access to affordable, reliable, sustainable and
modern energy for all” as one of the 17 Sustainable Development Goals. There has been some
growth in access to energy in the last few years, in Asia primarily, but progress falls short in

meeting the energy for all and renewable energy targets (United Nations, 2018).

Within Sub-Saharan Africa, Burkina Faso is a country with extremely low electrification rates,
with less than 3% of the rural population having access to electricity (Moner-Girona, Bédis, Huld,
Kougias & Szabd, 2017). This limited access to electricity limits economic activity and makes it
difficult to operate schools, hospitals and other important community structures. The current rural
electrification strategy in Burkina Faso has focused on expanding the centralized grid, but progress
in this area has been extremely slow, with no growth between 2010 and 2012. There are many
communities located on or next to the centralized grid but are not connected and do not have access
to electricity. There is abundant solar energy in Burkina Faso, so capitalizing on renewable
resources would not only decrease the reliance on fossil fuels as the traditional energy source but
could help to speed up the electrification growth rate. Previous studies have indicated that using
distributed mini-grids powered by renewable resources is the best approach to electrifying rural

areas instead of expanding the centralized electrical grid (Moner-Girona et al., 2016).



1.1 Research Question

Narrowing down the scale of off-grid electrification to a smaller community, the research question

for this project is:

What is the most reliable and cost-effective design for an off-grid solar photovoltaic (PV) system

to meet the energy demand of a village in Burkina Faso?

The main objective of this research project is to explore sizing of major components, features and
specifications that might constitute a Minimum Viable Product (MVP) design for off-grid
renewable energy system, subsequently referred to as the ‘Power Hub’, which could be feasibly
fabricated in Burkina Faso and installed in Pa, Burkina Faso in October 2018. The end goal of this
Power Hub project is to provide the village with access to electricity through clean and affordable
energy sources with minimal impacts on the environment. The Power Hub should also promote the
local economy and should be a sustainable system that can be operated and maintained by local
villagers. There is a great need for off-grid electricity in rural Burkina Faso, so this project has the
potential to provide a prototype system what will lead to the improvement of the lives of many

people. As far as the project team is aware, there are no comparable systems in Burkina Faso.

1.2 Project Background and Project Team

The Power Hub project is being carried out by The Strongest Oak Foundation (TSO), which is a
Calgary-based non-profit organization that focuses on supporting remote African communities
through internships for disadvantaged youth. They also have a Solar Energy Program that equips
schools with electricity powered by solar energy (The Strongest Oak, 2017). TSO has envisioned

expanding the Solar Energy Program to power an entire village by installing this Power Hub. The



Power Hub will be a 6-7 kW self-contained system that combines wholesale power that can supply
a local industry, along with a store-front power kiosk that can sell products to villagers. TSO has
established local partnerships in the region of Pa, Burkina Faso, so the Power Hub will be partnered
with a local women’s shea butter cooperative as the local industry. A map of Burkina Faso is shown

in Figure 1.

Figure 1: Map of Western Africa with the Region of Pa, Burkina Faso Shown in Red
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Electricity produced by the Power Hub will run milling machines that will greatly improve time
and effort required for some of the shea butter processes. Currently, the women make the shea
butter completely by hand, including crushing the shea nut to remove the shell and grinding the
dried shea flesh to make a fine paste. Making the shea paste is the most time-demanding part of the
process. Women spend 8-10 hours per day working at the cooperative during the high season,
which runs from June to February. Mechanizing the nut crushing and paste making steps in the

shea butter process by using the milling machines would increase the throughput of the women’s



cooperative. They are also able to purchase additional shea nuts to increase shea butter production

(D. Wood, personal communication, May 20, 2018).

The Power Hub project is a partnership between TSO, Innovate Calgary, University of Calgary

SEDV students and faculty, industry technical advisors, and the University of Ouagadougou, where

a conceptual design for the Power Hub is being developed for implementation in the region of Pa,

Burkina Faso. All members of the project team are shown in Figure 1.
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Figure 2: Power Hub Key Project Team Members
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The technical design aspects of the Power Hub are discussed in this report. Other SEDV 625 reports

written by the students listed in Figure 2 can be referred to for further discussion on other aspects

of the project. Tinu Chineme completed the local energy needs assessment and cultural

implications of the project. Lucas Barr focused on the Power Hub energy demand and solar



resource in Burkina Faso. Finally, Spencer Illingworth focused on the business model and

economic feasibility of the project.

1.3 Multidisciplinary Components

There are many social and cultural aspects to consider when implementing a project like this in
Burkina Faso, which have been covered in more detail by other SEDV students. The three
multidisciplinary aspects to this report are energy, economics, and the environment. Energy is the
main aspect since the Power Hub will provide energy in the form of electricity to the village.
Energy analyses include a review of off-grid renewable energy systems that are currently on the
market to provide a benchmark for the cost and performance of the Power Hub, as discussed in
Chapter 3. The Power Hub design is discussed in Chapter 4, which includes sizing and equipment
selection of the main components and comparison between two different design scenarios. The
economic analysis, as discussed in Chapter 5, includes estimating the capital cost of sourcing all
components and installing the Power Hub in the village. The capital cost must be such that the
project is feasible. Finally, the environmental components include the benefits the Power Hub has
over traditional forms of energy in the area, including the emission offsets compared to running a
diesel generator. Other environmental impacts include end of life and recycling of batteries and PV
modules, which are often major challenges, especially in developing countries. The environmental

analysis is discussed in Chapter 6.



Chapter Two: Background

There are many international agencies including Sustainable Energy for All (SE4All) and
WorldVision, who are focused on providing sustainable energy to remote areas around the world.
One of the initiatives through The Africa Hub of SE4All is the Green Mini-Grid Market
Development program (SE4AIll Africa Hub, 2018), so the concept of implementing off-grid

renewable energy systems in Sub-Saharan Africa is not a new one.

For the Power Hub project, it is important to understand the status of rural electrification in Burkina
Faso and the renewable energy resources available in the country, as discussed in Section 2.1. It is
also important to benchmark the Power Hub design by identifying the main components of off-grid
renewable energy systems, as introduced in Section 2.2. This will ensure that the chosen
components are the ones best suited for application given the energy demand and climate in the

region of Pa, Burkina Faso and that the cost of the system is reasonable.

2.1 Rural Electrification and Renewable Energy Potential in Burkina Faso

As of 2015, Burkina Faso had a population of 18.4 million people, but only 18.8% of the population
had access to modern energy services. Burkina Faso’s electricity mix is made up of 63% thermal-
fossil fuel generation, 6% hydro power, and 31% electricity imports. Burkina Faso does not have
any known fossil fuel resources, so all petroleum products are dependent on imports from
surrounding countries. About 90% of the rural population rely on traditional biomass as their
primary energy source. The demand for electricity continues to increase, so the implementation of
renewable energy sources will play a key role in supplying that demand and increasing access to
electricity all over the country (Moner-Girona et al., 2017). The current rural electrification policies

focus on extending the centralized grid, but at 30,000 EUR/km or more (Moner-Girona et al.,
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2017), this is a very costly approach. Studies by Moner-Girona et al. (2017), indicate that installing
distributed mini-grids using renewable energies is the most cost-effective approach, and it could
be done much quicker than the current grid extension strategy. Results from this study also suggests
that 65% of communities currently without electricity should be electrified using decentralized
technologies. Small non-profit organizations, such as TSO, can make a greater impact to rural
electrification by installing off-grid renewable energy systems compared to focusing on extending

the centralized grid.

When analyzing the renewable energy potential in Burkina Faso, the three main sources that
Moner-Girona et al. (2017) considered are wind, hydropower and solar. Wind speeds are quite low
in Burkina Faso (Moner-Girona et al., 2017), so there is very limited potential for wind energy.
However, small-scale wind generators for selective purposes, such as pumping water, might be
feasible. The existing hydropower generation in the country ranges from 55 to 135 GWh per year
depending on rainfall. There are other suitable river sources in the south-west and south-east
regions of the country, but there are no settlements located within an economically feasible distance
to these sources. The cost to install run-of-river or micro-hydropower generation systems is not
competitive. These small-scale hydropower systems would also not be consistently reliable due to
inconsistent rainfall throughout the year (Moner-Girona et al., 2017). The village of Pa is not near

any significant hydro resource.

Solar energy, however, has a much greater potential compared to hydropower and wind energy.
The average annual solar radiation in Burkina Faso is 19.8 MJ/m? per day (Ramde, Bagre, &
Azoumah, 2009). The sun shines continuously throughout the year and provides 3,000 hours of

direct sunshine per year (Ramde, Bagre, & Azoumah, 2009). The installed solar PV capacity in



Burkina Faso in 2014 was less than 7000 kW, making up 0.8% of the national electricity
consumption. Since 2014, installed solar PV capacity has increased by 30% each year. Results
from the study completed by Moner-Girona et al. (2017) also suggest that PV is the most cost-

effective technology for off-grid renewable energy systems.

With solar energy being the most abundant and cost-effective off-grid renewable energy resource
in Burkina Faso, it is the obvious choice for the type of renewable energy that will be used for the

Power Hub design.

2.2 Major Components of Off-Grid Solar PV Systems

The major components of an off-grid solar PV system includes PV modules, batteries, charge
controllers, and inverters, as shown in Figure 3. PV modules produce electricity in the form of
direct current (DC) when exposed to the light. The capacity of PV modules is in watts (W) or
kilowatts (kW), which indicates the total amount of electricity it can produce under ideal
conditions. Batteries store the electricity produced by the PV modules so that electricity can be
used at night or on cloudy days. The storage capacity of batteries is most commonly listed in Amp-
hours (Ah), meaning the total amount of amps produced or consumed in one hour. Amp-hours is
also equal to Watt-hours (Wh) divided by the battery voltage (V). The charge controller regulates
the charge and discharge of the battery and regulates the voltage and current produced by the PV
modules. Certain loads can operate using DC current, but most electrical loads and appliances
operate using alternating current (AC). An inverter is used to convert the DC current produced by
the PV modules to AC current that can be used by appliances (Stehr, Fountain, Jensen, Mclintosh,
Schultz, Sutton & Yee, 2017). Details of all these components and how they should be sized are

further discussed in Chapter 4.



Figure 3: Major Components of an Off-Grid Solar PV System
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In addition to the typical components of an off-grid solar PV system, the Power Hub will contain
solar powered milling machines. A European company has designed milling machines powered by
solar energy without the use of batteries. Polycrystalline Si PV modules are connected to a control
panel, which is then connected to the milling machines. There are three milling machines available:
a grain milling machine (for maize, wheat, barley, teff, millet), and two machines for producing
shea butter (nut crusher/pulverizer and paste maker). PV modules with a total capacity of 5.4 kW
would supply all three machines. The grain milling machine motor is 1 hp (0.736 kW), and the nut
crusher and paste maker motors are both 1.5 hp (1.1 kW). All motors are three-phase 230/400VAC,
50 Hz. The grain milling machine, nut crusher and shea paste machine can produce 20-300 kg/h of
flour, 120 kg/h and 95 kg/h, respectively (Solar Milling, n.d.). Using these machines would be

hugely beneficial to the women’s shea butter cooperative in the Pa region. With the milling



machines being integrated into the Power Hub design, there is the potential for a future partnership

between TSO and the milling machine supplier.

PV systems can be either fixed systems, where the PV modules do not move, or tracking systems,
where the PV modules move throughout the day to track the angle of the sun. Although tracking
systems can produce more electricity, the higher cost of tracking systems does not make up for
their benefit of extra power. Therefore, only a fixed PV system is being considered for the Power

Hub project.
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Chapter Three: Off-Grid Systems Review

There are many products currently on the market that can provide off-grid electricity. In this
section, five off-grid renewable energy systems will be described as they are the closest to the
conception idea of the Power Hub design. These systems are used as a benchmark for the Power
Hub design. This comparison was completed to understand how the Power Hub fills a gap
compared to existing systems. All systems are advertised as an all-in-one solar energy solution,
easily transportable (many of them comprising of a shipping container), rugged design, easy to set
up and maintain. A high-level comparison of the five systems is outlined in Table 1, which is a
summary of the complete table, including additional systems, in Appendix A. Images of the five

systems are found in Appendix B.

Table 1: Comparison of Existing Off-Grid Renewable Energy Systems

11

Off Grid Box SkyFire Intech Clean Out of the Box SolarTurtle
SunDragon Energy Energy Solutions
Type of Compact, all-in- | Micro-grid/ Customizable off- Customizable off- | Mobile power
System one micro-grid | back-up power | grid container grid container kiosk with solar
system system for systems with or systems with or battery charging
providing remote without diesel without diesel stations and sells
power and safe | communities generators, from 5 generators energy efficient
water and military kW to 300 kW in devices
bases size
Container 6’Lx6’W x 10'L 20'L (ECO5 10'L (10 kW) Not specified
Size 6’H container) 40'L (100 kW)
PV Array 3 kw 3 kw 5 kw 10 kW to 100 kKW | 4 kW
Batteries 8x150Ah GEL | Yes 24x520Ah AGM / Yes Small, medium and
GEL large battery
recharging stations
Inverter 3kVA AC, 6 45 kw 6 kW (battery) Not specified Not specified
KW peak 5 kW (solar)
Other Water treatment 7 kVA back up Supplies hot water | Anti-theft design,
Features and water Genset Can be connected | PV modules can
storage to the grid fold up at night
Cost USD $28,000 Not available CAD $55,952 Not available USD $45,000
Shipping: from Shipping: from Shipping: from
Italy Germany South Africa
(Source: Cosgrove, 2018)




OffGridBox: This system fits inside a 6’x6’x6’ shipping container and is equipped with
components to provide both electricity and clean water. These systems have been used for disaster
relief, rural electrification, off-grid living and for grid back-up. The PV modules on the roof of the
container have a 4 kW peak capacity and allow for rain collection for the integrated rain capture
system. The internal components include a 5.5 kWh Lithium LiFePo battery, 5 kVA inverter, 1000
L/h water treatment (including filters and UV disinfection) and 1500 L water storage. Some
upgrades and add-ons include remote monitoring, wind turbines, additional PV modules and
battery storage or an integrated heat pump. The OffGridBox systems are manufactured in Italy and
have been installed in many countries around the world including Nigeria, South Africa and

Rwanda (OffGridBox, n.d.).

SkyFire Energy’s SunDragon Portable Solar Power System: This Calgary-based company
manufactured this system that was commissioned for the Department of Defense. It is contained
within a 10’L shipping container, the PV modules have a 3 kW capacity, there are 45 kW of
inverters, an unspecified amount of batteries, and a remote monitoring system (SkyFire Energy,

2013).

Intech Clean Energy’s Energy Containers: These systems have been designed to power remote
towns, camps or farms that require an uninterrupted power supply. These systems range in capacity
from 5 kW to 300 kW. These systems can be provided with or without a diesel generator, and water
purification systems can also be added. The 5 kW container includes a 5 kW PV solar array, 25
kWh absorbed glass mat (AGM) battery, 6 kW inverter, and 7 k\VA back up genset. Intech Clean
Energy is a Germany based company with offices in Canada, Australia, France and UK. (Intech

Clean Energy, 2018).

12



SolarTurtle Power Kiosk: This system uses solar energy to charge devices that can be rented or
sold to consumers. There are battery recharging stations for small batteries that can power LED
lights and larger batteries that can power a small TV for 20 hours. The batteries are stored inside
recycled bottles for easy transportability. The opening of the bottle has a 12V socket can connect
home systems to power devices. The SolarTurtle is also a kiosk where people can purchase energy
efficient devices. The system contains a 4 kW solar PV system that can provide electricity to 300-
400 households. The SolarTurtle is a South African design, where crime and theft are a huge
problem. The system has an anti-theft design, with PV modules that can easily fold away and lock

from the inside when it is not in use (SolarTurtle, n.d.).

Having reviewed many existing off-grid renewable systems that are currently available, it is evident
that integrating solar powered milling machines to the design is a unique feature to the Power Hub.
In this way, the Power Hub is tailored to meet the needs of the people in Pa, Burkina Faso. The
Power Hub will also be fabricated in Burkina Faso and have components sourced locally as much

as possible to promote the local economy.

13



Chapter Four: Power Hub Design
4.1 Design Scenarios

Similar to some of the existing products on the market for off-grid solar PV systems, the Power
Hub will be a self-contained unit in a shipping container, as seen in Figure 4. The solar PV modules
will be placed on top of the shipping container and on an adjacent awning that can also provide
shade. The batteries, inverter, charge controller, and all other electrical equipment will be housed
inside the container. A window can be added to the shipping container so that it can also act as a
store front for charging cell phones, selling cold drinks, and other items. There will also be room
inside the container for a desk, laptop, and printer that can help to facilitate the Power Hub
operations. The milling machines can be placed at the back of the Power Hub in a fenced off area

and can be stored inside the container at night or when not in use.

Figure 4: Architectural Rendering of the Power Hub Showing Front View
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Two scenarios for the electrical configuration were considered for the Power Hub MVP design,
labeled the Base Design and the Advanced Design. These two design scenarios are described in
Sections 4.1.1 and 4.1.2 below and were considered for confirming the number of PV modules
required (Section 4.2) and sizing batteries, charge controller, and inverter (Sections 4.3, 4.4, and
4.5, respectively). Work done to compare the two scenarios completed for this report helped to
decide which scenario was chosen for the Power Hub design, along with input from the technical

advisors, faculty and other project team members.

4.1.1 Base Design

The electrical schematic for the Base Design is illustrated in Figure 5. There are two independent
strings, for both the Primary Load, which consists of only the milling machines, and the Secondary
Load, which is comprised of all ancillary loads such as the Wifi service, laptop, fans, phone
charging stations, lighting and refrigerator. Equipment for the Primary Load string consists of 20
PV modules and the full configuration of the milling machines. Equipment for the Secondary Load
string consists of 4 PV modules, a charge controller, 24 VVDC batteries, and inverter. The inverter,
charge controller, and breaker panel will be supplied by an electric hardware company that is
partnered with the Power Hub project. The PV system shown Figure 4 comprises 270 W modules,
which are referred to later as ‘Module 1°. A comparison between two PV module manufacturers,

Module 1 and Module 2, is described in Section 4.2.
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Figure 5: Base Design Electrical Schematic

20x 270 W = 5400 W (5TC) 20 x 200 W = 4000 W (NOTC)

Primary (Production) Loads

4x270 W =1080 W (STC) 4x200W = 800 W (NOTC)

(Source: O’Gorman, 2018)
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There are many advantages and disadvantages of the Base Design. One of the main advantages is

that the full configuration of the milling equipment would be installed with all components as

provided by the milling machine supplier. This is also the configuration recommended by the

milling machine supplier, which would make any troubleshooting or parts replacements easier to

deal with than if a non-recommended configuration is used. The shea grinder and grain mill have
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already been proven to work in this configuration, with 100 such systems that have been installed
in Africa. Another advantage is that the Secondary Load is separate, meaning that if there is an

issue with the Primary Load, the Secondary Load will not be affected.

The main disadvantage of the Base Design is that there is no way to balance the power output of
the PV modules between the Primary and Secondary Loads. For example, if the milling machines
are not running, then the power produced by those 20 PV modules cannot be used to power any
appliances of the Secondary Load. Another disadvantage is that there is no system monitoring on
the Primary Load, which is needed to monitor system performance and to understand how often

there is unused PV electricity.

4.1.2 Advanced Design

The electrical schematic of the Advanced Design is illustrated in Figure 6. The two strings in this
design are balanced with 10 PV modules each. The main difference compared to the Base Design
is that the milling machines are separated, with the shea grinder and grain mill as part of the Primary
Load, and the shea paste maker and ancillary loads for the Secondary Load. Charge controllers,
batteries and inverters are required for both strings. This design also requires the milling machine

motors to be single phase instead of three phase.

17



Figure 6: Advanced Design Electrical Schematic
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(Source: O’Gorman, 2018)

The main advantages of the Advanced Design are that the PV modules are balanced between the
two loads and fewer PV modules are required. This design allows for more flexibility, if one of the
milling machines fails, it is easy to pivot to the other appliances. Having batteries connected to the

milling machines would also increase reliability, especially during the rainy season.

The biggest disadvantage of the Advanced Design is that this configuration with the milling
machines has not been proven. The addition of batteries, charge controller, and inverter in between
the PV modules and milling machines could decrease the efficiency of the milling machines, and
there is the chance of noise and interference with the ancillary loads. Also, this is not the

configuration recommended by the milling machine supplier.
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4.2 PV Modules
4.2.1 Types of PV Modules

PV modules are made of numerous individual PV cells that are connected in series and housed
together within a frame (Newkirk, 2014). The PV cell produces an electrical current when it is
exposed to light. Factors affecting electricity production include light intensity (solar irradiance);
as light intensity increases, so does the current. When ambient temperature increases, the voltage
decreases, meaning that the electricity output decreases slightly. Shade also greatly reduces the
electricity output (Stehr et al., 2017; Newkirk, 2014). The two most common types of PV module

technologies are monocrystalline and polycrystalline.

Monocrystalline: This type of PV module is made from silicon with a single continuous crystal
structure. The process to create this type of module is more energy intensive (Newkirk, 2014).
Monocrystalline PV modules are slightly more efficient, but they are also more expensive.
Although fewer monocrystalline modules would be required for a project, the cost per watt is still

more expensive (Wholesale Solar, 2018a).

Polycrystalline: As the name suggests, polycrystalline PV modules are made from multiple silicon
crystals. This type of PV module is a slightly less efficient compared to monocrystalline, but they
are less expensive. PV module technology continues to advance making these modules more
efficient while still being cheaper per watt (Wholesale Solar, 2018a). The two PV modules being

considered for the Power Hub are polycrystalline.
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4.2.2 PV Module Performance Analysis

There are two PV modules being considered for the Power Hub design, which are labeled Module
1 and Module 2. Module 1 would need to be imported from overseas and is the preferred PV module
for the milling machine supplier. Module 2 is imported from Mali but is currently being installed
by a local supplier with the supply chain already set up. Using RETScreen, an analysis was
completed to compare the performance between Module 1 and Module 2. These two PV modules
were also compared to a high efficiency PV module, the LG Neon-R monocrystalline PV module.
Results are summarized in Table 2. The LG PV module boasts a very high efficiency of 21.4%
with a rated module capacity of 365 W. Such a high-quality PV module also comes at a higher

price, approximately 35% higher than standard monocrystalline PV modules (Svarc, 2018).

Table 2: PV Module Performance Comparison

Module 1 | Module 2 LG-365QIC

Type poly-si poly-si mono-Si
Power capacity 5.4 KW 5.4 KW 5.4 KW
Efficiency 16.50% 15.80% 21.10%
Rated module power 2710 W 250 W 365 W
Module size 1.63 m? 1.63 m? 1.73 m?
Total required area 32.7m? 34.2m? 25.6 m?
Number of modules required 20 21 14.8

(Source:

Cosgrove, 2018)

Results from this analysis show that PV modules with higher efficiency and greater nominal
module power can produce the same amount of electricity using a smaller area, and therefore fewer
modules. To have a PV array with a 5.4 KW power capacity, less than 15 of the LG PV modules
would be required, compared to 20 and 21 modules of Module 1 and Module 2, respectively. One

more PV module is required for Module 2 to produce the same amount of electricity as Module 1.
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This analysis also shows that there is not a big difference in performance between Module 1 and
Module 2, meaning that performance is not the deciding factor when choosing between the two PV
modules. While the LG PV modules would be too expensive for the Power Hub project, it is

interesting to understand how well Module 1 and Module 2 compare to a high efficiency module.

4.2.3 PV Module Sizing

The first step in PV module sizing is determining the total amount of energy that will be consumed
by the system. This can be done by completing a load analysis. The daily energy consumed (in Wh
or kwh) by an appliance is calculated by multiplying the average power of the appliance (in W or
kW) by the number of hours it will be operating during the day. Duplicating this exercise for each
appliance connected to the load will provide the total daily load demand. Completing a load
analysis also identifies the peak demand, which is the maximum instantaneous power draw by the
connected loads (Stehr et al., 2017). Both the daily load demand and peak demand are important
because the PV array must be adequately sized to meet the demands given the solar irradiance in
Pa, Burkina Faso. The load analysis was completed by Lucas Barr and the results are summarized

in Table 3. These load demands were used as the basis for sizing all equipment.

Table 3: Daily Load Demand and Peak Demand

. . Daily Load Peak Demand
Design Scenario Load Case Demand (KWh) (kW)
Base Desian Primary Load 19.20 2.95
g Secondary Load 8.27 0.54
. Primary Load 12.60 1.85
Advanced Design Secondary Load 14.87 2.32

(Source: Barr, 2018)
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RETScreen was used to confirm the number of PV modules required for each load for both the
Base Design and Advanced Design. Screenshots of the RETScreen model showing input and output
values can be found in Appendix C. There are many different factors to consider in order to
maximize the power produced by the PV modules. These factors include solar radiation and module

orientation.

Solar Radiation: RETScreen uses climate data from NASA in its energy analysis. Daily solar
radiation is the most important climate factor when designing PV systems, which refers to the daily
energy available from the sun on a square meter basis (kWh/m?/d). The daily solar radiation varies
depending on changing weather throughout the year. In Burkina Faso, there is a dry season and a
rainy season. August is the rainiest month, so it has the lowest average daily solar radiation with a
value of 4.99 kWh/m?/d in the region of the village of Pa, according to RETScreen’s climate data.
March is the sunniest month with an average daily solar radiation of 6.14 kWh/m?/d. It is important
to understand the fluctuations in solar radiation throughout the year so that systems can be designed
to meet the load demands during the times of the year with the lowest solar radiation. With this
climate data, along with user entered information such as power capacity of the PV array, electricity
load demands, and PV module efficiency, RETScreen can calculate the percentage of the load

demand that will be met by electricity produced by the system.

Module Orientation: The best orientation differs depending on where in the world the modules are
being installed. PV modules should be angled and be facing the proper direction in order to
maximize the amount of sunlight reaching the PV modules. The Power Hub system will use fixed
PV modules, not tracking modules. PV modules installed in the northern hemisphere, including

Burkina Faso, should face directly south, and PV modules in the southern hemisphere should face
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north. This is particularly important in locations at higher latitudes, but less important in areas
closer to the equator. For the RETScreen model, an azimuth angle (i.e. the angle on the horizontal
plane) of 0° is assumed, meaning that the PV modules are facing south. A general rule of thumb is
that the slope of the PV modules relative to the ground should be approximately equal to the latitude
of the location (RETScreen International, 2005). The village of Pa has a latitude of 11.5° N, so a
slope of 10° was used for the RETScreen model and is the recommended slope for the Power Hub

PV modules.

To complete the PV module sizing analysis using RETScreen, the suggested PV array power
capacities (as illustrated in Figures 5 and 6), the load demands, azimuth, slope, and specific PV
module specifications were used as inputs. Miscellaneous losses were assumed to be 10%, which
considers any inefficiencies in the system that were not considered elsewhere. RETScreen
calculates a yearly average percentage of the load that is met by electricity generated by the PV
modules, which would ideally be 100%. Results from the PV module sizing RETScreen analysis

are summarized in Table 4.
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Table 4: PV Module Sizing Results for All Loads

Base Design Advanced Design

Primary Load Secondary Load Primary Load Secondary Load
Suggested power capacity (kW) 5.4 1.08 2.7 2.7
Suggested number of modules 20 4 10 10
Manufacturer Module 1|{Module 2| Module 1| Module 2| Module 1| Module 2| Module 1| Module 2
Average daily electricity
delivered to load (KWh) 19.25 19.25 5.55 5.20 12.55 12.10 13.80 12.89
5 — -
% electricity delivered toload | 1000 | 10006 | 68.4% | 628% | 100% | 96% | 925% | 86.4%
Array capacity to meet 100%
delivered to load (kW) 4.05 4.25 1.62 1.75 2.7 2.75 2.97 3

5 :

# Panels to meet 100% delivered 15 17 6 5 10 1 1 12
to load

(Source: Cosgrove, 2018)

Results from the PV module sizing analysis suggests that the PV array for the Base Design Primary

Load is oversized, since 15 modules of Module 1 are adequate to meet 100% of the load demand.

However, the 20 PV modules are part of the entire milling machine configuration provided from

the milling machine supplier, which has been designed to ensure that all three milling machines

will have enough electricity to run at the same time. The suggested design of 10 PV modules (of

Module 1) for the Advanced Design Primary Load is adequate to supply the load.

The PV array sizing for the Secondary Loads for the Base Design is undersized, since the suggested

design of 4 PV modules would only produce enough electricity to supply 68% and 63% of the load

demand using Module 1 and Module 2, respectively. Having two additional PV modules (Module

1) and 3 additional PV modules (Module 2) is required to meet 100% of the load demand. Similarly,

1-2 additional PV modules are required for the Advanced Design Secondary Load.
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4.2.4 PV Module Selection for the Power Hub Design

It is recommended that additional PV modules are required on the Secondary Loads in order to
meet 100% of the load demand. Module 2 is the preferred PV module because it is available locally.
Cost is another important factor in PV module selection for the Power Hub, which is discussed

further in Section 5.2.

4.3 Batteries
4.3.1 Types of Batteries

There are many types of battery technologies, but the two main types considered for this project
are lead-acid batteries and lithium-ion batteries. Lead-acid batteries have been around for many
years, so the technology is proven, but in recent years lithium-ion batteries have become very
popular. There are many advantages and disadvantages of both types of batteries, which must be
weighed carefully when selecting batteries for a given application. The main factors to consider
are battery life, efficiency, temperature resilience, and cost (both up front and lifetime costs). There
are three main different types of lead-acid batteries that are used in renewable energy applications
including flooded, gel and AGM batteries (Wholesale Solar, 2018b). These three lead-acid batteries

are discussed below, along with lithium-ion batteries.

Flooded Batteries: These batteries are also known as “wet” batteries and have the lowest capital
cost and can have the longest life if they are maintained properly. Maintenance involves frequent
watering, ensuring the terminals are clean and charges are equalized. During charging, gases are
emitted from the batteries as water is split into hydrogen and oxygen. This requires the batteries to

be placed in a well-ventilated area and the lost water to be replaced (Wholesale Solar, 2018b).
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There is the risk that liquid from the batteries could spill (Buchmann, 2016). Since the Power Hub
is a small enclosed space and low maintenance components are preferred, flooded batteries are not

considered for this application.

Gel Batteries: Unlike flooded batteries, gel batteries are sealed, or valve-regulated lead-acid
(VRLA) batteries, and do not require maintenance. Silica in gel batteries stiffen the electrolyte
solution. Gel batteries should be charged at a slow rate because fast charging can temporarily
decrease capacity. When gel batteries are charged too quickly, gas pockets will form on the plates,
causing the gel to separate from the plate until the gas pocket moves to the top of the battery. Gel
batteries are also more expensive than both flooded and AGM batteries (Wholesale Solar, 2018b).

For these reasons, gel batteries are not considered for the Power Hub application.

AGM Batteries: Absorbed Glass Mat (AGM) batteries are another type of VRLA batteries and
require very little maintenance. The electrolyte is stored in a glass mat instead of flooding the
plates. AGM batteries are twice the initial cost of flooded batteries, but they have a higher energy
density and can be charged and discharged faster than other types of lead-acid batteries (Wholesale
Solar, 2018b). AGM batteries are more forgiving than gel batteries in how they are recharged

(O’Connor, 2016). AGM is the type of lead-acid batteries being considered for the Power Hub.

Lithium-ion Batteries: The main advantages of lithium-ion batteries compared to lead-acid
batteries are the higher energy density, no maintenance, higher efficiency, higher depth of
discharge, and greater lifespan. However, the main drawback of lithium-ion batteries is the higher
cost, which can be 2-3 times that of lead-acid batteries (Buchanan, 2016). When considering the
entire lifetime of a project and necessary battery replacements, some studies show that lithium-ion
batteries are cheaper than lead-acid batteries (Ayengo, Schirmer, Kairies, Axelsen & Sauer, 2018),
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while others suggest that lithium-ion batteries are comparable in price to sealed lead-acid batteries
over the project lifetime (Wholesale Solar, 2018b). Another disadvantage of lithium-ion batteries
is that they cannot be recycled, whereas lead-acid batteries are 90-100% recyclable (Wholesale

Solar, 2018b).

4.3.2 Battery Sizing

Batteries are rated in Amp-hours (Ah), which is the unit that represent the storage capacity of a
battery. The Ah rating signifies the available amperage when the battery is discharged evenly over
20 hours. This 20-hour period is a standard rating time period for most battery manufacturers
(Wholesale Solar, 2018b). Ah can be calculated two different ways, by multiplying amps by hours,

or by multiplying kWh by voltage.

The main factors that play a role in calculating battery sizing for a solar PV system include the

energy consumed, voltage, depth of discharge, days of autonomy and battery efficiency.

Energy Consumed: The daily energy consumed (in kWh) of the system is the main component
when sizing batteries, since there must be enough energy stored in the batteries to supply the energy
used by the system. The larger the energy load, the larger the battery capacity is required. For this
project, the total daily energy consumption is 8.27 kWh for Secondary Load of the Base Case
Design, and 12.6 kWh and 14.87 kWh for Primary Load and Secondary Load, respectively, for the

Advanced Case Design.

Voltage: Off-grid PV systems tend to be 12 V, 24 V or 48 V depending on the size of the system
and the types of loads being used. Systems that are 500 W or less typically use a 12 V system,

which is adequate for small daily loads. A system between the size of 500 W to 3.4 kW use a 24 V
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system. A 48 V system is used for larger systems bigger than 5.4 kW (Stehr et al., 2017). For the
Power Hub design, 24 V batteries are chosen. The total connected load for the Base Design
Secondary Load is 424 W but given the fact that more devices may be added to the system, it would
be better to go with a 24 V system as opposed to a 12 V system. The total connected loads for the
Advanced Design are 1.85 kW and 1.52 kW for Primary Load and Secondary Load, respectively,

which also fall in the range of a 24 V system.

Depth of Discharge: The lifetime of a battery is directly related to how deep it is discharged. If a
lead-acid battery is discharged to 80% daily, leaving 20% of its initial capacity, it will only last
about half as long as if it is only discharged to 50% (Stehr et al., 2017). Depth of discharge is
particularly important for lead-acid batteries, but lithium-ion batteries are much more resilient to
deep discharge. For the sizing calculations performed for this project, 50% and 80% depth of

discharge are used for lead-acid and lithium-ion batteries, respectively.

Days of Autonomy: This refers to how many days the system can run off the battery alone,
without being recharged by the PV array. The solar resource in Burkina Faso is fairly consistent
throughout the year, but there is less sunlight during the rainy season in August. It is good to have
enough battery capacity if there is a very cloudy day, or if there are any upsets in the system. A
general rule of thumb for off-grid PV systems is 1 to 3 days of autonomy for non-critical loads
(Stehr et al., 2017). For this project, both 1 and 2 days of autonomy are considered for the battery

sizing calculations.

Battery Efficiency: This refers to the amount of energy discharged by the battery compared to the
energy used for charging. The inefficiencies in batteries are due to internal resistance of the battery
and the fact that the discharge voltage is less than the charging voltage (ITACA, 2011). Lead-acid
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batteries have an efficiency around 80% (Victron Energy, 2017). At higher ambient temperatures,

lithium-ion batteries have an efficiency of 98% (Kurzweil & Garche, 2017).

Detailed battery sizing calculations can be found in Appendix D. Results of the battery sizing

calculations are summarized in Table 5 below.

Table 5: Battery Sizing Calculation Results for 1 and 2 Days of Autonomy

Primary Load | Secondary Load

Scenario Battery Type
1Day | 2Days | 1Day | 2 Days
Base Design Lead-acid (Ah) - - 897 | 1795
Lithium-ion (Ah) - - 458 916

Advanced | Lead-acid (Ah) 1367 | 2734 | 1613 | 3227
Design Lithium-ion (Ah) | 698 | 1395 | 823 | 1646

(Source: Cosgrove, 2018)

4.3.3 Battery Selection for the Power Hub Design

With AGM and lithium-ion batteries being the two main choices for the Power Hub, other
considerations are cost and availability in Burkina Faso. Due to the high initial cost of lithium-ion
batteries, AGM batteries are considered the best option for the first phase of the Power Hub project.
The cost comparison between 1 and 2 days of autonomy battery sizing is further discussed in

Section 5.3.

4.4 Charge Controllers
4.4.1 Types of Charge Controllers

A charge controller is an essential component of off-grid solar PV systems with batteries and can
be considered the “brain” of the system. The charge controller ensures optimal battery performance
by regulating battery charging and discharging (Stehr et al., 2017). When the battery is full, the
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controller will stop charging, and it will stop discharge if the battery reaches a depth of discharge
that is too low (Alternative Energy, n.d.). The controller also regulates the voltage and current of
the PV modules (Stehr et al., 2017). This regulation results in high power operation of the PV
module when the battery is not fully charged. However, if the battery is near full charge, the voltage
and current of the PV module is regulated by the charge controller so that the battery is charged
without overheating the battery. Overheating can reduce battery life. Charge controller technology
is rapidly changing, but currently, the two main types used to charge batteries with solar are Pulse

Width Modulated (PWM) and Maximum Power Point Tracking (MPPT) (Mozaw, 2018).

PWM Charge Controller: This type of controller is simpler, less expensive, and is essentially a
switch that turns on and off rapidly to maintain full charge in the batteries with any power available
from the PV modules (Blue Pacific Solar, n.d.). This means that the voltage from the array will be
pulled down closer to the voltage of the battery. The switching also controls the output voltage and
can be used to maintain a proper battery voltage as the input voltage changes. PWM controllers are
fine for small, low-cost PV systems, but are not recommended for off-grid or larger PV systems
(Mozaw, 2018). A PWM charge controller is also not suitable for the Power Hub project given the

large difference in voltage between the battery (24 V) and the PV strings (up to 310 VDC).

MPPT Charge Controller: This type of controller can increase the battery charging power by up to
30% compared to PWM controllers, for certain ambient temperature and sun irradiance conditions.
MPPT charge controllers includes a DC-DC converter, which converts the voltage of the PV
modules to the battery voltage. This allows for PV power to be maximized when charging the

batteries. MPPT charge controllers also work well with higher voltages and larger PV arrays (Blue
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Pacific Solar, n.d.). The MPPT charge controller is therefore the most suited for the Power Hub

and will be used for the design.

4.4.2 Charge Controller Sizing

Sizing a charge controller depends on the current and voltage of the solar PV array (Alternative
Energy, n.d.). A general rule of thumb for sizing a charge controller is that it should be rated for a
minimum of 125% of the array short circuit current. Charge controllers can also be oversized to

accommodate future growth of the system (Stehr et al., 2017).

Based on the short circuit current and open circuit voltage of the two types of PV modules being
considered for the Power Hub project, the minimum amp and voltage ratings of the charge
controller can be summarized in Table 6 below. The minimum voltage requirement is based on 10
PV modules in series, which is the maximum number of modules that would be connected to a

charge controller between all potential load cases.

Table 6: Minimum Suggested Charge Controller Sizing

PV Module | PV Module | Minimum Charge
Type Ratings Controller Sizing
Short Circuit Current Module 1 9.32 11.65
(A Module 2 9 11.25
Open Circuit Voltage Module 1 37.94 379.4
V) Module 2 36 360

(Source: Cosgrove, 2018)

4.4.3 Charge Controller Selection for the Power Hub Design

The charge controller that has been chosen for the Power Hub project is known for having a robust

design, being cost effective and easy to install, and improving the battery life. This controller has
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a fast sweep MPPT algorithm which allows it to maximize energy from the PV modules, even if

there is partial shade (Schneider Electric, 2018).

The MPPT charge controller has a nominal 24 V output voltage, which is the same voltage that has
been chosen for the batteries. The maximum PV array open circuit voltage that the controller can
handle is 600 V, which is enough to withstand the voltage of at least 10 PV modules connected in
series, the maximum number of modules that would be connected between the Base and Advanced
designs. The controller is rated to a maximum array short-circuit of 28 A, which is much higher
than 125% of the short-circuit current of the PV. The maximum output power is 2560 W for a 24
V system, which is well above the total operating power requirement for all load cases with a
charge controller. The charge controller can easily be integrated with the inverter, which is
described further in Section 4.5.3, and can charge all battery types including AGM lead-acid and

lithium-ion batteries (Schneider Electric, 2018).

4.5 Inverters
4.5.1 Types of Inverters

Inverters are important in off-grid solar PV systems because they convert DC current produced by
the PV modules or as output from a battery, into AC current, which is what most appliances run
on. The three main types of inverters are square wave inverters, modified sine wave inverters and
pure sine wave inverters, which are each suited for powering different types of electronic
equipment (Stehr et al., 2017). As the technology continues to advance, the difference between

modified sine wave inverters and pure sine wave inverters is reducing.
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Square Wave Inverter: These are the simplest types of inverters and are generally less expensive,
but they are limited in applications. They have the highest surge capacity but are less efficient and
have higher harmonic distortion, up to 40%, compared to other inverters (Messenger & Ventre,
2010). AC current oscillates between positive and negative voltage in the shape of a sine wave.
With a square wave inverter, the output is a square wave, as the name would suggest. Due to the
high harmonic distortion, square wave inverters are not recommended for off-grid solar PV systems
because they can damage the electronics (Stehr et al., 2017). They are also not frequently used any

more.

Modified Sine Wave Inverters: As seen in Figure 7, the output of modified sine wave inverters can
be described as having small steps, so it has less harmonic distortion, greater than 5%, when
compared to a square wave inverter (Messenger & Ventre, 2010). Modified sine wave inverters are
typically less expensive than pure sine wave inverters and are good for simple systems. However,
there is still enough harmonic distortion that will cause motors to run hotter and less efficiently. In
this case, modified sine wave inverters would consume more energy compared to a pure sine wave
inverter (Beaudet, 2015). Since there will be a refrigerator in the Power Hub, a modified sine wave
inverter is not recommended. As the technology continues to advance, the size of the steps is

becoming smaller, making the wave smoother and closer in shape to a pure sine wave.

Pure Sine Wave Inverters: These inverters are the most efficient, above 96%, and have the least
distortion (Messenger & Ventre, 2010). Equipment and appliances sold these days are designed for
a sine wave. Pure sine wave inverters are also needed for grid tied systems. Although they are more
expensive than the other types of inverters, they are the recommended type of inverter for the Power

Hub project (Beaudet, 2015).
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Figure 7: Modified Sine Wave and Pure Sine Wave
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(Beaudet, 2015)

Microinverters: Another type of more advanced inverters are microinverters. An inverter is
installed under each PV module, where the DC current is immediately transformed to AC. This is
particularly advantageous for monitoring the performance of each solar module. Microinverters
operate independently, so if one module is shaded or is not working as efficiently, the whole system
will not be affected. Other systems with only one inverter have a single point of failure that could
affect the whole system, but that is not the case with microinverters (Enphase, 2018). To our
knowledge, microinverters could potentially be sourced by the local supplier in Burkina Faso but
they have not been used to date. It is for this reason, along with their higher up-front costs, that

microinverters will not be considered for the Power Hub project.

4.5.2 Inverter Sizing

Inverters have a specific capacity, so they need to be sized appropriately for the system. Inverter
sizing needs to account for the peak load requirements, charging batteries and surging loads (Stehr
et al., 2017). The minimum inverter sizing should be equal to the operating power of all connected
loads. Certain appliances, such as motors and refrigerators, surge as they turn on. Depending on
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the appliance and number of appliances turning on at once, the surge voltage can be 3 to 4 times
its rated wattage (Beaudet, 2015). Inverters have a surge watt rating, which must be approximately
equal to, or greater than the surge watts of each appliance. Off-grid inverters often run more
efficiently at 2/3 of their rated power, so it is recommended to choose a larger inverter (Home

Power Magazine, n.d.).

See Tables 7, 8, and 9 below for the total connected loads, estimated surge loads and suggested
inverter sizing for each scenario and load case being considered for the Power Hub project. Surge
power of the applicable appliances is estimated at 4 times its operating power. The Base Design
Primary Load does not require an inverter because in that scenario, the milling machines are
operative directly from the power produced by the PV modules and the current does not require to

be transformed to AC.

Table 7: Inverter Sizing and Surge Capacity for the Base Design, Secondary Load

Connected Operating Surge
Loads Power (W) | Power (W)
Charging Station 60 -
Laptop 70 280
Printer 70 -
Ceiling Fans 100 400
Fridge 63 188
Wifi Hotspot 60 -
Interior Lights 40 -
Security Lights 20 -
Contingency 50 -
Total 533 868
Minimum Inverter Size (W) 533
Suggested Inverter Size (W) 800
Minimum Surge Capacity (W) 1400

(Source: Cosgrove, 2018)
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Table 8: Inverter Sizing and Surge Capacity for the Advanced Design, Primary Load

Connected Operating Surge
Loads Power (W) | Power (W)
Grain Mill 750 3000
Shea Grinder 1100 4400
Total 1850 7400
Minimum Inverter Size (W) 1850
Suggested Inverter Size (W) 2775
Minimum Surge Capacity (W) 7400

(Source: Cosgrove, 2018)

Table 9: Inverter Sizing and Surge Capacity for the Advanced Design, Secondary Load

Operating Surge
Connected Loads | Power (W) | Power (W)
Charging Station 60 -
Laptop 70 280
Printer 70 -
Ceiling Fans 100 400
Fridge 63 188
Wifi Hotspot 60 -
Interior Lights 40 -
Security Lights 20 -
Contingency 50 -
Shea Paste Maker 1100 4400
Total 1633 5268
Minimum Inverter Size (W) 1633
Suggested Inverter Size (W) 2450
Minimum Surge Capacity (W) 6900

(Source: Cosgrove, 2018)

4.5.3 Inverter Selection for the Power Hub Design

The inverter selected for this project is a pure sine wave inverter with a continuous output power

of 3400 W and surge power up to 7000 W. This inverter supports both AC and DC coupled systems,
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with a 24 VDC input and 230 VAC output voltage, which is the required voltage output for the
Power Hub project. The inverter is easy to install, maintain and operate (Schneider Electric, 2018).
The supplier’s products are also available worldwide making it a good choice for the Power Hub

design.

The 3400 W capacity of this inverter is large enough to handle the connected loads and surge
capacity for Secondary Load for both the Base Design and Advanced Design. This will allow for
expansion and adding more loads to the system. The surge capacity for the Advanced Design
Secondary Load is larger than the rated surge capacity of the inverter, so it is recommended that
both milling machines should not be turned on at the exact same time. There would be no issues if

one milling machine is running when the second milling machine gets turned on.

Victron Energy is another brand that offers pure sine wave inverters that are readily available in
Burkina Faso. The 24 V 1200 VA Phoenix inverter has continuous output power at 40°C of 900
W, surge power of 2400 W, and output voltage of 230 VAC, making it a suitable option for the
Base Design Secondary Load. The 24 V 5000 VA Phoenix Inverter Compact can withstand higher
power requirements and would be a better option for the two load cases for the Advanced Design.
This inverter has a continuous output power at 40°C of 3700 W, surge power of 10,000 W and 230

VAC output voltage (Victron Energy, n.d).
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Chapter Five: Economic Analysis
5.1 Project Capital Budget

Capital cost is another important factor when considering the feasibility of a project. The total
project cost must be as low as possible, while still being able to provide reliable electricity to all
members of the community who would benefit from the Power Hub. Other members of the project
team compiled a capital budget for both the Base Design and Advanced Design of the Power Hub,

which is summarized in Table 10.

Table 10: Capital Budget Comparison for the Power Hub

Base Design Advanced
Cost Category (CAD) Design (CAD)
PV Modules $ 10,835 $ 9,287
Batteries $ 6,724 $ 29,391
Charge controller $ 2,000 $ 4,000
Inverter $ 2,300 $ 4,600
Container & modifications $ 6,020 $ 6,020
Milling equipment $ 15,797 $ 10,188
Wifi $ 5,280 $ 5,280
Office equipment $ 12,946 $ 12,946
Misc. electrical/structural/labour $ 14,808 $ 14,808
Contingency (20%) $ 15,342 $ 19,304
Sub Total $ 92,052 $ 115,824
Less Potential Savings $ 11,667 $ 13,817
Total $ 80,385 3 102,007

(Source: Wills, 2018)

The cost of the container includes any modifications required so it can function as a store front,
including adding windows, doors, vents, paint, etc. Office equipment includes other components

that would be placed inside the container such as a laptop, printer, refrigerator, and a desk. Any
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other miscellaneous electrical and structural components, and installation costs are covered under
‘Misc. electrical/structural/labour’. A 20% contingency was added to account for any unforeseen
items not included elsewhere in the budget. The potential savings include any in-kind contributions
and equipment discounts from project partners. The cost difference between the two design
scenarios favours the Base Design. Although there are fewer PV modules and less milling
equipment with the Advanced Design, the huge increase in cost of the batteries makes it the more

expensive design overall.

While a total project capital cost of $80,385 or $102,007 are more than the cost to purchase some
of the existing off-grid systems that are currently on the market, the addition of the solar powered
milling equipment and store front commercial space add significant value that is more tailored to
the needs of people living in the region of Pa, Burkina Faso. The most comparable system in size
to the Power Hub is Intech Clean Energy’s EC05 energy container, which costs $55,952 not
including taxes or shipping to Burkina Faso (C. Boskovic, personal communication, March 6,
2018). More details on this container can be found in Appendix A. The ECO05 container has a 5 kW
PV array, which is smaller than the Power Hub’s 7 kW array. The EC05 has a diesel genset which
increases the reliability, but also increases the environmental impact from emissions compared to

the Power Hub.

Sections 5.2 and 5.3 below discuss different pricing options for the PV modules and batteries. The
cost of charge controllers and inverters are not discussed because a supplier has already been

chosen for those components.
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5.2 PV Module Cost Analysis

Table 11 below summarizes the cost of Module 1 and Module 2 for both the number of modules
that were originally suggested for the Power Hub design, as well as the number of modules required
to meet 100% of the load demand. The Base Design and Advanced Design are also compared. Unit
costs of the PV modules were obtained from the milling machine supplier (Module 1) and local

suppliers in Burking Faso (Module 2).

Table 11: PV Module Cost Analysis

Base Design Advanced Design
Manufacturer Module 1 Module 2 Module 1 Module 2
Unit cost of module (CAD) $ 401 | $ 387 | $ 401 | $ 387
Suggested # of modules to meet 24 26 20 29

avg. load delivery
Total array cost: avg. load

delivery $ 9617 | $ 10061 | $ 8,014 $ 8,513
Incremental cost: Module Land2 | $ -1 $ 444 1 $ -1 $ 499
Recommended # of modules to

meet 100% load delivery 26 27 21 23
Total array cost: 100% load

delivery $ 10418 | $ 10,835 | $ 8,415 $ 8,900
Incremental cost: Module Land2 | $ -1 $ 417 | $ -1 $ 485

Incremental cost: avg. and 100%

load delivery 801 | $ 774 $ 401 | $ 387

(Source: Wills & Cosgrove, 2018)

This analysis shows that although the unit cost of Module 2 is lower, since more PV modules are
required to get the same energy output as two PV modules less of Module 1, Module 2 end up
being marginally more expensive. Given this small difference in cost between the two PV module
options, Module 2 is still the preferred choice given that it is available locally. The incremental

cost to add additional PV modules to meet 100% load delivery is also minimal compared to the
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whole cost of the system. Fewer PV modules are required for the Advanced Design, making it less

expensive compared to the Base Design.

5.3 Battery Cost Analysis

Table 12 below summarizes the cost of both AGM lead-acid and lithium-ion batteries for both 1
and 2 days of autonomy. The Base Design and Advanced Design are also compared. Battery
specifications and prices from local suppliers in Burkina Faso are still being finalized, so costs

were obtained from the website of Wholesale Solar, which is an American distributor.

Table 12: Battery Cost Analysis

. Battery Days of 'V'"."(“”m

Scenario Load T Sizing Cost (CAD)

ype Autonomy

(Ah)

| ead-acid 1 897 $ 6,724
Base Secondary _ 2 1,795 $ 13,448
Design Lithium- 1 458 $ 18,487
ion 2 916 $ 36,974
. 1 1,367 $ 13,309
Primary Lead-acid 2 2734 | $ 26,619
Lithium- 1 698 $ 31,905
Advanced ion 2 1,396 $ 63,811
Design . 1 1,613 $ 16,082
Secondary Lead-acid 2 3226 | $ 32,165
Lithium- 1 823 $ 36974
ion 2 1,646 $ 73,948

(Source: Cosgrove, 2018 & Wholesale Solar, 2018c¢)

This cost analysis shows that having 2 days of autonomy doubles the cost of batteries. As
previously mentioned, the cost of lithium-ion batteries is significantly higher than lead-acid

batteries. Having batteries for both the Primary and Secondary Loads for the Advanced Design is
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also a significant increase in cost compared to the Base Design. Since batteries are an expensive
component of the Power Hub, it is recommended that AGM lead-acid batteries sized for 1 day of

autonomy should be purchased to minimize the capital cost of the project.

5.4 Final Power Hub Design

The design scenario chosen for the Power Hub is the Base Design. Along with the advantages listed
in Section 4.1.1, the significantly lower cost is another reason that it is chosen. Another important
factor is that the milling machine supplier is much more comfortable with the Base Design since

their complete configuration would be used, which has already been proven to work.

Based on the PV module sizing analysis, 28 PV modules of Module 2 are recommended in order
to supply 100% of the load demand. Lead-acid AGM batteries with a minimum capacity of 897 Ah
(i.e. 1 day of autonomy) are also recommended based on cost. The 600 V MPPT charge controller
and 3400 W inverter recommended for the project are adequate for the Power Hub configured as

the Base Design.
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Chapter Six: Environmental Analysis
6.1 Emission Offsets

The conventional energy source for off-grid electricity is by using diesel generators, which have
numerous disadvantages. In Burkina Faso, diesel must be imported, and at a partially subsidized
price of 600 CFA/L ($1.39/L CAD) (S. Wills, personal communication, February 5, 2018), it is not
a very economical option for rural electrification (Moner-Girona et al., 2017). The other major
concern about using diesel generators is the amount of carbon dioxide (CO.) that is emitted to the
atmosphere. For every litre of diesel that is consumed, approximately 2.7 kg to CO2 is produced

(Azoumah, Yamegueu, Ginies, Coulibaly & Girard, 2010).

Other shea butter cooperatives Burkina Faso, including the cooperative partnered with Semafo
Foundation, use diesel generators to grind the shea nuts and make shea paste. By implementing the
Power Hub, diesel generators would not be required for grain milling, grinding shea nuts, making
shea paste and providing electricity for the secondary loads. The goal of this environmental analysis
is to determine the CO> emissions that would be offset from using the Power Hub instead of

providing the same amount of electricity generated by a diesel generator.

RETScreen was used to conduct this emission offset analysis. RETScreen uses the heat rate value
(in kJ/kwh), which is a measurement of system efficiency of a diesel generator (Odesie by Tech
Transfer, n.d.), to calculate the net annual greenhouse gas (GHG) emissions. The calculated GHG
emissions represents the emission offsets by the Power Hub system based on the total daily load
demand of 27.47 kWh. The heat rate is different for each diesel generator, so some assumptions
were made in order to calculate this value. We know that Semafo uses 7.5 kW Rhino diesel

generators (R. Yameogo, personal communication, May 3, 2018). Specifications, including
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capacity and fuel consumption, that are available online for Rhino diesel generators only list 10
kW as the smallest capacity. We therefore assume that 10 kW is approximately the same size of
diesel generator that would be required to generate the same amount of electricity as the Power

Hub.

Detailed heat rate calculations can be found in Appendix E. It should be noted that the heat rate
value of a diesel generator varies depending on how it is being operated. The heat rate value will
be higher if the diesel generator is not operating at 100% load. With a calculated heat rate value of
8,674 kJ/kWh assuming 100% load operation, RETScreen calculates an annual GHG emission
reduction of 6 tonnes of COzeq. This is equivalent to 1.1 cars and light trucks not used, or 14 barrels
of crude oil not consumed. While this may seem like an insignificant GHG emission reduction, the
Power Hub is a very small electricity generation system. Any offsets in GHG emission is always

an advantage, not to mention the economic benefits in fuel cost savings.

6.2 Battery Disposal/Recycling

While renewable energy projects do not produce emissions like diesel generators, they are not
without environmental impacts. One important environmental sustainability consideration for the
Power Hub project is battery disposal. Given that batteries are the components with the shortest
lifetime, there is greater concern with their disposal compared to other components of the Power

Hub.

All types of lead-acid batteries, including flooded, gel and AGM batteries, are 90-100% recyclable.
Materials are recovered from lead-acid batteries by neutralizing the acid and separating the

polymers from the lead. These recovered materials can then be used in many different applications,
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including manufacturing new batteries (GS Battery, 2018). Recycling lead-acid batteries is
economically viable due to the high content (85%) and recyclability of the lead in the batteries (Tur
et al, 2016). When it comes to lithium-ion batteries, experts acknowledge that there is not much
knowledge on their environmental impacts, but it is known that they are much more difficult to
recycle compared to lead-acid batteries. Lithium-ion batteries are more complex, and recycling the
materials is more expensive and energy-intensive than using new materials (Few, Schmidt, Offer,
Brandon, Nelson & Gambhir, 2018). There are only a few facilities worldwide that recycle lithium-

ion batteries (D. Fex, personal communication, July 5, 2018).

One major concern is the lack of formal lead-acid battery recycling facilities in Sub-Saharan Africa.
Informal and inappropriate lead-acid battery recycling is widespread in developing countries. This
informal recycling is done in an unsafe environment, which poses high risk to the environment and
human health. There have been cases of lead poisoning in many African countries because of
improper battery recycling where children have died, and soil, water, and air have been
contaminated. In July 2017, UN Environment organized a workshop in Ouagadougou to address
this concern by discussing the various impacts of used lead-acid battery recycling in Africa (UN
Environment, 2017). At this meeting, 10 African countries came together to discuss regional and
national strategies to address environmentally sound lead-acid battery recycling. An agreement that
came from this workshop to limit the increase in informal battery recycling was that: “African
countries can come together to develop adequate recycling plants that can receive batteries from

other countries and recycle them in a safe environment.” (UN Environment, 2017).

One way to mitigate improper battery disposal is by educating the Power Hub operators on the

environmental concerns with batteries and how they should be properly disposed to avoid
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environmental contamination and human health risks (Akinyele, Belikov, Levron, 2018). One
known formal lead-acid battery recycling facility is in Ghana (UN Environment, 2017), so we can
suggest that the Power Hub operators send the used batteries there, or any other proper recycling

facilities that may become available in the next few years.

6.3 PV Module Recycling

PV modules have a much longer lifespan compared to batteries, approximately 25 years, but there
is concern about the end-of-life management of PV modules after they are no longer in use. One
of the main components of PV cells are silicon wafers, which are the most valuable component and
are very energy intensive to manufacture. Once a PV module has reached the end of its life, many
of the silicon wafers are still functional. Reusing silicon wafers when manufacturing new PV
modules can reduce the carbon footprint by approximately 66% when compared to manufacturing
from new materials (Charles, Davies, Douglas & Hallin, 2018). It is therefore beneficial, both
environmentally and economically, to recover and reuse the silicon wafers. However, one of the
challenges with wafer recovery is that many types of PV modules have the wafers imbedded in
ethyl-vinyl-acetate (EVA), making it very difficult and cost prohibitive to recover wafers. Although
wafer isolation processes do exist, they are not common. Policies that make PV module
manufacturers responsible for end-of-life of the modules could promote further research into PV

module design for easy disassembly for recycling (Charles et al., 2018).

Traditional PV module recycling involves crushing the modules to recover glass and aluminium,
which is done in general-purpose recycling facilities. A recycling facility dedicated for PV
modules, the first of its kind, has recently opened by Veolia in France. This plant has robots that

disassemble the PV modules to recover silicon, plastic, copper and silver, which are crushed and
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then used to make new PV modules. Veolia plans to recycle all decommissioned PV modules in
France and hopes to open more facilities worldwide as the amount of PV module waste continues

to increase (Clercq, 2018).

According to Charles et al. (2018), there are currently no known PV module recycling facilities in
Africa, but there are some PV module assembly plants on the continent, so the necessary
knowledge and skills are available. This presents an opportunity for organizations in Africa to start
PV module recycling and remanufacturing facilities given the low cost of labour, the growing

market for PV modules and the high value of silicon (Charles et al., 2018).
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Chapter Seven: Conclusion

Given the lack of access to electricity in rural Burkina Faso and the slow rate of electrification,
there is a great need to install off-grid solar PV systems, which research has shown to be most cost-
effective solution. While there are many off-grid solar PV systems currently on the market, the
Power Hub offers a unique design with solar powered milling machines integrated into the design

along with a store-front retail space.

Two electrical design scenarios were considered for the Power Hub design. In depth sizing analyses
were completed for the PV modules, batteries, charge controller, and inverter. The chosen design
is the Base Design due to its simplicity, full configuration of the milling machine system, and lower
capital cost when compared to the Advanced Design. Components are selected based on the

suitability for the application, local availability, and initial capital cost.

A performance analysis between Module 1 and Module 2 shows that performance is very similar.
The PV array sizing analysis shows that two additional PV modules are required in order to meet
100% of the load demand. Module 2 is selected for the Power Hub, which has nominal power
capacity of 250 W, because it is available locally. 28 PV modules in total are recommended, giving
the PV array a total capacity of 7 kW. The type of batteries selected are AGM lead-acid, with a
minimum recommended storage capacity of 897 Ah to allow for 1 day of autonomy. These batteries
are available locally and have a much lower initial cost ($6,724) when compared to lithium-ion
batteries ($18,487). The 600 V MPPT charge controller and 3400 W pure sine wave inverter that
have been suggested for the Power Hub were found to be adequately sized and can accommodate

for system expansion.
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The emission offset analysis shows that 6 tonnes COeq per year are saved from being emitted when
the Power Hub is operated instead of a similar sized diesel generator. Informal battery recycling is
the major environmental concern, but measures are being put in place in Africa to increase formal
battery recycling facilities. Technology is also improving when it comes to PV module recycling,
so that by the time the Power Hub PV modules reach their end of life, they can be sent to a proper

recycling facility.

The Power Hub has a scalable design, so additional PV modules or batteries can easily be added if
required. Learnings from the first phase of the Power Hub can be used for scaling up the design
and for future projects in other parts of Burkina Faso. By tailoring the Power Hub design to the
needs of the people in the village of Pa and through partnerships with local industries like the
women’s shea butter cooperative, the project can help to promote the local economy and provide

renewable electricity that can help improve the quality of life of people in rural Burkina Faso.

7.1 Limitations

As with any study, there are certain limitations to the analyses completed as part of this project.
The main limitation is that the load demands, which were used the basis of all equipment sizing,
are estimates. While the load demand estimates were based on appliances that will be used in the
Power Hub, the actual number of hours that people will use the appliances will not be fully known
until the Power Hub is up and running, and only then if the operation is closely monitored. After
the Power Hub has been used for some time, it may become apparent that the system is oversized

or undersized.
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There are also limitations with the cost estimate for certain components in the capital cost budget.
While the cost of Module 2 PV modules was received directly from the local supplier in Burkina
Faso, import taxes had to be estimated for the total cost of the system using Module 1. The cost of
AGM lead-acid and lithium-ion batteries from local suppliers were also not available at the time
of writing this report, so prices from Canadian and American suppliers had to be used to compare

the different battery options.

The main limitation with the environmental analysis is that many assumptions were made when
estimating the size of diesel generator that might be used in place the of Power Hub, along with
values used for the heat rate calculations. The heat rate value effects the GHG emission offsets as
calculated by RETScreen, so there is the chance that the emission offsets could be greater than

reported.

7.2 Future Research and Recommendations

This report does not cover all aspects of the Power Hub design. Recommendations and other areas

for future research are discussed below.

Ventilation and cooling: Since the Power Hub will be installed in a very hot climate, it is important
that there is ventilation inside the container to ensure that it does not get too hot for the equipment
and the people working inside. Ventilation should draw a minimal amount of power, or ideally no
power, to allow for maximum usability of the system. Fans will be installed inside the container,
but other potential ventilation solutions include installing vents on the sides of the container, or
evaporative cooling using water and a fan. Insulation could also be added to the container to help

keep it cool.
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Structural and PV module mounting: Piles will be required for the posts that will support the
awning where the PV modules will be installed. The specific PV module mounting system for the

container and the awning will also need to be considered.

Relay switch: As the Base Design currently stands, current generated by the PV modules that are
connected to the milling machines cannot be redirected to the Secondary Load. Adding a relay
switch to allow for this redirection of power would be beneficial when electricity is being generated

by the PV modules, but the milling machine are not being used.

Remote monitoring: Understanding how well the PV modules are functioning and how much the
system is being used is important for maintenance of the system. Information gathered from remote
monitoring can also be used for subsequent phases of the Power Hub project. Remote monitoring
will be added on the Secondary Load, but at this time, there are no provisions for a remote
monitoring device that can be added to the Primary Load with the milling machines. Further
research is required for adding a power meter on the Primary Load. Adding a charge controller for
each PV module could also provide efficiency and performance monitoring of individual PV

modules, which could be considered for future models of the Power Hub.

Water collection: During the needs assessment, it became apparent that water availability is an
issue in Pa, Burkina Faso. Water is used to produce shea butter, so this poses a challenge during
the times of the year that water is scarce. Adding eavestroughs along the edge of the PV modules
could allow for rain water to be collected, and then stored in a near by bladder or cistern. If there
Is spare electricity production from the Power Hub, adding a PV water pump to a nearby well could

also be considered.
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Expansion of the Power Hub: The Power Hub as described in this report is the first phase as
proposed by TSO, which is a prototype design. Depending on how well the Power Hub performs
and is used, additional PV modules and batteries could be added to provide more electricity to the

community. Adding a container for cold storage of crops and grains could be considered.
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Appendix A: Comparison of Existing Off-Grid Renewable Energy Systems

Table Al: High Level Comparison of Exiting Off-Grid Renewable Energy Systems

Off Grid Box | SkyFire Intech Clean Out of the Box SolarTurtle Schneider Ecos Farm From | Solar Grid
SunDragon Energy Energy Solutions Electric Villaya | PowerCube a Box Storage
Emergency
Type of Compact, all- Micro- Customizable off- | Customizable off- Mobile power Micro-grid World’s largest, | A complete, Solar
System in-one micro- grid/back-up grid container grid container kiosk with power system mobile, solar- customizable, | powered
grid system power system systems providing | systems providing solar battery providing power | powered off-grid microgrid
providing providing uninterrupted uninterrupted power | charging solutions to generator with toolkit for with energy
power and safe | power power supply with | supply with or stations and remote applications from | community storage
water solutions to or without diesel without diesel sells energy communities in military to farming
remote generators, ranging | generators efficient emergency disaster relief, to
communities in size from 5 kW devices situations humanitarian
and military to 300 kW efforts,
bases residential and
retail
Type Wholesale Wholesale Wholesale power Wholesale power Power kiosk Wholesale power | Wholesale power | Wholesale Wholesale
power hub power hub hub hub hub hub power hub power hub
Container 6’ 6"Lx6 10'L 20'L (ECO5 10'L (10 kW system) 10'L, 20'L or
Size 5’Wx 6’ 3”H container) 40'L (100 kW 40'L
system)
PV Array 3 kW, 3kW,upto10 | 5kW, 20x 270 Wp | 10 kW to 100 kW 4 kw 10 kWp (24 PV 15 kW 3 kW 402 kW
12x270Wp kw polycrystalline modules)
EXE Solar Solarwatt
Modules
13.12° x 16.40°
PV Roof Side, ground or | Ground or roof Roof Roof Ground Roof on roller Roof
Mounting roof assemblies
Batteries 8 x 150 Ah 25 kWh, 24 x 520 | Yes Small, medium | Sodium batteries Lithium ion
GEL Ah, 2V AGM/ and large (can withstand batteries
(Sonnenschein GEL cells batteries inside | higher
or Victron) recycled bottles | temperatures)
with 12V
socket
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Off Grid Box | SkyFire Intech Clean Out of the Box SolarTurtle Schneider Ecos Farm From | Solar Grid
SunDragon Energy Energy Solutions Electric Villaya | PowerCube a Box Storage
Emergency
Inverter Victron 3 kVA | 45 kW Battery inverter: Yes 50 kW
AC (23 0V-120 1x 6 kW, SMA
V @ 50-60 Hz, SI8.0H
6 kW peak) Solar inverter: 1x 5
kW, SMA SB5.0,
230V
Remote Yes Yes Yes, via satellite of | Yes Yes
Monitoring telephone
communication
Cooling/ Fans Air conditioned Fan
Ventilation
Other Morning Star Single phase Supplies hot water Anti-theft Charge controller | Water treatment | Internet
Features Charge power use Intelligent control design, solar Electrical Internet connectivity,
Controller 7 KVA back up metering modules can switchboard connectivity, basic farm
1000 L/h water Genset PAYG system fold up at night | Internal satellite tools, micro-
treatment Pre-assembled/pre- | Can be connected to components pre- | communications, | drip
(2 stage filters configured before the grid installed and a full range irrigation
and UV shipment Plug on outside of wireless system and
sterlization) of container VSAT, VOIP water pump,
600 L water and wireless seedling
storage communications | house,
(30-mile range) charging
area, water
purification
Upgrades Additional Possible to add | Water purification | Network multiple Automated Possible to add
(not solar modules wind turbine system units for larger system to wind turbine
included in PAYG battery capacity retract solar
price) add-on: 17.5 modules
kWh total
Inverter:
10KVA 20kw
peak
Desalinator
add-on:
2000L/d
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Off Grid Box | SkyFire Intech Clean Out of the Box SolarTurtle Schneider Ecos Farm From | Solar Grid
SunDragon Energy Energy Solutions Electric Villaya | PowerCube a Box Storage
Emergency
Cost USD $28,000 CAD $55,952 ex USD $45,000
ex taxes taxes Shipping: from
Shipping: USD Shipping: from South Africa
$2,500 from Germany
Italy
Locations Italy, Boston, Calgary Australia, Ontario, | South Africa South Africa Florida us Maryland
Rwanda UK, France,
Germany
Website https://www.of | http://www.sky | http://www.intechc | http://www.outofthe | http://www.sol | https://www.yout | https://www.ecos | http://www.f | https://www.
fgridbox.com/ | fireenergy.com | leanenergy.ca/ener | box.energy/power- arturtle.co.za/ ube.com/watch?v | pheretech.com/e | armfromabox | greentechme
/sundragon- gy-container/ box/powerbox- =4 xgUYjfqWc | nvironmental- .com/ dia.com/articl
portable-solar- smartbox/ &app=desktop engineering- es/read/three-
power-system/ technologies/pow factors-
ercube driving-the-
marriage-of-
solar-and-
energy-
storage#gs.tK
TtU9c

(Source: Cosgrove, 2018)
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Appendix B: Images of Off-Grid Renewable Energy Systems

Figure B1: OffGridBox in Operation

(OffGridBox, 2018)

Figure B2: SkyFire Energy’s SunDragon Portable Solar Power System

(SkyFire Energy, 2013)
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Figure B3: Intech Clean Energy’s Energy Container

(Intech Clean Energy, 2018)

Figure B4: SolarTurtle Power Kiosk, collapsed (left) and fully expanded (right)

. ".“.;:_
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(SolarTurtle, n.d.)
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Appendix C: RETScreen Inputs and Outputs

The following RETScreen energy model screenshots are for the Base Design Secondary Load
using Module 2 PV modules. Similar analyses were completed for the Primary and Secondary

Loads of both the Base Design and Advanced Design using Module 1 and Module 2.

Figure C1: RETScreen Input Values for Base Design, Secondary Loads

RETScreen Energy Model - Power project
Power project

Base case power system

Grid type Off-grid
Technology | Reciprocating engine | L
Fuel type [ Diesel (#2 oil) - L | => For emission
Fuel rate SIL 1.390 offsets analysis
Capacity KW compared to a
Heat rate | KJ/KWh 8674 diesel generator
Annual O&M cost $ 1,000
Electricity rate - base case S/KWh 0.645
Total electricity cost $ 1,048
Load characteristics
@ Method 1
O Method 2
Unit Base case Proposed case
Electricity - daily - DC KWh
Electricity - daily - AC KWh 8.270 8.270 => Load demand as
Intermittent resource-load correlation Zero determined by
Lucas Barr
O Percent of month used
Base case Proposed case
Electricity - annual - DC MWh 0.000 0.000
Electricity - annual - AC MWh 3.019 3.019
Peak load - annual Kw

(Source: Cosgrove, 2018)
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Figure C2: RETScreen Input & Output Values Based on Original Suggested Number of PV

Modules
Proposed case power system
Inverter
Capacity KW 1.0 Peak load - annual - AC
Efficiency % 96%
Miscellaneous losses %
Battery
Days of autonomy d 1.0
Voltage v 24.0
Efficiency % 80%
Maximum depth of discharge % 50%
Charge controller efficiency % 97%
Temperature control method Ambient
Average battery temperature derating % -0.3%
Capaciy an >  Batey stomse
Battery KWh 29 capacity required.
calculations shown
Technology Photovoltaic in Appendix D
Resource assessment
Solar tracking mode: Fixed
Slope : 10.0
Azimuth : 0.0
B Show data
Daily solar Electricity
radiation - Daily solar delivered to
horizental radiation - tilted load
Month KWhime/d KWhim#/d MWh
January 5.56 6.06 017
February 6.06 6.41 0.16
March 6.14 626 018
April 613 604 017
May 6.07 5.83 0.16
June 5.57 5.30 0.14
July 526 5.04 0.14
August 409 4.88 0.14
September 5.30 5.32 0.14
October 5.75 5.99 017
November 564 6.10 0.16
December 5.43 597 017
Annual 5.66 5.76 1.90 Equal to 5.20 kWh
on an average daily
Annual solar radiation - horizontal MWh/m2 206 basis
Annual solar radiation - tilted MWh/m® 210
Photovoltaic
Type _ ¢ 1 kW power capacity is
Power capacity KW 1.00 185.2% equal to x4 250 W PV
Manufacturer | Module 2 | .
modules, which was
Model | | he s ted mumber
Efficiency % 158% the suggested number
Nominal operating cell temperature c 46 of PV modules
Temperature coefficient % [ °C -0.42%
MNominal operating cell temperature °C 46
Temperature coefficient % /°C -0.42%
Solar collector area m? 6.3
Control method Maximum power point tracker
Miscellaneous losses % 10.0%
Summary
Capacity factor % 23.9%
| Electricity delivered to load MWh 1.90 628% |

(Source: Cosgrove, 2018)
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Figure C3: RETScreen Output Values for Recommended Number of PV Modules

Photovoltaic

Type Other

Power capacity KW 1.75 324.1% |:> 1.75 kW power
Manufacturer Module 2 capacity is equal to
Model x7 250 W PV
Efficiency % 15.8% modules

Nominal operating cell temperature °C 46

Temperature coefficient % /°C -0.42%

Nominal operating cell temperature °C 46

Temperature coefficient % /°C -0.42%

Solar collector area m?2 111

Control method Maximum power point tracker

Miscellaneous losses % 10.0%

Summary

Capacity factor i 23.9%

[Etectricity delivered to load MWh 3.00 99.3% | %7 PV modules

meets as close to
100% of the load
demand without
going above 100%

(Source: Cosgrove, 2018)
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Appendix D: Battery Sizing Calculations

Sample lead-acid battery sizing calculations for the Base Design Secondary Load is outlined
below. The calculations were also repeated for other loads requiring batteries for both 1 and 2

days of autonomy and for lithium-ion batteries.

Lead-acid battery sizing:

Total AC load demand: 8.27 kWh

Battery efficiency: 80% (Victron Energy, 2017)
Inverter efficiency: 96% (Messenger & Ventre, 2010)
Days of autonomy: 1 day

Discharge limit: 50% (Stehr et al., 2017)

Battery voltage: 24V

The first step is calculating the total AC load (in kWh) taking into account the inverter efficiency:

AC Load Demand (kWh)  8.27 kWh
Inverter Efficiency ~  0.96

Total AC load (kWh) = = 8.61 kWh

Now, calculating battery sizing in kWh:

Batt Size (kWh) = Total AC load D Aut
attery size " Battery Ef ficiency x Discharge Limit ays of Autonomy

LN t = 21.54 kWh
= 08 <05 ay of autonomy = 21.
Converting kWh to Ah:
) Battery Size (kWh) 1000 W
Battery Size (Ah) = X =897 Ah

Battery Voltage kw
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Appendix E: Heat Rate Calculations

Heat rate is a measurement of system efficiency of a diesel generator (Odesie by Tech Transfer,
n.d.). The heat rate value, in kJ/kWh, is the input required for RETScreen to calculate yearly

GHG emissions.

Diesel generator model: Rhino Power Generator RG 9-1
Diesel generator power output: 10 kW (RG 9-1 Power Generator, n.d.)

Diesel generator fuel consumption: 2.4 L/h at 100% (RG 9-1 Power Generator, n.d.), which
equals to 2.041 kg/h (Volume to Weight Conversions, n.d.)

Heating value of diesel: 43.5 MJ/kg (Machine Parts, 2015)
k] Fuel Consumption X Heating Value
Heat Rate ( ) =
kWh Power Output

(2.041 kg /h)(42.5 MJ /kg) 1000 kJ
10 kW vy

=8,674.25 kJ/kWh
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