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Abstract

This master thesis is a Master with Meaning (MmM) written on behalf of Engineers Without
Borders (EWB) Norway in the Spring 2022. The thesis addresses the electricity supply at the
primary school Eco Moyo Education Centre in Kenya. The school needs reliable electricity supply,
and it is desirable to use renewable energy sources for the electricity production. The purpose of
the master thesis is therefore to propose a system design for a microgrid supplying electricity to
the school from renewable energy sources. Off-grid solutions supplied by PV panels and batteries
are the main focuses.

As a part of the master thesis, fieldwork at the school was conducted in March 2022. The main
purpose of the fieldwork was data collection about the electricity demand and buildings at the
property. The fieldwork was important for understanding the possibilities and limitations for
future systems for electricity supply at the school, and thus to set the project boundaries for the
master thesis.

The bottom-up stochastic model Remote-Areas Multi-Energy Systems Load Profiles (RAMP) is
used to establish minute based annual load profiles for the school. This modelling tool is chosen
based on its high performance, as well as due to the inaccuracy related to data collected from user
surveys and interviews. RAMP model input are constructed for each building at the property, and
both seasonal and weekly variations are accounted for. The load profiles should account for future
developments at the property, and hence the buildings that are expected to be built in the next
few years is also included in the model input.

The buildings at the school is currently organized in clusters. Based on preferences defined by Eco
Moyo, as well as experiences from the fieldwork, system solutions with separate systems for each
cluster is evaluated, referred to as a clustered solution. This clustered solution is compared with a
system solution where the whole property is supplied by one system, referred to as a non-clustered
solution. Load profiles are therefore constructed in RAMP for each individual cluster, as well as
for the non-clustered solution.

To obtain the proposed system solutions simulations are conducted in PVsyst. The proposed
system topology is an off-grid AC coupled microgrid supplied by PV panels and lithium-ion bat-
teries. Load profiles are used as input to the off-grid PVsyst simulations for each cluster and the
non-clustered solution. System solutions are decided based on the simulation results in PVsyst.
Investment costs, autonomy, and load coverage are considered important parameters when determ-
ining these system solutions. Other project specific considerations are also used for the decision
making of the final system solution proposal. For comparative purposes back-up solution evalu-
ations with diesel generators and grid-connection are also performed.

It is concluded that both system solutions for clustered and non-clustered solutions offer high
performances, and acceptable investment costs. However, a clustered solution allows for gradual
expansions in accordance with available funding, when building projects are realized, and when
more electricity supply is needed at the school. Due to this main advantage, as well as other
advantages, the clustered solution is found to provide the optimized system solution for electricity
supply at Eco Moyo Education Centre.
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Sammendrag

Denne masteroppgaven er en Master med Mening (MmM) skrevet for Ingeniører Uten Grenser
(IUG) Norge v̊aren 2022. Oppgaven tar for seg strømforsyningen ved grunnskolen Eco Moyo
Education Centre i Kenya. Skolen har behov for en p̊alitelig strømforsyning, og det er ønskelig å
bruke fornybare energikilder til strømproduksjonen. Form̊alet med oppgaven er derfor å foresl̊a et
systemdesign for et mikronett som leverer elektrisitet til skolen fra fornybare energikilder. “Off-
grid” løsninger med PV paneler og batterier er hovedfokuset for oppgaven.

Som en del av masteroppgaven ble det utført feltarbeid p̊a skolen i mars 2022. Hovedform̊alet med
feltarbeidet var datainnsamling om strømbehovet og bygningene p̊a eiendommen. Feltarbeidet var
viktig for å forst̊a muligheter og begrensninger for fremtidige system for strømforsyning ved skolen,
og dermed for å sette prosjektgrensene for masteroppgaven.

Den stokastiske modellen “Remote-Areas Multi-Energy Systems Load Profiles (RAMP)” brukes til
å etablere minuttbaserte årlige lastprofiler for skolen. Dette modelleringsverktøyet er valgt basert
p̊a dets høye ytelse, samt p̊a grunn unøyaktigheten knyttet til data samlet inn fra brukerund-
ersøkelser og intervjuer. Modellinnmating til RAMP konstrueres for hvert bygg p̊a eiendommen,
og det tas hensyn til b̊ade sesong- og ukesvariasjoner. Lastprofilene bør ta hensyn til fremtidig
utvikling av tomten, og bygninger som forventes å bli bygget innen de neste f̊a årene er derfor ogs̊a
inkludert i modellinnmatingen.

Bygningene p̊a skolen er i dag organisert i klynger. Basert p̊a preferanser definert av Eco Moyo,
samt erfaringer fra feltarbeidet, evalueres systemløsninger med separate systemer for hver klynge,
omtalt som en klyngeløsning. Denne klyngeløsningen sammenlignes med en systemløsning hvor
hele eiendommen forsynes av ett system, referert til som en ikke-klynget løsning. Lastprofiler
konstrueres derfor i RAMP for hver klynge s̊a vel som for den ikke-klyngede løsningen.

For å oppn̊a de foresl̊atte systemløsningene gjennomføres simuleringer i PVsyst. Den foresl̊atte sys-
temtopologien er et off-grid AC mikronett med PV paneler og litium-ion batterier. De aggregerte
lastprofilene brukes som input til off-grid PVsyst simuleringer for hver klynge og for den ikke-
klyngede løsningen. Systemløsninger bestemmes basert p̊a simuleringsresultatene i PVsyst. Inves-
teringskostnader, autonomi og lastdekning anses som viktige parametere n̊ar disse systemløsningene
skal bestemmes. Andre prosjektspesifikke hensyn brukes ogs̊a for beslutningstaking av det endelige
systemforslaget. For sammenlignende form̊al er det ogs̊a utført evalueringer av backupløsninger
med dieselgeneratorer og nettilkobling.

Det konkluderes med at systemløsninger for klyngede og ikke-klyngede løsninger gir høy ytelse, og
akseptable investeringskostnader. En klynget løsning åpner midlertid for gradvise utvidelser i takt
med n̊ar midler mottas, n̊ar byggeprosjekter realiseres, og n̊ar det er behov for mer strømforsyning
p̊a skolen. P̊a grunn av denne hovedfordelen, samt andre fordeler, er det funnet at den klyngede
løsningen gir den optimaliserte systemløsningen for strømforsyning ved Eco Moyo Education Centre.
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1 Introduction

1.1 Motivation

Climate change

The world is currently experiencing severe declining biodiversity, intense droughts, catastrophic
storms, water scarcity, melting polar ice, severe fires, flooding, and rising sea levels. These are
consequences of climate change, which is defined as the long-term shifts in weather patterns and
temperatures. Since the 1800s, the main driver of climate change has been human activities, most
importantly due to burning fossil fuels such as gas, oil, and coal. This generates greenhouse gas
emissions, which contribute to an amplified greenhouse effect. The greenhouse effect captures the
long-wave radiation from the earth and results in rising temperatures. The mentioned consequences
will happen more frequently and to a greater extent if the heating continues and will have a
devastating impact on the planet. This will affect people’s safety, health, housing, and ability to
grow food. However, thousands of scientists and government reviewers have agreed that the worst
climate impacts can be avoided by limiting the global temperature to 1.5◦ above pre-industrial
levels (UN 2022c, UNEP 2022).

Sustainable Development Goals

In 2015, the United Nations (UN) adopted the Sustainable Development Goals (SDG) as a universal
call for action for protecting the planet, ending poverty, and ensuring that by 2030 all people
experience prosperity and peace. The SDGs consists of 17 integrated goals which recognize that
development must balance both environmental, economic, and social sustainability, as well as that
action in one area affects the outcome in other areas (UNDP 2022c).

Electricity access

SDG number 7 is regarding energy for sustainable development, namely to “ensure access to
affordable, reliable, sustainable and modern energy for all”. The UN states that a new world of
opportunities for billions of people through e.g. better health and education, empowered women,
youth and children, jobs and economic opportunities, and greater protections from climate change,
can be achieved through ensuring access to modern, sustainable, reliable, and affordable energy
(UN 2022a). One of the most critical opportunities and challenges in meeting SDG 7 is the
electrification of Sub-Saharan Africa (SSA) (DNV 2021).

At the same time, 759 million people in the world is without electricity access. This is 1 out of
10 people in the world. Most of these people live in rural areas, and three quarters live in SSA.
Moreover, in Kenya, only 71 % of the population had access to electricity in 2019, whereas in the
rural areas, the share is as low as 63 % (WBG 2022). In addition to the current high percentage
of the world being population without electricity access, the world population continues to grow.
Consequently, the demand for cheap energy also increases. Further, the main contributor to
climate change is energy, accounting for 73 % of greenhouse gases from human activities (UNDP
2022a). The emissions driving climate change can be reduced by switching energy systems from
fossil fuels to renewable sources such as solar and wind energy. The United Nations Environment
Programme (UNEP) anticipates that a cut of 12.5 gigatonnes of greenhouse gas emissions can come
from the energy sector through both shifting to renewable energy and using less energy (UNEP
2022).

Education

SDG number 4 is regarding quality education, namely to “ensure inclusive and equitable quality
education and promote lifelong learning opportunities for all”. One of the targets is that all boys
and girls will complete free primary and secondary education (UN 2022b).

57 million children in the primary school age remain out of school, and one in four girls in developing
countries are not in school. More than half of the 57 million children live in SSA. In addition,
there are 103 million youths that lack basic literacy skills, and more than 60 % of them are women
(UNDP 2022b). Education is one of the most powerful measures for sustainable development
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and has an immense impact by e.g. improving health, gender equality, employment and poverty
reduction.

Engineers Without Borders and Master with Meaning

This master thesis is written as a Master with Meaning (MmM) on behalf of Engineers Without
Borders (EWB) Norway. EWB Norway is a Non-Governmental Organization (NGO) contributing
with technical competence and engineering in projects in developing countries. The vision is to use
humanitarian engineering to promote development. The projects promotes sustainable technology
and are based on the local needs. The projects contribute to the improvement of the life of people,
as the solutions are operated and owned by the local community (EWB 2022). MmM is a concept
developed to allow EWB Norway to assist engineering students in creating development-related
master theses. This allows engineering students the opportunity to a great learning outcome in
the field of humanitarian development, while by solving specific field problems it is actually of
use to someone. A MmM consists of two parts; a theoretical part and a field visit to the project
site. Hence, the master thesis consists of two parts; a theoretical work to establish proposals for
optimized system solution, as well as field work at the project site conducted in March 2022.

Eco Moyo Education Centre

Eco Moyo Education Centre (referred to as Eco Moyo from now on), is a primary school in rural
Kenya offering free education to underprivileged children with a vision of increasing the quality of
life for these children. The school is in Nzunguni village, which is a poor area where most of the
children live without access to running water and electricity (EcoMoyo 2022a). A solid foundation
needs to be established for the children in order to secure a better future for themselves and their
families. Eco Moyo is contributing to building this foundation. Furthermore, the children also get
school uniforms , food, and equipment such as backpacks, books, and pencils (EWB et al. 2020).

Developing a microgrid at Eco Moyo will contribute to achieving SDG number 7 regarding energy
for sustainable development, targeted at the critical electrification of SSA. Eco Moyo itself con-
tributes to achieving SDG number 4 regarding achieving universal quality education. The school
also has a indirect impact on other SDGs, such as those related to no poverty, zero hunger, gender
equality, clean water and sanitation, decent work and economic growth, and sustainable cities and
communities. Therefore, Eco Moyo is found to be a suitable and important project to support and
use as subject for this master thesis.

1.2 Objective

The main objective of the master thesis is to analyze how system solutions for a microgrid can
meet the electricity demand at Eco Moyo. In the fall 2021 a preliminary project was conducted
by the authors. Results and experiences from this project established a starting point point for
this master thesis. Field work is to be completed with the main purpose of data collection. After
constructing load profiles and proposing different solutions for the electricity supply at the school,
a specific system proposal is to be presented. Hence, the research question of the master thesis is
defined as the following:

What is the optimized system solution for a microgrid to supply the electricity demand at Eco Moyo
Education Centre?

The optimized system solution should entail a cost-effective system that supplies the load without
being disproportionately sized. The system will be off-grid and renewable. However, backup solu-
tions with grid connection and diesel generators will be evaluated as comparison. An important
aspect of the thesis is that the boundaries and preferences that Eco Moyo defines should be ac-
counted for. As the property is constantly evolving, it will be important to include future building
prospects in the evaluations. Additionally, it is essential to consider feasible and available solutions
locally in Kenya. Hence, the optimized system is not only determined by economic and technolo-
gical considerations. The field work is a valuable resource when determining these limitations. In
order to answer the research question, the following objectives are the main focus in the master
thesis:
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• Introduce necessary background theory.

• Perform field work to collect data and install a new system with PV panels and batteries.

• Define the boundaries of the project, and determine how to operate around these.

• Use collected data from the field work to establish annual load profiles.

• Perform simulations to propose possible solutions for system designs at the property.

• Compare off-grid solutions with PV panels and batteries with solutions including diesel gen-
erators and grid connection as backup solutions.

• Propose a system topology.

• Present the investment costs of the proposed solutions.

The main results of the master thesis will be a system proposal to be used as a guideline for the
expansion of the electricity supply at Eco Moyo. The thesis will give an estimate on the possible
future electricity demand at the property, and propose how it can be supplied. Suggestions on where
the system can be distributed at the property will be included as well. An economic overview will
be accompany the results. Several simplifications and assumptions will be made for the system
proposal. The purpose is therefore to provide guidance rather than set specifications or limits on
future installments. Additional details, considerations, and potentially components must therefore
be accounted for if solutions are to be realized.

To offer a more comprehensive evaluation of the electricity supply, backup solutions with grid
connection and diesel generators will also be presented. This is to provide a holistic understanding
of the alternatives at the school. The work progress to obtain the objective is illustrated in Figure
2.

Figure 2: Illustration of the work progress in the master thesis.

1.3 Background

1.3.1 Eco Moyo Education Centre

Eco Moyo is a private primary school in a rural area in Kenya’s east coast which offers free primary
education to children. The vision of the school is to increase the quality of life for these children by
providing free education to all the children in the village (EcoMoyo 2022a). Currently 240 pupils
receive education at the school. The pupils also get breakfast and lunch, textbooks and other
school material, uniforms and gear for physical education (EcoMoyo 2022b).

The school is a Norwegian and Kenyan charity project as it was founded in 2013 by Norwegian
Lindsay Sanner. The school started as a vision of building a quality school with a green profile for
children of low-income families (EWB et al. 2020, p.6). Hence the name Eco Moyo, as Eco is short
for Ecology and Moyo means heart in Swahili. The school name therefore refers to showing love for
the environment (EcoMoyo 2022a). This is an important aspect for the school, and a self-sufficient
school in relation to food, water and energy, as well as financially independent, is desired.
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The area

Eco Moyo is located in a rural area in Kilifi county. This county is one of the poorest in Kenya,
where 70 % of the population live under the poverty line. The school is located in the Nzunguni
village. Most people in this area live without access to electricity or water in mud houses (EcoMoyo
2022c). Kenya has a young population, and in Kilifi County, 47 % are under 14 years of age. Only
50 % of the population in the area have completed primary school and only 13 % secondary school
(EWB et al. 2020). Hence, many of the students parents have not themselves received education.

The property

The Eco Moyo property is 10 acres, which constitutes to approximately 40,500 m2. The geograph-
ical coordinates of the property is latitude 3.5◦S and longitude 39.8◦E. This gives that the school
is placed slightly south of the equator. The map placement of the school is shown in Figure 3.

(a) Proximity to equator. (b) Placement in Kenya.

Figure 3: Eco Moyo map placement.

Source: Google Earth.

The school area currently includes 6 classrooms, 2 kindergartens, school toilets, office and storage,
staff room, kitchen, sports fields, staff courts, and student dormitories. The two latter are due
to that some of the teachers and approximately 20 of the students live at the school (EcoMoyo
2022b). The buildings are mainly established as clusters, big and small, organized around existing
clearings. The different clusters are separated by relatively dense vegetation. Figure 4 shows an
overview of the Eco Moyo property, whereas the existing clusters are marked. There are however
continuous development at the property, and more buildings are expected to be built in the near
future.
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Figure 4: Existing clusters at the property.

Source: J. Lervik 2022.

The figure shows the cluster containing the security building, student dorms, and kitchen marked
in green, which is next to the entrance at the site. The cluster including the housing for the director
and the belonging storage is marked in red, while the area for visitors is shown in blue. Finally,
the cluster including all buildings for school activities is shown in yellow.

Architecture

The architecture at the site is the result of a broad architectural collaboration. Adaptation to the
local climate was an important premise in the school building designs, and they allow for natural
lighting and ventilation. They provide light and air through open structures, while at the same
time offering protection from rain and the sun. The natural ventilation in the buildings, through
liftings in the roofs to let the heat escape, is essential due to the strong heat at the site (EWB
et al. 2020).

Figure 5: Drone picture of parts of the property.

Source: EcoMoyo 2022a.
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1.3.2 Strategic plan

In 2020, a strategic plan for the further development at Eco Moyo was made by Lindsay Sanner,
EWB Norway and Arkitekter Uten Grenser (AUG) Norway. The school’s rapid growth made it
necessary to compile future needs and look holistically at the development to be able to secure
a sustainable development of the school. This plan addresses subjects such as land use, energy
and water supply, and surface water management. Furthermore the plan gives a short overview of
financial and organizational needs (EWB et al. 2020, p.6). This plan is actively used in this master
thesis, both for data collection and to make sure that the schools needs and wishes are considered
and accounted for.

1.4 Project boundaries

Several project boundaries can be defined for this project. Some of which will not be a part of the
project scope, whereas other are defining for the work in this project. The most important aspects
that have been considered for these boundaries will be presented in this chapter.

1.4.1 Current electricity supply

Firstly, the current electricity supply at the school must be considered before evaluating new
options. The current electricity supply consists of three parts;

• A PV system installed during field work.

• A PV system that was already installed at the property before field work.

• Several Solar Home Systems (SHS), which are different types of small PV systems.

The school needs a robust and well-functioning system that can provide sufficient capacity and
make the school self-sufficient in terms of electricity. All existing systems and solutions at the
property, except from the installations that were completed during the field work, will not be
considered in this thesis. By excluding unreliable systems, the goal is to propose a sustainable and
reliable system that can supply the school energy needs for years without unnecessary additional
investment costs.

1.4.2 Preliminary project

In the Autumn 2021 a preliminary project for this master thesis was written. The preliminary
project established an important knowledge foundation for the master thesis. It explored different
possible energy sources and system designs to suggest solutions that could be further investigated
in the master thesis. Findings in this preliminary project set some important boundaries for the
master thesis, i.e. in regards to source for energy production, method to be used for establishing
load profiles, and simulation tool to be used for the system simulations. These boundaries and
their background will be thoroughly explained in it’s own chapter, Chapter 2.

1.4.3 Off-grid solution

As the school desires to be self-sufficient in regards to electricity supply, the main focus of the
master thesis is an off-grid solution. Such off-grid systems will be further explained in Chapter
3.3.7. However, to offer a fully comprehensive evaluation, system simulations with grid connection
will also be presented. This is to provide a holistic understanding of the alternatives at the school.
grid connected solutions will not be a part of the resulting system proposals, as the desire to keep
the school self-sufficient is prioritized.
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1.4.4 Preferences of end-users at the school

To increase the satisfaction and sense of ownership of projects implemented at the school, the
development of the system solution at the property will include social aspects and acceptance
from the users. This will be done by facilitating participation from management, employees and
pupils at the school when defining the energy needs during the field work. The prioritizing of new
systems should also be adjusted to such social aspects as well. However, this will only be part
of the discussion when recommending solutions, rather than a boundary when establishing the
system solutions.

1.4.5 Limitations of the local company

It is decided by the school management that the local firm Chloride Exide Kenya Limited (referred
to as Chloride Exide as of now) is to be used for further development of the electricity supply at the
property. This company will be presented in Chapter 4. This decision was based on experiences
with good quality work and a high level of professionalism of this firm for projects in the area.
Thus, to provide an as accurate system proposal as possible, the methods and components Chloride
Exide can offer is tried to account for. This is done both through conversations and collaboration
with them, as well as using their website for references.

1.4.6 Environmental considerations

Eco Moyo’s desire to maintain their so-called green profile must be reflected in their electricity
supply as well. Hence, a fundamental boundary for this project is to focus on systems that take
environmental aspects into considerations. This is mainly reflected in the choice of energy source,
which is determined to be renewable. Because the school wants to maintain their environmental
focus, other sources are not considered for the final system proposals in this project.

However, it is known to be a possibility to use both diesel generators and the main grid as an
alternative if other electricity supply is insufficient. Such solutions will not be a main focus in this
master thesis, but will be evaluated to ensure that information of alternative electricity supply
is offered as well. To ensure that environmental considerations are included, emissions related to
these solutions will be presented.

1.4.7 Future expansions of the property

An important aspect to consider for the future electricity supply at Eco Moyo is the future building
projects that are expected. These projects are presented in the strategic plan (EWB et al. 2020).
The buildings that will be prioritized in the near future have been mapped, and will be accounted
for. These will be presented in Chapter 5.

1.4.8 Clusters

In line with the strategic plan, the system proposals will be adjusted to the clusters at the property
(EWB et al. 2020). Even though there is a desire to keep each cluster self-sufficient, solutions that
supply the whole property will be evaluated as well.

1.4.9 Aspects that will not be considered

Several considerations that are not included in the research scope of this master thesis. An overview
of these main aspects are presented in this chapter.
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User flexibility

In the spring 2023 a direct follow-up master thesis of this master thesis is to be written. The master
thesis shall investigate the flexibility of solar and battery off-grid systems, where Eco Moyo will be
the case study for the thesis. This thesis will consist of a detailed study of the existing load, future
load, lost load, current solar energy generation and battery systems. The goals is to identify energy
consumption behavior patterns of users that maximize the utilization of PV and battery systems.
This will include relevant tasks such as individual appliance load modelling, optimal utilization of
existing system, and optimal consumption behaviour pattern suggestions. Hence, as a thorough
analysis of user flexibility for Eco Moyo will be conducted in the master thesis, this aspect will not
be a part of this project’s scope.

Interdisciplinary aspects

Three MmMs are currently being written for Eco Moyo regarding water supply. A the possibility
of a water tank, a new well, and desalination of an old well are, amongst others, investigated.
Surface water management is also considered.

The school is currently supplied with drinking water from the municipal pipe network. However,
this is unstable and unreliable, and is especially challenging during the drought period. There is
also a well on the plot, but the water is so salty that it can not be used. Updates and developments
on the site in relation to water supply and handling are thus necessary. The solutions that are
considered in the other master theses may require electrical energy, for example for pumping
water. As results and solutions in relation to water supply will not be ready until June 2022, this
is disregarded in this thesis. However, any further work with electricity supply at the school should
take results from these master theses into account.

The master theses that should be taken into account if electricity demand in regards to water
supply needs to be further evaluated are the following:

• Water Management and Rainwater Harvesting potential at Eco Moyo, Kenya by Maja
Kirkhus.

• Water supply at Eco Moyo Education Centre in Kilifi, Kenya by Maria Brubak Melby.

• Design of an Underground Water Storage Tank in Coral Stone and Ferrocement at Eco Moyo
Education Centre by Iver Nybø and Lukas Hartnik.

Safety standards

Installations of microgrids entail safety concerns that has to be managed properly. However,
relevant safety standards, and measures related to these, are not a part of the scope of this project.

Control strategies

Control strategies of microgrids are important to ensure optimal operation of the system (Alfergani
et al. 2018). However, specific control strategies of a microgrid will not be evaluated in this project.

Detailed system topology

Simplified system topologies will be proposed in this master thesis. However, it is not a part of
the research scope to propose details entailing connection points, cabling, or other specifications
that do not need to be provided to perform sufficient system simulations.
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2 Recommendations from the preliminary project

The preliminary project that was conducted during the fall 2021 established an important know-
ledge foundation for the master thesis. Similar to the master thesis, it evaluated possible solutions
for a microgrid at Eco Moyo. The project explored possible renwable energy sources and system
designs to suggest solutions that could be further investigated in the master thesis. Through re-
views of relevant literature, it was found that common combinations of energy sources in microgrids
are solar and wind, accompanied by batteries. Some alternatives also entail diesel generators to
provide backup power when the renewable energy sources are insufficient. Possible system solutions
can also be grid connected, either as backup, or as the main source of power supply. However,
to provide a renewable, self-sufficient solution, a combination of wind turbines, solar panels, and
batteries were chosen as for the system simulations. A system consisting of these components was
therefore subject to a techno-economic optimization in HOMER Pro. The main purpose of this
modelling was to determine which combination of energy sources are most suitable for Eco Moyo.

An important part of the objective of the preliminary project was to establish load profiles of the
property. Because there are no opportunities of measuring the power consumption at the property,
other methods were considered. Review of related research revealed that interview-based load
profiles can entail high levels of inaccuracy (Hartvigsson and Ahlgren 2018, Hartvigsson, Ehnberg
et al. 2015, Blodgett et al. 2017). This is amongst others because respondents wrongly estimate
their own consumption. Additionally, it is difficult to account for random behavior with this
method. However, interviews have the advantages that they are more attainable, and can be used
as a tool to understand future needs. The responses can be utilized as inputs to stochastic models
as well.

Bottom-up stochastic models, including the open-source tools LoadProGen and Remote-Areas
Multi-Energy Systems Load Profiles (RAMP) (Mandelli et al. 2016, Lombardi et al. 2019), were
reviewed as well. Both models take results from interviews to establish stochastic-basic load
profiles. However, RAMP included increased the degree of stochasticity through their layered
model. (Lombardi et al. 2019) presents that the error percentage stays consistently below 2 %
when load profiles constructed in RAMP was compared to measured data. This is a significantly
better model performance than what can be seen for results from LoadProGen (Lombardi et al.
2019). However, load profiles were established through a combination of pre-generated open-source
load profiles (Narayan, Qin et al. 2020), and results from a user survey that was conducted in the
fall.

After performing the system simulations, it was concluded that a combination of PV panels and
batteries is the preferred choice for Eco Moyo. This was based on both economic evaluations, and
the system performance. Additionally, PV panels do not entail the same challenges related to
safety and maintenance as wind turbines do. It was found in the literature review that PVsyst
could provide more detailed information about PV systems, and it was therefore recommended to
use this tool for system simulations in the master thesis.

Even though the load profiles from the preliminary project provided a basis of knowledge about
the electricity consumption at Eco Moyo, several moments of uncertainty are related to the results.
Hence, it was established in the preliminary project that an important part of the master thesis
should be to observe user habits during the fieldwork. It was also concluded that RAMP should
be utilized when new load profiles are generated in the master thesis. Based on the model’s high
performance rate, this could increase the accuracy of the load profiles that can be generated based
on results from the fieldwork.
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3 Theoretical background

This chapter will present the theoretical background that has been introduced as a foundation for
the research in this master thesis.

3.1 Kenya

3.1.1 Electricity access

Kenya has high goals concerning electricity access. This is visible in Kenya’s long term development
strategy “Vision 2030”. This strategy acknowledges energy access as a key enabler for making
Kenya a “middle-income country providing high-quality life for all its citizens by 2030”(Vision2030
2022). As mentioned in Chapter 1.1, 71 % of Kenya’s population had electricity access in 2019. In
1999 the electricity access was only at 13 %, which illustrates that the electricity access in Kenya
has increased within the last two decades (WBG 2022). Hence, an immense effort has been put
into the electrification of Kenya. One of these efforts was the establishment of Rural Electricity
Authority (REA) in 2006. The purpose of REA was to enhance rural electrification in Kenya
and to accelerate its pace (IPA 2022). In 2019, REA was changed to Rural Electrification and
Renewable Energy Corporation (REREC), which has an expanded mandate of implementing rural
electrification projects and of leading the green energy drive in Kenya. The mission of REREC is
to “ provide sustainable energy solutions for all through rural electrification and renewable energy
for social economic transformation”(REREC 2022).

Even though great progress have been made in relation to the electricity access in Kenya, 29 %
of the whole Kenyan population and 37 % of the rural Kenyan population lacks electricity access
(WBG 2022). As Kenya has a population of 54 million this gives that 16 million people in Kenya
still lack access to electricity (IEA 2022b).

Electricity generation mix

Kenya has an electricity mix with one of the highest renewable shares in the world, with approx-
imately 89 % from renewable energy sources in 2019. The remaining 11 % is from oil (IEA 2022b).
Figure 6 shows the electricity generation by source, showing that almost half of the electricity
generation in the country is from geothermal energy. The figure also shows that PV production
only accounted for 1 % of electricity production fed into the utility grid in Kenya in 2019 (IEA
2022b).
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Figure 6: Electricity generation by source in Kenya 2019

Source: IEA 2022b.

Most of the electricity transmission and distribution systems in Kenya is owned and operated by
The Kenya Power and Lighting Company PLV (KPC) (KPC 2022). Kenya Electricity Generating
Company PLC (KenGen) is the leading company generating electrical power in Kenya and East
Africa (KenGen 2022).

3.1.2 Climate in Kilifi

The climate in Kilifi is typically hot and humid, and has annual average temperatures around 26◦C.
Kenya has significant rainfalls and is considered to have two rainfall periods. A long wet period is
from April to June, and a short wet season from October to December. The annual rainfall in the
country varies greatly from 250 mm. in the north to 2,000 mm. in west (WBG 2020, p.4). In Kilifi
there is 1,225 mm. annual rainfall (WorldWeatherOnline 2022). The average monthly rainfall in
Kilifi is illustrated in Figure 7, and it demonstrates the two wet seasons.
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Figure 7: Average monthly rainfall in Kilifi.

Source: WorldWeatherOnline 2022.

Figure 8 shows the average global solar irradiation on the site from 1991 to 2010, and Figure 9
shows the average monthly temperatures.

Figure 8: Average daily solar irradiation extracted from Meteonorm.

Source: Merlet 2021.

Figure 8 shows that the lowest average irradiation occurred in July with a value of 4.63 kWh/m2

per day, and the highest in March and November with values equal to 6.07 kWh/m2 per day.
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Figure 9: Average monthly temperatures extracted from Meteonorm.

Source: Merlet 2021

Figure 9 shows that the highest average temperature is in March with a value of 28.5 ◦C, while
the lowest value is in July with 24.1 ◦C.

Climate Change

It is essential to consider climate change when solutions adapted to future developments are to be
developed. The ND-GAIN Index ranks the vulnerability of different countries to climate change, as
well as the countries ability to improve the climate change resilience. Among 181 countries, Kenya
rated poorly at 152, giving that the country is to highly vulnerable to climate change impacts
(WBG 2020, p.3). An increased intensity and risk for climate change consequences in the country
is therefore expected. In fact, a warming trend has already been visible in Kenya. Since the
1960s the mean temperatures has risen approximately 1.0◦C, and it is predicted to rise another
1.7◦C and 3.5◦C by respectively the 2050s and 2100s (WBG 2020, p.9). An increase in droughts
and dryness has also been witnessed. At the same time, a heightened intensity and frequency of
extreme rainfalls is witnessed, arriving in uncertain and variable patterns (WBG 2020).

3.2 Solar energy and PV technology

Solar energy is the conversion of sunlight into usable energy forms, and it is a clean, inexhaustible
and abundant source of energy (IEA 2020, Statkraft 2022). The sun is the largest source of energy
on earth, and the amount of solar energy that hits the earth in one year is about 15,000 times
greater than the entire world’s annual energy consumption. The amount of solar energy reaching
the earth’s surface can vary from over 2200 kWh/m2 per year to 700 kWh/m2 per year, where
the highest levels are received at the equator and decreasing towards the north and south pole
(Hofstad 2022). Thus, this is an energy source with great potential for contributing to meeting
the energy demand in the world and especially areas close to the equator.

It is normal to separate between technologies that generate electricity and technologies that do not.
By using solar cells, solar energy can, through a Photovoltaic (PV) process, be directly converted
to electrical energy. Historically this technology has been considered to be both expensive and to
have a low efficiency, but both of these parameters have significantly improved the last few years.
PV systems also operate with zero carbon-dioxide emissions, which is positive for the environment.
A drastic drop in the price per installed power for PV technologies has been seen, which has led to
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that in certain areas of the world this technology can compete with the price for electricity from
the utility grid (Hofstad 2022). Hence, in this project the focus is on PV technologies and systems,
as it is the most relevant technology used to cover the electricity demands at Eco Moyo.

Conclusively, all of the following theory, as well as the main focus of the master thesis, will be
related to PV technologies.

3.2.1 Solar resource

The solar resource at a site is an essential parameter in PV systems, as power production is linearly
dependent on the irradiance on the array plane. The term irradiance is given in W/m2, as it is
the power of the sunlight incident on a surface per unit area (Lumby 2015, p.29). Integrating
the irradiance over defined time limits gives irradiation, and is a energy measurement rather than
power measurement. It is the energy incident on a unit area of a surface in a given time period, and
is given in kWh/m2 (Lumby 2015, p.14). Irradiation can be further divided into Direct Normal
Irradiation (DNI), Diffuse Horizontal Irradiation (DHI), and Global Horizontal Irradiation (GHI).
These terms are defined as follows:

• The DNI is the energy received per unit area of a surface due to solar radiation perpendicular
to the surface.

• The DHI on the other hand is the energy received per unit area of a surface due to solar
radiator scattered off surrounding areas or the atmosphere.

• GHI is the combination of DNI and DHI, i.e. the total solar energy that is received on a unit
area of a horizontal surface.

GHI is the most relevant measurement for PV systems, as PV technologies are able to use both
direct and diffuse irradiation. However, for technologies that are only able to use direct irradiation,
the DNI is the most interesting (Lumby 2015, p.43).

3.2.2 The PV effect and PV cells

The PV effect is the generation of electric current and voltage in a PV cell when exposed to sunlight.
The principle of this process is that two different layer types of a semiconductor material, called
n-type and p-type, are set in contact with each other. Approximately 95 % of all PV cells that
are produced, this semiconductor is silicon. The n-type layer has a surplus of free electrons in its
outer shell, while the p-type has a deficit in free electrons in the outer shell, referred to as holes.
By putting these semiconductors together, the surplus electrons move from the n-type side to the
p-type side. This results in a negative charge along the p-type side and positive charge along the
n-type side. This creates an electric field at the surface of where the two semiconductor layers
meet. This area is called a n/p junction (Alireza Khaligh 2018, UngEnergi 2022).

At a point a balance in this junction will be reach. However, the energy from a photon, i.e.
the sunlight, has the ability to release electrons in the junction area. The voltage across the
junction causes the released electrons to move towards the n-type side. The resulting hole is
filled by electrons from the p-type side. Consequently a new hole is created on the p-type side,
which also will be filled by a new electron, i.e. the hole moves inwards in the p-type side. By
connection PV cells together in a PV panel and connection this in a closed circuit, the electron
initially released from the n/p junction will move through it and back to the p-type side. When
this happens repeatedly, current is created (UngEnergi 2022). The current output of a PV cell is
Direct Current (DC).

3.2.3 Main PV components

By connecting several PV cells together, typically 36, 60, or 72, a PV panel is created. The PV
cells are connected in series and/or parallel to produce the desired current and voltage levels for
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the given PV panel. PV panels can be further connected in series, which is referred to as a PV
string. By connecting PV panels in series the voltage output is increased, while the current is
constant. Moreover, PV strings can be connected in parallel, which constitutes to the final PV
array. Connecting PV strings in parallel increases the total current, while the voltage is constant.
Hence, by connecting PV panels to PV strings and PV strings to PV arrays, the total available
power output is increased (AlternativeEnergyTutorials 2022).

3.2.4 Maximized production and loss reduction

An important aspect of PV systems is to maximize the annual PV energy production, for instance
by reducing losses. This chapter explains some important factors that can reduce the losses.

Optimal plane tilt and azimuth

To maximize the PV energy production it is important to maximize the irradiation on the PV
panels, i.e. the Global Tilted Irradiation (GTI). The GTI is the total energy received on a unit
area of a tilted surface (Lumby 2015). Maximizing the GTI is done by facing the PV panel towards
the sun for the longest possible period of time by finding the optimal plant tilt and azimuth. The
tilt angle of a PV panel is the panel’s angle relative to the horizontal plane.

As a rule of thumb, it is given that the tilt of the PV panels should be equal to the latitude of the
site. However, it should not be less than 10◦ as this will increase waste and debris collection on
the panels (Louie 2018). This will decrease the performance of the panels, and is further explained
below in the section “Shading”.

The plane azimuth is the angle between the PV modules and zero azimuth, where zero azimuth is
at the celestial direction towards equator. I.e. zero azimuth is either due north or south depending
if the site is on the northern or southern hemisphere. Further references to the term azimuth in
this project will be with regards to a site position in the southern hemisphere. This gives that
an azimuth of 0◦ is towards north, −90◦ towards east, +/− 180◦ towards south, and 90◦ towards
west. A rule of thumb in regard to optimal azimuth for a PV array is that it should be oriented
towards equator, i.e. an azimuth of 0◦. Figure 10 shows the principle of tilt angle and azimuth,
and shows a PV panel with a fixed tilt angle towards the south.

Figure 10: PV tilt angle and azimuth.

Source: SolarDesignGuide 2022.

Shading

Shading is an important factor as it has a significant impact on the PV energy production. This is
due to that the current in the string of PV cells is defined by the current in the PV cell producing
the least current. This gives that even though only a few PV cells are shaded, the PV panel
performs as though they are all shaded. Hence, shading should be avoided. The shading can be
a result of soiling, such as dust, bird droppings or other waste. This is temporary shading, and
to reduce these losses, a cleaning strategy needs to be implemented. Shading from nearby objects
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is often critical as it is often permanent and gives direct shadow. This includes objects such as
buildings and trees. Shading can also occur from the PV strings themselves, where one row of PV
string can cast shadow to the next PV string. In these cases it is important to find the optimal
tilt and distance between the PV strings (TraceSoftware 2022).

3.3 Microgrids

A microgrid is an energy infrastructure consisting of Distributed Energy Resources (DER) and
loads. The DERs are often from renewable energy sources, and the microgrids have the capability
of supplying the loads autonomously (IRENA 2019). Microgrids encompass three subsystems;
the power generation subsystem, a distribution subsystem, and the equipment and appliances for
access and consumption. The power generation subsystem can entail for example PV panels, wind
turbines, batteries and diesel generators. The generation capacity of microgrids can range from a
few kilowatts to several megawatts. The distribution subsystem includes equipment that delivers
the generated electricity from the power generating subsystem to the third subsystem. The third
subsystem can include equipment such as ceiling fans and electrical meters. These three layers
suffice to define a microgrid, but it can contain a fourth layer by integrating the microgrids to the
utility grid (Sivaram 2018). The power losses in microgrids are mainly because of cable losses,
voltage droops, and conversion losses (Opiyo 2019).

The microgrids are categorized as off-grid or grid connected. Grid connected microgrids are con-
nected to the utility grid, by consuming and/or injecting power. This could give benefits to the
consumer, such as improved reliability of supply, revenues from service provision, and electricity
bill savings (IRENA 2019). It can also contribute to a greater share of renewable energies in
the utility grid. Both grid connected and off-grid microgrids will be presented in this chapter.
The main focus of this thesis is however on off-grid microgrids, which will be further explained in
Chapter 3.3.7.

Both Alternating Current (AC), Direct Current (DC), and hybrid microgrids are possible. These
microgrid types will be further explained in respectively Chapter 3.3.4, 3.3.5, and 3.3.6. Relevant
components, such as batteries, converters, and parts of the distribution system will, however,
initially be presented.

3.3.1 The distribution system

The main purpose of the distribution system of microgrids is to ensure that power is transferred
between the power generation and the consumer. They entail both distribution lines, transformers,
low voltage lines, poles, protection, and monitoring equipment (Louie 2018). However, only the
distribution lines will be introduced in this project.

Both AC and DC are possible alternatives for the distribution systems of microgrids. The choice
between these two alternatives dates back to the twentieth century and the dispute between Thomas
Edison and Nikola Tesla, respectively presenting DC and AC. In this quarrel, Tesla won due to
that AC power could be sent over long distances without significant losses by the use of high-
voltage AC. Using high voltage DC was however not yet possible, and DC could therefore not
be sent over long distances. This has however changed, as changing the DC voltage has become
immensely cheaper. This is done by DC/DC converters, which are introduced in Chapter 3.3.3.
Hence, sending DC over long distances is now possible with low losses (Sivaram 2018).

Both real and reactive power flows in AC distribution systems, which entails both real and reactive
power losses as well. The resistance in the cables depend on the length, cross-sectional area,
frequency, and materials in use. In DC cables, there are no reactive losses. This allows for a higher
capacity compared to AC cables. As evaluated in (Ekici and Kopru 2017), losses in the DC cable
decrease when the cable cross section is increased. Losses could be decreased by using a larger
cross-sectional area (Ekici and Kopru 2017). However, this increases the costs of the system.

(Louie 2018).
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3.3.2 Batteries

The following section is directly extracted from the preliminary project (K. T. Lervik and Waitz
2021, p.19):

Batteries are necessary in microgrids to flatten out the irregularities in the energy sup-
ply from the intermittent renewable sources (Hansen and A.Xydis 2020). The battery
system can supply the necessary power during periods of no or low generation from
the renewable sources in the microgrid. Additionally, the batteries can supply the load
during peak hours if the renewable power production is insufficient (Masters 2013).
This will increase the stability and reliability of a system.

Lead-acid are commonly used in PV systems. However, as presented in (Diouf and Pode 2015),
the PV industry have the potential of following the evolution in battery technology ta a much
larger degree than what it is currently. Lithium-ion batteries have therefore gained attention as an
alternative as well. In the following sub chapters, these battery types will be presented in addition
to some relevant terms.

Days of autonomy

The following section is directly extracted from the preliminary project (K. T. Lervik and Waitz
2021, p.20):

According to Henry Louie, the days of autonomy is “the number of days that the
battery bank can supply the average load before being depleted, assuming it is not
recharged during this period”. This can be due to less irradiation these days, e.g. due
to clouds or factors such as that components in the PV system are broken. Typical
values for days of autonomy is between 2 and 12 (Louie 2018, p. 401). A higher value
gives a higher reliability, but it is important to note that this will also increase the
costs due to increased battery bank capacity.

Depth of Discharge

The Depth of Discharge (DoD) represents a percentage value of the capacity that is discharged
from a fully charged battery divided by the nominal capacity of the battery. A DoD of 0 % entails
that the battery is 100 % charged (Hlal et al. 2019).

State of Charge

The State of Charge (SoC) is the complement of DoD. The following section is extracted from the
preliminary project (K. T. Lervik and Waitz 2021, p.20):

To ensure long-lasting batteries, the batteries should not be overcharged or over-
discharged. Overcharging occurs when a fully charged battery cell is kept charged.
In relation to this, the SoC of a battery is an important term, which is defined as
the remaining capacity divided by the rated capacity (Kularatna 2015). It should be
between the limits as shown in Equation 1, where the SoCmax is the maximum capa-
city allowed for the battery and SoCmin is the minimum allowed capacity (Aemro et al.
2020, p.13).

SoCmin ≤ SoC(t) ≤ SoCmax (1)

SoCmax is the nominal capacity of the battery, and SoCmin is given by Equation 2.

SoCmin = (1−DoD) · SoCmax (2)
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where DoD is the Depth of Discharge. Thus, it is given that the minimum allowed capacity of a
battery is dependent on the DoD.

Cycle life

The following section is extracted from the preliminary project (K. T. Lervik and Waitz 2021,
p.20):

The cycle life is defined as the amount of discharge and charge cycles a battery can have
before the capacity is lower than a certain threshold value. A cycle refers to a sequence
of charge and discharge, which is often completed in a day in most microgrids. Because
the battery degrades over time, the battery capacity reduces as well. A threshold value
of typically 60 % or 80 % of the initial rated value of the battery is therefore determined.
When the battery capacity is lower than this value, it is said to have reached the end
of its lifetime (Louie 2018).

The cycle life of a battery depends on the DoD. An increased DoD decreases the
number of cycles before the battery reaches the end of its lifetime. The age of the
battery also affects the cycle life, as the active materials will corrode over time and
decrease the battery capacity (Louie 2018). Temperature effects can further increase
this corrosion and reduce the battery lifetime.

The battery capacity represents how long a battery can supply a constant current load.
This can be referring to either the amount of charge or the amount of energy a battery
can supply the load (Louie 2018). This capacity depends on the SoC and the DoD,
and hence the cycles. As a high DoD entails a decrease in cycles, the battery’s lifetime
decreases as well.

Lead-acid batteries

Lead-acid batteries are common to use as energy storage in PV systems (Paul Ayeng’o et al. 2018).
This is due to several advantages, such as low investment costs compared to other storage solutions,
wide availability, and technical maturity (IRENA 2016, Paul Ayeng’o et al. 2018). The lead-acid
batteries used in microgrids are often referred to as ”deep-cycle” batteries. The positive electrode
in these batteries consist of lead dioxide, while the negative electrode is made out of metallic lead.
Lead-acid batteries with wet cells are referred to as flooded, while valve-regulated batteries are
referred to as VRLAs. VRLAs can use gel or absorbed glass mat (AGM) sealed battery banks
(IRENA 2016).

As the temperature is unregulated in many microgrid surroundings, the temperature effect on
batteries should be considered. The effects on lead-acid batteries when the ambient temperature
increases past 25◦C are characterized by a decrease in internal impedance, and increased capacity.
Hence, there are some positive aspects of a temperature increase. However, the self-discharge rate
increases as well, while the cycle life decreases. These consequences are not compensated by the
positive aspects, and the general performance is considered to worsen when the temperature is
higher than 25◦C (Louie 2018).

A disadvantage with lead-acid batteries is the strong limitation on operation (IRENA 2016). The
batteries can deliver full power down to 50 % DoD (Kurzweil 2015), and it is common to limit the
DoD to between 40 and 60 % to extend the battery lifetime. This entails that larger battery banks
are required that what what would be needed if more of the battery capacity could be utilized. If
the discharge rate is regulated, most lead-acid batteries last between 4 and 6 years if one cycle is
assumed to last one day. However, as mentioned, other factors, such as unregulated temperatures,
can shorten the lifetime (Louie 2018). The round-trip efficiency is a concern as well. Stored energy
can drop between 10 % and 30 % during the storage process. Additionally, compared to other
electrochemical-storage technologies, the usable energy density, given in Wh

kg , is lower for lead-acid

batteries (IRENA 2016).

Another concern related to lead-acid batteries is that a high lead exposure has been found in
workers and community neighbors of lead-acid battery manufacturing facilities. Additionally, even
though the batteries are supposed to be 100 % recyclable, the actual percentage is lower, and a
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recycling rate as low as 31 % has been calculated for a manufacturer in China. In rural areas, it
is a challenge to ensure that the batteries are disposed properly as well (IRENA 2016).

Lithium-ion batteries

Lithium-ion batteries are an emerging alternative to lead-acid batteries (IRENA 2016, Louie 2018).
They present a relatively new technology that offers higher density, longer cycle life, less penalty of
high discharge-rates, and a slower self-discharge than lead-acid batteries (Louie 2018). The average
cell voltage of lithium-ion cells is typically 3.6 V, which represents a specific energy that is four
times larger than for lead-acid batteries (Kurzweil 2015). This high energy density entails that
less raw material is needed to provide the same battery capacity as a lead-acid battery, making it
a more environmental friendly alternative as well (Diouf and Pode 2015).

Lithium-ion batteries have a positive electrode (i.e. anode) consisting of lithiated metal oxides,
and a negative electrode (i.e. cathode) made out of carbon. The batteries have an electrolyte that
contains lithium salts dissolved in organic carbonates (IRENA 2016). The most common material
for the cathode is lithium cobalt oxide Lithium Cobalt Oxide (LCO), or LiCoO2. Such Li-ion cells
provide good cycle performance and high discharge voltages. However, they have the disadvantages
of low thermal stability for operating temperatures (100-150◦C) and accelerated aging at high
currents Lithium Iron Phosphate (LFP) batteries is another mature lithium-ion technology that
entails high performance in regards to thermal stability and cycle life (Vega-Garita et al. 2019),
amongst others. They are also considered the safest Lithium-ion battery type when taking thermal
runaway risk into consideration. However, these batteries have the disadvantage of a lower energy
density than other Lithium-ion batteries (Vega-Garita et al. 2019).

An important advantage with lithium-ion batteries is that the stored energy can be delivered
efficiently due to their ability to be deeply discharged (Kurzweil 2015). Full power can be delivered
with DoDs down to 80 %, which is significantly higher than for the lead-acid batteries (Kurzweil
2015). With a 80 % discharge, the life of a lithium-ion battery can range from 1000 to 5000 cycles
(IRENA 2016). This is significantly higher than than for the lead-acid batteries, which can have
a cycle life of between 200 and 300 cycles with the same percentage of discharge (Diouf and Pode
2015). This entails that, compared to lead-acid batteries, the lithium-ion batteries can utilize
more of the battery capacity without compromising its lifetime. Aging in lithium-ion batteries are
however affected by degradation due to chemical reactions, and due to mechanical stress (Vega-
Garita et al. 2019).

The round-trip energy efficiency of lithium-ion batteries are high, as it can be more than 90 %
(Kurzweil 2015). Additionally, the battery can operate without the need of being fully recharged,
and they can be charged more rapidly than lead-acid batteries (IRENA 2016, Louie 2018). This
is beneficial during longer periods where fully charging is not possible. The batteries have a low
self-discharge rate as well (Kurzweil 2015).

Lithium-ion batteries currently require high investment costs compared to lead-acid batteries (Di-
ouf and Pode 2015, Paul Ayeng’o et al. 2018). However, as presented in (Paul Ayeng’o et al. 2018),
the Levelized Cost of Energy (LCOE) can be lower for a lithium-ion battery than for lead-acid
batteries for projects with long lifetimes. This is because the lithium-ion batteries are becoming
more cost-competitive with the lead-acid batteries (IRENA 2016, Paul Ayeng’o et al. 2018), and
because the lifetime of the lithium-ion batteries are longer (Paul Ayeng’o et al. 2018). This entails
that less investments have to be made in new batteries during the project lifetime.

An advantage with lithium-ion batteries is that they are maintenance free. However, they require
regulated temperature, as the range of operating temperature is low (IRENA 2016). This is
both because it accelerates the degradation process, and because of capacity losses (Kurzweil
2015) Another disadvantage with lithoum-ion batteries is that they entail some safety concerns
(Louie 2018). The risk origins from the heat caused by intern short-circuits in the battery, which
will increase the internal battery temperature. If the temperature reaches about 80 ◦, the heat-
producing reaction occur. The consequences of such incidents is toxic gas release, and the possibility
of the electrolyte to ignite. Additionally, these batteries are more complicated to recycle than lead-
acid batteries, as they consist of different materials and components. Currently, the recycling rate
is between 5 % and 25 %. Additionally, the availability of lithium is a concern globally (IRENA
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2016). Hence, even though they require less raw material, and have longer lifetimes than lead-acid
batteries, environmental issues are related to lithium-ion batteries as well.

3.3.3 Converters

Converters serve many purposes in microgrids. They can function as an interface that enables
components to interact. Some of these functions entail to regulate charging and discharging of
batteries, to facilitate the power flow between buses in hybrid systems, and to maximize the PV
production (Louie 2018). Some relevant converters will be presented in this chapter.

Rectifiers

Rectifiers convert AC voltage to DC. They can be both single- and three phase(Louie 2018).

Inverters

Inverters have the ability to convert DC voltage to AC voltage. These converters are for instance
used to supply AC load by a DC system. Hence, they are essential in microgrids with DC buses,
unless all load is DC. Some inverters have the ability to form the AC bus voltage and synchronize
with other AC sources as well. Both three-phase and single-phase inverters can be used to obtain
respectively a three-or single-phase output voltage(Louie 2018).

Solar inverters

Solar inverters are an inverter type specifically designed to connect PV arrays directly to AC buses.
This removes the need for a DC bus. They are mostly used when there are no batteries or DC load
that has to be connected through a DC bus. If the solar inverter is two-staged, it has one DC/DC
conversion step before the DC/AC conversion. The DC/DC conversion step includes Maximum
Power Point Tracking (MPPT). The solar inverters can also have one stage (Louie 2018). Hybrid
solar inverters can allow for battery charging as well (Solar 2022).

DC/DC converters

DC/DC converters are used to regulate the DC voltage levels in a system. The most common
types of DC/DC converters are boost, buck, and buck-boost converters. Boost converters increase
the output voltage, whereas the buck converters decrease it. Buck-boost converters can do both
(Louie 2018).

Charge controllers

Charge controllers regulate the charging and discharging of batteries. The serve the purpose of
ensuring that the damage and degrading during charging is prevented. Some charge controllers
are integrated with MPPT as well.

MPPT controller

MPPT are integrated with DC/DC converters, and ensure that the power production of the PV
panels is maximized (Tabatabaei et al. 2020). A tracking algorithm controls the MPPT-controller,
which regulates the power on the converter to the voltage level that ensures maximum power
production (Rajani and Pandya 2016). Such a system topology ensures that the maximum output
of the PV system is obtained (Rajani and Pandya 2016). A disadvantage with such solutions is
that larger investments have to made than for systems with DC-converter that do not have an
integrated MPPT. The additional components also decreases the overall efficiency of the system
(Rajani and Pandya 2016). Various control techniques are possible for MPPT charge controllers
(Ezinwanne et al. 2017). However, as it is not possible to specify such techniques for the controllers
that are available in PVsyst, these will not be further elaborated.
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3.3.4 AC microgrids

The following section is directly extracted from the preliminary project (K. T. Lervik and Waitz
2021, p.13):

In an AC microgrid, all distributed energy resources and loads are connected to a
common AC bus. Converters must be applied to connect both the DC generating units
and the energy storage to the AC bus (Lotfi and Khodaei 2017, Louie 2018). (...)

All components in an AC microgrid are connected in parallel. This implies that they
have to operate at the same voltage magnitude and frequency. Hence, the voltage
outputs of the distributed energy resources are required to be synchronized (Louie
2018). Control of the bus voltage and magnitude is therefore an essential aspect of the
AC microgrids, as these system values should be kept constant. This requires a grid
forming component that can function as a voltage source at the AC bus. The other
components must be synchronized to this voltage level. Therefore, to be able to inject
power into the AC bus, they must be controlled as current sources.

If the load or generating units are AC based, AC microgrids can offer high efficiencies. They are
compatible with grid connections as well. Additionally, they can provide both high resilience to
failure, and be easy to expand (Veilleux et al. 2020). However, the system efficiency of an AC
microgrid is reduced if the generating sources, or the load is DC. This is because conversions
are needed between the AC bus and these components. The same conversions are needed when
connecting the battery banks (Motjoadi et al. 2020).

3.3.5 DC microgrids

The following is directly extracted from the preliminary project (K. T. Lervik and Waitz 2021,
p.14):

DC microgrids are grids that transmit, consume, supply, and maintain DC power to
the loads (Motjoadi et al. 2020). In DC microgrids, one common DC bus connects all
generating and storage units in the system (Lotfi and Khodaei 2017). The generating
units are connected in parallel. AC components and loads must be integrated into the
system through the use of converters(...). The battery bank determines the voltage of
the DC bus in the microgrid (Louie 2018).

DC microgrids entail the advantages of reduced power losses and an increase of capacity
in the transmission lines compared to the AC microgrids (Andreu et al. 2014). This
is partly because there is no reactive power flow on the transmission lines. It is also
because the DC distribution system entails fewer conversion steps, as both PV panels,
batteries, and loads are directly compatible with DC microgrids (Aemro et al. 2020).
This allows for a more efficient supply of DC loads as well. Unlike AC microgrids, the
generators do not have to be synchronized, allowing them to operate at their optimal
speed.

A disadvantage of DC microgrids is that low voltage levels in some systems can lead to
high DC currents, which require more expensive components. The batteries have to be
protected from being over-or undercharged, and hence DC microgrids should contain a
charge controller to limit the current from the renewable energy sources. Additionally,
if the load is AC, the efficiency will be reduced, as the power has to be converted
(Veilleux et al. 2020).

An illustration of a DC microgrid that supplies the DC load directly from the DC bus is presented
in Figure 11.
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Figure 11: System topology for a DC microgrid with DC load.

Source: Louie 2018, p.92

3.3.6 Hybrid AC and DC microgrids

The following section is directly extracted from the preliminary project (K. T. Lervik and Waitz
2021, p.14):

Hybrid microgrids can consist of both AC and DC buses. Such microgrids usually
consist of an AC distribution system with a DC expansion connected through a bid-
irectional converter. This system can allow for a high degree of efficiency, as the AC
power production and load can be directly connected to the AC bus, while the batteries
can be connected to the DC system. The PV system can supply both the AC and DC
load through an MPPT charger or a DC to AC converter (Veilleux et al. 2020).

Even though they can provide high efficiencies, solutions with bi-directional converters are not
considered further as a part of the project scope. An illustration of a hybrid microgrid with both
an AC- and DC distribution system is presented in Figure 12.

Figure 12: System topology for a hybrid AC and DC system.

Source: Louie 2018, p.92
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3.3.7 Off-grid microgrids

Off-grid microgrids are fully autonomous systems, and are especially viable solutions for remote
areas with problems in relation to the utility grid such as long distances and unreliable power
supply (IRENA 2019). In off-grid PV microgrids, the PV array either charges a batter, or delivers
the power directly to the user. For systems complemented with batteries, these will be charged or
discharged depending on the PV array production and the power consumption. A controller regu-
lates this energy balance by disconnecting the PV array when the battery is full, or disconnecting
the user if the battery is empty. This is mainly to protect the battery (PVsyst 2022g).

Solar Home Systems (SHS) are suitable for systems with small power consumption, from approx-
imately 50 Wp to 200 Wp. This entails appliances such as lights, phones, computers, radio, or
TVs). SHS are simple systems where the PV arrays usually are directly connected to the battery.
Hence, the PV array voltage is related to the battery pack voltage, and the PV panels should
therefore often be 12 V or 24 V. These systems include simple controllers that either short-circuits
the PV modules or disconnects the battery when it is full (PVsyst 2022g).

There has been a rapid increase in the number of SHS installed in Kenya, and it has been estimated
that around 320,000 households were connected to SHSs in Kenya in 2010 (Adwek et al. 2020).
Figure 13 presents a typical SHS that is utilized in rural areas. It includes a 11 W solar panels
that allows for LED lights and phone charging. Similar systems are currently used at Eco Moyo
as well. Such solutions are referred to when using the term SHS further in this project.

Figure 13: Solar Home System.

Source: Sun 2022.

Off-grid microgrids with diesel-generator as backup

Diesel-generators can be an important part of off-grid solutions, to ensure that the power supply
is reliable. This is particularly important when other power production is low, or when the power
consumption is high (Wiemann et al. 2014, p.6). Renewable energy production are dependent on
having access to the relevant energy sources when power is needed, whereas a generator can be
supply the load whenever it is needed (Wiemann et al. 2014, p.12).

Diesel generators usually output AC power, which entails that an AC/DC converter must be
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included in the system if batteries are included, or if the microgrid is DC coupled (Wiemann
et al. 2014). The lifetime of a diesel generator is usually between 3 to 5 years when they are
continuously in use However, if the usage is reduced, its lifetime can be expanded up to 20 years
(Wiemann et al. 2014). If the generator only serve the purpose of being a backup solution, they
can be expected to have a long lifetime in microgrids where they are not the main power source.
There are several disadvantages related to the use of diesel-generators. Firstly, fuel prices can be
expensive. (Wiemann et al. 2014, p.6) Secondly, a challenge in rural areas is that diesel fuel might
not be accessible when needed. Using the generator also entail CO2 emissions, local air pollution,
and noise (Wiemann et al. 2014). Another drawback is that generators require maintenance, repair,
and occasional replacements of moving parts. Such maintenance require trained technicians, and
the availability of the generator parts that have to be replaced (Louie 2018). Additionally, the
possible conversions that are needed for the generator to supply the load can entail both increased
investment costs and system losses.

Figure 14: Illustration of a microgrid with a diesel generator as a backup power supply

Source: Louie 2018, p.95

3.3.8 Grid connected microgrids

For grid connected system, AC distribution lines are needed for power to flow between the microgrid
and the grid. Such distribution lines are usually over-head in rural areas as this solution is less
expensive than underground solutions. The distribution lines consist of three phase conductors,
and its nominal voltage refers to the Root-Mean-Squared voltage (RMS) magnitude of the line-
to-line voltage. The relationship between the line-to-line voltage and the line-to-neutral voltage of
three-phase system is given by Equation 3 (Louie 2018, p. 57).

Vϕ =
Vll√
(3)

(3)

where

• Vϕ is the nominal line-to-neutral voltage of the distribution line

• Vll is the line-to-line voltage

Common nominal voltages are usually 11 kV, 22 kV, or 33 kV. These values are referred to as
medium-voltage. The voltage level that supply households are referred to as low-voltage, and
typically have magnitude of 120 or 230 V. Transformers are therefore needed to ensure that the
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voltage levels are adjusted to supply consumers. The secondary side of a transformer is therefore
usually 400 V line-to-line voltage, entailing a 230 V single-phase voltage (Louie 2018, p.57).

The microgrid can be operated in off-grid mode, where it is not supported by the utility grid.
In that case, the frequencies and voltages have to be regulated by controlling devices. When
additional power supply is needed, it can be connected to the main grid. In that case, the voltages
and frequencies are regulated by the grid (Rajesh et al. 2017).

3.4 Load profiles

The following sections are extracted directly from the preliminary project (K. T. Lervik and Waitz
2021, p.9):

Load profiles can be defined as “the power demand of an energy system mapped over
time” (Narayan, Qin et al. 2020, p.200). To ensure a well-dimensioned microgrid,
it is essential to understand the electricity usage of the load that will be supplied
(Hartvigsson and Ahlgren 2018). Using appropriate load profiles for the system is
essential to avoid dimensioning the system with components of disproportionate sizes.
If the load is underestimated, the system will not be able to supply the actual load,
and hence the reliability of the system decreases. On the other hand, an overestimated
load will cause inefficient use of capital, as the components, will be larger than needed
(Louie 2018, Hartvigsson, Ehnberg et al. 2015).

In a smaller system, such as the one evaluated for Eco Moyo, the load profile is highly
dependent on each user. Hence, it is important to be as accurate as possible, and both
short-term and long-term behavior should be understood (Hartvigsson, Ehnberg et al.
2015). It is, however, difficult to estimate changes in behavior before and after install-
ation of such a system, especially when the consumers do not used to having electricity
access (Blodgett et al. 2017). However, even though it is hard to predict future energy
consumption, the trend is an overall increase in demand over time (Hartvigsson and
Ahlgren 2018).

There are several methods for establishing load profiles, such as user surveys or interviews, stochastic
modelling, and data-driven approaches. The latter needs measured data. As there are currently no
available tools to measure energy consumption over time at the property, data-driven approaches
will not be further evaluated for Eco Moyo. Some relevant terms will be presented in this chapter.

3.4.1 Peak and average load

The following is extracted directly from the preliminary project (K. T. Lervik and Waitz 2021,
p.10).

The peak load of a system can be defined as the maximum power consumption that
occurs during a period of time (Narayan, Qin et al. 2020). Therefore, a system must
be designed to supply these peaks. The minimum acceptable power rating for system
components, such as the converter, is therefore determined accordingly (Louie 2018).

The average load is the mean load during a period of time. Components are not sized
according to this value, as it does not capture the largest peaks in the consumption
(Narayan, Qin et al. 2020).

3.4.2 Energy consumption

The following section is extracted directly from the preliminary project (K. T. Lervik and Waitz
2021, p.11):
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The energy demand of a day can be calculated as the integral of instantaneous power
demand, as presented in Equation 4 (Narayan, Qin et al. 2020).

Ej =

∫ t=24h

t=0

Pi(t)dt (4)

where

• Ej is the total energy demand during day j [Wh]

• Pi(t) is the instantaneous load at hour t [W ]

The calculation of the total energy consumption over a time period with n number of
days is presented in Equation 5.

Etot,n =

i=n∑
i=1

Ej (5)

where

• Etot,n is the total energy consumed during n number of days [Wh]

• Ej is the total energy demand during day j [Wh]

The average daily energy consumption is defined as the total daily energy consumption
over a period of time divided by the total number of days in the period (Narayan, Qin
et al. 2020,Louie 2018). Hence, it can be calculated as presented in Equation (6) (Louie
2018).

Eavg =
Etot,n

n
(6)

where

• Eavg is the average daily energy consumption [Wh]

• Etot,n is the total energy energy consumed during n number of days [Wh]

• n is the number of days in the period

3.4.3 Bottom-up load profile construction

The following section is extracted directly from the preliminary project (K. T. Lervik and Waitz
2021, p.12):

Techniques for modeling residential load profiles can be categorized into top-down and
bottom-up approaches (Swan and Ugursal 2009). An illustration of these categories
is presented in Figure 15. Top-down approaches determine the effect of long-term
consumption and do not distinguish individual end-user consumption. Some common
variables in the top-down models are macroeconomic indicators, climate conditions,
and the number of units in the residential sector (Swan and Ugursal 2009).

Bottom-up approaches account for the variations in energy consumption of each consumer, before
aggregating the load to sub-groups and groups. These aggregations can in this way represent lower
hierarchical levels instead of one large sector (Swan and Ugursal 2009).
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Figure 15: Top-down and bottom-up procedures to establish load profiles.

Source: Mandelli et al. 2016, p.131

The variables related to top-down models are not considered relevant when establishing the load
profiles for Eco Moyo at the detailed level that is considered. Hence, this approach will not be
considered in this master thesis. However, bottom-up approaches are suitable as individual user
behavior can be accounted for. Additionally, bottom-up approaches are more feasible, as the
required data is obtainable. Two bottom-up methods that are relevant for this master thesis
will be introduced. This is respectively user surveys and the bottom-up stochastic model that is
presented in Chapter 3.6.1.

Interview-based models

One of the reasons that generating load profiles is complicated, especially in rural areas, is the high
complexity that is associated with predicting the actual needs as they depend on different factors.
Due to lack of measured data in rural areas, these load profiles are usually based on information
collected through interviews and surveys.

The following section is extracted directly from the preliminary project (K. T. Lervik and Waitz
2021, p.12):

A standard user survey approach to estimate energy consumption involves creating a
questionnaire to establish an inventory of current and likely future appliances. This
is done to determine power ratings and predict these appliances’ daily usage. The
microgrid’s average daily energy need can then be calculated and aggregated. If the
user survey is constructed to capture what time of the day the appliances are used, an
hourly load profile can be constructed as well (Blodgett et al. 2017). After obtaining
this information, load estimation can be performed using bottom-up approaches (Louie
2018). Even though user survey is a widely used tool, several sources of error are asso-
ciated with this method. For instance, the respondents might have trouble accurately
predicting their usage patterns and the appliances that will be acquired once the elec-
tricity access is available. This is particularly difficult if the respondents are not used to
having electricity access. Additionally, the questions formulated in the surveys might
not be properly formulated or specific enough (Louie 2018, Hartvigsson, Ehnberg et al.
2015).

Bottom-up stochastic models

Stochastic approaches are common in modelling tools to reproduce the unpredictability in human
behavior. When generating load profiles for cases in rural areas with little to zero energy, the load
profiles should account for appliances that can be relevant in the future when more energy becomes
available. It is very difficult to predict usage patterns, and the probabilities and statistics related
to them, of activities that does not yet exist. Stochastic models can allow for collected data, for
instance through user-surveys, to be subject to randomly variations. This can, for instance, entail
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to imitate the unpredictability in user patterns related to time frames and duration of appliance
usage through Markov-chain models (Lombardi et al. 2019).

3.5 Economy

3.5.1 Levelized cost of energy

The LCOE is an important indicator when evaluating different energy solutions. The LCOE
provides a metric that makes it possible to capture the cost of a specific energy producing tech-
nology, and results in values denoted by price per kWh. This represents all costs that are needed
for a given electricity output. Simplified, the LCOE can be calculated as presented in Equation 7
(Primer 2022).

LCOE =
Ctot

Etot
(7)

where

• Ctot denotes the total lifetime cost

• Etot denotes the total lifetime energy production

3.6 Presentation of external modelling tools

External modelling tools will be utilized both for the construction of load profiles and for simula-
tions of the systems that are considered for Eco Moyo. These tools are respectively RAMP and
PVsyst, and will be presented in this chapter.

3.6.1 Remote-Areas Multi-Energy Systems Load Profiles

RAMP is a bottom-up stochastic model constructed by (Lombardi et al. 2019). The model gener-
ates high resolution multi-energy load profiles for remote area energy systems. It uses interview-
based input data, and to account for the high degree of uncertainty of this data, the RAMP model
adds a high degree of stochasticity. The model is open-source and implemented in Python, which
allows for adaptability and customisability. Hence, it is a highly flexible approach which ensures
that the model can be applied to different contexts.

Model layers and input data

The model consists of the three hierarchical layers of modelling. These layers are denoted as User
type, User, and Appliance. The first layer, i.e. the User type, is typically a type of building.
Subsequently, the User types can be further divided into the second layer, which is the Users,
depending on how many users there are of the given User type. Furthermore, the required amount
of the third layer, Appliances, associated with each User can be defined. A sketch of the modelling
layers in RAMP are shown in Figure 16.

This model construction ensures that every single User has a unique generation of electricity
usage related to them. This is because the user behavior related to each appliance is modelled
independently. The total load profile is a combination of all the independent electricity usage
related to the Users. By including unpredictable and random user behaviour, the resulting total
load profile is different every time the model is run. This ensures that the RAMP model is able to
reproduce both day-to-day fluctuations and average daily load profiles with good approximation
(Lombardi et al. 2019).
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Figure 16: The modelling layers in RAMP.

Source: Lombardi et al. 2019, p.435.

Several model input can be provided to RAMP, for instance to simulate thermal applications. How-
ever, such applications are not a part of this project’s scope and will therefore not be introduced.
Relevant input variables are presented in Table 1.

Table 1: Input data required by RAMP-model.

Input data Description
User typej [-] User type name
n [qty.] Amount of Usersij in User typej .
Appliancejik [-] Name of k-th Appliance associated with the j-th User type and i-th User.
mjik [qty.] Number of appliances of Appliancejik.
Pjik [W] The power absorbed by Appliancejik.
tot usejik [min] Total time of use of the Appliancejik during a day.
t minjik [min] Minimum time the Appliancejik is kept on after switched on.
δt min,jik [%] Random variability applied to t minjik.
use framesjik The time windows the Appliancejik can be randomly switched on.
δframes,jik [%] Random variability applied to use framesjik.
cyclejik Duty cycle of Appliancejik. Optional. Up to three per appliance.
δcycle,jik [%] The random variability that is applied to the cyclejik segments. Optional.
cycle modjik Relation between different duty cycles and time windows. Optional.
frequencyjik [%] Weekly frequency of use of Appliancejik. Optional.
fixed numjik [%] Simultaneous switch-on constraint for all mjik appliances. Optional.
δP,thermal [%] Random variability applied to Pjik. For thermal appliances. Optional.

Source: Lombardi et al. 2019, p.435

A key attribute of the RAMP model is the possibility of adjusting the degree of randomness of
parameters related to user behavior. This applies to both time windows and the minimum duration
of usage. Such parameters are respectively denoted as δcycle,jik and δtmin,jik. Another important
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advantage of the model is that it provides the opportunity to define usage frequency. This entails
that the appliance is only included in the set of appliances that a User is modeled to be used
in accordance with a random probability check. This gives the individual User a unique random
characterization and recreates realistic usage patterns of appliances that are not used daily. The
attribute is denoted as frequencyjik in Table 1. It is also possible to define if a quantity of the
same appliance is used simultaneously and to differentiate between weekend and weekday behavior
(Lombardi et al. 2019).

Another important aspect of the RAMP model is the opportunity to use duty cycles. This can
for instance be done to modulate appliances that has an electricity consumption that varies with
external factors, such as temperature effects or user behavior. Fridges or freezers are examples of
such appliances. The duty cycles can also be used to construct reproduce behavior of behavior
that has a high degree of randomness related to it, such as cooking (Lombardi et al. 2019).

3.6.2 PVsyst

PVsyst is a software for the analysis of off-grid, grid connected, and pumping PV systems (PVsyst
2022b). It can simulate and design systems consisting of, amongst others, a converter, PV panels,
and batteries. PVsyst offers databases comprised of components and geographical data. Several
parameters can be defined for the PV panels, such as the tilt angle and the azimuth (Morshed et al.
2015). Additional details about other conditions, such as shading, can also be specified. Component
prices, investment costs, and additional costs can be included to give a detailed economic evaluation
(PVsyst 2022b).

Simulation results from PVsyst entail highly informative data, such as detailed loss diagrams,
simulation parameters related to system performance, and electricity usage. Furthermore, hourly
values can also be presented as hourly or daily plots (PVsyst 2022e, PVsyst 2022d). Due to the
ability to provide detailed information about systems and their performance, PVsyst is a good
option for designing stand-alone PV systems (Morshed et al. 2015).
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4 Fieldwork

This chapter presents the fieldwork conducted in March 2022, and the data and experiences that
it resulted in. The fieldwork provided several purposes, which can be summarized as follows:

• Data collection about the property, buildings and electricity demands.

– Physical measurements of all relevant data, such as distances, roof areas, roof angles,
and azimuths. Evaluations of which buildings that can hold new PV installations on
them were also performed.

– Analysis of all buildings at the property in order to understand the electricity demands.

– Conversations with staff and pupils to gain further insight into electricity demands.

• Additional observations and experiences to understand possibilities and boundaries at the
school.

• Funding from EWB allowed for the installation of a new PV system at the property. This
also included the relocation of an existing PV system. The installation was planned before-
hand, and meetings and arrangements with the local company were therefore performed.
These installations are relevant as they will be accounted for in the system evaluations and
proposals.

4.1 Data collection

An essential outcome of the fieldwork is the collected data about user habits, school activities
throughout the year, and the buildings at the property. A combination of observations, interviews,
and conversations with staff and pupils at the school have ensured detailed knowledge about the
property and the electricity demands. This data has established the foundation for the load profiles,
as well as for the possibilities and boundaries that are considered when evaluating new PV system
proposals for Eco Moyo.

4.1.1 Annual school schedule and vacations

To understand the electricity demands at Eco Moyo throughout the year, it is important to obtain
information about the annual school schedule. This is in order to determine when there are staff
and pupils at the property and when the teaching activity ceases. Conversations with staff gave
that the school vacations are determined by a calendar that the Ministry of Education publishes in
Kenya. There are four vacations each year. These are in February, April, August, and November
to December. An overview of a typical school year and the vacations is presented in Table 2.

Table 2: Typical annual school schedule for Eco Moyo.

Start date End date School activity
January 1 January 31 Regular
February 1 February 7 Mid-term vacation
February 8 March 31 Regular
April 1 April 30 Vacation
May 1 July 31 Regular
August 1 August 31 Vacation
September 1 November 15 Regular
November 1 December 31 Vacation

Table 2 shows that the mid-term vacation in February usually lasts for a week. As this vacation
is relatively short, the boarding children stay in the student dorms instead of going home to their
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parents or guardians. Some of the teachers usually remain at the site as well. Hence, the school
activity is higher this week than the other vacations.

4.1.2 Observations of the property

An important part of the fieldwork was to conduct a thorough analysis of the property. This
was to understand what considerations should be taken when evaluating possible solutions for
future energy supply. The data collected about the buildings at the property therefore entailed
information about the architecture, including the possibility of installing systems at their roofs.
Additionally, it was important to capture the electricity needs in each building. Through the user
survey that was conducted in the preliminary project, some expectations about user behavior was
established. However, an important purpose of the field work was to verify the correctness of these
expectations.

This data was obtained by visiting each building and making observations about the appliances and
systems that are currently in use. Interviews and conversations with people at the property were
important in this process as well. Combined with the authors’ own evaluations regarding which
appliances should be accounted for if more electricity was available, the knowledge foundation
about the load at the property was established. The data collected about the property during
fieldwork is presented thoroughly in Chapter 5.

Electricity demand

Interview questions to understand the electricity demand at the property was established before the
fieldwork. It entailed questions about which appliances that were used, the quantity of these, the
frequency of usage, and the time windows. An official interview was conducted with a representative
that could give thorough details about the user habits of the teachers. This interview was the
foundation of time frames and appliance quantities in the Teacher’s area. It also confirmed that
the quantities of appliances, and some of the user habits related to this, that were used in this area
was detected in the preliminary project. However, some appliances, such as a fan, a projector, and
a TV, were not detected from the user survey results.

There were differences in the observed behaviour, from what was expected by the interviews and
survey in the preliminary project. The activities related to school and work hours were however
somewhat consistent with what was expected. However, there were large deviations in the evening
activities. The appliance usage was for instance observed to last until late at night, which was
not expressed during neither the interviews or the user survey. Additionally, it was seen that for
instance the fan was used much more during the day than what was found from the interviews.
The time frames of usage related to these appliances were therefore adjusted accordingly in this
research. Daily variations in the user behavior were also observed. These observations substantiates
the importance of adjusting and verifying the results from user surveys, as they do not capture
these deviations and daily variations.

Another important observation was that the electricity consumption in more buildings should be
accounted for. The kitchen was, for instance, previously understood to not need more electricity
than what an SHS could provide. However, the author’s experienced how more lighting, fans,
and improved charging possibilities served its purpose. Other kitchen-related appliances, such as
a fridge and a blender, were also concluded to be beneficial. Hence, the load at the property was
underestimated in the preliminary project. This substantiates the value that the fieldwork had for
the load estimation. All buildings at the property were registered to have some electricity needs,
and will therefore be included in the master thesis.

The authors discovered that one of the best source of information when understanding people’s
appliance usage, and desires for future electricity supply, was to have informal conversations. It was
found that it was easier for people to address their frustration over unreliable electricity supply, or
their desires for a new system, when there had been established a relationship in advance. Hence,
questions regarding such topics were implemented into the conversations, which resulted in valuable
information. Appliances, such as blenders, and a steam iron, was for instance detected as desirable
for the future. This experience emphasized the importance of adjusting the data collection method
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to the situation, as the more formal interviews did not capture the same information.

Existing solutions and level of knowledge

SHS were seen in several of the buildings at the property. Additionally, some old PV systems were
observed at the Director’s housing. It was very educational to see how these systems were used, as
it highly illustrated the low level of knowledge at the property. Several systems had been dejected
for longer periods of time. Instead of contacting relevant competence, or uninstall these systems,
they were abandoned as they were. No safety measures were taken either, as several cut wires were
seen laying out. Hence, it was established that it should be recommended to remove, or fix, all of
these abandoned systems as a starting point before further installations are made. Easy access to
relevant contact information should also be provided. This was ensured for the systems that were
installed, and relocated, during the fieldwork by putting up a note with relevant numbers to call.
It was confirmed with Chloride Exide that it was okay to make these numbers available.

Conversations with people at the property confirmed that they had not learned about how to
maintain systems, or what to do in case of faults. This could for instance be seen when the existing
installation at the Staff Room was uninstalled, as the panels were covered in dust. Additionally,
they did not have a high knowledge foundation about how to utilize the current systems to its
maximum by for instance charging most appliances when the solar production is at its highest.
However, it was registered that they teachers had limited their evening use. This was due to
frequent failures in the system when they used many appliances during hours with little or no
power production. This adjusted user behavior was a result of experience-based trials, and not
preventative behavior due to knowledge about how the system operates. However, it illustrates an
ability to adjust and cooperate to ensure that the system can be utilized the best possible way.

These observations emphasizes the importance of knowledge sharing when new systems are in-
stalled. Knowledge about maintenance routines, and how to use the system properly, was shared
during the fieldwork. However, a low level of competence must be accounted for when evaluating
new solutions. It is also recommended to provide an educational program for all users of new
systems, to ensure that they are operated to provide the highest possible performance.

4.1.3 Local main grid

During the fieldwork, it was found that connection points to the local main grid could be found
about 300 meters away from the property. Poles had been set up close to residential buildings to
supply them through single-phase wires. A transformer was observed a few hundred more meters
away, connecting the single-phase wires to a three-phase distribution system. Pictures of these
grid components are illustrated in Figure 17.
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Figure 17: The transformer closest to Eco Moyo and the local grid with three phase wires.

It is informed that households have to pay 150 US$ to Kenya Power as an initial fee. Kenya Power
provides the needed installments, including the poles, for this fee. The consumers only pay for
the power they consume. However, an additional fixed cost is included in the electricity bill. This
fixed cost seemed to be a part of a pay-back process for the installation costs. However, it was
unclear if it included additional fees, such as taxes, as well. Connecting to the grid did not entail
any binding time.

It was expressed from local consumers that the grid is unreliable, especially during seasons with
rain. Frequent blackouts were problematic as well. However, many local households found this
solution to be cheaper than investing in solar systems.

4.2 Other experiences and considerations

Social aspects were important to consider, and learn from, during the fieldwork. Some important
experiences were made when the author’s relocated the existing system to the Kitchen area. When
it was decided that the system was going to be moved from the Staff Room, it raised a dilemma of
where it should be placed. Both the kitchen and the Staff Room were possible options. However,
the teachers were already supplied by the existing system, and were provided new solutions in
the Staff Room. Some dissatisfaction with only one part of the property being prioritized was
registered. Hence, a reason for moving the existing system to the kitchen was to ensure that
the employees that used this part of the property were included. This experience illustrated the
importance of including social aspects when planning what solutions should be prioritized.

Even though it was desired to move the system to the Kitchen, the authors found it a valuable
experience to observe how the installations was received once it was in use. It was registered
that during the first days, not many of the employees in the kitchen utilized the new charging
opportunities. Additionally, some expressed that the light installments were too bright. However,
only within a few days this behavior changed. Employees in the kitchen could be seen charging their
phones, and expressed their gratitude of having more electricity. The lights proved their purpose
when they allowed for students to read in the evening as well. Questions about what appliances
were possible to use were brought up as well. These conversations established the fundamental
knowledge of what future power supply could entail.
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Even though the relocated system ended up being a positive addition to the kitchen, the hesitance
towards it was important to register. It illustrated how people find it hard to envision electricity
usage that they are not used to. Additionally, it emphasized how communication is important for
new installations, as it is important to include the consumer’s opinions to avoid skepticism. The
authors also noted that appliances that were found fundamental to them might not be as important
for people who are used to less electricity. This emphasizes the difficulty to predict future loads,
and is especially important to remember when evaluating future prospects.

4.3 Installation of PV systems

In this chapter, the installation of the new PV system and the relocation of the old PV system
will be presented.

4.3.1 The local company

The installation of the new PV system installed at the property was done in collaboration with
the local company Chloride Exide, based in Mombasa. Through these installations, a cooperative
relationship has been established between Eco Moyo and Chloride Exide. The company has a
locally owned filial in Kenya that provides solutions for batteries and renewable energy (Chlor-
ideExide 2022a). Due to their high level of professionalism and reliability compared to other local
companies, it is decided by the school management that they should deliver future installations.
This cooperation with a knowledgeable and established company proposes many advantages for
the future installments at the property. It can be trusted that the installments will be performed
professionally. Additionally, the company has provided their contact information, ensuring that
proper knowledge and help is available in case of system failures. This has not been the case for
previous installations. However, this cooperation also entails some additional project boundaries
for the master thesis and the further development of the electricity supply. This is because the
final system solution proposal must be within the boundaries of what Chloride Exide can provide.

4.3.2 New system

The installation of the new PV system at the property during field work was sponsored by EWB.
The part of the fieldwork related to the electricity supply at the school site was given a budget of
35,000 NOK. Based on preliminary meetings and an inspection meeting at the site, it was decided
to install a new PV system to supply the Staff Room, as this is the building with the most relevant
loads. Due to better angle, azimuth, and shading on the roof of Class 5 compared to the Staff
Room and the proximity between the two buildings, it was decided to place the PV panels on Class
5. Cabling was installed in the Staff Room, where the inverter and battery pack was placed. Based
on inspections, calculations, conversations, and budget limits, the components are shown in Table
3 were installed by Chloride Exide. Data sheets for these components are shown in Appendix A.

Table 3: Components installed during fieldwork.

Description Qty. Capacity Brand
PV module 7 450 Wp GCL
Hybrid PV Off-grid Inverter 1 3,500 W Growatt
Tubular Gel Battery 4 200 Ah/12 V Eastman (Chloride Solar)

The installed inverter is a hybrid inverter with integrated MPPT charge controller. The hybrid
solution was chosen due to the low cost of this component compared to a system with this as two
individual components. The prices for all components and installation, offered by Chloride Exide,
are given in Table 4. Figure 18 shows the PV panels installed for the new PV system at Class 5
and the authors.
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Table 4: Prices for components and installation of installed PV system.

Item Unit price [NOK]
PV module 1,624
Hybrid inverter 4,804
Victron inverter 12,010
MPPT charge controller 5,338
Battery 2,577
Mounting frame 333
Installation materials 2,996
Battery rack 1,665
Installation labour 2,806
Transport 476

Figure 18: PV panels of the new PV system installed on the roof of Class 5.

4.3.3 Old system

A small PV system was already installed in the Staff Room a few years ago. It was decided to
move this system to the kitchen. This decision was made in collaboration with Chloride Exide, and
in accordance with electrical demands and conversations with users. It is, however, important to
note that this system is old and unreliable. It currently provides valuable electricity to the kitchen
at the property, but the remaining lifetime of this system is unknown. Especially the batteries
were found to be significantly aged. Figure 19 shows pictures of all the components except the PV
panels.
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Figure 19: System at kitchen.

It is found that in the development of a fully reliable system at the property this system should
not be included. This is due to that this system is both aged and unreliable.
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5 Presentation of the property

In this chapter the data collected during areas at the property is presented. This information
establishes the basis for the load profile generation presented in Chapter 6.

5.1 Overview of property

Figure 20 shows an illustration of the property viewed from above with assumed expansions at
the property. The current buildings are marked in orange, whereas the expected expansions are
marked in green. The figure also shows the significant amount of trees at the property. The
buildings showed in the figure will be further presented in this chapter.

Figure 20: Overview of property.

Source: J. Lervik 2022.

5.2 Kitchen area

The kitchen area is placed close to the school entrance. This building offers a space for gathering the
visitors, boarding students, and teachers. It is used as a place to hang out for visitors throughout
the day, and they charge both laptops and phones in this building. The boarding kids uses the
building when the school day is over. When the property is visited at its full capacity, four cooks
are working in the kitchen to make breakfast, lunch, and dinner. Both kids and visitors usually stay
at the kitchen until they go to bed between 21:00 and 00:00. Figure 21 and Figure 22 respectively
shows the inside and the outside area of the kitchen.
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Figure 21: Outside of kitchen.

Figure 22: Inside of kitchen.

It is possible to place PV panels on the roof of this building. After moving the old system from
the Staff Room to the kitchen, new lights were installed inside the building. The new electricity
supply also allows for laptop- and phone charging during the day. A storage building close to the
kitchen is also a part of the kitchen area.
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5.3 Student area

The student area is close to the kitchen area, and includes two student dorms, student showers,
and student toilets. This area has the capacity to house 20 students, whereas 10 students can stay
in each student dorm. The student area offers separate toilet and shower buildings for boys and
girls. The boarding kids at the school stay at this area throughout the year, except for during the
months with school vacation. Figure 23 shows the outside area of the girl dorms, while the inside
of the student showers can be seen in Figure 24.

Figure 23: Area outside of the girl dorm.

Figure 24: Inside girl showers.
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5.4 Director’s housing area

The Director’s housing area consists of a semi-detached house shared by two people working at the
school. It has previously had a PV and battery system installed, and hence it is possible to use the
roofs for new installations as well. A storage building is also included in this area. The activity in
one of the houses is low during the day in both houses. In the evening, one of the houses is used
for work after 17:00. The user behavior in these buildings do not have much deviations throughout
the year. Figure 25 shows the outside of the director’s housing.

Figure 25: Outside directors house.

5.5 Teacher’s area

The area that is mostly used by the teachers is placed close to the classrooms. This area includes
the Staff Room, the Staff Court, and the Director’s Office. The Staff Room is used as both an
office, and a hangout area, by the teachers, while the Staff Court accommodates the 6 teachers
who stay at the property. The Director’s Office is used by one person until the afternoon.

The Staff Room is frequently used throughout the school days. The teachers use it as an office
until the afternoon, before utilizing the building as a hangout area in the evening. Both the Staff
Court and the Staff Room are used as a hangout area in the weekends. However, as some teachers
leave the property in the weekends, the activity in these buildings are slightly reduced from the
weekends.

During the long vacations, the teaching activity ceases. Therefore, all teachers who stay at the
property usually leave to see their families. The activity in the Staff Court ceases as well, while
the activity level in the Staff Room is reduced accordingly. However, all activities in the Director’s
Office is moved to the Staff Room. Some of the appliances, such as a TV, is also used during the
day.

Both the Staff Room and the Staff Court have strong enough roofs to have PV panels on them.
However, it was registered during the field work that the roofs on Staff Room were fragile when
people walked on them. Hence, maintenance on the panels would entail safety concerns. The same
can be said for the Staff Court, if larger systems were installed. It is therefore concluded that
neither of the roofs should be considered when planning for further installations. A picture of the
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outsides of the Staff court and the Staff Room are respectively presented in Figure 26 and Figure
27.

Figure 26: Outside Staff Court.

Figure 27: Outside Staff Room.

5.6 Security building

Close to the school entrance, there is a security building. A guard uses this building from 19:00 to
07:00 consistently throughout the year. Figure 28 presents the outside of this building.
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Figure 28: Side views of security building.

5.7 Visitor area

The visitor area currently consists of three visitor huts, a shower area, and a common toilet. Two
of the visitor buildings are close to identical, and houses 6 people each. The third building houses
3 people. It also has a separate shower and toilet. The visitor activity is sporadic, and does mostly
consist of volunteers. The visitor huts are supplied by SHSs that allow for phone charging and
some light. None of the current buildings can have larger system installations on them.

The visitor area does currently not provide an area for visitors to hang out, and the activity in this
area is therefore mostly related to morning activity and activities before the visitors go to sleep.
The visitors hang out in the kitchen area instead. Laptops are charged there as well. Figure 29
presents the identical visitor huts and the toilet, whereas Figure 30 shows the third visitor hut.
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Figure 29: Overview of visitor area.

Figure 30: Outside and inside sleeping area main hut.

5.8 Classroom area

The classroom area entail all classrooms at the property, i.e. Class 1 to 6 and two kindergarten
buildings, Kindergarten 1 and 2. Most classrooms can have systems installed on them. They are
also built to ensure good natural ventilation and light conditions. However, it was noticed that
some lights and fans could be a positive contribution to improve the teaching environment. When
there is regular activity at the school, all classrooms are used between 07:00 and 15:00 in the
weekdays. Some after-school activities occur as well, usually until 17:00. None of the classrooms
are used in the vacations. Class 1 and Class 2 are close to identical to the kindergartens. Class 1

46



is presented in Figure 31. Class 3, 4 and 5 are close to identical as well. The inside and outside of
Class 5 is presented in respectively Figure 32 and Figure 33.

Figure 31: Outside class 1.

Figure 32: Class 5.
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Figure 33: Inside class 5.

5.9 The Leap Learning Lab

The Leap Learning Lab is a classroom that facilitate learning through devices and technology such
as tablets. 15 tablets are currently charged at the Staff Court, but this quantity is expected to
be increased to 20 tablets. The teaching schedule is identical to the other classrooms. No fans or
lights are currently used in this building, but it is registered that it could be beneficial to have
some of these appliances in this building as well. It is not possible to install a large system on the
roofs of this building. Figure 34 and Figure 35 respectively present the outside and the inside of
the Leap Learning Lab.

Figure 34: Outside Leap Learning Lab.
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Figure 35: Inside Leap Learning Lab.

5.10 Possible future expansions

Eco Moyo has future needs with regard to facilities that can facilitate teaching of computer skills,
practical subjects, as well as more space for visitors, teachers, and arenas for meetings with par-
ents and villagers (EWB et al. 2020). As presented in Chapter 1.2, one of the objectives of the
master thesis is to propose solution for electricity supply that accounts for future development and
expansions at Eco Moyo. The strategic plan proposes several possible future building projects at
the property. Conversations with a representative from the Eco Moyo Administration inform that
the projects that are expected to happen within one or two years can be summarized as follows
(Sanner 2022):

• Computer lab

• Multi-purpose building

• Workshop

• Extended visitor area

Because these projects are prioritized for future expansions of the property, it is considered reason-
able to assume that these buildings are to be supplied by the further expansion for energy supply
at Eco Moyo. Hence, they will be accounted for in the load profiles, and the system proposals that
will be presented in this master thesis. Each project will be further elaborated in this chapter.

5.10.1 Computer lab

One of the objectives of the school is to introduce computer classes for all students (EcoMoyo
2022b). The computer lab that is presented in the strategic plan can house 30 students. It will
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serve educational purposes, and is assumed to be used in the same way as the other classrooms. Ad-
ditionally, it is desirable that the laptops in the building could be utilized by the local community.
This could for instance entail training of adults in computer usage. Hence, there is expected to be
some usage of this building after school and during the vacations as well.

It is communicated that the Computer lab should be placed close to the other class rooms. The
material storage close to the Staff Court has been used as a classroom for Class 1 due to lack of
space. However, as new classrooms have been built, this space has become available to be utilized
for other purposes. To avoid unnecessary expansions at the property, it is suggested that the new
computer lab is placed in this area. However, a new building would have to be invested in, as
the computers should be able to be locked safely inside. This is not possible with the current
architecture. The explained location will be assumed in this project.

5.10.2 Expanded visitor area

As part of the vision of a financially independent Eco Moyo, it is desirable that the visitor area and
the school facility are used for other income-generating purposes.Volunteers show interest in paying
to stay at the school’s visitor center while assisting with volunteer work at the school. Further,
students from other countries or cultures can stay at the school’s visitor area to carry out cultural
exchange projects. This is particularly relevant for folk high schools. The visitor area can also
be used as a base camp for tourists who want to visit the nature reserve nearby. Currently, most
visitors are expected to come from Norway. It has therefore been expressed that the seasons of
high visitor activity will be from the Norwegian fall- and Easter break (Sanner 2022). This entails
that the visitor huts can be expected to be fully booked for several months of the year, whereas
only a few visitors are assumed to be accommodated during other months. In order to be able to
accommodate more visitors for such types of visits, it is desirable to expand the visitor area.

5.10.3 Multi-purpose building

A multi-purpose building that has a capacity of 150 people is proposed in the strategic plan (EWB
et al. 2020). This building should facilitate for large gatherings for both students and the local
community. Additional conversations with the Eco Moyo administration present that the building
could be used for gym classes during the day, and for other gatherings in the afternoon and in the
weekends (Sanner 2022). Classroom schedule is therefore expected in the daytime during weekdays.
Additionally, the local community is expected to use it during the weekends and in the afternoon.
Fans, lights, and charging opportunities should therefore be accounted for in this building. It is
planned to place this building close to the football court.

5.10.4 Workshop

One of the objectives of the school is to encourage the development of practical skills and engage
students in creative work. The Workshop that is presented in the Strategic plan can facilitate for
such activities. It should have enough space for 30 students (EWB et al. 2020).

The Workshop is a project that will be prioritized in the nearest future. The vision for this
building is that it can be used as a space for students to work with several forms of creativity.
This could entail anything from painting to building furniture. It is also mentioned that it is a
possibility of including some Leap Learning Lab based teaching in these buildings as well. The
mentioned activity are expected to be a part of the school schedule, and hence have the same
activity as the other class rooms. However, it is also desirable to be able to borrow appliances to
the local community, or have additional after-school activities in this building. Hence, the building
is expected to be used in the evening as well.

There has also been expressed a need for the care taker of the school to be able to do maintenance
work by using tools that currently require that a diesel generator is used. The mentioned tools
are a drill, circular saw, and an angle grinder. Hence, the Workshop will be adjusted for such
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maintenance work as well. Due to safety concerns, it is not expected that these tools will be used
for educational purposes. However, they are expected to be occasionally used by the care taker,
or borrowed by the local community in the afternoon or in the weekends.

The Workshop should be close to the classroom area. However, it could be beneficial to place it
close to the road that extends from the entrance of the property. This is to allow for easier access
for local people who wants to utilize the building as well. Hence, it is assumed that the Workshop
is placed close to Class 5.
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6 Establishing load profiles in RAMP

To ensure that the system proposals are adjusted to the electricity demand at the property, load
profiles have to be established. The bottom-up stochastic model RAMP, which was presented in
Chapter 3.6.1, is used to establish minute based, annual load profiles that reflects the electricity
demand at Eco Moyo. This choice is based on the findings from the research performed in the
preliminary project.

The stages that are completed to obtain the load profiles are presented in Figure 36. Data collection
from the fieldwork, conversations with representatives from the school, and additional assumptions
have established the foundation for the model input for each building at the school. Relevant
combinations of buildings will be included in model inputs for stochastic model generation of their
respective load profiles. This results in several annual load profiles that can be used in the PVsyst
simulations. The model input is adjusted for the different time periods throughout the year to
account for the seasonal variations.

This chapter will present the model input that is established. Load profiles for relevant buildings
will be included for illustrative purposes as well. However, the resulting load profiles that are used
in PVsyst are presented in Chapter 7.

Figure 36: Methodology to obtain the load profiles of the property.

6.1 RAMP model input

In line with the required input data presented in Table 1, building types, Users, Appliances, and
parameters related to these, must are provided as model inputs. It is decided that each building
type represents a type of building at the property. A User thereby corresponds to a building of that
type. The building types and Users will therefore be referred to as building types and buildings
instead further in this master thesis.

6.1.1 Accounting for seasonal variations

To be able to capture the varying electricity demand throughout the year, the model inputs are
adjusted for different time periods. The main contributing factors to seasonal variations that
should be accounted for in the load profiles are the school vacations and the number of visitors
at the property. Additionally, the user behavior related to some of the appliances are assumed to
be adjusted to temperature variations. Time periods are therefore defined based on variations in
climate, scheduled school vacations and visitor activity. After defining the model input for these
time periods, annual load profiles are generated by aggregating the periods into a complete year.

Average monthly temperatures are considered when defining seasonal variations based on the
climate. The temperature is used as the main parameter because it is assumed to have the largest
affects on user behavior. The seasons are categorized into hot, warm, and cold season, determined
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by the average monthly temperature. This is in line with the season categories that are defined for
the fridge cycle modulation in (Lombardi et al. 2019). The temperatures are assumed to influence
the usage patterns of both fans and fridges, whereas the remaining appliances are assumed to
be unaffected by temperature variations. Based on the weather data presented in Chapter 3.1.2,
temperature intervals are defined for the different categories, as presented in Table 5.

Table 5: Temperature intervals established for the seasons defined by average monthly temperat-
ures.

Season type Temperature [◦C]
Hot 27.1 - 28.5
Warm 25.1 - 26.3
Cold 24.1 - 24.9

An overview of the time periods that are used to construct the load profile is presented in Table 6,
with columns that present the seasonal variations related to the different periods. The temperature
intervals are used to categorize the climate seasons in Table 6. It should be noted that it is assumed
that the indoor temperature is approximately equal to the outdoor temperature. As can bee seen
form the table, electricity usage during vacations and mid-term vacation are separated from periods
with regular school as well. The time periods with a fully booked visitor area is referred to as
periods with high visitor activity, whereas the remaining time periods are denoted by low visitor
activity.

Table 6: The time periods the model input is adjusted to in order to establish annual load profiles.

Start date End date Climate season School activity Visitor activity
January 1 January 31 Hot Regular High
February 1 February 7 Hot Mid-term vacation High
February 8 March 31 Hot Regular High
April 1 April 30 Hot Vacation High
May 1 May 31 Warm Regular Low
June 1 July 31 Cold Regular Low
August 1 August 31 Cold Vacation Low
September 1 September 23 Warm Regular Low
September 24 October 31 Warm Regular High
November 1 November 15 Hot Regular High
November 15 December 31 Hot Vacation High

6.1.2 Appliances

Model input related to the appliances have to be established as well. Some of these appliances
are currently in use, whereas others are included in the load profile because they are expected to
be used when the electricity supply is improved. All fridges, most fans, and the printer, are, for
instance, included as expected future appliances. Additionally, the number of appliances, such
as lights, are increased in most buildings. This is based on the author’s observations during the
fieldwork, in addition to conversations with people at the property about their electricity needs.

Several parameters must be given as input for each appliance that is included in the load profiles.
It is decided to keep some of the parameters related to the Appliances consistent, regardless of the
building types they are assigned to. Table 7 presents an overview of these.
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Table 7: Appliance parameters that are independent of the building type they are related to.

Input data Description
P [W] The power absorbed by a given appliance.
t min [min] Minimum time the appliance is kept on after switched on.
δt min [%] Random variability applied to t min
δwindows [%] Random variability applied to time windows.

Source: Lombardi et al. 2019, p.435

Other parameters must be specified for each appliance, depending on the building type they are
related to. These are presented in Table 8. The variable name that will be used further in the
project is defined in the right column. Other parameters, for instance related to weekend behavior,
or duty cycles can be defined as well. However, these are not defined for all appliances, and will
be introduced for the relevant cases.

Table 8: The parameters that are specific to the appliance in each building type.

Input data in RAMP Variable name
m [qty.] m [qty.]
tot use [min] Usage [min]
use frames [-] Window [-]
Frequency [%] Frequency [%]

The appliances accounted for in the load profiles are presented in Table 9. The consistent values of
their respective parameters are included as well. The values of δtmin and δframes are extracted from
the input files provided by the source-code of the model (Lombardi et al. 2022). Appliances that
are the same, or similar, to the objects created in this source-code get the corresponding values.
The same procedure is used to determine tmin. The sources of the power ratings are presented in
Table 49 in Appendix B.

Table 9: Appliances assumed at the property.

Appliance Power tmin δframes δt min

[W] [min] [%] [%]
Phone 7 5 20 35
Laptop 60 5 10 35
Fan 50 5 20 35
Indoor LED 9 5 20 35
Outdoor LED 9 5 20 35
Projector 220 5 10 35
Fridge 150 5 0 0
Blender 400 5 10 35
Tablet 15 5 10 35
Printer 150 5 10 35
Radio 5 5 10 35
Shaving machine 15 5 10 35
Steam iron 1000 5 10 35
Decoder 10 5 10 35
TV 60 5 10 35
Small speaker 10 5 10 35
Medium speaker 50 5 10 35
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6.1.3 Adjustments made to account for varying temperatures

The parameters that are given as model input to adjust the user behavior of the fridges in the
different seasons will be presented in this chapter.

Seasonal adjustments for the fridge

It is decided to use the same modelling procedure for the fridge as presented in (Lombardi et al.
2019). This entails to account for room temperatures and user activity when simulating their duty
cycles. The cycles can be categorized into standard, intermediate, and intensive. These categories
reflect the extensiveness, i.e. frequency of the fridge being opened, of the user habits. The cycles
are related to different time windows that are associated with certain behavior. It is for instance
assumed that the fridge is more actively used during the day. The duty cycles that are presented
in Table 10 was constructed for all fridges (Lombardi et al. 2019).

Table 10: Seasonal based duty cycles for fridge.

Season type Standard Intermediate Intensive
Hot 00:00-04:59 05:00-07:59 0800-20:00

20:01-00:00 - -
Warm 00:00-04:59 05:00-09:39 09:40-18:00

18:01-00:00 - -
Cold 00:00-04:59 08:00-20:00 -

20:01-00:00 - -

Seasonal adjustments for the fan

During the cold periods, the intensity of the user patterns of the fan is assumed to be reduced.
This entails reducing total time of use during the day. The time windows are adjusted accordingly
for most fans at the property during this season as well. However, because the temperatures are
high even in the cold periods, the usage patterns are not changed in any other ways. The fans
are, for instance, assumed to be used during the night in the buildings that accommodate people
during the cold season as well. The difference between the warm and the hot season are assumed
small enough to not affect the user patterns of the fans. Hence, it is assumed to be the same for
the warm and the hot seasons.

6.2 Load modelling

The parameters that are given as the model input when simulating load profiles of the different
buildings at the property will be presented in this chapter. Resulting load profiles will be presented
for illustrative purposes as well.

6.2.1 Current visitor area

The current visitor area consists of three visitor huts, whereas two of them are close to identical.
The building type related to these huts are defined as Visitor hut type 1 (VH1). The third visitor
hut is, on the other hand, referred to as Visitor hut type 2 (VH2) due to some differences, such as
the number of visitors staying at the hut. All building types in the current Visitor area is presented
in Table 11. n denotes the number of buildings of the types that is currently at the property.
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Table 11: Building types for the current visitor area.

Building type Acronym n [qty.]
Visitor hut type 1 VH1 2
Visitor hut type 2 VH2 1
Visitor showers VS 1
Visitor toilet VT 1

An overview over which appliances are currently in use, and which are expected, and hence included
in the model input, are presented in Table 12. As it is desirable to ensure that the visitors can be
more self-sufficient when they visit the property, fridges are included in all buildings. Additionally,
it was registered during the fieldwork that it would be beneficial to install fans in the visitor huts
as well.

Table 12: Appliances assumed in the visitor area.

Appliance Current Expected
Phone X X
Laptop - X
Fan - X
Indoor LED X X
Outdoor LED X X
Small speaker X X
Fridge - X

The parameters of the appliances in VH1 during hot season is presented in Table 13. All para-
meters, except the quantity of the appliances, denoted as m, is identical in VH2. The appliances
accounted for in VH2 are presented in Table 52 in Appendix B. It should be noted that even
though visitors are assumed to have a laptop each, the charging of half of these is accounted for
in the kitchen area due to observations of user habits during the field trip. Hence, not all laptops
are included in the model input for the visitor huts. The small speaker is only assumed to be used
50 % of the days, as it does not have to charge as often as the other appliances. The time window
of the outdoor lights accounts for behavior during the night, as the visitor toilets might be used.
It is also assumed that the user behavior is the same throughout the week, as the visitors do not
rely on the school schedule.

The input data related to the VH1 and VH2 is adjusted for the cases defined as high and low visitor
activity. When the visitor activity is high, it is assumed that the visitor huts are accommodating at
its maximum capacity. During the rest of the year, it is assumed that only one VH1 accommodates
a total of three visitors. The number of phones are then reduced to be the same as the number of
visitors. The number of fans, and the frequency of speaker usage is reduced as well. Other model
input stays unchanged. The appliances adjusted in VH1 during periods with low visitor activity
are presented in Table 53 in Appendix B.2.
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Table 13: Appliances assumed in the Visitor hut type 1 during the hot season with high visitor
activity.

Appliance m Usage Window 1 Window 2 Frequency
[qty.] [min] [%]

phone 6 120 07:00-00:00 - 100
Laptop 3 240 07:00-00:00 - 100
Fan 2 540 12:00-14:00 21:00-07:00 100
Indoor LED 2 120 06:00-07:00 19:00-00:00 100
Outdoor LED 1 60 19:00-07:00 - 100
Small speaker 1 60 07:00-00:00 - 50
Fridge 1 1440 00:00-00:00 - 100

Figure 37 presents a daily load profile of pne VH1 during periods with varying visitor activity.
As can be seen from the figure, the difference in power consumption can almost be considered
negligible. Because the appliances that are adjusted only have a small power consumption, this
is expected. The electricity consumption is largest during the middle of the day for both load
profiles. This can reflect the fan, which is assumed to be used during these time periods. The
random charging of the other appliances can contribute to the electricity usage as well. The duty
cycles of the fridge is apparent when other appliances are not in use.

(a) High visitor activity. (b) Low visitor activity.

Figure 37: Daily minute based load profiles for VH1 with varying visitor activity during a warm
season.

6.2.2 Kitchen area

The kitchen area consists of the building types that are presented in Table 14. For simplicity, their
acronyms will not be used in further description. The appliances that are included in the load
profiles of the kitchen are based on what is currently used with the existing system. Additionally,
a fridge, fans, and a blender is added based on conversations with the people using the kitchen,
and observations during the fieldwork. An overview of all appliances is presented in Table 15.

Table 14: Building types at the kitchen area, and the number of Users, i.e. buildings, of the type,
n.

Building type Acronym n [qty.]
Kitchen K 1
Storage StorK 1
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Table 15: Appliances included in the load profile of the kitchen area.

Appliance Current Expected
Phone X X
Laptop X X
Fan - X
Indoor LED X X
Outdoor LED X X
Small speaker X X
Fridge - X
Blender - X

The kitchen activity is related to the cooking of meals for visitors, teachers and the boarding
students. Some appliances, such as the fan and the speaker is therefore adjusted to be used during
lunch hours and when the visitors and students hang out during dinner and in the evening. Other
appliances are used throughout the day. The blender is set to have a lower usage frequency than
other appliances, as the user habits related to it is unknown, and assumed to be occasional. The
percentage value is found for a similar appliance in the RAMP source-code (Lombardi et al. 2022).
The parameters related to the appliances that are used in the kitchen during the hot season with
high visitor activity is presented in Table 16. The only appliances used in the storage, are three
lights.

The laptops that the visitors are assumed to charge at the kitchen are included as well. Assuming
that all visitor huts are visited at their full capacity, and that half of these charge in the kitchen,
this corresponds to around 8 laptops. These appliances highly affect the power consumption in
the kitchen area. Because the visitors are independent of the school schedule, the load profiles
are consistent throughout the week. For the same reason, the user behavior in the kitchen is not
adjusted to the vacations. However, the quantity of laptops and phones are reduced to respectively
4 and 2 when the visitor activity is low.

Table 16: Appliances assumed in the Kitchen during the hot season with high visitor activity.

Appliance m Power Usage Window 1 Window 2 Frequency
[qty.] [W] [min] [%]

Phone 8 7 120 07:00-19:00 - 100
Laptop 8 60 240 07:00-00:00 - 100
Fan 3 50 420 12:00-15:00 19:00-00:00 100
Indoor LED 8 9 300 06:00-07:00 19:00-00:00 100
Outdoor LED 1 9 120 06:00-07:00 19:00-00:00 100
Small speaker 1 10 60 12:00-15:00 19:00-00:00 100
Fridge 1 150 1440 00:00-00:00 - 100
Blender 1 400 30 07:00-19:00 - 33

Figure 38 presents daily, minute-based load profiles for scenarios with high and low visitor activity
during a warm season. Figure 38a and Figure 38b respectively represent periods with high and
low visitor activity.

As can be seen from the figure, the difference is most notable in the middle of the day. The power
consumption is significantly higher during the day when there are many visitors at the property.
During the rest of the day, the power consumption is similar. Periods where there is little activity
in the kitchen area is reflected by the periods where duty cycles of the fridge is the only load. The
evening activity in the kitchen is reflected in an increased electricity usage in both load profiles.
However, the random variability related to time windows is apparent in the evenings, as power
consumption is registered earlier in the evening in Figure 38b.

The daily profile with high visitor activity have a peak consumption during lunch hours, whereas
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(a) High visitor activity. (b) Low visitor activity.

Figure 38: Daily minute based load profiles for the kitchen with varying visitor activity during a
warm season.

the peak is in the evening for the day with less visitor activity. These are registered to be just over
850 W and 410 W for the high and low visitor activity, respectively. Hence, the peak consumption
more than doubles when more laptops and phones are included in the load profile with more
visitors. However, the large differences could also possibly reflect that the blender is only used in
Figure 38a.

6.2.3 Teacher’s area

The Teacher’s area is defined to include the building types presented in Table 17. Many appliances
in these buildings have user behavior that depends on the school schedule. Hence, several con-
siderations are made when establishing the objects related to the Teacher’s area. The appliances
included in the load profiles are presented in Table 18. The printer and the fridge are new additions
to the SR based on observations and conversations in the fieldwork. The steam iron is added to
the SC for the same reason.

Table 17: Building types at the teacher area.

Building type Acronym
Staff Room SR
Staff Court SC
Director’s Office Office

Table 18: Appliances included in the load profiles for the Teacher’s area.

Appliance Current Expected
Fan X X
Small speaker X X
Medium speaker X X
Indoor LED X X
Outdoor LED X X
Fridge - X
Projector X X
Shaving machine X X
Phone X X
Laptop X X
Printer - X
TV X X
Decoder X X
Steam iron - X
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Accounting for weekly variations

To account for changes in behavior between behavior in weekends and weekdays, the model input
differentiates between the week. Especially the SR has variations throughout the days of the week.
Work-related appliances, such as laptops, have time windows that adjust to the teachers’ work
hours. Afterward, several appliances, such as the TV, are used when the teachers use the SR in
the evening. During the weekends, the number of appliances is reduced to account for the teachers
that leave the property. It is also assumed that work-related appliances, such as the printer and
most laptops, are not used during the weekends. Table 19 presents the appliance usage that is
consistent throughout the week in the SR, while Table 20 includes the additional appliances that
are used during the weekdays. Table 21 presents the model input for appliances used during the
weekends. Interviews and observations of user behavior establish the foundation of the defined
time windows.

Table 19: Appliances assumed in the SR during the hot season throughout the week.

Appliance m Usage Window 1 Window 2 Frequency
[qty.] [min] [%]

Fan 2 600 12:00-00:00 - 100
Small speaker 1 60 07:00-21:00 - 50
Medium speaker 1 60 07:00-21:00 - 50
Indoor LED 2 300 06:00-07:00 19:00-00:00 100
Outdoor LED 2 120 06:00-07:00 19:00-00:00 100
Fridge 1 1440 00:00-00:00 - 100
Projector 1 60 07:00-19:00 - 50
Shaving machine 1 60 16:00-19:00 - 20

Table 20: Additional appliances assumed in the SR during the weekdays in the hot season.

Appliance m Usage Window 1 Window 2 Frequency
[qty.] [min] [%]

Phone 8 120 07:00-19:00 - 100
Laptop 8 120 07:00-19:00 - 100
Printer 1 30 07:00-19:00 - 50
TV 1 360 16:00-00:00 - 100
Decoder 1 360 16:00-00:00 - 100

Table 21: Additional appliances assumed in the SR during the weekends in the hot season.

Appliance m Usage Window 1 Window 2 Frequency
[qty.] [min] [-] [-] [%]

Phone 4 120 07:00-19:00 - 100
Laptop 4 120 07:00-19:00 - 100
TV 1 360 10:00-00:00 - 100
Decoder 1 360 10:00-00:00 - 100

Accounting for vacations

Because the activity in the SC and the Office ceases during the vacations, these building types are
not included in the load profile during these periods. The SR is limited to only being used by a few
people. The appliance usage is therefore reduced accordingly. As observed during the fieldwork,
most appliances related to the school schedule are still in use. However, the number of appliances
and usage patterns are adjusted. Table 60 in Appendix B.3 presents the model input for the SR
during vacations.
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Figure 39 presents several daily load profiles for the SR. Figure 39a, Figure 39b, and Figure 39c
respectively present the load during the cold, warm, and hot season. Figure 39d presents the power
consumption during a vacation in the hot season. As seen from the Figures, the load profiles do
not vary much for the different seasons when there is regular school. However, it can be seen from
Figure 39d that the power consumption is larger and lasts longer during the daytime. This could
reflect an increased usage of the fans. The peaks occur in the afternoon and evening during the
cold and the warm seasons, respectively. This reflects the after-school activity. During vacations,
the power consumption stays consistently low. There are no prominent peaks as fewer appliances
are in use. However, some evening activity can still be detected.

(a) Cold season. (b) Warm season.

(c) Hot season. (d) Vacation during hot season.

Figure 39: Daily minute based load profiles for SR during different seasons.

6.2.4 Classroom area

The classroom area entails all classrooms at the property. The corresponding building types
are presented in Table 22. Due to the almost identical architecture, Class 1 and Class 2 are
categorized to be Users within Classroom type 1 (Classt1). Similarly, Class 3, 4 and 5 are Users
within Classroom type 2 (Classt2). The same applies to PP1 and PP2, which are categorized as
PP.

Table 22: Building types at the classroom area, and the number of Users, i.e. buildings, of the
type, n.

Building type Acronym n [qty.]
Classroom type 1 Classt1 2
Classroom type 2 Classt2 3
Class 6 Class6 1
Kindergarten PP 2
Leap Learning Lab LL 1
Classroom toilets CT 1

The architecture of all classrooms allows for good ventilation and natural lights, and there are
currently no appliances in use in these buildings. However, it was registered during the field trip
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that installing some lights and fans in the classrooms could be beneficial to improve the learning
conditions, especially during the hot seasons. The appliances that are included in the load profiles
are, therefore, as presented in Table 23.

Table 23: Appliances included in the load profiles of the classrooms.

Appliance Current Expected
LED Indoor - X
Fan - X

Because the classrooms only are in use during the weekdays, the model input related to these
buildings is not included for weekends. The time windows are adjusted to suit the school schedule,
which usually lasts from 07:00 to 15:00. However, Classt1 are used for activities, such as drama-
and taekwondo classes, after school. Therefore, the time windows are expanded to 17:00 in these
classrooms, as presented in Table 24. Even though the time windows differ from the classrooms
that are not used for other activities and have shorter time windows, this table is representative
of the appliances used in most classrooms. The time windows used in Classt1 and Class6 are
presented in Appendix B.4. The model input for the cold season and the other building types are
also included in Appendix B.4. None of the building types in the Classroom area are included in
the load profile during the vacations, as all school activity is closed during these periods.

Table 24: Appliances assumed in Classt1 in the hot season during the weekdays.

Appliance m Usage Window 1 Frequency
[qty.] [min] [%]

Light 4 420 07:00-17:00 100
Fan 2 420 07:00-17:00 100

The Leap Learning Lab

The Leap Learning Lab (LLL) is the only building type in the classroom area that includes the
charging of tablets. Currently, all tablets are charged in the SR. However, as it is more convenient
to charge them where they actually are used, they are included in the load profile of the LL as this
a desirable solution for the future.

The total quantity of tablets that are used in the LL is set to the expected value of 20. All tablets
are charged two times a week, whereas half of them are charged at the same time. This entails
that 10 tablets are charged simultaneously on four of five weekdays. The number of appliances,
m, is therefore set to 10 to simulate the charging behavior throughout the week. These are set to
be charged 80% of the weekdays (i.e. 4 days), and hence, the frequency parameter is set to this
value. Additionally, it is defined that these appliances always are charged together. Hence, the
fixednum parameter is adjusted accordingly.

Table 25: Appliances assumed in the Leap Learning Lab in the hot season during the weekdays.

Appliance m Usage Window 1 Window 2 Frequency
[qty.] [min] [%]

Tablets 10 120 10:00-16:00 - 80
Fan 2 300 07:00-15:00 - 100

Figure 40 presents load profiles of the LL for the different seasons. As can be seen from the
figure, the random variability entails that not all tablets are charged simultaneously. This can be
seen from the peaks, as there is not just one significant peak but some variations during the time
frame defined in the model input. Charging routines might be changed or more varied if they can

62



be charged in the LL instead of the SR. Hence, it is concluded that the load profile represents
potential charging behavior. Due to the fan, there is more consumption during the daytime during
both the warm and the hot seasons. The weekly load profile in Figure 40d presents how setting
the frequency parameter to 80 % ensures that the laptops are charged for four days. This can be
seen from the four peaks that are present throughout the weekdays. It can also be seen how the
weekend is accounted for, as there is no power consumption during the last days of the week.

(a) A day in the cold season. (b) A day in the warm season.

(c) A day in the hot season. (d) A week in the hot season.

Figure 40: Daily minute based load profiles for the LLL during the different seasons.

6.2.5 Director’s housing area

The area with Director’s housing include two residential buildings that houses one person each. A
storage building nearby is included as well. Their building types are presented in Table 26. Based
on observations during the fieldwork, and interviews, not many seasonal variations are accounted
for in these buildings, as the user behavior stays consistent.

Table 26: Buildings related to the Director’s housing, and the number of Users, i.e. buildings, of
the type, n, in the different scenarios.

Building type Acronym n [qty.]
Residential building 1 RB1 1
Residential building 2 RB2 1
Storage StorDir 1

The appliances included in the Director’s housing area are presented in Table 27. Fridges and
fans are included to make the homes more self-sufficient. A fridge is already present in the RB 2
but is currently not in use because there is not a large enough system to supply it. However, it
substantiates the choice of including it in the load profile.
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Table 27: Appliances included in the load profiles for the Director’s housing.

Appliance Current Expected
LED Indoor X X
LED Outdoor X X
Fan - X
Phone X X
Laptop X X
Fridge - -

Table 28 and Table 75 respectively presents the parameters related to the appliances accounted
for in RB1 and RB2. The only appliances accounted for in the StorDir are some LED lights.

Table 28: Appliances assumed in RB1 during the hot season.

Appliance m Usage Window 1 Window 2 Frequency
[qty.] [min] [%]

LED Indoor 3 420 06:00-07:00 17:00-00:00 100
LED Outdoor 1 60 19:00-07:00 - 100
Fan 1 600 17:00-07:00 - 100
phone 1 120 07:00-00:00 - 100
Laptop 1 240 07:00-00:00 - 100
Fridge 1 1440 00:00-00:00 - 100

Table 29: Appliances assumed in the RB2 during the hot season.

Appliance m Usage Window 1 Window 2 Frequency
[qty.] [min] [%]

LED Indoor 6 300 06:00-07:00 19:00-00:00 100
LED Outdoor 3 60 19:00-07:00 - 100
Fan 2 540 21:00-07:00 - 100
phone 1 120 07:00-00:00 - 100
Laptop 1 120 13:00-21:00 - 50
Fridge 1 1440 00:00-00:00 - 100

Figure 41 illustrates the electricity usage during the different seasons. The duty cycle of the fridge
can be seen to be dominating during the day, whereas the activity in the houses increases in the
evening. The fan usage during the night is reflected as well. As expected, the load profiles are
close to identical for the different seasons.
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(a) Cold season. (b) Warm season.

(c) Hot season. (d) Vacation during hot season.

Figure 41: Daily minute based load profiles for the Director’s housing area during different seasons.

6.2.6 Student dorm area

The building types in the Student dorm area is presented in Table 30. The appliances accounted
for in this area is presented in Table 31.

Table 30: Building types in the Student dorm area.

Building type Acronym
Student dorm SD
Student showers SS
Student toilets ST

Table 31: Appliances that are included in the load profiles of the Student dorm area

Appliance Current Expected
LED Indoor X X
LED Outdoor X X
Fan - X

Parameters related to the appliances in the Student dorm area are presented in Table 32. The
school schedule affects user habits during the weekdays because the pupils are at school. Therefore,
weekend and weekday behavior is differentiated, with more electricity usage during the weekends.
Because the pupils leave the property during vacations, the buildings in the Student dorm area is
not accounted for during these periods.

65



Table 32: Appliances assumed in the Student dorm area during a week in the hot season.

Appliance m Usage Window 1 Window 2 Occasional use Days
[qty.] [min] [%]

LED Indoor 3 120 06:00-07:00 19:00-21:00 100 Weekday
LED Outdoor 2 60 19:00-07:00 - 100 Weekday
Fan 2 540 21:00-06:00 - 100 Weekday
LED Indoor 3 120 19:00-22:00 - 100 Weekend
LED Outdoor 2 60 19:00-07:00 - 100 Weekend
Fan 2 540 12:00-14:00 22:00-07:00 100 Weekend

Figure 42 presents daily load profiles during a cold and a hot season. As can be seen from the
figure, the school hours are reflected in no appliance usage. The power consumption is similar for
the seasons. However, some reduction in the load during the night can be seen, as less fan usage
is accounted for in the cold season.

(a) Cold season. (b) Hot season.

Figure 42: Daily minute based load profiles for the student dorm area with varying temperatures.

6.3 Future building projects

The expected expansions of the property will increase the electricity usage. As these are planned
to be built within the next couple of years, the energy systems at the property should be able
to supply these buildings. Hence, the expected future expansions that are presented in 5.10 are
included in the load profiles. To account for the electricity demand of the future building projects,
assumptions and predictions have to be made for both appliances and the user behavior related to
these. The model input that is given based on this is presented in this chapter.

6.3.1 The Computer Lab

The Computer Lab, with a building type that is denoted as CL, is expected to be used in teaching
by classes with about 30 students. A laptop for each student is therefore included in the appliances
assumed to be used in the CL. This can be seen in Table 33. As can be seen from the table, two
different objects are made for the laptops. They are used as a tool to construct the different usage
patterns that are assumed for the daytime. The laptops are expected to be used intensively until
17:00, accounting for possible after-school activities with the laptops as well. This after-school
activity could, for instance, entail an educational program for adults in the village. After these
activities, it is assumed that 5 laptops are occasionally used. Similar sporadic usage is included in
vacations, but it is assumed that the CL is not in use during the weekends.
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Table 33: Appliances assumed in a potential CL during the weekdays in the hot season.

Appliance m Usage Window 1 Window 2 Frequency
[qty.] [min] [%]

LaptopDay 30 360 07:00-17:00 - 100
LaptopEvening 5 60 17:00-19:00 - 20
LED Indoor 4 420 17:00-19:00 - 100
Fan 2 420 07:00-19:00 - 100

Figure 43 illustrates the daily electricity usage in the CL. The load profile reflects how the laptops
are used until almost 17:00. It can be seen from the curve that there is a period during the middle
of the day where none, or only a few, of the laptops are in use. As it is not known exactly how
the school schedule will implement the Computer Lab into their classes, it is reasonable to assume
that there will be periods where there are no classes, such as presented in the figure. However, it
is not likely that the fan is used during other time periods than the laptops. As can be seen from
the figure, the load profile captures the peak loads when all laptops are in use during the day.

Figure 43: Daily minute based load profile for the CL during a normal school week in the hot
season.

6.3.2 Expanded visitor area

To facilitate for the future prospects that are planned for the visitor area, the load profiles of this
area will be expanded. This entails building more visitor huts, showers and toilets in the visitor
area. It is assumed that such an expansion will entail three new buildings of type VH1. The
number of visitor showers and toilets are doubled. Additionally, a hangout area (HA) is planned
for. The building types related to the expanded visitor area is presented in Table 34. All building
types except from the hangout area are identical to the building what was presented in Chapter
6.2.1.

The HA will allow for the visitors to cook their own food, and to hang out during the day. Similar
appliances as in the kitchen is therefore assumed, but the usage pattern is more sporadic. The
building types that are accounted for in the new visitor area is presented in Table 34, and the
appliances associated with the hangout area during periods with high visitor activity is presented
in Table 35.
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Table 34: Building types defined for the expanded visitor area.

Building type Acronym n [qty.]
Visitor hut type 1 VH1 5
Visitor hut type 2 VH2 1
Visitor toilets VT 2
Visitor showers VS 2
Hangout Area HA 1

Table 35: Appliances assumed for the hangout area for visitors during hot season with high visitor
activity.

Appliance m Usage Window 1 Window 2 Frequency
[qty.] [min] [%]

phone 6 120 07:00-00:00 - 50
Laptop 6 120 07:00-00:00 - 50
Fan 2 420 12:00-15:00 19:00-00:00 50
Small speaker 1 60 12:00-20:00 - 50
Indoor LED 4 240 06:00-07:00 19:00-00:00 100
Outdoor LED 1 120 06:00-07:00 19:00-00:00 100
Fridge 1 1440 00:00-00:00 - 100

Accounting for seasons with low visitor activity To account for the periods with low visitor
activity, the same adjustments as presented in Chapter 6.2.1 are made to the visitor huts. This
entails that only one VH1 with three visitors is accounted for. Additionally, activity in the assumed
new visitor showers and toilets is not included. The appliance usage in the HA is adjusted as well.
This results in the building types that are presented in Table 36.

Table 36: Building types defined for the expanded visitor area during periods with low visitor
activity.

building type Acronym n [qty.]
Visitor hut type 1 VH1 1
Visitor toilets VT 1
Visitor showers VS 1
Hangout Area HA 1

The appliances in VH1 is the same as presented in Table 53, whereas the appliances assumed in
the HA is presented in Table 37. As can be seen from the table, the number of phones and laptops
are reduced.

Table 37: Appliances assumed in hangout-area for visitors during hot season with low visitor
activity.

Appliance m Usage Window 1 Window 2 Frequency
[qty.] [min] [%]

Phone 3 120 07:00-00:00 - 50
Laptop 3 120 07:00-00:00 - 50
Fan 2 420 12:00-15:00 19:00-00:00 50
Small speaker 1 60 12:00-00:00 - 50
Indoor LED 4 240 06:00-07:00 19:00-00:00 100
Outdoor LED 1 120 06:00-07:00 19:00-00:00 100
Fridge 1 1440 00:00-00:00 - 100
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Figure 44 illustrates the daily power consumption in the expanded visitor area during periods with
high and low visitor activity. As can be seen from the figure, the load significantly decreases during
periods with low visitor activity. The peak load is around 4 lower than for the periods with high
activity. The user patterns when the visitor activity low entail less variations as well. When the
visitor activity is high, consumption increases in the morning, during lunch, and in the evening.
This reflects how the visitors hang out during lunch hours and in the evening. The fridges ensure
that there is some constant power consumption throughout the day during both seasons. The
figures present how the annual load profile of the expanded visitor area will vary with significantly
different electricity needs during the different seasons.

(a) Low visitor activity. (b) High visitor activity.

Figure 44: Daily minute based load profiles for the expanded visitor area with varying visitor
activity during a warm season.

6.3.3 Multi-purpose building

The building type that is established for the multi-purpose building (MPB) is assumed to be using
fans and lights during the school day to be used for sports. As it is supposed to be an area that
could be used outside of the school schedule as well, the time windows extends until 19:00 in the
weekdays. Some phone charging and a speaker is included after the school day ends, to account for
people who will use the hall as a place to gather is assumed to be used throughout the week. The
building is assumed to be used during the weekends as well, with some adjustments to the time
windows. The same user behavior as during the weekends is assumed for the vacation. This is
because it can be used as a common area to gather people independently of the school activity. An
overview of the appliances assumed to be used in the multi-purpose building during the weekdays
and the weekends in the hot season is presented in Table 38 and Table 39, respectively.

Table 38: Appliances assumed in the MPB throughout the weekdays.

Appliance m Usage Window 1 Window 2 Frequency
[qty.] [min] [%]

Indoor LED 10 600 07:00-19:00 - 100
Fan 5 480 07:00-19:00 - 100
Phone 5 120 15:00-19:00 - 50
Medium speaker 1 60 12:00-19:00 - 50
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Table 39: Appliances assumed in the MPB in the weekends.

Appliance m Usage Window 1 Window 2 Frequency
[qty.] [min] [%]

Indoor LED 10 600 12:00-21:00 - 100
Outdoor LED 5 60 19:00-21:00 - 100
Fan 5 360 12:00-21:00 - 100
Phone 5 120 12:00-21:00 - 50
Medium speaker 1 60 12:00-21:00 - 50

Figure 45 presents the daily load profile of the MPB during vacation and weekdays. Figure 45a
and Figure 45b respectively present a day during the vacation and a regular school week. As the
same user behavior is assumed for the weekend as for the vacation, Figure 45a also represents the
weekends.

During the weekdays, the afternoon activity that is accounted for is reflected in a load increase due
to phone charging and the speaker. However, the building does not require much power supply, as
the hourly peak load is less than 350 W. The peak consumption can be seen to be slightly lower
for the vacation. However, it can be seen from the load profile how the appliance’s time window is
increased during this period, as the consumption is more spread throughout the day.

(a) Vacation during hot season. (b) Regular hot season.

Figure 45: Daily minute based load profiles for the MPB during different periods of the year.

6.3.4 Workshop

The workshop (WS) is planned to be used for both teaching and creative work. The Appliances
assumed to be used during the weekdays in the workshop is presented in Table 41. Tablets might
be used as a part of this as well, and are included as appliances in the building. Appliances related
to this part of the WS is assumed to be used after the school day to allow for both after-school
activities, and for other people to utilize the facilities.

The maintenance work by the caretaker at the property involves the usage of several tools related
to this. These appliances are presented in Table 40. It is assumed that the time window for the
usage of these appliances is limited to be after the school day. During the weekends, the time
window is expanded. All appliances related to maintenance use are only occasionally used, as it is
not known how extensive or regular it will be if the electricity access enables the caretaker to work.
This is reflected in the low frequency that is given as model input. Additionally, weekly usage is
accounted for in case the tools in the workshop are made available for creative work as well or
for other people to use. Some activity related to maintenance work is also assumed to be present
during the vacations. The model input that is given for the different appliances is presented in
Table 41.
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Table 40: Appliances assumed for maintenance work in the WS.

Appliance m Power t min δframes δtmin

[qty.] [W] [min] [%] [%]
Drill (cordless) 1 100 5 10 35
Circular saw 1 2400/720 5 10 35
Angle grinder 1 1050 5 10 35

Table 41: Appliances assumed in the WS during the weekdays in the hot season.

Appliance m Usage Window 1 Window 2 Frequency
[qty.] [min] [%]

LED Indoor 8 480 07:00-19:00 - 100
Fan 4 480 07:00-19:00 - 100
Tablet 10 120 07:00-19:00 - 50
Drill (cordless) 1 30 15:00-19:00 - 10
Circular saw 1 30 15:00-19:00 - 10
Angle grinder 1 30 15:00-19:00 - 10

Duty cycles of the circular saw

The circular saw has a much higher starting power consumption than when it is running. Duty
cycles are therefore established for the circular saw to ensure that the daily energy consump-
tion is not overestimated. As can be seen from Table 42, the duration of the for starting power
consumption i set to 5 minutes.

Table 42: The duty cycles of the circular saw.

Parameter Value
Duration duty cycle 1 [min] 5
Power rating 1 [W] 2400
Durating duty cycle 2 [min] 25
Power rating 2 [W] 720

Figure 46 illustrates the daily load profile of two scenarios. Figure 46a presents a day where none of
the high-consuming maintenance is used, whereas Figure 46b presents a day where such appliances
are in use. As seen from the figure, the occasional usage of the maintenance-related appliances
highly affects the load profiles. Whereas the other appliances consume less than 250 W in Figure
46a, the peak load is almost 2500 W higher in Figure 46b. This substantiates the choice of using
duty cycles on the circular saw, as it highly affects the total electricity usage of the workshop.
This could also entail that the power consumption in the workshop is overestimated, as the user
behavior related to these maintenance tools might be less frequent than what is assumed. A weekly
load profile is presented in Figure 47 for illustrative purposes. This figure demonstrates the usage
frequency of the maintenance appliances.
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(a) Without high-consuming appliances. (b) With high-consuming appliances.

Figure 46: Daily minute based load profiles for the WS when different appliance usage is reflected.

Figure 47: Weekly minute based load profile for the workshop during a regular school week in the
hot season.

6.4 Daily load profile of the whole property

To compare the power consumption of the different buildings at the property, the graphical
presentation presented in Figure 48 is constructed. The figure presents the power consumption at
Eco Moyo on a day with high visitor-and school activity during the hot season. Hence, the load
profile captures a period when power consumption is at its highest. The load profile of the areas
or single buildings at the property is included, in addition to the aggregated load of the property
as a whole.

It is desirable to capture how the different buildings’ load profiles affect the whole property’s power
consumption. Additionally, it is interesting to see whether the different buildings’ load peaks even
out or amplify the peak load of the entire property. This reflects how simultaneously the power
consumption is.

It can be seen from the figure that some of the buildings stand out as more decisive for the
aggregated load profile. These are the expanded visitor area, the Computer Lab, and the workshop,
i.e., all future expansions except the Multiple Purpose Building. The overall high consumption in
the expanded visitor area can be seen to affect the overall curve of the aggregated load profile,
apart from the hours with peak consumption during the day. The peak consumption of more than
5kW happens in the daytime at around 14:00. This peak seems to be affected by high consumption
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in the Computer Lab and the Expanded visitor area. The peaks in the workshop a bit later in
the day is directly reflected in similar peaks in the aggregated profile. Even though the school-
related buildings, such as the Classroom area, have an overall smaller power consumption than,
for instance, the expanded visitor area, they can be seen to affect the power consumption at the
property when they peak between 11:00 and 12:00.

It can be seen from the graphs that most load profiles follow the same load curve as the aggregated
profile, with increased consumption in the middle of the day. The buildings related to activities
that are not only related to school also have a load increase in the evening. The most prominent
peaks could be avoided by either adjusting the user patterns in, for instance, the Computer Lab
by restricting the number of laptops that are charged simultaneously. Additionally, the electricity
usage in the expanded visitor area could be better adjusted to the school schedule by reducing
daytime consumption. However, the highest power consumption should happen during the hours
when the power production from the PV panels is high. This is the case for the presented load
profiles.

Figure 48: Daily minute based load profile of the whole property during the hot season.
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7 System simulation in PVsyst

After establishing the load profiles, PVsyst is used to find possible system solutions for the property.
These systems will be further evaluated in order to define the final optimized alternative, based on
characteristics such as cost-effectiveness, acceptable performance, and feasibility. Off-grid solutions
supplied by PV panels and batteries will be the main focus as it is desirable to keep Eco Moyo
self-sufficient with renewable energy. Solutions where the property is divided into clusters will be
compared to results for a microgrid that supplies the whole property without clusters.

Even though renewable, off-grid solutions will be the main focus, it is decided to evaluate al-
ternatives that can enhance the reliability of the electricity supply. Backup solutions with diesel
generators and grid connection will therefore be evaluated for the resulting off-grid systems. How-
ever, these alternatives will only be evaluated for illustrative and comparative purposes and will
not be a part of the final proposed system solution.

Figure 49 presents an overview of the method used to obtain and evaluate possible system solutions.
The workflow to obtain the most beneficial off-grid PV systems is marked in the figure with dotted
lines, while the process of obtaining results for backup systems are illustrated outside these lines.

Figure 49: Methodology to obtain the system designs from PVsyst.

The following chapters will introduce a proposed system topology, the cluster-based approach, the
simulation variables, and the model inputs. Thereafter, the off-grid system simulations in PVsyst
is performed in Chapter 7.5. The results from the off-grid simulations will be used as basis for the
backup evaluations with grid connection and diesel generators in respectively Chapter 7.6 and 7.7.

7.1 System topology

In this chapter, the system topology that will be used as basis for all system proposals will be
presented. Both AC- and DC-coupled microgrids are considered alternatives. It should be noted
that PVsyst do not differ between AC and DC load, and do therefore not take specified system
topologies according to this as model input (PVsyst 2022g). The system topology presented in this
chapter is therefore included to provide a more comprehensive system proposal than what PVsyst
provides for off-grid systems. In the decision-making between proposing an AC- or DC microgrid,
the different advantages and disadvantages presented in the theory is used as a basis.

The main advantages with DC microgrids used for the system topology decision-making is sum-
marized as follows:

• Both PV panels and batteries are DC based and can therefore be directly connected to a DC
bus, avoiding conversion losses. However, DC/DC conversion might be needed.
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• If the loads are DC based, they can be supplied directly from the DC bus.

• DC micogrid do not need the voltage-and frequency regulations that AC microgrid requires.

• There are no reactive losses in DC microgrids, which can entail increased system efficiency.

• The power losses for 230 V DC compared to 230 V AC have been found to be generally
lower for the DC system. However, for 48 V cables, it is found that the transfer capacity is
significantly reduced for longer distances (Sannino et al. 2003)

The main arguments for using AC microgrids as the system topology is summarized as follows:

• The appliances at the property are currently AC based. Hence, an inverter is needed to
supply the load, and conversion losses must therefore be accounted for if the microgrid is
supplied by a DC distribution system.

• For a DC distribution system, a DC/DC boost converter would be needed to obtain the DC
voltage that has better performance than the AC cables (Sannino et al. 2003). A DC/AC
conversion would also be needed in the receiving buildings to supply the AC load. These
converter losses can be avoided for an AC microgrid with an AC distribution system.

• AC microgrids are compatible with grid connections and diesel generators.

• Chloride Exide is familiar with AC microgrids, and have stated that DC microgrids are not
mature enough to be considered by them yet.

Considering the conversion steps needed in a DC microgrid with AC load and potential connections
to the utility grid or AC generating units, undesirable conversion losses would be prevented with
an AC distribution system.Taking into account that AC microgrids are preferred by Chloride Exide
as well, it is decided that an AC-coupled microgrid is a preferred solution for Eco Moyo. Figure 50
shows the resulting system topology used as the basis for all off-grid simulations in PVsyst, and,
therefore, all system proposals. The system topology will be further expanded for solutions with
grid connection and diesel generators as backup solutions. It should be noted that further details
about the distribution systems, such as connection points, specifications related to the cables, and
calculations of power losses and costs, are not a part of the research scope.

Figure 50: System topology used as basis for off-grid system simulations in PVsyst.

The figure shows that the established system topology includes a DC and an AC bus. The PV
panels are connected to a DC bus through a DC/DC converter with an MPPT controller. The
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choice of using this component will be elaborated in Chapter 7.4.2. A DC/AC conversion step
is needed for the electricity from the PV panels and batteries to supply the AC load. Hence, an
inverter is included. This conversion step is not accounted for in the PVsyst simulations (PVsyst
2022g). Hence, the simulation results do not entail conversion losses from the inverter. The costs
of this component is, however, included in the economic results.

It should also be noted that the DC bus is included because the inverter and the MPPT controller
are separate components. However, the DC bus could be removed if a hybrid solar inverter is
used.An AC/DC conversion must also be included if DC appliances are to be supplied in the
future. However, if the required competence is more available in such a future scenario, solutions
with hybrid, i.e. both AC and DC, distribution systems, can be considered. To ensure that the
proposed solutions are feasible with the currently available competence this master thesis will not
investigate such solutions further.

7.2 Cluster based approach

As it is desirable to keep each cluster at the property self-sufficient, both clustered and non-clustered
system proposals will be evaluated. A clustered system proposal entails that independent systems
supply each cluster, whereas a non-clustered system supplies the whole property as one. There are
several advantages and disadvantages related to both alternatives. These will be presented in this
chapter.

Main advantages with a clustered solution:

• Gradual expansions: expansions of the property depends on having available funding. In-
vestments of varying magnitudes are made to Eco Moyo on an irregular basis. A clustered
solution allows for expansions of the electricity supply to happen gradually when funding is
received. For a non-clustered solution on the other hand, the total investment cost is needed
at once, and this can not be guaranteed with the current financial structure at Eco Moyo.

• Current systems at the property : a clustered solutions allows for the existing PV systems to
function as temporary electricity supply until funding for further expansions are received. The
clusters without any electricity supply can therefore be prioritized in the gradual expansions,
as the existing PV systems can supply their respective clusters until they malfunction. This
is relevant for the PV system at the kitchen, as well as the different SHS currently distributed
throughout the property. As it is defined that such old systems will not be interconnected to
the microgrid, this would not be the case for a non-clustered solution. Hence, this scenario
would entail replacing components even though they currently work.

• Reliability in case of failure: separate systems entails separate faults. This gives that if the
system in one cluster fails to supply its electricity demand due to system failure, systems in
other clusters can provide electricity to some of the unmet load. This is relevant for movable
appliances such as mobile and laptop charging, however not for permanent appliances such
as roof fans and fridges.

• Cable lengths: a non-clustered solution can possibly entail extra cabling and longer cable
lengths than for a clustered solution. This would result in a lower system performance, due
to increased power losses in the cables. It could also entail increased investment costs due to
both the increased cable lengths, and that larger capacities might be needed.

• Local expertise: it is known that Chloride Exide is able to install smaller, separate PV sys-
tems, and that a clustered solution is the preferred approach for them in future development
of the property. Hence, it is found that the current local technological expertise might not
allow for a fully satisfactory non-clustered solution.

• Available technology : technologies for modular microgrids exists, and could be applied to the
school. Powerblox presents such an alternative, which can easily allow for further expansions
without requiring the high experience, or knowledge level that is associated with grid expan-
sions (Powerblox 2022). Currently, such solutions are significantly more expensive, and are
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not considered a realistic alternative. However, such technology could be good alternatives
for projects like Eco Moyo if the prices decrease once it is more mature. In that case, clusters
could be interconnected easily if it is found to be desirable later.

• Required area: a clustered solution would entail less PV panels and battery packs in the same
area. This can make it easier to find suitable locations for the components in the system.

• Simultaneous electricity demand at the property : most of the buildings have their peak elec-
tricity demand in the daytime, and generally similar curves in their load profiles. As no user
flexibility is accounted for, no adjustments are made to even out the peak loads. Hence, the
established load profiles do not necessarily require larger system investments for a clustered
solution. The aggregated peak load at the property is so high that a large, and hence ex-
pensive, inverter would be needed if the solutions were not cluster-based.

Main advantages with a non-clustered solution:

• Uncertainty related to future buildings: the decision to include future building prospects in
the system proposals might entail additional challenges to a cluster-based approach. Because
the locations of these buildings have to be assumed, some of the defined clusters might be
different than what will be realized. This gives that the electricity demand for the clusters
can be wrongly estimated and that the system’s location might have to be re-evaluated as
well.

• Varying electricity demand at the property : if the peak electricity demand in the buildings
varied throughout at the day, a non-clustered solution could be beneficial. If the electricity
demand in the different buildings were compatible in the sense of having most of their con-
sumption on different parts of the day, the peak of the load profile would be more evened
outThis could entail smaller required system sizes than if adjusted for simultaneous peaks.
In a clustered solution, the advantages of compatible loads and evened out peaks would not
have been captured, as each system would be sized to their respective peak load.

• Social aspects: in a clustered solution, dissatisfaction among users regarding which clusters
are expanded and given electricity access first can occur. It is therefore important to account
for such social aspects when prioritizing electricity access at the property. Such dilemmas
are not relevant for a non-clustered solution as it entails that all users gain electricity access
at the same time.

To find the best system proposal, results from both clustered and non-clustered solution will be
compared. In the clustered solution, the electricity demand of different areas of the property is
supplied separately, where in the non-clustered solution the whole property is accounted for in one
large, interconnected system.

7.2.1 Clusters and simulation cases

For the clustered solution, it is decided to initially divide the property into six clusters, referred to
as Cluster 1 to Cluster 6. They are based on the existing clusters at the property, and on distances
between buildings. Future buildings are accounted for. The clusters are presented in Figure 51.
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Figure 51: Cluster 1 (green), Cluster 2 (red), Cluster 3 (blue), Cluster 4 (pink), Cluster 5 (orange),
and Cluster 6 (yellow).

Source: J. Lervik 2022.

Conclusively, the following seven divisions of the property will be evaluated through off-grid sim-
ulations in PVsyst:

1. Cluster 1: Security building, Student dorm area, and Kitchen.

2. Cluster 2: Director’s housing area.

3. Cluster 3: Expanded visitor area.

4. Cluster 4: Staff Room, Director’s Office, Leap Learning Lab, Workshop, and the closest
classrooms. Entails existing system.

5. Cluster 5: Computer Lab, Staff Court, and the closest classrooms.

6. Cluster 6: Multiple Purpose Building.

7. Non-clustered: all buildings.

Conclusively, there are two possible solutions for the division the property in relation to the final
proposed off-grid systems, which can be summarized as follows:

• Clustered solution: Cluster 1, 2, 3, 4, 5, and 6 simulated separately.

• Non-clustered solution: the whole property simulated together.

7.2.2 Load profiles for the solutions

To establish the load profiles for each cluster, the electricity demand for the relevant buildings are
included in the same load profile simulation in RAMP. This ensures that the minute-based load
in each building is accounted for, which can correspond to aggregating them into a load for the
complete cluster as presented in Equation (8).

Pci =
∑
m∈M

Pmi i ∈ O, c ∈ C (8)

where

• Pci is the load at minute i in cluster c

• Pmi is the load at minute i in building m
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• O is a set of the minutes throughout the year

• M is a set of buildings in cluster c

• C is a set of all clusters

Conclusively, seven load profiles are generated in RAMP; for Clusters 1 to 6, as well as for the
non-clustered solution. These load profiles are presented in Chapter 7.5.

7.3 Simulation variables

An overview and description of the simulation variables used for evaluation of the off-grid PVsyst
simulations is shown in Table 43 (PVsyst 2022f).

Table 43: Simulation variables for off-grid PVsyst simulations.

Variable Description
Available energy [kWh/yr.] The PV production from the given PV system.
Energy demand [kWh/yr.] The user’s energy need. Defined as input data.
Energy supplied [kWh/yr.] Energy supplied to the user.
Energy missing [kWh/yr.] Electricity demand - electricity supplied.
Unmet demand [%] Ratio of energy missing to energy demand.
Excess energy [kWh/yr.] Unused energy due to full battery.
Autonomy [days] Time the energy demand can be met with the battery alone.
Investment cost [NOK] Total investment cost for batteries, PV panels and controllers.

The main parameters used for the decision-making is the unmet demand, excess energy, and
autonomy. These variables are further explained in this chapter. The investment cost is also an
important part of the decision-making, as it is desirable to propose a cost-efficient system.

Unmet demand

The performance of a system is highly reflected in its ability to supply the electricity demands.
Therefore, the unmet demand is found to be one of the most important simulation variables when
evaluating system solutions, as it expresses how much of the energy demand that is covered by the
system. The unmet demand is defined as the ratio of the missing energy to the energy demand, as
given in Equation (9).

Unmet demand =
Missing energy

Energy demand
(9)

This value should be low for a well-performing system to ensure that the load is met. For similar
parameters related to unmet demand, a value of of 1.8 % is accepted in (Narayan, Vega-Garita
et al. 2018) whereas an upper limit of 2 % is used in (Hosseinalizadeh et al. 2016). It is therefore
concluded that an upper limit of 2 % on the unmet demand is to be applied when evaluating
the system proposals for Eco Moyo. The unmet demand will be one of the main focuses when
evaluating the simulation results in the following chapters.

Autonomy

The autonomy of a system is defined as the time the energy demand can be met with the battery
alone. It is important for the system to be able to supply the energy demand in periods with less
irradiation or if the system malfunctions. As stated in Chapter 3.3.2, typical values for autonomy
is between 2 days and 12 days (Louie 2018, p. 401). A higher value gives a higher reliability for the
system, but it will also increase the investment costs due to an increased battery bank capacity.

2 days is considered suitable for Eco Moyo because it can be expected that professional assistance
to fix the system can be provided within this time frame. Additionally, if this is not the case, none
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of the school activity is critically dependent on electricity supply. Hence, the school is expected
to manage some time without electricity. However, as it is desirable to provide reliable electricity
supply, it should be evaluated whether it could be beneficial to provide more days of autonomy.
This choice depends on the costs.

To demonstrate the increased investment cost related to an improved autonomy, a simple sensitivity
analysis is performed. It is performed on four different clusters with significantly different patterns
for electricity demand, i.e. load profiles. These load profiles will be presented in Chapter 7.5. The
clusters and their energy demands used in the sensitivity analysis for autonomy can be summarized
as follows:

• Cluster 2, representing relatively even load throughout the year.

• Cluster 3, representing big variations throughout the year.

• Cluster 5, representing significant annual variations and high peaks loads.

• Cluster 6, representing a very small load.

2 and 4 days of autonomy are used as a respectively lower and upper bound for the analysis. Figure
52 gives the resulting correlation between investment costs and autonomy for the four clusters.

Figure 52: Sensitivity analysis of days of autonomy and related investment cost in kNOK.

The slopes of the graphs in Figure 52 gives that the additional cost for each extra day of autonomy
for the four clusters are as follows:

• Cluster 2 : 25,075 NOK/day

• Cluster 3 : 45,675 NOK/day

• Cluster 5 : 19,844 NOK/day

• Cluster 6 : 4,886 NOK/day

Based on these values, it is found that the investment cost of an additional day of autonomy is
high. Cluster 6 is the only alternative that has a low enough cost for an extra day of autonomy
to be considerable. However, as the electricity usage in this cluster is small, and not considered
critical to supply, it is concluded that it is not reasonable to introduce this investment. Hence, it
is found that the investment cost of a higher autonomy is not worth the improved performance.
Therefore, a minimum value of 2 days of autonomy is set for the system evaluations at Eco Moyo.
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Excess energy

The excess energy for the different solutions is not highly emphasized in the decision-making. This
is because it is considered more important to make sure that the electricity demand is covered
than to have a small amount of excess energy. However, excess energy can be a good indicator of
whether a system is overdimensioned or not. If the excess energy value is high, it can indicate that
the PV system might be larger than needed, which would entail inefficient investments.

However, in this thesis, the PV systems are designed to be able to supply the periods with the
highest electricity demand. The electricity demand of many of the buildings varies much during
different periods. This entails that the PV production will be too big for periods where the energy
demand is lower than what the system is designed for. Hence, for the PVsyst simulations, a
periodically high excess energy production is required and expected for the system to cover the
energy demand throughout the year. This will be further evaluated for each cluster simulation in
Chapter. 7.5.

7.4 Model input

The required model input data used in PVsyst can be summarized as follows:

• Site and weather data.

• Load profiles.

• Information about the system components.

This chapter will present the background of the decision-making regarding the site and weather
data, as well as component selection. The resulting input data is also presented. Even though the
investment costs are calculated outside the simulations, the component prices are also included in
this chapter. It should be noted that the investment costs do not consider any other components
than the what was presented in Figure 50.

7.4.1 Site and weather data

The first step of the simulation in PVsyst is to define the project site. This is because PVsyst
uses the longitude and latitude to calculate the position of the sun every hour throughout the
year. PVsyst also requires hourly data about horizontal global irradiance and ambient temper-
ature to perform a detailed simulation. This data can be obtained either through a Meteonorm
database implemented in PVsyst, by importing measured data, or importing data from available
data sources. In the preliminary project it was found that both Photovoltaic Geographical Inform-
ation System (PVGIS), NASA SSE and Meteonorm were three suitable alternatives for weather
data collection, and all these options are available in PVsyst.

The following section is directly extracted from the preliminary project (K. T. Lervik and Waitz
2021, p.33).

Data sets from NASA SSE are sourced from satellite records, whereas Meteonorm and
PVGIS data are mainly collected through interpolating results from records of nearby
meteorological stations. The long-term average meteorological data sources of both
PVGIS and NASA SSE are within 5 % of the Meteonorm solar radiation (Mahachi and
Rix 2017).

According to (Silva et al. 2018), NASA SSE and Meteonorm databases stand out from
other meteorological data platforms. (...) NASA SSE is a reliable global solar radi-
ation data provider for areas lacking surface measurements. However, Meteonorm is
considered a more robust meteorological data source (Mahachi and Rix 2017). Even
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though (Silva et al. 2018) conclude that NASA SSE presents results closer to the meas-
ured solarimetric data, Meteonorm is considered a more accurate alternative. This is
because the measured meteorological data provided by Meteonorm is collected between
1991 and 2010, while the NASA SSE database only provides collected data until 2005
(Silva et al. 2018).

To capture the effects of climate change, which are briefly discussed in Chapter 3.1.2, it is desirable
to use the most recent data of the two alternatives. Meteonorm is therefore chosen as the source of
site and weather data. This data is provided by Stanislas Merlet at the geographical coordinates
3.5◦S and 39.8◦E (Merlet 2021).

7.4.2 System components

The choice of PV panels, batteries and controllers used as input to PVsyst is further described in
this chapter, as well as the nominal voltage level.

PV panels

The PV panels installed at the new PV system during fieldwork had a size of 450 Wp. These panels
are known to be available at the site, the price is known, and the data sheet is given. Based on
conversations with Chloride Exide it can also be assumed that PV panels with this capacity will
be used in the future installations at the property. Hence, using these PV panels in the PVsyst
simulations can contribute to a system proposal with less uncertainty. However, a capacity of 450
Wp is relatively big. In comparison, Stanislas Merlet has suggested a capacity in the range 250
Wp to 300 Wp for these types of systems (Merlet 2021). Using PV panels in the simulation that
are as big as 450 Wp include big step lengths in relation to the system capacity when adding or
removing one PV panel in the system simulations. This can result in solutions where the optimum
lies between the 450 W difference. Thus, to analyze the potential impact of having a 450 Wp PV
panel capacity compared to a smaller size, a simple sensitivity analysis is performed.

To compare with a 450 Wp, the sensitivity analysis is performed with a 280 Wp PV panel. This is
because a PV panel with this capacity from the same brand as the one installed at the property
exists in the PVsyst database, and hence it can be assumed that Chloride Exide is able to obtain
it. Further, the data sheet for this is found online, and the capacity is also within the boundaries
recommended by Stanislas Merlet (Merlet 2021).

The sensitivity analysis is performed by evaluating the difference between the 450 Wp and 280 Wp

PV panels in relation to investment costs and performance. The performance parameter used is
unmet demand. As presented in Chapter 7.3, a value below 2 % is requested. Hence, the sensitivity
analysis entails finding the system proposals that meets this requirement for both PV panel sizes,
and comparing the results of these. It should be noted that for the calculation of investment cost,
a common price per Wp is used for both PV panel capacities. This is based on a price comparison
of mono crystalline PV panels on the Chloride Exide website, which all have the same price per
Wp, i.e. 4.04 NOK per Wp. Therefore, this is assumed to be an acceptable assumption.

The same clusters as used for days of autonomy is used due to the distinctions in the load profiles
for these clusters. Figures 53 shows the results of the sensitivity analysis, where Cluster 2, 3, 5,
and 6 are shown in respectively green, blue, yellow, and grey for both the unmet demand and the
resulting investment cost for the PV panels.

82



(a) Unmet demand. (b) Investment costs in kNOK.

Figure 53: Sensitivity analysis PV panel capacity.

Figure 53a shows that the optimized system solutions with 450 Wp have a slightly lower unmet
demand for all clusters except for Cluster 3. However, the differences for this cluster are small,
with an improved unmet demand of 0.2 % for the 450 Wp. The improved performance regarding
unmet demand for the four remaining clusters is also in the same range. Furthermore, Figure 53b
shows that the investment costs when using 450 Wp and 280 Wp PV panels are the same for both
Cluster 2 and 6. However, the 450 Wp is 1000 NOK more expensive for Cluster 5, and the 280 Wp

is 1000 NOK more expensive for Cluster 3. Despite these differences, it is observed that the 280
Wp and the 450 Wp PV panels offer close to equally good solutions regarding performance and
cost. This is concluded to confirm that a panel size of 450 Wp does not entail that the optimum is
bypassed. Hence, using PV panels with a capacity of 450 Wp in the simulations is acceptable and
will be used in further simulations.

Batteries

The new PV system installed during fieldwork included lead-acid batteries. However, based on
the advantages of lithium-ion batteries presented in Chapter 3.3.2, it is decided to use this battery
type in future installations at the property. Even though these batteries require higher investment
costs, it is considered more important to prioritize a battery type with a long lifetime, as well as
high efficiency and energy density. It is also important that lithium-ion batteries are considered
more environmentally friendly than lead-acid batteries, as this is in line with the green profile that
Eco Moyo wants to maintain. Additionally, given that the batteries’ discharging rate is regulated
so that the lifetime of lithium-ion batteries are prolonged, the LCOE is expected to be lower than
for lead-acid because fewer replacements have to be made for this battery type.

A battery with similar capacities as the lead-acid battery installed at the site during fieldwork is
used as model input in PVsyst. Chloride Exide is known to have components from the manufacturer
Victron Energy, and therefore a 12.8 V and 202 Ah from them is chosen for the simulation of all
future PV systems. The SoC is set to the default value determined by PVsyst, which is 10 %. This
is lower than what would be recommended based on the theory in Chapter 3.3.2. However, due to
lithium-ion batteries’ ability to deeply discharge, it is decided to keep the default value.

The Kenyan price for the chosen battery is not found. The price that is used in the calculations of
the investment costs of the lithium-ion battery is therefore based on the price difference between
lead-acid and lithium-ion batteries in the Norwegian market. It is found that a 12.8 V 200 Ah
lithium-ion battery is approximately 2.75 times more expensive than a 12 V 200 Ah lead-acid
battery (Solry 2022b, Solry 2022a). The price for the lead-acid battery installed at the property
during fieldwork was 2,577 NOK. Assuming the same ratio for the Kenyan market, 7,087 NOK is
given as model input for the lithium-ion battery price in PVsyst.

For simulations of the existing PV system, i.e. Cluster 4, lead-acid batteries are used in order to
get an as accurate simulation as possible. The default value for SoCmin of the lead-acid battery is
set to 20 % by PVsyst. However, deeply discharging the lead-acid batteries to this level will highly
affect the battery lifetime. The SoCmin is therefore set to 50 % instead. This is in line with the
theory presented in Chapter 3.3.2. However, it should be noted that this might differ from what
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is actually programmed for the charge controller at the property.

Controller and inverter

The main concern in PVsyst simulations is the sizing of the battery pack and the PV array power as
a function of the energy demand, site, and weather data. However, the exact control strategy is not
considered essential in this simulation tool. Therefore, PVsyst has introduced an option to choose
a so-called “universal generic controller”. During the specification of the PV array and battery
pack, the universal generic controller will adapt its parameter so that it always stays compatible
with the system’s normal behavior without control losses. This is the recommended option by
PVsyst (PVsyst 2022i). Hence, for the simulations, a generic universal controller is chosen.

A choice between an MPPT, DC/DC, and a direct coupling controller strategy needs to be made.
All of which include DC/DC conversion steps. Additional DC/AC conversions are not accounted
for in off-grid simulations (PVsyst 2022a). An MPPT controller strategy is chosen to ensure that
the maximum PV power output is obtained. Even though this is known from the fieldwork to be
a more expensive alternative than a DC/DC converter, high system performance is prioritized. It
is also known that Chloride Exide can provide, and is experienced with, such components.

To obtain the price for the MPPT controller and the inverter, a common price per watt is used.
The price is based on what is provided by Chloride Exide for Victron Energy MPPT controllers
and inverter. Based on this, a common price of 5.75 NOK per Wp is used for the MPPT controller
and the inverter in all clusters. The capacity of the MPPT controller and the inverter is set equal
to the peak load for each cluster. Hence, the total investment costs of the MPPT controller and
the inverter is calculated as presented in Equation (10).

ICconverters = pcommon · Lpeak = 5.75 · Lpeak (10)

where

• ICconverters represents the total investment costs of the MPPT controller and the inverter
[NOK]

• pcommon represents the common marginal costs of the components [NOK/Wp]

• Lpeak represents the peak load of the load that is supplied by the system [Wp]

Nominal voltage level

It is decided to use the same nominal voltage level as a basis for all clusters at the property. This
is so that the PV systems for each cluster to be more easily connected in the future if desired.
Therefore, a nominal voltage of 48 V is chosen for the battery bank. Due to high efficiencies and
safety, the research performed in (Anand and Fernandes 2010) states that the optimal DC voltage
is 48 V for residential applications. This is the same voltage level as for the installed system in
Cluster 4, and also what is recommended for systems with energy demand over 4 kWh per day
(Louie 2018). In order to reach this voltage level, four and four batteries have to be connected in
series. As 12.8 V lithium-ion batteries will be the proposed battery type, the common nominal
voltage will be 51 V for all clusters except Cluster 4.

Using a common nominal voltage level of the battery packs can, however, lead to bigger battery
banks than necessary, as the battery quantity needs to be +/− four. This can give big steps
in the performance, where the optimal solution can lie between these +/− four batteries. An
unnecessarily big battery bank would also include inefficiently high investment costs. Therefore, a
sensitivity analysis for the impact of the same nominal voltage level for all clusters is performed.
PVsyst suggests a voltage level for the battery pack based on the given energy demand. The
sensitivity analysis will be performed by comparing the performance and investment costs of system
solutions with a 51 V battery bank and the voltage suggested by PVsyst. This will be done for the
clusters that have a suggestion of a lower battery bank voltage than 51 VThe presented solutions
are chosen based on what can provide the lowest value for the autonomy over the limit of 2 days.
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Figure 54 shows the resulting days of autonomy and investment costs for the three different clusters
with the two different voltage levels. Cluster 1, 5, and 6 is shown in respectively green, orange,
and blue.

(a) Investment costs in kNOK. (b) Days of autonomy.

Figure 54: Sensitivity analysis battery pack voltage level.

Figure 54a shows that a voltage level of 51 V gives an increased investment cost of 14,000 NOK for
all clusters compared to the default voltage level. This is due to that two additional batteries are
needed for all the clusters with a battery pack of 51 V. Figure 54b shows that the resulting autonomy
for Cluster 6 with a battery pack of 51 V is 5.8 days. This is considered to be unnecessarily high.
The energy demands and activities in this cluster is also considered to not be particularly critical,
and therefore an autonomy of 5.8 days is not needed. The 2.9 days of autonomy for a 13 V battery
pack is already high enough. Therefore, the additional investment cost of 14,000 NOK is not found
to be worth it, and the voltage level for the battery pack in Cluster 6 is set to 13 V.

For Cluster 1 and 5, the energy demand and activities are defined to be more critical than those for
Cluster 6. Additionally, more buildings and appliances are included in these clusters, and therefore
the energy demands here are higher than that for Cluster 6. Further, if future connections of
clusters are to happen, it is likely that Cluster 1 and Cluster 5 is to be included in this. Therefore
it is worth the increased investment costs of having battery packs of 51 V in Cluster 1 and Cluster
5. Hence, for all other clusters than Cluster 6 with lithium-ion batteries, the nominal voltage is
set to 51 V in the PVsyst simulations.

7.5 Off-grid system simulations

In this chapter the off-grid system simulations in PVsyst is presented. Several system solutions,
i.e. amount of batteries and PV panels, will be evaluated for each cluster as well as for the
non-clustered solution. The optimized system solution will be decided for each cluster and the
non-clustered solution based on performance and economic results from PVsyst.

7.5.1 Cluster 1 simulations

Cluster 1 includes the kitchen, student dorm area, and the security building. For this cluster, it was
found during fieldwork that the only building with roof strong enough to hold larger installments
is the kitchen. Hence, the PV panels are proposed to be place at this building.This gives that the
PV panels are placed with an azimuth of -120◦ and a plane tilt of 7.5◦. The cluster and PV panel
placements used in PVsyst are illustrated in Figure 55.
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Figure 55: Cluster 1 in green with PV panels on kitchen.

Source: J. Lervik 2022.

Energy demand

The annual energy demand for Cluster 1 is found to be 1,842 kWh, and the peak load is 1,302 W.
The plot for the aggregated annual load profile is presented in Figure 56.

Figure 56: Annual minute based load profile for Cluster 1.

In this cluster the most significant electricity demands are in the kitchen. These are dependent
on the amount of visitors at the property, and therefore there are some annual variations. These
variations are apparent in Figure 56, e.g. as the significantly lower load in the months from May
to August (around 200,000 minutes to 350,000 minutes in the graph) when there is less visitor
activity. The figure also shows that there are some prominent peaks when there are more visitors.

Simulations

The optimized amount of batteries and PV panels are to be decided. First, the amount of batteries
will be chosen based on an acceptable value for days of autonomy. Then simulations with this
amount of batteries will be used to decide the amount of PV panels, which will be chosen based
on an acceptable value for unmet demand. This is the method used that will be used for all
simulations for all clusters.

Figure 57 shows the simulation results in relation to autonomy and unmet demand for different
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system solutions for Cluster 1.

(a) Autonomy. (b) Unmet demand.

Figure 57: Simulation results for different system solutions in Cluster 1.

Figure 57a shows that system solutions with 4 and 8 batteries give respectively 1.8 days and 3.7
days of autonomy. Even though an autonomy of 1.8 days is in the lower range of what can be
considered acceptable, a value of 3.7 days entails an additional cost of approximately 28,000 NOK.
This is also a much higher autonomy than what is defined as the desired value. Thus, a solution
with 4 batteries and autonomy of 1.8 days is chosen.

Furthermore, Figure 57b shows that system solutions with 2, 3 and 4 PV panels give unmet
demands of respectively 22.8 %, 1.2 %, and 0.4 %. The first is considered way too high and is not
considered a viable option. The solution with 3 PV panels and a resulting unmet demand of 1.2 %
offers an acceptable value for unmet demand for a lower cost than 4 PV panels. Thus, a solution
with 3 panels is chosen. This solution also gives an acceptable value for the excess energy of 354
kWh pear year, i.e. 16 % of the annual available energy.

Conclusively the system solution offering the best compromise between investment cost and per-
formance for Cluster 1 is with 4 batteries and 3 PV panels. This has an investment cost of 33,000.
In addition, the peak load of 1,302 W gives a calculated cost of 7,500 NOK for the controller and
inverter. Thus, the total investment cost for Cluster 1 is found to be approximately 40,500 NOK.

7.5.2 Cluster 2 simulations

Cluster 2 includes the Director’s housing area. The PV panels are placed on the director’s house,
due to significant shadowing on the material storage roof. The azimuth and plane tilt is therefore
set to respectively -113◦ and 6◦ in PVsyst based on values found for the directors house during
the fieldwork. The cluster and PV panel placement is illustrated in Figure 58.

Figure 58: Cluster 2 in red with PV panel on directors house.

Source: J. Lervik 2022.
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Energy demand

The annual energy demand for Cluster 2 is found to be 3,019 kWh, and the peak load 937 W. The
plot for the aggregated load profile for the cluster is presented in Figure 59.

Figure 59: Annual minute based load profile for Cluster 2.

The figure shows that Cluster 2 has a relatively even load as the energy demands are not dependent
on school vacations or visitor activity.

Simulations

Figure 60 shows the simulation results for different system solutions for autonomy and unmet
demand for Cluster 2.

(a) Autonomy. (b) Unmet demand.

Figure 60: Simulation results for different system solutions in Cluster 2.

Figure 60a shows that system solutions with 4, 8 and 12 batteries give respectively 1.1, 2.3, and
3.4 days of autonomy. The solution with 8 batteries and 2.3 days of autonomy provides the only
viable option with acceptable values for performance and investment costs.

Furthermore, Figure 60b shows that system solutions with 4 and 5 PV panels give an unmet
demand of respectively 6.49 % and 0.56 %. Hence the only viable option is with 5 PV panels.The
excess energy is equal to 642 kWh per year, i.e. 17 % of the annual available energy.

Conclusively the system solution offering the best compromise between investment cost and per-
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formance for Cluster 2 is with 8 batteries and 5 PV panels. This has an investment cost of 65,000
NOK. In addition, the peak load of 937 W gives a calculated cost of 5,386 NOK for the controller
and inverter. Thus, the total investment cost for Cluster 2 is found to be approximately 70,000
NOK.

7.5.3 Cluster 3 simulations

Cluster 3 entails the Expanded visitors area. As the current visitor area currently works fine with
the installed SHS, it is assumed for this cluster that a new PV system will be installed at the
same time as the new buildings in the visitors area. For this solution, it is assumed that the PV
panels will be placed on a new building, such as the expected hangout area. This is because the
current buildings can not hold larger installments.The defined cluster and PV panel placement is
illustrated in Figure 61.

Figure 61: Cluster 3 in blue with PV panels.

Source: J. Lervik 2022.

Energy demand

The load profiles for Cluster 3 also accounts for the expansions that are proposed for the visitor
area. The annual energy demand for Cluster 3 is found to be 5,446 kWh, and the peak load is
2,460 W. The annual load profile for the cluster is presented Figure 62.

Figure 62: Annual minute based load profile for Cluster 3.
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The figure shows the significant annual variations in the electricity demands in months with low
and high visitor activity.

Simulations

As the angles and azimuth of the new buildings are not yet known, they are determined based on
the rules given in Chapter 3.2.4. Hence, the azimuth and plane tilt for the visitors area is set to
respectively 0◦ and 10◦. These value are to be used for all simulations of PV panels on buildings
that are not yet built.

Figure 63 shows the simulation results for different system configurations for autonomy and unmet
demand.

(a) Autonomy. (b) Unmet demand.

Figure 63: Simulation results for different system solutions in Cluster 3.

Figure 63a shows that system solutions with 8, 12, or 16 batteries give respectively 1.2, 1.9, and 2.5
days of autonomy. The load profile shown in Figure 62 gives that the low visitor activity occurs
in the months May to September (around 200,000 minutes to 400,000 minutes in the graph),
while Figure 8 gives that the average daily solar irradiation is lowest in these months as well.
Thus, the most active visitor season is during periods with high PV production, whereas the low
activity visitor season is during periods with lower PV production. Therefore 1.9 days of autonomy
is considered acceptable, as the period with no or low generation most likely occurs during the
off-season for visitors.

Furthermore, Figure 63b shows that system solutions with 10, 12 and 14 PV panels have unmet
demands of respectively 5.55 %, 1.26 % and 0.52 %. The first is too high to be acceptable. A value
of 1.26 % is, however, considered acceptable and therefore chosen as it provides a good compromise
between investment costs and performance. This solution has a high value for excess energy equal
to 3,532 kWh, i.e. 39 % of the annual available energy. However, the excess energy is high for all
solutions in Cluster 3 due to the significant difference in the electricity demands in the months with
high and low visitor activity. Thus a large system is needed to cover the periods with high visitor
activity, which entails an oversized system for the periods with low activity. A high proportion of
excess energy is thus considered unavoidable in Cluster 3.

Conclusively the system configuration offering the best compromise between investment cost and
performance for Cluster 3 is with 12 batteries and 12 PV panels. This entails an investment cost
of 105,000 NOK. In addition, the peak load of 2,460 W gives a calculated cost of 14,140 NOK for
the controller and the inverter. Thus, the total investment cost for Cluster 3 is found to be about
119,000 NOK.

7.5.4 Cluster 4 simulations

Cluster 4 will be supplied by the PV system that was installed during the fieldwork. As this
PV system is already installed and implemented, the PVsyst simulation of this cluster will have
a different objective than for the other clusters. The PVsyst simulation results will be used to
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determine whether the defined cluster, i.e., included buildings, are suitable. If it is found to be
too small or big, buildings can be added or removed. The performance of the installed system will
also be evaluated to see if any modifications to the system should be made.

The buildings included in this cluster is based on a match between the electricity demand and the
system size, in addition to reasonable distances. Therefore it is decided that the load profile for
Cluster 3 will include classes 3 to 6, the Leap Learning Lab, the Staff Room, and the Director’s
Office. Furthermore, the Workshop is included in the load profiles for this cluster. This is based on
the assumption that the Workshop will be built in the same area as the other buildings in Cluster
4. Figure 64 illustrates the buildings included in Cluster 4 and the current placement of the PV
panels installed during fieldwork.

Figure 64: Cluster 4 in pink with PV panels on Class 5.

Source: J. Lervik 2022.

Energy demand

The annual energy demand of Cluster 4 is found to be 2,267 kWh, the peak load 3,917 W. The
plot for the aggregated annual load profile is presented in Figure 65.

Figure 65: Annual minute based load profile for initial cluster for Cluster 3.

Figure 65 shows that the school schedule highly affects the load profile. This is because all buildings
in the cluster have variations in the user behavior related to the vacations. The load profile also
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has some significant peaks due to high power appliances in the Workshop.

Simulations

For Cluster 4, an azimuth of -50◦ and roof angle of 6.2◦ is chosen in accordance with values found
for Class 5 during fieldwork. Figure 66 shows the simulation results for different system solutions
for autonomy and unmet demand. Excess energy is included in the graph for unmet demand, as
this system does not entail any additional costs as the PV panels are already bought and installed.

(a) Autonomy. (b) Unmet demand and excess energy.

Figure 66: Simulation results for different system solutions in Cluster 4.

First, the autonomy of the current system is evaluated, which is illustrated in Figure 66a. It is
found that the autonomy is only 1.1 days, which is considered to be a low value. Therefore several
batteries are added to the simulation. Adding 4 extra batteries gives an autonomy of 2.2 days,
while adding 8 extra batteries achieves an autonomy of 3.3 days. The autonomy of 2.2 days is
chosen as the most viable option, given that it is proposed that 4 additional batteries are installed
in this cluster to achieve improved performance.

Next, the unmet demand of the current system with the defined cluster is evaluated. It is found
to be 0 %, i.e., all the energy demand is met. This can indicate that the system is too big for
the given energy demand. Therefore the amount of excess energy is checked. It is found that the
current system solution with the defined load gives excess energy of 2,695 kWh per year, i.e., 50
% of the available load. Excess energy is considered unavoidable for the cluster due to the annual
variations and peak loads in the load profiles, as shown in Figure 65. However, it is considered
that the cluster might have the capacity to supply an additional building, which therefore is tested.
This is shown in Figure 66b. Out of the buildings that are not included in the cluster, the Staff
Court is the closest building to Class 5. Hence, a new aggregated load profile with the Staff Court
is generated. This gives an additional load of 546 kWh per year. The simulation results when
including the Staff Court in Cluster 3 gives an unmet demand of 0.28 % and annual excess energy
of 2,355 kWh per year, i.e., 40 % of the available energy.

Even though the cluster could include the Staff Court, it is decided to keep it as initially defined.
This is because the Staff Court is close to the assumed location of the Computer Lab, which will be
simulated to hold the PV panels in Cluster 5. Therefore, it is found that it would not make sense
to have cables from class 5 to the Staff Court. Additionally, the capacity of the current controller
of 3,500 W is too low to supply the peak load of 3,917 W. It is therefore not desirable to include
even more electricity demands.

Conclusively the system solution offering the best compromise between investment cost and per-
formance for Cluster 4 is with 4 additional lead-acid batteries and the existing 7 PV panels. This
entails an investment cost of about 10,000 NOK.
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7.5.5 Cluster 5 simulations

Cluster 5 contains the remaining buildings in the teaching area, and will be supplied by a new
PV system. The cluster includes Kindergarten 1 and 2, Class 1 and 2, the Staff Court and school
toilets. Cluster 5 will include the Computer Lab as well. It is assumed that the PV panels will
be placed on this building, as this is assumed to be placed in the middle of the cluster. Figure 67
illustrates the buildings included in Cluster 5 in orange and the suggested PV panel placement.

Figure 67: Cluster 5 in orange with PV panels on the Computer Lab.

Source: J. Lervik 2022.

Energy demand

The annual energy demand for Cluster 5 is found to be 2,106 kWh, and the plot for the aggregated
annual load profile is shown in Figure 68.

Figure 68: Annual minute based load profile for Cluster 5.

Figure 68 shows that Cluster 5 has significant variability in the load profiles throughout the year.
This is due to the change in activity levels in the school vacations, as the load profile is very
dependent on the teaching activities in the Computer Lab. The only electricity demands during
the vacations are the few laptops that are assumed to be used sporadically by the local community.

Simulations
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As the PV panels are assumed to be placed on the Computer Lab when it is built, the azimuth and
tilt angle is set to 0◦ and 10◦. Figure 69 shows the simulation results for different system solution.

(a) Autonomy. (b) Unmet demand.

Figure 69: Simulation results for different system solutions in Cluster 5.

Figure 69a shows that system solutions with 4 and 8 batteries give respectively 1.6 days and 3.2
days of autonomy. This is considered respectively too low and too high compared to the desired
value of 2 days. The school activities are considered important, and should therefore not be
affected by an underdimensioned system. This is especially accurate for the Computer Lab, as
teaching depends on electricity supply. Hence, Cluster 5 must have a sufficient autonomy. Thus it
is concluded that the additional cost for the heightened autonomy is worth the significant increase
in performance, and the solution with 8 batteries and 3.2 days of autonomy is chosen for Cluster
5.

Further, Figure 69b shows that system solutions with 5 and 6 PV panels give unmet demands
of respectively 1.86 % or 0.45 %. The first option is close to the maximum limit set for unmet
demand. To ensure that teaching in the Computer Lab is reliable, this solution is dismissed. Hence
the additional cost to get a significantly improved performance is found acceptable, and the solution
with 6 panels and 0.45 % unmet demand is chosen. The annual excess energy is 2,397 kWh, i.e.
53 % of the annual available energy. This is significant and is due to the annual variations due to
school vacations, as shown in Figure 68. However, it is found more important to have a sufficient
value for the unmet demand rather than lowering the excess energy. Hence, this solution is chosen.

Conclusively the system solution offering the best compromise between investment cost and per-
formance for Cluster 5 is with 8 batteries and 6 PV panels. This gives an investment cost of
66,000 NOK. In addition, the peak load of 3,066 W gives an investment cost of 17,623 NOK for
the controller and inverter. Thus, the total investment cost for Cluster 5 is about 83,600 NOK.

7.5.6 Cluster 6 simulations

Cluster 6 includes the multi-purpose building. This building is decided to simulate as its own cluster
because it is assumed to be built at a long distance from the other buildings at the property. As this
is the only building in the cluster, the PV panels are assumed to be placed on the multi-purpose
building. Figure 70 illustrates the Cluster 6 and the PV placement.
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Figure 70: Cluster 6 in yellow with PV panels on multi-purpose building.

Source: J. Lervik 2022.

Energy demand

The annual electricity demand for Cluster 6 is 588 kWh, and hence this is a relatively small load.
The plot of the annual load profile is presented in Figure 71.

Figure 71: Annual minute based load profile for Cluster 6.

The figure shows that the load is relatively even without any significant annual variations.

Simulations

Due to the small load, and according to the nominal voltage sensitivity analysis performed in
Chapter 7.4.2, it is decided to use voltage level of 13 V for the battery pack in Cluster 6. Further,
the azimuth and plane tilt is set to respectively 0◦ and 10◦ as the building is not yet built.

Figure 72 shows the simulation results for different system solutions for autonomy and unmet
demand for Cluster 6.
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(a) Autonomy. (b) Unmet demand.

Figure 72: Simulation results for different system solutions in Cluster 6.

Figure 72a shows that system solutions with 1 and 2 batteries give respectively 1.4 days and 2.9
days of autonomy, which is considered respectively too low and too high. However, the multi-
purpose building only includes loads that are not considered critical, i.e., fans, lights, speakers,
and phones. The activities here are also not considered critical. Therefore it is decided that the
higher performance is not worth the additional cost. Conclusively, an autonomy of 1.4 days is
considered acceptable for Cluster 6.

Further, Figure 72b shows system configurations with 1 and 2 PV panels gives unmet demands
of respectively 2.69 % and 0.26 %. Based on the same arguments as for the autonomy, i.e. that
loads and activities are not critical, the high unmet demand of 2.69 % is considered acceptable for
Cluster 6.

Conclusively the system solution offering the best compromise between investment cost and per-
formance for Cluster 6 is with 1 battery and 1 PV panel. This gives an investment cost of 9,000
NOK. In addition, the peak load of 462 W gives a calculated cost of 2,656 NOK for the controller
and inverter. Thus, the total investment cost for Cluster 6 is found to be about 11,700 NOK.

7.5.7 Non-clustered simulations

The non-clustered solution includes all the buildings and energy demands at the property. The
location of the system that will supply this solution will not be proposed. The azimuth and plane
tilt is therefore set to respectively 0◦ and 10◦, assuming that a new building is suitable.

Energy demand

The annual energy demand for the whole property is found to be 14,999 kWh (15 MWh). The
aggregated load profile for all buildings at the property is shown in Figure 73.
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Figure 73: Annual minute based load profile of the non-clustered solution.

The figure shows that there are some significant annual variations in the electricity demands, as
well as some significant peak loads. The period between the end of July to the beginning of August
especially stands out with a significantly lower load, i.e. about 300,000 minutes to 350,000 minutes.
This is due to school vacations combined with an assumed low visitor activity in this period.

Simulation

Further, for the case that the whole property is to supplied by one system, a higher autonomy is
preferred. This is due to that if the system breaks or have empty batteries, there is no electricity
at the site at all. However, to ensure a reasonable comparison to the clustered alternative, the
basis for the decision-making should be the same. Therefore, two different system solutions will be
made; one with a required autonomy around 2 days and one with a slightly higher value. Figure
74 shows the simulation results for the autonomy of the different system solutions.

Figure 74: Autonomy results for different system configurations in non-clustered solution.

Figure 74 shows that the autonomies for the different system solutions ranges from 1.8 days to
2.7 days. Solutions with 2.0 days and 2.7 days is chosen for further evaluations. Figure 75a and
75b shows the simulation results for different system solutions in regards to unmet demand with
autonomy of respectively 2.0 days and 2.7 days.
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(a) Unmet demand with 2.0 days autonomy. (b) Unmet demand with 2.7 days autonomy.

Figure 75: Unmet demand for different system solutions in Non-clustered solution.

For the non-clustered solution with 2.0 days of autonomy, Figure 75a shows that system solutions
with 24, 25, 27, and 28 PV panels give unmet demands of respectively 2.65 %, 1.64 %, 0.60 %, and
0.49 %. The only viable options are the three latter configurations. However, an unmet demand
of 1.64 % is considered to be in the higher range of acceptable values and is not further evaluated.
For the two latter options, it is found that the most expensive option does not offer a significantly
improved performance. Hence, the solution with 27 PV panels and 0.6 % unmet demand is chosen
for the non-clustered solution with 2.0 autonomy. The solution has 4,968 kWh excess energy per
year, i.e., 24 % of the annual available energy. Conclusively, it is found that the system solution
offering the best compromise between investment cost and performance for a non-clustered solution
with 2.0 days of autonomy is with 36 batteries and 27 PV panels. This gives an investment cost of
about 259,000 NOK. In addition, the peak load of 6,786 W gives a calculated investment cost of
39,000 NOK for the controller and inverter. Thus, the total investment cost for the non-clustered
solution with 2 days of autonomy is about 298,000 NOK.

For the non-clustered solution with 2.7 days of autonomy, Figure 75b shows that system solutions
with 24, 25, and 27 PV panels give unmet demands of respectively 1.99 %, 1.15 %, and 0.21 %.
The first is in the maximum range of the accepted values and is therefore not chosen. For the
two remaining options, the latter offers an improved unmed demand of almost 1 % for the cost
of 3,000 NOK. It is evaluated that this additional cost is worth the improved performance. This
solution has total excess energy of 4,885 kWh/year, i.e. 24 % of the total annual available energy.
Conclusively, it is found that the system solution offering the best compromise between investment
cost and performance for the non-clustered solution with 2.7 days of autonomy is with 48 batteries
and 27 PV panels. This gives an investment cost of about 344,000 NOK. With the additional
cost of 39,000 NOK for the controller and inverter, a total investment cost for the Non-clustered
solution with 2.7 days of autonomy is found to be about 383,000 NOK.

7.6 Backup evaluation: grid connection

The evaluations of a system with grid connections as backup is to be presented in this chapter.
This entails an evaluation of the additional costs, possible revenue, and CO2 emissions associated
with grid connection. Figure 76 shows a system topology for grid connected systems. This is a
simplified topology as it is not a part of the scope to determine the connection points and whether
the distribution system is single- or three-phase.
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Figure 76: System topology for grid connected system.

For these evaluations, it is assumed that the whole property will get supplied if a grid connection is
to happen. Two scenarios will be evaluated, whereas the first will have no additional PV systems
or batteries installed at the property. This gives that only the current PV system installed on
Class 5 is used for PV production and self-storage. The utility grid will supply the remaining
energy demand. The second scenario is a PV system that can supply most of the energy demand
at the property through the additional installation of PV panels and batteries. This gives that
the utility grid will act as backup for the PV system. The system configuration found for the
non-clustered solution with 2.0 days of autonomy will be used for this scenario. This is because
the additional performance of 2.7 days of autonomy is not needed when the utility grid acts as
a backup. Additionally, evaluations with and without sale of excess energy to the utility grid
are performed. To summarize, the following scenarios will be used for the assessment of grid
connection:

• grid connection with system size as found in non-clustered solution with 2 days autonomy
with and without sale of excess energy to utility grid.

• grid connection with the current system at Class 5 with and without sale to utility grid.

For both scenarios, it will be assumed that all unmet demand found in off-grid simulations in
PVsyst will be met by electricity from the utility grid. This amount will be used to find the annual
operations costs and the CO2 emissions. The annual operation costs is found by multiplying the
amount consumed from the utility grid by the electricity price. The CO2 emissions is calculated
by multiplying the amount of consumed energy by the emission per kWh. For the cases with the
sale of excess energy to the utility grid, it will be assumed that all excess energy found in off-grid
simulations in PVsyst will be injected into the grid. The possible revenue is found by multiplying
the injected electricity with the feed-in tariff. Therefore, information about the electricity price
and feed-in tariff is needed for the grid connected evaluations, as well as CO2 emissions related to
each kWh consumed from the utility grid. The cost of getting connected to the utility grid in the
first place also needs to be obtained.

Consumption and feed-in tariff

The consumption tariff, which is the cost for consuming electricity from the utility grid, is based
on the current electricity price in Kenya, which for May 2022 is equal to 1.32 NOK per kWh
(Stimatracker 2022). This price includes all surcharges.

As for the feed-in tariff, it is currently only possible to inject power to the Kenyan utility grid if the
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production exceeds 500 kW. However, conversations with Chloride Exide indicates that it could
also be possible for smaller producers in the near future. A further indication of this is that it is
possible in several neighboring countries, such as Uganda and Tanzania. It is therefore considered
reasonable to assume that if the sale of excess energy becomes possible in Kenya, the feed-in tariffs
will be in the same range as the ones for Uganda and Tanzania. In Tanzania, the annual average
feed-in tariff is 0.46 NOK per kWh (IEA 2022a). Uganda, on the other hand, has a significantly
higher and more generous feed-in tariff at 1.58 NOK per kWh (Oloya et al. 2021). The average
between these two prices is used for the evaluation of grid connection, giving a feed-in tariff of 1.02
NOK per kWh.

Grid connection cost

Information about the grid connection cost is obtained through conversations with REREC. The
cost of getting connected to the utility grid in Kenya depends on several factors, such as the
distance to the utility grid and if there is a transformer in the area. REREC assume that for Eco
Moyo, this cost will be approximately in the range between 161,000 NOK to 199,000 NOK. These
costs include materials such as transformers, poles, conductors, design, supervision, labor, and
transportation. However, the authors find a high uncertainty related to these given costs. This is
because these values are significantly higher than what has been found in research. (Hansen and
A.Xydis 2020, p.257-258) presents that the cost for getting connected to the national grid in Kenya
is approximately 3,200 NOK. Additionally, during the fieldwork, a grid connection cost of 1,400
NOK was given by locals. This was the price for grid connection for buildings for domestic use,
and conversations gave that the price for a school is probably higher. However, the price given by
REREC is used for the grid connection evaluations as this is the most updated and reliable answer
obtained. A price in between the range is chosen, which gives a grid connection cost of 180,000
NOK for Eco Moyo.

CO2 emissions

To calculate the CO2-emissions related to the possible connection to the grid, the CO2 emission
related to the production of the electricity from the utility grid needs to be obtained. Due to the
high renewable share in the Kenyan power production, this value is relatively low and found to be
approximately 116 grams CO2 per kWh (Laconde 2022, p.3).

7.6.1 Results for grid connection as backup

Table 44 shows the data for unmet load and excess energy used for the grid connection evaluations,
as well as the resulting operation costs, possible revenue, CO2 emissions, and investment costs for
both scenarios.

Table 44: Results with grid connection with non-clustered solution and current system.

Parameter Non-clustered Current system
Unmet demand [kWh/yr.] 89 10,341
Operation cost [NOK/yr.] 117 13,650
Excess energy [kWh/yr.] 4,968 48
Revenue [NOK/yr.] 5,067 49
CO2 emissions [kg CO2/yr.] 10 1,200
Investment cost [NOK] 519,665 180,055

For the non-clustered solution, the unmet load is only 89 kWh per year. This is because most
of the electricity demand is met by the PV system. This gives a low operation cost of 117 NOK
per year, as well as an emission of 10 kg CO2 per year. The excess energy is however relatively
high, with a value of 4,968 kWh per year, resulting in a possible revenue of 5,067 NOK per year.
The solution has a high investment cost at 519,665 NOK due to costs both for installation of the
extended PV system as well as the grid connection.

On the other hand, 10,341 kWh is consumed from the utility grid per year for the current system
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solution. This is because of the low PV generation and battery storage at the property. However,
31 % of the electricity demand is covered by solar energy while the utility grid covers the remaining
69 %. This gives a resulting annual operation cost of 13,650 NOK and annual emissions of 1,200
kg CO2. For this solution, the annual excess energy is much lower at only 48 kWh, which gives
a negligible revenue possibility of 49 NOK per year. However, this solution’s investment cost is
relatively low at 180,000 NOK, as it does not include the costs of more PV system installations.

7.7 Backup evaluation: off-grid with diesel generator

As for grid connection, off-grid system solutions with diesel generators as backup are evaluated
to offer a thorough and complete system evaluation. This entails evaluating the additional costs
and CO2 emissions associated with the use of diesel generators. This evaluation is done by off-grid
PVsyst simulations with a defined backup system. Each cluster will be simulated with the off-grid
system solution as found to be the optimized for the given cluster in Chapter 7.5. This is used to
see if it could be beneficial with a diesel generator at that specific cluster.

Figure 77 shows the system topology for off-grid systems with backup generator. The presented
system topology applies to diesel generator evaluations.

Figure 77: System topology for off-grid system with diesel generator.

7.7.1 Additional model input for backup simulations in PVsyst

To simulate for diesel generator as backup, PVsyst requires the nominal and operating power.
PVsyst has three diesel generators in the component database, with nominal powers of 1.5 kW, 3
kW, and 5.5 kW. As the diesel generator evaluations are simplified evaluations to get an impression
of the magnitude of the impacts of this backup solution, it is found that using the most relevant
out of these three components for each cluster is acceptable. Therefore, for each cluster, the lowest
generator capacity higher than the peak load will be chosen. As for the effective operating power,
it is set to 70 % based on recommendations from (Wiemann et al. 2014, p.58).

In order to calculate the investment costs it is necessary to set a price for the 1.5 kW, 3.0 kW,
and 5.5 kW backup diesel generators. For this the prices on a Norwegian website are used, and is
assumed to be in approximately the correct range due to that the Norwegian prices and Chloride
Exide’s prices are in the same range (Solry 2022b, ChlorideExide 2022b). Therefore the price for
a 3.0 kW diesel generator is set to 4,489 NOK, and for a 5.5 kW diesel generator it is set to 9,789
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NOK (Bygg 2022a, Bygg 2022b). For the 1.5 kW diesel generator the average price per kW for
the two other diesel generators is used, giving a resulting price of 2,2457 NOK.

To determine the operating costs due to fuel consumption with a backup generator, it is necessary
to set a fuel price. This is, however, a complex task due to the currently unstable situation globally
because of the Covid-19 pandemic and the war in Ukraine. These factors have resulted in high
diesel prices. It is not known how the prices will develop in the following years. Based on the high
uncertainty related to these events, the average fuel price in Kenya between 1990 and 2021 fuel
price is used as input, which is found to be 10.97 NOK per L consumed (FXEmpire 2022). Finally
it is assumed that diesel engines has CO2 emissions equal to 2.7 kg per L consumed (NRCAN
2022).

7.7.2 Results for diesel generator backup

Figure 78 shows an overview of the resulting annual backup energy, fuel consumption, emissions
and operating costs for all clusters as output from PVsyst.

(a) backup energy. (b) Fuel consumption.

(c) Emissions. (d) Operation and investment costs.

Figure 78: Results from diesel generator backup solution.

The figure shows that Cluster 3 has the most considerable use for a backup generator, with 118
kWh covered by the diesel generator each year. This results in a annual emission of 192 kg CO2

and an operation cost of approximately 800 NOK for the fuel. Cluster 4, however, has zero energy
that is covered by the diesel generator due to an unmet demand for the off-grid system solution
equal to 0 kWh. The remaining clusters are in between this range, and the results will be further
discussed in Chapter 9.4.
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8 Results

In this section the results for the system solutions obtained for all clusters in Section 7 is presented.
These results are related to performance and investment costs, as well as an overview of the resulting
components needed for each solution. The results for all clustered and non-clustered solutions will
be presented. Figure 79 shows an overview of the clusters with the suggested PV panel placements.

Figure 79: Overview of clusters with PV panel placements.

Source: J. Lervik 2022.

8.1 Economic results

The economic results entail the investment costs due to PV panels, batteries, controllers and
converters. The investment costs for each cluster is presented, as well as total investment costs for
the clustered and non-clustered solutions. This is presented in Figure 80.

(a) Clusters. (b) Total.

Figure 80: Resulting investment costs for all system solutions.

Clusters

The investment costs for all the individual clusters are shown in Figure 80a. It can be seen from
the figure that Cluster 3 stands out as significantly more expensive than the other clusters, while
Cluster 4 and 6 are prominently cheaper. The low cost for Cluster 4 is because this solution only
entails upgrading the existing PV system.

Clustered and non-clustered solutions

The total investment costs for the clustered and non-clustered solutions are shown in Figure 80b.
The figure shows that the non-clustered solution with 2.0 days of autonomy has the lowest in-
vestment cost, while the non-clustered solution with 2.7 days of autonomy is the most expensive
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option. Lastly, the clustered solution provides an investment cost in between the two non-clustered
solutions.

8.2 Performance results

The performance results entail the unmet load, excess energy, and autonomy. These parameters
are presented for all of the individual clusters, as well as the total performance results for the
clustered and non-clustered solutions.

8.2.1 Unmet demand

The unmet demand for all the clusters and system solutions are presented in Figure 81.

(a) Unmet demand for clusters in kWh. (b) Unmet demand for clusters as percentage.

(c) Total unmet demand in kWh. (d) Total unmet demand as percentage.

Figure 81: Results for unmet demand for all system solutions.

Clusters

The unmet demand for all the clusters in kWh and as percentage of the total energy demands
are presented in respectively Figure 81a and 81b. The first figure gives that Cluster 3 has a
significantly higher unmet demand in kWh than the remaining clusters. However, this does not
entail a significantly higher percentage of the total energy demand in the cluster than for the other
clusters. This cluster and Cluster 1 have approximately the same value for unmet demand as a
percentage at 1.2 % and 1.3 %. Cluster 2 and Cluster 5 have relatively low values for unmet
demand at 0.6 % and 0.5 %. Finally, Cluster 6 has the highest value for unmet load at 2.7 %,
while Cluster 3 has the lowest with a value of 0 %.

Clustered and non-clustered solutions

The total unmet loads for the clustered and non-clustered solutions in kWh and as percentage of
the total energy demand are presented respectively in Figure 81c and 81b. The figures show that
the non-clustered solutions have slightly better values for unmet demand equal to 0.6 % and 0.2
% compared to the 0.9 % for the clustered solution.
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8.2.2 Excess energy

The unmet demand for all the clusters and all system solutions are presented in Figure 82.

(a) Excess energy for all clusters in kWh. (b) Excess energy for all clusters as percentage.

(c) Total excess energy in kWh. (d) Total excess energy as percentage.

Figure 82: Results for excess energy for all system solutions.

Clusters

The excess energy for all clusters as an amount of kWh and as a percentage of the total available
electricity in each cluster is presented in respectively Figure 82a and 82b. It can be seen from
the figures that Clusters 3, 4, and 5 have significantly higher values for excess energy than the
remaining clusters. These amounts account for a significant part of the total available electricity
at the clusters, respectively 39 %, 50 %, and 52 %. The remaining clusters have significantly lower
values, accounting for between 16 % to 20 % of the total available energy at each cluster.

Clustered and non-clustered solutions

The total excess energy for the clustered and non-clustered solutions as amount in kWh and
percentage of the total available energy in the given solution is presented in respectively Figure
82c and 82d.

The figures give that the clustered solution gives twice as much excess energy in kWh per year
compared to the non-clustered solutions. This accounts for 38 % of the total available electricity
in the clustered solution, while a significantly lower value of 24 % for both non-clustered solutions.

8.2.3 Autonomy

The autonomy for all the clusters and the non-clustered solutions are presented in Figure 83.
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Figure 83: The autonomy of all clusters and non-clustered solutions.

The figure shows that Cluster 4 has a significantly higher value than the others with 3.2 days
of autonomy, and the value for non-clustered with 2.7 days of autonomy is also slightly higher.
Cluster 5, on the other side, has a significantly lower value with only 1.4 days of autonomy. The
remaining clusters have autonomies totalin the range between 1.8 days and 2.3 days.

8.3 Component results

The component results entail the amount of PV panels and batteries needed for all of the individual
clusters and non-clustered solutions. This is summarized in Figure 84.

(a) PV panels for all clusters. (b) Total amount of PV panels needed.

(c) Batteries for all clusters. (d) Total amount of batteries needed.

Figure 84: Results for required PV panels and batteries for all system solutions.

PV panels

The amount of PV panels needed for each individual cluster is presented in Figure 84a, while the
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total amount of PV panels needed for the clustered and non-clustered solutions is presented in
Figure 84b. The latter shows that the clustered solution require 27 PV panels in total, while both
non-clustered solutions require 20 panels. The needed areas for each cluster as well as total for
the clustered and non-clustered solutions are presented in Table 45, based on numbers given from
PVsyst.

Batteries

The amount of batteries needed for each individual cluster is presented in Figure 84c, while the
total amount of batteries needed for the clustered and non-clustered solutions is presented in Figure
84d. The latter shows that the clustered solution require 37 batteries in total. Further, the non-
clustered solution with 2.0 days of autonomy requires 36 batteries while the non-clustered solution
requires 48 batteries. The needed areas needed for each cluster as well as total for the clustered
and non-clustered solutions are presented in Table 45, based on the dimensions given in the data
sheet in Appendix A.1.

8.4 Summary of system solutions

Table 45 shows a summary of the results for the final system solutions for each cluster, as well as
for the clustered and the non-clustered solutions. The total clustered solution is referred to as C in
the table, and the non-clustered solutions with 2.0 days and 2.7 days of autonomy as respectively
NC2.0 and NC2.7.

Table 45: Summary of results.

Parameter 1 2 3 4 5 6 C NC2.0 NC2.7
Batteries [qty.] 4 8 12 4 8 1 37 36 48
Battery area [m2] 0.35 0.70 1.05 0.35 0.70 0.09 - 3.15 4.20
PV panels [qty.] 3 5 12 0 6 1 27 20 20
PV panel area [m2] 7 11 27 0 13 2 - 60 60
Unmet demand [%] 1.2 0.6 1.3 0.0 0.5 2.7 0.9 0.6 0.2
Excess energy [%] 16 17 39 50 52 20 38 24 24
Autonomy [days] 1.8 2.3 1.9 2.2 3.2 1.4 - 2.0 2.7
Investment cost [kNOK] 40 70 118 10 85 12 335 298 383
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9 Discussion

In this section, a discussion of the results and other considerations will be done in order to make
a system proposal selection. The main objective is to make a recommendation in regards to a
clustered or non-clustered solution. Furthermore, a discussion of the system solutions with grid
connection and diesel generators as a backup will be presented. Finally, moments of uncertainty
will be presented.

9.1 Result discussion

In this chapter, the results presented in Chapter 8 will be discussed. The discussion will entail the
system investment costs, performance, and needed components. Table 45 will be used as a basis
for the result discussion. It shows the excess energy and unmet demand, the autonomy, investment
costs, and components quantity.

9.1.1 Non-clustered with 2.7 days autonomy

The results give that the non-clustered solution with 2.7 days of autonomy is the most expensive
system solution, with an investment cost of 383,000 NOK. It includes an investment cost that is
48,000 NOK more expensive than the second most costly option, which is the clustered solution.
It is 85,00 NOK more expensive than the cheapest solution, which is non-clustered with 2.0 days
of autonomy. This higher investment cost is due to a higher amount of components compared to
the other system solutions. It especially has a high amount of batteries, which is set as the most
expensive component in this master thesis. This high amount of components also results in the
solution with the highest performance. The unmet demand is only 0.2 % of the total electricity
demand, the lowest of all solutions. The excess energy of 24 % is also significantly lower than for
the clustered solution. The autonomy of 2.7 days is also the second-highest value found for all
clusters and systems solutions.

Conclusively, it is found that the non-clustered solution with 2.7 of days autonomy is the solution
that offers the best performance, but also the highest investment cost. Hence, if the financial means
are available, and the school is willing to use this amount of money on the electricity supply, this
non-clustered alternative is preferred.

9.1.2 Non-clustered with 2.0 days autonomy

The results give that the non-clustered solution with 2.0 days of autonomy is the cheapest option,
with an investment cost of 298,000 NOK. This is due to the lower amount of PV panels and
batteries than the other solutions. The non-clustered solution with 2.0 days autonomy has the
same amount of excess energy as the non-clustered solution with 2.7 days autonomy, i.e., 24 %
compared to the 38 % for the clustered solution. However, due to the lower amount of batteries,
the unmet demand is slightly higher than for the non-clustered with 2.7 days of autonomy, at 0.6
%. It is still lower than that for the clustered solution at 0.9 %.

Conclusively, it is found that the non-clustered solution with 2.0 days of autonomy offers a cheaper
system solution with good performance. Therefore this solution stands out as a good alternative if
a significant but lower than required investments for the non-clustered with 2.7 days of autonomy,
one-time investment is possible.

9.1.3 Clustered

For the clustered solution, the results give that the total investment cost is 335,000 NOK. This is
48,000 NOK cheaper than the non-clustered solution with 2.7 days of autonomy. It is, however
37,000 NOK more expensive than the non-clustered solution with 2.0 days of autonomy. The
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clustered system solution provides an acceptable performance with 0.9 % unmet demand. The 38
% excess energy is significantly higher than for the non-clustered solutions. The days of autonomy
of the clustered system solutions vary between 1.4 and 3.2 days, whereas Cluster 1, 3, and 6 have
lower values than the non-clustered options with 2 days of autonomy. Additionally, the clustered
alternative offers a more flexible approach, allowing for system expansions as funding is available,
avoiding the high one-time investment costs needed for the non-clustered solutions.

Conclusively, it is found that the clustered solution in general provides a slightly lower performance
than for the non-clustered solution with 2.0 days of autonomy at a slightly higher cost. However,
in general the clustered system solution offers an acceptable system performance for all clusters.
Therefore, this solution is recommended if a gradual expansion of the electricity supply is to happen
at the school.

9.2 Further evaluations

To make a final decision of the recommended system proposals, other considerations than the
simulation results must be evaluated as well. Many aspects related to the clustered and non-
clustered solutions are already presented in Chapter 7.2, and most of these will not be re-introduced.
However, some aspects should be further discussed on the basis of the simulation results as well.
These will be further explored in this chapter.

9.2.1 Gradual expansions and electricity demands

An advantage with the clustered solution is that it allows for the electricity access to be gradually
adjusted to the expansions of the property. As can be seen from the results, the excess energy is
significantly higher for the clustered solution. This could entail that if all systems are installed,
and the simulation results are accurate, the clustered solution is less cost-efficient in terms of only
investing in energy that is needed at the property. However, if the clusters are gradually supplied
by electricity, it could allow for more dynamic decision-making for the proposed solutions at the
property. This could for instance entail that some systems supply more buildings than planned
for, if it is observed that there is enough excess energy throughout the year to expand the clusters.

Additionally, the clustered solution will allow a gradual expansion as the school receives funding.
This entails that the possibility of expanding the electricity supply does not have to be limited
by the need for obtaining as significant investment capital as for the non-clustered solution. This
can allow for expansions to happen in the near future as well. However, it should be noted that
the required investment also must cover new buildings for many of the clusters, as the systems are
planned to be installed on them. This is accurate for Cluster 3, 5, and 6.

The non-clustered system size is, on the other hand, adjusted to supply a scenario where the future
buildings at the property are present. However, it is not known precisely when these buildings
will be realized. Hence, there is a possibility that such a system would represent an inefficient
investment if some of the expected building projects are not prioritized within the nearest future.
Hence, even though the excess electricity is lower for the non-clustered solution, this result might
not be accurate until all future building projects accounted for have been built. This could possibly
entail several years with too much power production. Such scenarios could be avoided for a clustered
solution, as it would be possible to invest in systems gradually as the property expands.

Required area

All solutions entail requirements regarding the area that is needed for PV panels and batteries.
Hence, building projects would have to be adjusted to these requirements. This is especially
accurate for Cluster 3,5, and 6, as the systems are assumed to be placed on the buildings that
are expected to be built in these areas. It is not know whether it is realistic to expect the new
buildings to be of the required size. This could make the results less realistic. On the other hand,
it could be beneficial that these required areas are known in advance so that there will be an
opportunity to adjust the buildings to the proposed solutions. Additionally, it can be seen from
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the results that the required area for PV panels in the mentioned clusters ranges between 2 and 27
m2. Even the largest area of 27 m2 can be considered feasible if it is placed on the hangout area.
This is because this building is expected to house many visitors, and a building of the required size
might therefore be needed regardless of the PV panels. Both the Computer Lab and the Multiple
Purpose Building are expected to meet the requirements of respectively 13 m2 and 2 m2 as well,
as both buildings must be large enough to fit at least a class of 30 students.

The non-clustered solution requires an area of 60 m2 for PV panels, which is larger than for any
of the individual system in the clustered solution. If the systems are to be installed in the same
area, this might require a new building at the property. The installment could be combined with
other solutions, such as a shadowing area, or the planned future building projects. However, if this
is not realized, the required area for the installments could entail undesired encroachments at the
property.

9.2.2 Social aspects

As was experienced during the fieldwork, dissatisfaction regarding which clusters should be prior-
itized can occur. Therefore, it is important to account for such social aspects when prioritizing
electricity access at the property. However, such dilemmas do not have to be leading to a non-
clustered solution, as the system would entail equal electricity access at the school.

The economic results present that the least expensive systems for the clustered solutions are for
Cluster 1, Cluster 4, and Cluster 6. If the funding is limited, it could be beneficial to prioritize these
systems. There is almost no price difference between the solutions with the lowest investment costs,
i.e., Cluster 4 and Cluster 6. However, as there is uncertain exactly when the Multiple Purpose
Building in Cluster 5 will be built, it is more challenging to plan for the investments in a system
on this cluster. Hence, if decisions were made solely on this aspect and the economic results, it
seems reasonable to prioritize Cluster 4 if the budget is low.

However, considering social aspects, this could cause undesired dissatisfaction among employees.
This is because Cluster 3 already has a functioning system, whereas other clusters do not. Hence,
it is recommended to prioritize saving the investments to a more expensive solution in some of
the clusters that need electricity or replacements on insufficient solutions. This is to increase the
satisfaction of the people at the school, as the distribution of such investments at the property can
be considered more fair. As there already is an installed system in Cluster 1, it could, for instance,
be beneficial to prioritize Cluster 2. This allows for the old system in Cluster 1 to be utilized until
it malfunctions, and the costs of a new system of 40 kNOK can be delayed.

9.2.3 Plausibility

The plausibility, i.e., if the solutions make sense in the real world, of the project should be evaluated
as well. The plausibility of the system proposal is significantly increased by the experiences that
are accounted for from the fieldwork. It is, for instance, known that lithium-ion batteries, inverters,
and MPPT controllers are components that are available locally. An additional essential aspect
that increases the project’s plausibility is that the local company is known to be reliable and able
to deliver high-quality solutions. The fact that the system proposals are adjusted to components
and solutions that they are known to be able to provide is therefore important to increase the
plausibility. This is the case for proposing an AC-coupled microgrid as well, which is adjusted to
the current AC load at the property.

However, the plausibility can be negatively affected by factors that can not be known until they are
realized in the future. This is especially relevant for the future building projects that are included
in the clusters, even though are not currently existing at the property. This affects the plausibility
of the clustered system proposals. If future plans develop in a different direction than expected,
the plausibility could be reduced. Firstly, this entails that electricity access that is not yet known
is accounted for. If, for instance, building projects are rejected, this would entail that the system
proposals are sized based on electricity consumption that will never happen. However, if other
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building projects are included instead, it is possible that the systems could supply these loads.
Hence, the plausibility is not necessarily reduced if the buildings are replaced by similar electricity
demands.

The distribution of the system components is, on the other hand, highly affected by a scenario
where future building projects are changed or rejected. This is especially accurate for the Computer
Lab. This is because the system at Cluster 5 is highly dependent on this building. Firstly, the
Computer Lab entails a peak consumption that dominates the load profiles of the cluster. Hence,
the system would be unnecessarily big for the cluster’s other buildings if the Computer Lab is not
built. Secondly, the system is planned to be located in the Computer Lab. Therefore, an important
basis for including the load of the Staff Court in Cluster 4 was the assumption that the Computer
Lab would be placed close to this building. However, there is a high level of uncertainty related
to the location of the buildings. The plausibility of the system proposals of this cluster, therefore,
decreases significantly if the Computer Lab is located far away from this cluster. The clusters
should then be re-evaluated, as they were established on the basis of distances at the property.
This can be said for all clusters with future building projects except Cluster 6. This is because
the Multiple Purpose Building does not affect other buildings unless a non-clustered solution is
chosen.

The expected visitor area depends on whether the hangout-area to be built with enough space
for the required system. Otherwise, the new visitor huts must be built with strong enough roofs
to have the system installed on them. Hence, this area is affected if future building projects are
rejected. On the other hand, however, this area allows for more opportunities to adjust the system
distribution, as more buildings are planned to be built. Therefore, it can be considered more
plausible and possible to adjust to future scenarios than Cluster 5.

9.3 Grid connection

In this chapter, a discussion of whether or not a grid connection could be feasible in the future for
the school is presented. The main parameters that are considered in this chapter are investment
costs, operation costs, possible revenue, and CO2 emissions related to a potential grid connection.
The evaluations were made with two different scenarios, one with additional PV panel and battery
installations, and one without it. These two scenarios will be evaluated individually in this chapter.

9.3.1 Current system

The scenario with the current system at Class 5 connected to the utility grid is to function as a
reference case. The thought is to see what the costs and emissions would be by not installing any
other PV panels and batteries at the property to have an additional indication and perspective of
if the PV system proposal is good. The investment cost of this solution is significantly lower than
for all the off-grid solutions at 180 kNOK. This is because no additional components need to be
installed, and this only includes the cost of grid connection. It was found that a significant amount,
10,341 kWh per year, of the load was not met by the existing system at the school. This will be
met by the utility grid, resulting in a annual operation cost of 13,650 NOK and CO2 emissions of
1,200 kg. One of the main reasons for considering grid connection was for the authors to consider
the possibility of an stable source of income for the school. However, as the excess energy for this
solution only is 48 kWh per year, resulting in 49 NOK per year, this is not found to be the case.
As the school prefers to be self-supplied and wants to keep a green profile, and the solution does
not provide any additional sought-after benefits such as significant revenue, this solution is not
found to be a suitable option. This is even though the solution is cheaper than all other options.
Conclusively, the combination of a complete PV system and grid connection includes very high
investment costs and low rewards and is therefore found not to be a viable option. Taking the
unreliability that was found to be associated with the local utility grid during the fieldwork into
considerations, this decision is substantiated.
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9.3.2 Non-clustered solution

The scenario with the non-clustered solution connected to the utility grid is the most expensive
solution in this master thesis. This is because it includes the cost of grid connection as well as all
the components needed for the extended PV system. This gives a total cost of 520 kNOK. As the
unmet load for this PV system solution is only 89 kWh per year, connecting it to the grid does not
provide any significantly improved performance. The low amount of consumed energy from the
utility grid also results in low CO2 emissions at 10 kg per year. However, this solution provides
a higher amount of excess energy than the previous solution, with almost 5,000 kWh/year. Still,
this only accounts for an annual revenue of slightly over 5,000 NOK, which is insufficient to make
the high investment cost worth it. The same arguments regarding the unreliability of the local
utility grid is relevant for this solution as well.

9.4 Backup diesel generator

In this chapter, a short discussion of whether or not diesel generators as backup solutions can be
feasible for the off-grid system solutions found for each cluster. The main parameters that are
considered are the investment cost, operation cost, and CO2 emissions. In general, as the diesel
generator evaluations are based on the optimized off-grid system solutions, the performances in
all clusters are already found to be high and sufficient. Therefore, for the clusters without critical
loads or any particular characteristics that should be noted, these will not be further evaluated.

For Cluster 3 the diesel generator covers the biggest load at 71 kWh per year, bringing the unmet
demand down from 1.3 %. This entails an investment cost of approximately 4,500 NOK and annual
operations costs of 800 NOK, as well as 192 kg CO2 emissions. As the unmet demand in the cluster
is of a more significant size than the other clusters, it could be a relevant solution in the future if
found necessary. This is especially due to that the users in this clusters are visitors that do not
know the system and its boundaries well, and are therefore not as capable of implementing a form
of user flexibility. Also, it is assumed that some of the users will pay to live there, and therefore
expects the systems to work at all times.

For Cluster 4 the unmet demand is 0 % and therefore it is not really relevant with a diesel generator
as backup solution for this cluster. However, as the capacity of 3,500 W of the current installed
inverter is not sufficient to cover the peak load of 3,917 W, the diesel generator could be used as
backup solution for the cluster if problems are experienced.

For Cluster 5 the unmet demand is low, and it is therefore not really found to be necessary with
a diesel backup generator. Many of the electrical demands in the area are lights and fans at the
school, which is not found critical, as the buildings are built with an architecture allowing for
natural lighting and ventilation.However, the electricity demands concerning the Computer Lab
are considered critical as they affect school activities. Therefore, if it in the future turns out to be
a problem regarding the supply of this building, a possible option is to include a diesel generator.

It should also be noted that the price for one additional PV panel is found to be 1,624 NOK, which
is cheaper than the diesel generators used for these evaluations. Therefore, it is a better solution to
install an additional PV panel for all the solutions to bring down the unmet demand to 0 % rather
than using diesel generators. This is in line with Eco Moyo’s green profile. This will, however, not
provide any backup security if the PV system malfunctions.

9.5 Other considerations

Some other considerations that should be made regardless of the chosen system solution is discussed
below.
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9.5.1 Safety and maintenance

An important aspect that should be considered is the level of competence at the property. The
lifetime and performance of the system components that are used in the system simulations is
based on the assumption that the components are properly used and maintained. However, as
was discovered during the fieldwork, no routines were established for maintaining the PV panels.
Hence, it is important that proper training and routines are prioritized to ensure that the system
is utilized optimally. It is also critical that safety is prioritized when installing new systems at
Eco Moyo. It was acknowledged during the field trip that it should not be assumed that safe
behavior is practiced at the property. This should affect the choice of components, as well as the
location of these.

9.5.2 Communication and knowledge-sharing

Due to the low competence level among consumers at the property, proper communication and
knowledge-sharing must ensured. Measures to ensure this can, for instance, ensure that operat-
ors’ contact information with relevant knowledge and experience (i.e., Chloride Exide) is easily
accessible. This would ensure that safety is not compromised if the system needs supervision or
fixing. An essential premise for this to be a well-functioning solution is that help is available once
summoned. Maintaining a trusting and reliable relationship is also vital, such that people see the
value of contacting external support.

Additionally, communication is essential when evaluating plans for new systems. It is important
to explain prioritizes to prevent dissatisfaction among people who do not get easy access to new
installments. It could also be beneficial to discuss what people need the electricity for to ensure
that the appliances invested in are in line with what is needed by the people at the school. This
is especially important in buildings that are currently not supplied with electricity. Additionally,
good communication and knowledge-sharing can increase individual ownership of the installed
systems. This could ensure that the system is used properly.

9.6 Uncertainty analysis

Several factors, such as decisions, assumptions, and obtained data, are contributing to the uncer-
tainty of the results that have been obtained. These factors will be discussed in this chapter.

9.6.1 Load profiles

As presented, there are several advantages related to the usage of RAMP to establish the load
profiles. However, several assumptions have been made to establish the model input. The moments
of uncertainty related to these assumptions will be discussed in this chapter.

Appliances

To account for future electricity usage, some of the appliances in the load profiles are included
even though they are not currently used at the property. The classrooms are, for instance, built
to ensure that appliances such as lights and fans are unnecessary. Even though the authors found
it reasonable to assume that some lights and fans could improve the teaching environment, people
at the property did not express a great need for it during the fieldwork. Hence, it might be unreal-
istic to assume that these appliances will be prioritized when the electricity supply is improved.
However, the electricity consumption is small in the classrooms compared to other buildings in the
associated cluster. Therefore, these assumptions should not be a decisive factor in the sizes of the
system proposals for these clusters.

The authors registered that fans could be included in almost all buildings that accommodate, or
are often used by, people. The fieldwork was conducted during the hot season, emphasizing the
need for cooling opportunities. However, these needs might not be representative of the cooler
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periods of the year. Additionally, almost none of the buildings currently have fans, and the usage
patterns had to be assumed. Therefore, even though the insensitivity of the usage patterns is
slightly reduced when the temperatures are lower, it might be overestimated. It should also be
noted that the people at the property who are used to the heat might not need the fans as much
as the authors have assumed based on their own experiences.

Some fridges are distributed in the buildings as well. As these appliances are assumed to be
used throughout the year, they affect the total energy consumption to a large degree. Economic
investments would have to be made to include the fridges in the load profiles. It is not known
when such investments will be made. Additionally, it is not guaranteed that fridge access will
be prioritized in all buildings that are accounted for. The load profiles might therefore account
for more fridges than what is realistic. However, all fridges are included based on conversations
with the administration of Eco Moyo (Sanner 2022) and people at the property. It is therefore
considered to be a reasonable assumption that it will be a priority when the electricity access allows
for it.

An overall source of uncertainty is the choices the authors have made based on their assumptions
about appliance usage. Because it is difficult to predict how user behavior will adjust with more
electricity supply, the assumptions are, to a large degree, based on experiences the author’s exper-
iences. In addition, the authors are more familiar with reliable electricity access than the people
at Eco Moyo. Hence, the appliance usage predicted in the load profile might not be accurate for
people not used to having reliable electricity access.

Accounting for seasonal variations

Seasonal variations were accounted for by dividing the year into seasons based on the temperatures,
visitor activity, and school activity. Several moments of uncertainty are related to the method of
establishing these seasons.

Kenya is vulnerable to climate change impacts. The increasing average temperatures and the
unpredictable weather cause uncertainty related to the annual variations that are accounted for in
the load profiles. It might, for instance, not be relevant with a cold season, as all temperatures will
be above a certain level. Additionally, the time periods related to the different seasons will likely
vary more than what is assumed. However, the only adjustments made to these seasons were the
user behavior related to fans and fridges. Therefore, even though these appliances affect the load
profiles, it is considered reasonable to assume that the user behavior does not change enough for
the system results to be notably changed.

The considerations that accounted for the vacations included the assumption of no activity in
several school-related buildings. The activity in the Staff Room, Director’s office, and Director’s
housing was also adjusted. This choice is based on information about the school activity that
was obtained during the fieldwork. However, this foundation of knowledge was used to establish
consistent user behavior during weekends and vacations. Deviations from this were therefore not
accounted for. Hence, the load profiles during vacations do not capture the possibility of other
school activities than what was captured in the fieldwork.

It was seen from the resulting load profiles that the energy consumption in the expanded visitor
area is highly affected by visitor activity. During periods where the visitor area is assumed only to
have three visitors, the load is significantly lower than the rest of the year. Throughout the periods
of high visitor activity, the buildings in the expanded visitor area are assumed to house people to
their full capacity. Even though it is confirmed by the administration of Eco Moyo (Sanner 2022)
that this is a desirable scenario for the given months, it might not be realistic immediately after
the visitor area is expanded. The load profiles that are established for the expanded visitor area
do therefore not account for when there are more variations in the visitor activity. This results in
a load profile with significant contrasts and possibly a wrongly estimated load for the periods with
different visitor activity than what is accounted for.

The load profile of the kitchen is adjusted for these periods as well. The biggest difference is
that the number of laptops and phones varies with the visitor activity. The peak load almost
doubles when there is high visitor activity. However, the differences in power consumption are not
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significant during most of the day. as can be seen in Figure

Time windows

The time windows that were given as model input to RAMP are based on both interviews, ob-
servations during the fieldwork, and the author’s assumptions. Even though these sources give
an idea of how the user behavior is, more significant deviations are not accounted for. The time
windows related to the fans are particularly uncertain, as these had to be based solely on the
author’s assumptions. Because the people at the school were not used to fans, it was difficult for
them to give feedback on how they would use it. As it is assumed that fans will be used during
the night, the total electricity usage related to the fans can be more excessive in the load profiles
than what is realistic if this assumption is not reasonable.

Random variability

The parameters related to random variability is extracted from the source-file of the RAMP model.
However, it would be beneficial to perform a sensitivity analysis to capture the effect of using dif-
ferent values for these parameters. As some appliances could be assumed to have larger deviations
in their user habits, especially if they are used by several people, the load profiles might have been
more accurate if the random variability was adjusted accordingly.

Future expansions

A high level of uncertainty is related to the load profiles of the future building prospects. Firstly, it
is a big assumption that the future buildings are included in the system simulations. Even though
the chosen expansions are expected to be built within one or two years, there is a level of uncertainty
related to this time frame. Because most of these projects depend on larger investments, the time
frame is affected by the timing of such investments. Hence, it might not be realistic to assume
that all future expansions are already built when new off-grid systems are installed. However, it
is reasonable to conclude that the electricity access at the school should be able to supply these
buildings, as they are expected to be a part of the property within the next years.

Secondly, as the future expansions of the property are not yet existing, there was no possibility of
observing the user habits related to these buildings. Hence, all appliances, and the user patterns
related to these, are assumed based on dialogues with a representative from the administration
of Eco Moyo(Sanner 2022). Both the quantity and the user patterns of the appliances might
therefore not be representative for when the projects are realized. Additionally, the building plans
might be adjusted to fit the budget of the available funding. This would entail that the electricity
consumption might be adjusted as well.

The load profile of the whole property emphasizes the possible effects that the assumptions made
for the future expansions could have on the results. As these buildings highly affect the aggregated
load profile at the property, a wrongly estimated load for these buildings could entail wrongly sized
system proposals.

User flexibility

Another aspect that might make the load profiles less accurate is the assumption that there is
no user flexibility. For example, many of the load profiles that are presented in Chapter 6 have
high load peaks because appliances are used at the same time. These peaks could be reduced
by spreading the consumption more throughout the day. This could ensure that smaller system
proposals could be sufficient.

It was observed that the teachers had adjusted their user habits to what they had learned that
the previous system in the Staff Room could provide. This reflects a willingness for user flexibility.
However, the adjustments that people had to make resulted from an insufficient system. As it is
desirable to propose solutions that can supply reliant power to the property, it was considered a
priority to ensure that it did not require flexibility from the people at the property.

Excluding Solar Home Systems

The current SHSs at the property are not accounted for in the load profile construction. This entails
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that the system proposals are dimensioned to supply electricity consumption in buildings that are
currently supplied by this power source. This could potentially entail that some of the load in these
buildings are not necessary to account for. However, because the SHSs only provide electricity to
small appliances, it is not considered an influential factor compared to the buildings that use more
energy-demanding appliances. Additionally, many of the buildings that are currently supplied by
SHSs are assumed to be using fans once they have access to more electricity. Such electricity usage
is not possible with only SHSs, and hence the buildings would be limited to continue with smaller
appliances if the new system proposals are not able to supply them. It is therefore concluded that
it is preferred to include the buildings that currently can be supplied by a SHS.

Power ratings

The power ratings of the appliances used in the load profiles might not be accurate for what is
used at the property. It was decided to use nominal power ratings rather than measured for most
appliances. This was to remove the possible source of error from incorrect measurements. This
could entail a larger load than realistic, as not all appliances are expected to operate at their
nominal power rating. However, it is concluded that it is better to ensure that the system can
provide the theoretical power ratings to ensure that the system is not undersized.

Additionally, as many of the appliances are not currently at the property, some uncertainty is
related to the power ratings of the appliances that are assumed to be used in the future. It is,
for instance, decided to use the power ratings of a small, energy-efficient fridge. The proposed
systems are therefore not adjusted for fridges with larger power consumption. Hence, they entail
some requirements for the appliance purchases that will be made in the future.

9.6.2 Utilizing external modelling tools

There are moments of uncertainty related to using external modeling tools, such as RAMP and
PVsyst. All algorithms, specifications, and simplifications that are embedded in these tools can
affect the results. This is especially accurate when using default values and configurations, which
was done for some of the components in PVsyst. Some of the model input RAMP was also based
on values that were obtained from the source code related to this model. However, as RAMP is
available as an open-source code, it is possible to get insight in the model configuration.

This is not the case for PVsyst. Without insight into all premises for the tool outputs results,
some uncertainty should be accounted for. It is, for instance, known that PVsyst simulations are
performed with hourly time steps (PVsyst 2022cI). This entails that an hourly average is calculated
for the load profiles, meaning that peak loads that are only present for minutes at the time are not
captured. This could possibly entail a smaller system what is needed to supply such peaks.

9.6.3 System topology

The system topologies presented are simplified and might not represent what will be installed at
the property. Firstly, the choice between using an AC- and DC microgrid were highly affected by
observations made during the fieldwork. With several advantages, such as reduced power losses
due to possibly fewer conversion steps, DC microgrids could be a theoretically favorable option.
However, the fieldwork demonstrated the difference between what is a theoretically attractive
solution and what is realistic. Local expertise could inform that it was not a standard solution
locally. The choice of using an AC microgrid was therefore highly affected by the preferences of
the local company. However, it is difficult to foresee whether the development toward more use of
DC microgrids and DC appliances will happen more rapidly than assumed based on the fieldwork.
If the market becomes more mature for both, the advantages related to DC microgrids could make
this a preferred solution. In that case, the inverter might not be necessary (given that only DC
loads are supplied).

Secondly, using an AC-coupled system is also based on the possibility that the school will be
connected to the utility grid or that diesel generators will be used as a backup. However, it is
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initially not a desirable scenario for Eco Moyo to use these backup solutions. Hence, it might have
been unnecessary to include these solutions in the decision-making of the system topology.

It should be noted, however, that PVsyst only accounts for the DC/DC conversion in the MPPT
controller. Hence, the simulation results would have been the same, independent of this choice.
Additionally, the fieldwork resulted in the important observation that all load at the property is
AC. It does not seem to be realistic with development to DC appliances either. Hence, an inverter
would be needed to supply the AC load observed at the property either way.

Another source of uncertainty regarding the system topology is the choice of separating the MPPT
controller and the inverter, meaning that a DC bus is needed to ensure that the charging of the
battery is regulated. However, during the fieldwork, a hybrid solar inverter was used. This choice
entailed that a DC bus is unnecessary because the battery is charged directly by the solar inverter.
Hence, if this same choice is made for new systems, it would entail that the system topology
would look different. However, this change would not be accounted for in the PVsyst simulations
either, and the simulation results would be the same. The main difference in the results would be
therefore, the investment costs.

9.6.4 Additional losses

As the PVsyst simulations do not account for other conversion steps than the MPPT-controller,
more losses than what is presented in the simulation results should be expected. Furthermore, if DC
appliances will be used at the property in the future as well, additional losses should be accounted
for as a conversion between the AC system and the DC load would have to be accounted for as well.
Given these simplifications, the system performance can be assumed to entail worse performance
due to power losses than what is presented.

The same can be said for transmission losses. It could, for instance, be beneficial to evaluate
whether the choice of supplying buildings through cables is beneficial if they have a low power
consumption. There are, for instance, long distances between the system in the kitchen and the
security building. The same can be said for many of the classrooms and the system that is expected
to supply them. These buildings are not necessarily dependent on more electricity than what
small SHSs can provide. Hence, the transmission losses and costs of using cabling to supply these
buildings could, for instance, be compared to the costs of installing SHSs on the buildings instead.
It should also be evaluated whether electricity access should be prioritized in these buildings if
the transmission losses, or the costs, are high. This is especially accurate for the classrooms with
architecture that allows for good ventilation and lighting. However, such calculations were not a
part of the research scope of this master thesis.

9.6.5 Component selection

An important source of uncertainty is the possible difference in the components used in the PVsyst
simulations and the components that will be installed at the property. This is especially true for
rural areas, where the availability of certain components varies. However, this uncertainty is sig-
nificantly decreased due to fieldwork at the site and collaboration with Chloride Exide to perform
future installations. This is because data about what components are available at the site, which
components Chloride Exide assumes to be used for further installations, and the prices for these
components have been confirmed through conversations and observations. Despite these confirm-
ations, moments of uncertainty are related to the components that are used in the simulations.
These will be discussed in the following chapters.

PV panels

As for the PV panels, there is not a lot of uncertainty related to them. The capacity of 450 Wp for
the panels is not assumed to be changed, as this was recommended by Chloride Exide. However,
unforeseen factors such as stock availability and changes in manufacturers used could affect the
chosen capacity and the price. This is however assumed to make a small difference.
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In relation to installation of PV panels at buildings that do not currently exist, i.e. in the visitor
area, the Computer Lab, and the multi-area building, an azimuth and plane tilt is set to respectively
0◦ and 10◦. This is due to recommendations from Chapter 3.2.4, and as this will be given as
recommendation for new buildings to the management at the school, it is assumed that this will
be used. However, a small sensitivity analysis is performed to explore the impact this constitutes.
This is performed in PVsyst by looking at the annual meteo yield, by looking at the parameters
Transposition Factor (FT) and loss with respect to optimum. FT is defined as “the ratio of the
incident irradiation on the plane to the horizontal irradiation” (PVsyst 2022h). Hence, it is a
parameter that says how much that is gained or lost when tilting the plane. Figure 85 shows the
graphs for performance yield for the system with regards to the plane tilt and azimuth, respectively
to the left and right.

Figure 85: Sensitivity analysis of optimal azimuth and plane tilt.

From the left graph, regarding plane tilt, it is clear that the plane tilt has an impact on the
performance. Table 46 shows the results of a sensitivity analysis performed with a fixed azimuth
of 0◦ and where the plane tilt is the sensitivity parameter.

Table 46: Sensitivity analysis plane tilt.

Tilt FT Loss Irradiation
[-] [%] [kWh/m2]

0◦ 1.00 0.0 2,008
5◦ 1.00 0.0 2,013
10◦ 1.00 0.0 2,007
15◦ 0.99 -0.9 1,989
20◦ 0.98 -2.4 1,959

The table shows that the loss is not significant until the plane tilt is more than 15◦. Hence, as long
as the PV panels are not installed at roof with an angel exceeding 15◦, the results are assumed to
be valid.

In the right graph in the Figure 85 it can be seen that the azimuth’s impact on the performance
is negligible. This is confirmed in Table 47, where it is seen that by turning the PV panel the
opposite way of the optimal, i.e. towards south at +/−180◦, the loss with respect to the optimum
is only -0.8 %. Hence, it is assumed that the performance will not be significantly affected if they
are put in a different azimuth. However, the recommendation will still be to strive to put the
panels towards north at an azimuth of 0◦.
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Table 47: Sensitivity analysis of optimal azimuth.

Azimuth FT Loss Irradiation
[-] [%] [kWh/m2]

0◦ 1.00 0.0 2,007
+/− 90◦ 1.00 -0.4 2,000
+/− 180◦ 0.99 -0.8 1,991

Converters and controllers

A source of uncertainty in relation to the component selection is the controllers. In the PVsyst
simulations a universal controller is used, as explained in Chapter 7.4.2. All default values remained
unchanged as well. This gives a big insecurity in relation to the costs and performance of the
controller, as it might not be representative for a inverter that Chloride Exide would prefer to use.
The choice of using an MPPT controller is based on the desire to maximimize the PV production,
and hence the systems ability to supply the load. Even though this is desirable for the system that
will be installed, this component is more expensive than if the PV panels were connected through
regular converters. As the system would be able to operate without an MPPT controller, this is
a component that might not be prioritized if the budget is strictly limited. Hence, the simulation
results might not be representable for what it would be if the system did not include the MPPT
controller. However, an MPPT controller was included in the system that was installed during the
fieldwork even though the budget was limited.

Batteries

As for the batteries, the recommended solutions for the new systems includes lithium-ion batteries.
Because the data sheets of the lithium-ion batteries that Chloride Exide can provide are unknown,
default values were used in the simulations with these battery types. This could entail that the
system simulations might not reflect the actual system that will be installed. Additionally, Chloride
Exide has previously decided to use lead-acid batteries at the property. It is therefore a possibility
that they will continue to do this even though the recommendation is lithium-ion batteries. This
would entail different a different system performance and costs as well.

When performing simulations for the existing system at the property, the SoC of the lead-acid
batteries were set to 50 %. This is based on recommended values to not shorten battery lifetimes.
However, this value might not reflect the SoC that is accurate for the current system at the property.
However, when determining the values that are used in the system simulations, it was important
to not over-estimate the capacity of the current system. If the SoC is set unrealistically low, the
simulations might result in better system performance than what is representative for the system.
It is therefore decided that the value that is used is reasonable as it represent an upper boundary,
as it is not likely that the batteries at the property has a lower SoC. However, it might entail a
smaller, or different, battery capacity than what is currently available at the installed system. The
SoC of the lithium-ion battery is kept at the default value that PVsyst proposes, i.e. 10 %.

9.6.6 Component prices

As it is difficult to obtain realistic prices that reflect the Kenyan market, several assumptions
regarding the component prices were made. These assumptions might not reflect the accurate
prices for the system. The uncertainty related to these should therefore be considered.

PV panels

The prices of the PV panels were obtained by finding a common price per Wp. These were
calculated from PV panel prices on the Chloride Exide website. Even though the prices on these
websites are known to represent a price indication, it is experienced that other components than
what is presented on the websites are used in the actual installations. Hence, the prices might not
be an accurate representation. Additionally, a high level of uncertainty is related to the assumption
that there is a common price per Wp.
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Batteries

To obtain the battery prices, the ratio between lead-acid and lithium-batteries from a Norwegian
supplier was calculated. It was therefore assumed that this ratio is the same for Kenyan suppliers.
Because the price of a lead-acid battery was known from the fieldwork, this price was the foundation
for the calculated price of the lithium-ion batteries. However, the price difference between lead-acid
batteries and lithium-ion batteries might be different in Kenya. Additionally, the brand for the
lead-acid battery might not be representative for what would be used for the lithium-ion battery.
Hence, even if the ratio is accurate, the prices might be wrong due to differences in the brands or
suppliers that are used.

Converters and controllers

The prices that were used for the controllers and converters in the results, given in NOK per Wp,
entail uncertainties as well. Even though this price is representative for the components that were
proposed by Chloride Exide, it might not necessarily be transferable the components that actually
will be used. Additionally, the capacities of a component is pre-defined by the supplier. Increasing
the size of the component would therefore possibly entail using a capacity that is larger than exactly
what is needed, as the size intervals can be large. Hence, the method of using a marginal cost of
on the controllers directly on its calculated size is not representable for what the cost would be in
reality. As a result, the prices that are calculated for the converters and controllers can therefore
be underestimated.

9.6.7 Weather data

The following chapter is directly extracted from the preliminary project (K. T. Lervik and Waitz
2021, p.70).

A factor that might affect the performance of the system is the choice of weather
resources. As presented in Chapter 7.4.1, Meteonorm provides weather data collected
between 1991 and 2010. Even though this weather source was chosen because it had
more recent data than NASA SSE, it does not capture the effects of climate change from
the last 11 years. Climate change in Kenya entails uncertainties of rainfalls, droughts,
and increased temperatures. These phenomena can affect the system performance
significantly. It is therefore expected that the installed system will perform worse than
what is reflected in the simulation results.

9.6.8 Grid connection

For the evaluation of the grid connection, only two scenarios were considered. These scenarios were
two “extreme points”; one with almost no PV generation and self storage, and one with almost
sufficient PV generation and self storage. These scenarios gave that grid connection was found
to be infeasible. A solution in between these two extreme points could give a more viable result.
However, the point of including grid connection was mainly to have a reference point to compare
the off-grid solutions with, and therefore it was not found necessary to evaluate any more scenarios.

The Covid-19 pandemic and the war in Ukraine have caused an unstable world situation in the
recent years, currently, and possible also for years to come. This has had a impact on the prices for
both electricity and diesel, which have increased significantly. Therefore there is a great uncertainty
related to these values, and it is almost impossible to predict these costs.

The possibility of injecting power to the utility grid in the future in Kenya also stands out as a
uncertainty. It is not known if this will be possible at all, and what the prices will be if made
possible. However, the feed-in tariff did not have a significant impact on the results, and therefore
it is concluded that the uncertainty related to the set feed-in tariff is not highly relevant. It
would make a difference if the feed-in tariff was much higher giving that the school could make a
significant revenue from sale of excess energy, but this is highly unlikely.
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The main source of uncertainty for the grid connection evaluations is the investment cost. This
is due to that the obtained data for investment costs ranges from appriximately 1,500 NOK to
200,000 NOK. A high value in relation to this range was chosen as the numbers were given after
a formal offer from the corporation REREC. It is however important to note that if the real grid
connection cost is in the lower range, it could be a viable option.

For the scenario with the current PV system, this would include a very low investment cost. Then
the only cost would be the operation costs of approximately 14,000 NOK per year. This gives that
it would take around 20 years to “break-even” with the investment cost for the cheapest off-grid
solution, i.e. non-clustered with 2.0 days of autonomy. This would, however, entail around 24,000
additional kg CO2 to the atmosphere through the 20 years and is still not considered a good option.
However, this illustrates the impact the uncertainty the grid connection cost possibly can have.

The same goes for the scenario with an extended PV system with almost sufficient PV generation
and battery storage. If the grid connection cost is almost negligible, it will allow for the school
to produce most of the electricity needed to cover its electricity demand, but to utilize a grid
connection when the off-grid solutions are insufficient. If it becomes possible to inject power to
the grid, and the grid connection cost is not higher than the potential revenue from selling excess
energy, found to be 5000 NOK per year, this slight improvement in performance, i.e., 0 % unmet
demand, could be justified cost-wise. The CO2 emissions related to this solution is also low, 10
kg/year or 0.01 tCO2/year.

It should also be noted that the calculated supplied energy by the utility grid entails the assumption
that the grid can provide reliable and sufficient energy supply whenever it is needed. However, this
assumption does not account for the recent black-outs and unreliability that is associated with the
local utility grid. Hence, the system performance in terms of supplied energy is expected to be
much lower than what was found in the calculations.

9.6.9 Backup generator

A source of uncertainty for the backup simulations in PVsyst is the chosen nominal powers for
the diesel generators, as only the three nominal powers found in the PVsyst components database
were explored. Therefore a more optimal nominal power could be chosen. However, it is found
that the sizes are in the correct range even though not optimized.

For the price of the diesel generators, Norwegian prices were used as they were found to be in
the same range as the assumed prices from Chloride Exide. There is, therefore, an uncertainty
connected to the investment costs of the diesel generator solutions, as the actual costs of the diesel
generators in Kenya are not known.

As for the electricity price in the grid connection evaluations, there are some significant uncer-
tainties related to the fuel prices and hence the operating costs due to the unstable situations due
to the Covid-19 pandemic and war in Ukraine. Therefore there is a great uncertainty related to
these values, and it is almost impossible to predict how much higher the prices will go, if they will
stagnate, or if they will be reduced in the near future and next few years.

Conclusively, it is found that the simplifications made concerning the backup simulations with
diesel generators are acceptable. This is because the simulations and evaluations were performed
to find the approximate magnitudes of impacts and not the exact values.

121



10 Conclusion

The research question of this master thesis was defined as:

What is the optimized system solution for a microgrid to supply the electricity demand at Eco Moyo
Education Centre?

Such an optimized system was defined within project-specific boundaries, and the premise was
defined as a cost-effective and reliable system solution. In the establishment of the boundaries of
the optimized system, the preliminary project conducted in the fall 2021 by the authors, fieldwork
conducted in march 2022 at the site, and preferences defined by Eco Moyo were essential.

A boundary set based on the preliminary results was that the electricity production should be based
on PV technology. It also determined the simulation tools used for the load profile establishments
and system solution simulations, respectively RAMP and PVsyst. Data collected during fieldwork
through measurements, conversations, and interviews set further boundaries for the project and
established the foundation for the input to load profiles and system simulations. Further, the
preferences defined by Eco Moyo were to keep the school self-sufficient and supplied with renewable
energy. A desire to continue the use of clusters at the property and that these are self-sufficient
was also defined. It was also essential to ensure that the system proposals could supply future
developments at the property. Expected buildings were, therefore, accounted for as well. Finally,
the cooperation with a local company for installations also set boundaries for the project regarding
available competence, preferences, and components.

The bottom-up stochastic model generation that RAMP provides was used to establish minute-
based annual load profiles for the school. This choice was based on the high performance of this
modeling tool and the inaccuracy related to user surveys and interviews. Model input accounted
for the electricity demand in both current and expected buildings at the property. Seasonal and
weekly variations were accounted for as well.

Based on preferences defined by Eco Moyo of a cluster-based approach, it was decided to evaluate
system solutions with separate systems for each cluster, referred to as a clustered solution. Six
clusters were therefore established. The clustered solution was compared with a system solution
where the whole property was supplied by one system, referred to as a non-clustered solution.
Hence, load profiles were constructed for all clusters, as well as the non-clustered solution. For
the non-clustered solution, two separate solutions were defined, with 2.0 days and 2.7 days of
autonomy.

The proposed system topology was an AC-coupled microgrid supplied by PV panels and lithium-
ion batteries. The load profiles were used as input to the off-grid PVsyst simulations.The desire to
provide self-sufficient clusters was the basis of using off-grid system solutions as the main evaluation.
System solutions for each cluster and non-clustered solutions were proposed based on the simulation
results in PVsyst. Investment costs, autonomy, and electricity demand coverage were considered
important parameters when determining these system solutions. For comparative purposes, backup
solution evaluations with diesel generators and grid connection were also performed.

It was found that the non-clustered solution with 2.7 days of autonomy gives the highest system
solution performance and the highest investment cost at 383,000 NOK. The non-clustered solution
with 2.0 days of autonomy gives a slightly lower system performance but the cheapest invest-
ment cost at 298,000 NOK. Finally, the clustered solution has the lowest yet sufficient system
performance with a total investment cost of 335,000 NOK.

In general, it was found that the system performances were high and similar for all three system
solutions, and other considerations had to be accounted for in order to conclude what the optim-
ized system solution for the school is.The main difference between the clustered and non-clustered
solutions is that the clustered solution allows for gradual expansions of the system at the property.
This is a significant advantage, as it fits well with the financial structure at Eco Moyo, which
includes sporadic funding of different magnitudes. Thus a clustered solution allows for gradual ex-
pansions when funding is available and when Eco Moyo finds the need. The electricity demand on
the property is also highly dependent on the new building projects, and there is, therefore, uncer-
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tainty connected to the placements and electricity demand of these buildings and the established
load profiles. A clustered solution allows for a correction of load profiles and system solutions if any
project boundaries change in the future. The clustered solution also allows the current functioning
systems at the property to be utilized while it is still functioning. The non-clustered solution does
not allow for such gradual expansions, and the system can be incorrectly dimensioned if the project
boundaries as assumed in the master thesis change.

For the backup evaluation, it was found that grid connection with the current PV system at the
property offers the cheapest option for the school in terms of investment costs. However, an off-grid
solution provides a better environmental profile and is therefore in line with Eco Moyo’s preferences.
A combination of an expanded PV system and grid connection resulted in an unjustifiable solution
due to the significant investment costs. It was therefore found that grid connection does not pose
a viable option for Eco Moyo. This decision is further substantiated by the unreliability related to
the local utility grid.

For diesel generators, it was found that a cheaper and more environmentally friendly option to get
the unmet demand down to 0 % is to install additional PV panels instead of investing in diesel
generators. However, this does not provide any backup security if periods with low irradiation or
malfunctioning systems entail that the system can not cover the load.

Conclusively, the optimized system solution for Eco Moyo Education Centre is a clustered off-grid
solution with 6 distinct clusters with components and investment costs as presented in Table 48.
The suggested PV panel placements for each cluster are on the kitchen, director’s house, visitors
hangout area, class 5, the computer lab, and multi-purpose area, as illustrated in Figure 86.

Table 48: Final system proposal.

Parameter 1 2 3 4 5 6 Total
Batteries [qty.] 4 8 12 4 8 1 37
Battery area [m2] 0.35 0.70 1.05 0.35 0.70 0.09 3.24
PV panels [qty.] 3 5 12 0 6 1 27
PV panel area [m2] 7 11 27 0 13 2 60
Investment cost [kNOK] 40 70 118 10 85 12 335

Figure 86: Illustration of final system solution proposal.

Source: J. Lervik 2022.
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11 Further work

This work has contributed to a foundational system proposal for the optimized microgrid at Eco
Moyo. However, simplifications are made to obtain these results. Hence, further work should
investigate these simplifications further. Some aspects that could be accounted for in future work
can be summarized as below:

• User flexibility : The possibility of consumers to adjust their usage patterns to the systems
to increase reliability and performance should be considered. This is especially important
for the clusters with large variations in their electricity usage. If the largest peak loads are
evened out, this might reduce the required system size as well.

• Interconnections between clusters: As the system results presents high values of excess energy,
the possibility of connecting the clusters should be evaluated. The possibility for clusters sup-
plying each other is relevant if the periods of high excess energy of one cluster is simultaneous
to a period where there is unmet load in another cluster.

• Control strategies: To ensure optimized and safe system performance, control strategies
should be evaluated.

• Detailed system topology : A detailed system topology, including interconnection between
components, wiring, and safety, should be evaluated further. Losses and costs related to
cabling and additional components should be evaluated as well.

• Possibility of hybrid systems: If DC appliances become more common at Eco Moyo, the
possibilities of expanding the system topology to be a hybrid microgrid with a DC distribution
to supply the DC load directly should be evaluated.

• Advanced economic and performance evaluations: Additional attention could be paid to
economic parameters such as the Net Present Cost (NPC) and LCOE to evaluate the system’s
long-term performance in terms of financial aspects. This is especially relevant if other system
components are to be re-evaluated.
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Appendix

A Data sheets

A.1 Solar Tubular Gel Battery 150Ah to 200Ah
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A.2 Growatt PV Off-grid Inverter 3.5 kW
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A.3 GCL M8/72H Monocrystalline Module
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B Model input to RAMP

The following chapter present the model input that have not been addressed in Chapter 6. This
entails the appliances and parameters for for various buildings and scenarios.

B.1 Power ratings of appliances

Table 49: Overview of the power ratings of the appliances, and the source of these

Appliance Power rating [W] Source
Phone 7 Logic 2022
Laptop 60 K. T. Lervik and Waitz 2021
Fan 50 Fieldwork
Indoor LED 9 Generatorist 2022
Outdoor LED 9 Generatorist 2022
Projector 220 Generatorist 2022
Fridge 150 Lombardi et al. 2022
Blender 400 Logic 2022
Tablet 15 Fieldwork
Printer 150 Lombardi et al. 2022
Radio 5 Generatorist 2022
Shaving machine 15 Logic 2022
Steam iron 1000 Logic 2022
Decoder 10 Lombardi et al. 2022
TV 60 Lombardi et al. 2022
Small speaker 10 POWER 2022a
Medium speaker 50 POWER 2022b
Drill (cordless) 100 Source 2022
Circular saw 2400/720 Source 2022
Angle grinder 1050 RS 2022

B.2 Current visitor area

Table 50: Appliances assumed in the VS during seasons with high visitor activity.

Appliance m Usage [min] Window 1 Window 2 Frequency [%]
LED light 5 60 19:00-00:00 - 100

Table 51: Appliances assumed in the VT during seasons with high visitor activity.

Appliance m Usage [min] Window 1 Window 2 Frequency [%]
LED Indoor 2 60 19:00-07:00 - 100
LED Outdoor 1 60 19:00-07:00 -
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Table 52: Appliances assumed in VH2 during the hot season with high visitor activity.

Appliance m Usage [min] Window 1 Window 2 Frequency [%]
Mobile 3 120 07:00-00:00 - 100
Laptop 2 240 07:00-00:00 - 100
Fan 1 540 12:00-14:00 21:00-07:00 100
Indoor LED 6 120 06:00-07:00 19:00-00:00 100
Outdoor LED 1 60 19:00-07:00 - 100
Small speaker 1 60 07:00-00:00 - 50
Fridge 1 1440 00:00-00:00 - 100

Table 53: Appliances assumed in VH1 during seasons with low visitor activity.

Appliance m Usage [min] Window 1 Window 2 Frequency [%]
Mobile 3 120 07:00-00:00 - 100
Laptop 3 240 07:00-00:00 - 100
Fan 1 540 12:00-14:00 21:00-07:00 100
Small speaker 1 60 07:00-00:00 - 20

Table 54: Fan activity in VH1 during the cold season.

Appliance m Usage [min] Window 1 Window 2 Frequency [%]
Fan 2 360 12:00-14:00

B.3 Teacher’s area

Table 55: Appliances assumed in the SC the hot season during the weekdays.

Appliance m Usage [min] Window 1 Window 2 Frequency [%]
Fan 6 540 17:00-07:00 - 100
Phone 6 120 17:00-00:00 - 100
Laptop 6 120 17:00-00:00 - 100
Iron 1 60 17:00-21:00 - 33
LED indoor 12 240 06:00-07:00 19:00-00:00 100
LED outdoor 5 60 19:00-07:00 - 100

Table 56: Appliances assumed in the SCt in the hot season during the weekends.

Appliance m Usage [min] Window 1 Window 2 Frequency [%]
Fan 3 600 12:00-14:00 19:00-07:00 100
Phone 3 120 07:00-00:00 - 100
Laptop 3 120 07:00-00:00 - 100
Iron 1 60 10:00-21:00 - 33
LED indoor 6 240 06:00-07:00 19:00-00:00 100
LED outdoor 5 60 19:00-07:00 - 100
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Table 57: Model input for the fan in the SR during cold seasons.

Appliance m Usage [min] Window 1 Window 2
Fan 2 240 12:00-18:00 -

Table 58: Model input for the fan in the SC during cold seasons.

Appliance m Usage [min] Window 1 Window 2 Days
Fan 6 360 17:00-07:00 - Weekdays
Fan 3 420 12:00-14:00 19:00-07:00 Weekends

Table 59: Model input for the fan in the Office during cold seasons.

Appliance m Usage [min] Window 1 Window 2
Fan 1 180 12:00-17:00 -

Table 60: Appliances assumed in the SR during vacations. The parameters are adjusted to the
hot season.

Appliance m tot use [min] Window 1 Window 2 Frequency [%]
Fan 2 600 12:00-00:00 - 100
Small speaker 1 60 07:00-21:00 - 50
Medium speaker 1 60 07:00-21:00 - 50
Indoor LED 2 300 06:00-07:00 19:00-00:00 100
Outdoor LED 3 120 19:00-00:00 - 100
Fridge 1 1440 00:00-00:00 - 100
Projector 1 60 07:00-19:00 - 50
Printer 1 30 07:00-19:00 - 20
TV 1 360 10:00-00:00 - 100
Decoder 1 360 10:00-00:00 - 100
Phone 2 120 10:00-19:00 - 100
Laptop 2 120 10:00-19:00 - 100

Table 61: Model input for the fan in the SR during the vacations in the cold seasons.

Appliance m Usage [min] Window 1 Window 2
Fan 2 360 12:00-20:00 -

Table 62: Appliances assumed during the week in the Office. The parameters are adjusted to the
hot season.

Appliance m Usage [min] Window 1 Window 2
Phone 1 120 07:00-17:00 -
Laptop 1 300 07:00-17:00 -
LED indoor 2 480 07:00-17:00 -
LED outdoor 2 60 19:00-22:00 -
Fan 1 420 07:00-17:00 -
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B.4 Classroom area

Table 63: Appliances assumed during the weekdays by the Users in Classt2 The parameters are
adjusted for the hot season.

Appliance m Usage [min] Window 1 Window 2
Light 2 300 07:00-15:00 -
Fan 1 300 07:00-15:00 -

Table 64: Appliances assumed during the weekdays in Class6. The parameters are adjusted for
the hot season.

Appliance m Usage [min] Window 1 Window 2
Fan 1 300 07:00-15:00 -

Table 65: Appliances assumed during the weekdays in the PP buildings.

Appliance m Usage [min] Window 1 Window 2
LED indoor 4 420 07:00-17:00 -

Table 66: Appliances assumed during the weekdays in the ST.

Appliance m Usage [min] Window 1 Window 2
LED indoor 4 120 07:00-17:00 -

Table 67: Appliances assumed during the weekdays by the Users in Classt1 during the cold season.

Appliance m Usage [min] Window 1 Window 2
Light 4 420 07:00-17:00 -
Fan 2 240 12:00-17:00 -

Table 68: Appliances assumed during the weekdays by the Users in Classt2 the cold season.

Appliance m Usage [min] Window 1 Window 2
Light 2 300 07:00-15:00 -
Fan 1 180 12:00-15:00 -

Table 69: Appliances assumed during the weekdays in Class6 during the cold season.

Appliance m Usage [min] Window 1 Window 2
Fan 1 180 12:00-15:00 -
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Table 70: Model input for the fan in the LLL during cold seasons.

Appliance m Usage [min] Window 1 Window 2
Fan 2 120 12:00-15:00 -

B.5 Student dorm area

Table 71: Appliances assumed in the SS when the students are staying at the property.

Appliance m Usage [min] Window 1 Window 2 Frequencey [%] Days
LED Indoor 2 120 15:00-21:00 - 100 Weekdays
Led Outdoor 2 60 15:00-21:00 - 100 Weekdays
LED Indoor 2 120 12:00-21:00 - 100 Weekends
Led Outdoor 2 60 12:00-21:00 - 100 Weekends

Table 72: Appliances assumed in the ST when the students are staying at the property.

Appliance m Usage [min] Window 1 Window 2 Frequency [%]
LED Indoor 2 120 19:00-07:00 - 100
LED Outdoor 2 60 19:00-07:00 - 100

Table 73: Appliances assumed in the SD in the cold season during the week.

Appliance m Usage [min] Window 1 Window 2 Frequency [%] Days
LED Indoor 3 120 06:00-07:00 19:00-21:00 100 Weekday
Led Outdoor 2 60 19:00-07:00 - 100 Weekday
Fan 2 360 21:00-06:00 - 100 Weekday
LED Indoor 3 120 19:00-22:00 - 100 Weekend
Led Outdoor 2 60 19:00-07:00 - 100 Weekend
Fan 2 360 12:00-14:00 22:00-07:00 100 Weekend

B.6 Director’s housing area

Table 74: Appliances assumed in the StorDir

Appliance m Usage [min] Window 1 Window 2 Frequencey[%]
LED Light 2 30 07:00-21:00 - 20

Table 75: Appliances assumed in the RB2 during the cold season.

Appliance m Usage [min] Window 1 Window 2 Frequencey[%]
LED Indoor 6 300 06:00-07:00 19:00-00:00 100
LED Outdoor 3 60 19:00-07:00 - 100
Fan 2 360 21:00-07:00 - 100
Mobile 1 120 07:00-00:00 - 100
Laptop 1 120 13:00-21:00 - 50
Fridge 1 1440 00:00-00:00 - 100
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Table 76: Appliances assumed in the RB1 during cold season

Appliance m Usage [min] Window 1 Window 2
LED Indoor 3 420 06:00-07:00 17:00-00:00
LED Outdoor 1 60 19:00-07:00 -
Fan 1 420 17:00-07:00 -
Mobile 1 120 07:00-00:00 -
Laptop 1 240 07:00-00:00 -
Fridge 1 1440 00:00-00:00 -

Table 77: Appliances assumed in the RB2 in hot season during vacations.

Appliance m Usage [min] Window 1 Window 2 Frequency [%]
LED Indoor 6 300 06:00-07:00 19:00-00:00 100
LED Outdoor 3 60 19:00-07:00 - 100
Fan 2 540 21:00-07:00 - 100
Mobile 4 120 07:00-00:00 - 100
Laptop 1 120 13:00-21:00 - 100
Fridge 1 1440 00:00-00:00 - 100

B.7 Kitchen area

Table 78: Appliances assumed in the storage in the StorK .

Appliance m Usage [min] Window 1 Window 2 Frequencey [%]
LED light 3 30 19:00-21:00 - 20

Table 79: Appliances assumed in the Kitchen during the cold season.

Appliance m P[W] tot use[min] Window 1 Window 2
Mobile 8 7 120 07:00-19:00 -
Laptop 8 60 240 07:00-00:00 -
Fan 3 50 300 12:00-14:00 19:00-21:00
Indoor LED 8 9 300 06:00-07:00 19:00-00:00
Outdoor LED 1 9 120 06:00-07:00 19:00-00:00
Small speaker 1 10 60 12:00-15:00 19:00-00:00
Fridge 1 150 1440 00:00-00:00 -
Blender 1 400 30 07:00-19:00 -

B.8 Security building

Table 80: Appliances assumed in the security building during the hot seasons.

Appliance m Usage [min] Window 1 Window 2 Frequency [%]
LED Indoor 1 360 19:00-07:00 - 100
LED Outdoor 1 240 19:00-07:00 - 100
Fan 1 540 19:00-07:00 - 100
Mobile 1 120 19:00-07:00 - 100
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Table 81: Appliances assumed in the security building during the cold seasons.

Appliance m Usage [min] Window 1 Window 2 Frequency [%]
LED Indoor 1 360 19:00-07:00 - 100
LED Outdoor 1 240 19:00-07:00 - 100
Fan 1 360 19:00-07:00 - 100
Mobile 1 120 19:00-07:00 - 100

B.9 Future expansions

Table 82: Appliances assumed in a potential CL during the cold season.

Appliance m Usage [min] Window 1 Window 2 Frequencey [%]
Laptop 30 360 07:00-17:00 - 100
Laptop 5 60 17:00-19:00 - 20
LED Indoor 4 420 17:00-19:00 - 100
Fan 2 300 12:00-19:00 - 100

Table 83: Appliances assumed in the CL in the hot season during vacations.

Appliance m Usage [min] Window 1 Window 2 Frequencey [%]
Laptop 5 180 07:00-17:00 - 50
LED Indoor 4 300 07:00-17:00 - 50
Fan 2 300 07:00-17:00 - 50

Table 84: Appliances assumed in the CL during vacations in the cold season.

Appliance m Usage [min] Window 1 Window 2 Frequencey [%]
Laptop 5 180 07:00-17:00 - 50
LED Indoor 4 300 07:00-17:00 - 50
Fan 2 180 12:00-17:00 - 50

Hang-out area

Table 85: Appliances assumed in the HA for visitors during cold season with low visitor activity.

Appliance m Usage [min] Window 1 Window 2 Frequencey[%]
Mobile 3 120 07:00-00:00 - 50
Laptop 3 120 07:00-00:00 - 50
Fan 2 300 12:00-14:00 19:00-21:00 50
Small speaker 1 60 12:00-00:00 - 50
Indoor LED 4 240 06:00-07:00 19:00-00:00 100
Outdoor LED 1 120 06:00-07:00 19:00-00:00 100
Fridge 1 1440 00:00-00:00 - 100

Workshop
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Table 86: Appliances assumed in the WS in the hot season during the weekends.

Appliance m Usage [min] Window 1 Window 2 Frequency [%]
LED Indoor 8 240 12:00-19:00 - 50
Fan 4 240 12:00-19:00 - 50
Tablet 4 120 12:00-:19:00 - 50
Drill (cordless) 1 30 12:00-19:00 - 20
Circular saw 1 30 12:00-19:00 - 20
Angle grinder 1 30 12:00-19:00 - 20

Table 87: Appliances assumed in the WS during the vacations. Frequencey is decreased for all
appliances.

Appliance m Usage [min] Window 1 Window 2 Frequency [%]
LED Indoor 8 480 12:00-19:00 - 20
Fan 4 240 12:00-19:00 - 20
Tablet 4 120 12:00-19:00 - 20
Drill (cordless) 1 30 12:00-19:00 - 10
Circular saw 1 30 12:00-19:00 - 10
Angle grinder 1 30 12:00-19:00 - 10

Table 88: Appliances assumed in the WS in the cold season during the weekdays.

Appliance m Usage [min] Window 1 Window 2 Frequencey[%]
LED Indoor 8 480 07:00-19:00 - 100
Fan 4 240 07:00-19:00 - 100
Tablet 10 120 07:00-19:00 - 50
Drill (cordless) 1 30 15:00-19:00 - 10
Circular saw 1 30 15:00-19:00 - 10
Angle grinder 1 30 15:00-19:00 - 10

Table 89: Appliances assumed in workshop in the cold season during the weekends.

Appliance m Usage [min] Window 1 Window 2 Frequencey[%]
LED Indoor 8 480 12:00-19:00 - 100
Fan 4 240 12:00-19:00 - 100
Tablet 4 120 12:00-19:00 - 50
Drill (cordless) 1 30 12:00-19:00 - 20
Circular saw 1 30 12:00-19:00 - 20
Angle grinder 1 30 12:00-19:00 - 20
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