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ABSTRACT 
A fifth of the world’s population currently lives without access to electricity. Moreover millions 
of people die each year in diarrheal diseases worldwide due to poor hygiene and unsafe water. 
The off-grid fisherman’s village Quirimize is situated in Mozambique’s northernmost province, 
Cabo Delgado that has one of the lowest electrification rates in the whole country. The 
fishermen in Quirimize have in previous studies shown a self-expressed demand for ice for fish 
preservation. Access to ice could increase their income by enabling them to sell fish at a higher 
price, directly to fish markets. The most conventional way to provide electricity to off-grid 
societies is through a grid-tied distribution system or by diesel generators when the grid is not 
available. Grid electrification is however expensive when trying to electrify rural and remote 
areas. 

This report proposes a technical design of the Polygeneration Unit (PU) that is able to provide 
Quirmize with electricity, water and ice. Data for this study have been collected from contact and 
meetings with suppliers of technology, other relevant actors in the sector of rural development 
and energy and online databases. The Polygeneration Unit that only consists of renewable energy 
technologies (RETs) is simulated using the collected data. This study shows that the 
Polygeneration Unit as a renewable option is more economical viable than other more 
conventional methods of electrification such as grid extension or power supply from a diesel 
generator.  The study also investigates the opportunity for ice production through absorption 
refrigeration and shows that this, theoretically, could be used as a complement to compression 
refrigeration. 
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SAMMANFATTNING 
Idag lever en femtedel av världens befolkning utan tillgång till elektricitet. Dessutom dör 
miljontals människor årligen av diarrésjukdomar på grund av dålig hygien och osäkert vatten. 
Den oelektrifierade fiskebyn Quirmize ligger i Moçambiques allra nordligaste provins, Cabo 
Delgado som har en av de lägsta elektricifieringsnivåerna i hela landet. Denna by har i tidigare 
studier själv uttryckt behov för is för att kyla fisk. Tillgång till is skulle kunna göra det möjligt för 
dem att sälja sin fisk direkt till fiskmarknaden till ett högre pris. Det mest konventionella sättet att 
elektricifiera områden är via utbyggnation av ett redan existerande elnät eller via 
dieselgeneratorers. Utbyggnation av elnätet är däremot dyrt när glesbebodda landsbygdsområden 
ska elektricifieras. 

Denna studie föreslår en teknisk design på en Polygeneration Unit som kan förse Quirimize med 
elektricitet, vatten och is. Data använd i den här studien är hämtad från möten med leverantörer, 
andra relevanta aktör verksamma inom utveckling av landsbygdsområden och energi och online 
databaser. Simuleringar är utförda av Polygeneration Unit som enbart består av förnybara 
energitekniker genom inhämtad data. Studien visar att den föreslagna Polygeneration Unit är ett 
mer ekonomiskt alternativ än andra mer konventionella metoder som utbyggnation av elnätet 
eller elförsörjning genom en dieselgenerator. Studien utreder också möjligheten till isproduktion 
genom absorptionskyla och visar att detta, teoretisk, skulle kunna användas som ett komplement 
till kompressionskylning. 
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NOMENCLATURE 
The nomenclature contains all notations, abbreviations and acronyms used in this report. Notations are described 
in words, units given and prescribed values assigned. All abbreviations and acronyms are spelled out explicitly.  

Notations 

Symbol Unit / Value  Description 

mf   [kg/day]  Amount of fish caught per day 

TA   [°C]  Ambient air temperature 

Abox   [m2]  Area of fish box 

mindiv   [kg/day]  Average catch for individual fishermen 

mgroup   [kg/day]  Average catch for fishermen in group 

ncoco   [coconuts/day]  Average number of coconut consumed per 
household 

ntree   [trees/ha]  Average number of coconut trees per ha 

Acollect   [m2]  Projected area of solar collector 

ρ f   [kg/m3]  Density of fish  

D   [m]  Diameter of water pipe 

Tc   [°C]  Cell temperature 

Tc,STC   [25 °C]  Cell temperature under STC 

Tcf   [°C]  Center temperature of fish 

Pcoco   [coconuts/year]  Coconut production per tree and year 

COP  [-]  Coefficient of performance 

δ d   [-]  Daily perturbation 

f   [-]  Darcy factor 

ρ   [998.2 kg/m3]  Density of water 

fPV   [-]  Derating factor of PV array 

Epump   [kWh/day]  Electrical energy for water pump 

Pgen   [kW]  Electrical output of generator 

Ry   [€]  Expenditures the y:th year 

αRe   [-]  Flow regime factor 
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F   [(l or kg)/h]  Fuel consumption of biomass generator 

F0   [(l or kg)/h⋅kW]  Fuel curve intercept coefficient 

F1   [(l or kg)/h⋅kW]  Fuel curve slope 

g  [9.81 m/s2]  Gravitational acceleration 

UO   [W/m2°C]  Heat transfer coefficient for fish box 

δ h   [-]  Hourly perturbation 

L   [%]  Ice losses 

mcool   [kg/day]  Ice needed for cooling of fish 

mmaintain   [kg/day]  Ice needed for maintenance of fish 

mice   [kg/day]  Ice production from solar icemaker 

GT ,STC   [1 kW/m2]  Incident radiation at STC 

TO   [°C]  Initial uniform temperature of fish  

D   [m]  Inner diameter of water pipe  

λice   [333 kJ/kg]  Latent heat of melting for ice 

LCOE   [€/kWh]  Levelized Cost of Electricity 

Blower   [kg/day]  Lower limit of biomass resources 

LHVfuel   [MJ/kg]  Lower heating value of fuel 

KL   [-]  Minor losses coefficient 

NPC   [€]  Net Present Cost 

N   [.]  Number of fish boxes 

ngroup   [-]  Number of fishermen groups 

Nhousehold   [-]  Number of households in Quirimize 

nindiv   [-]  Number of individual fisherman 

n   [-]  Number of solar collectors 

PPV   [kW]  Output of PV array 

α   [-]  Perturbation factor 

N   [yr]  Project lifetime 

Pgen   [kW]  Rated capacity of generator 

YPV   [kW]  Rated capacity of PV array under STC 

i   [-]  Real interest rate 

Re   [-]  Reynold’s number 
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GT   [kW/m2]  Solar radiation incident on PV array 

I   [kW/m2]   Solar radiation incident on solar collector 

Cpf   [kJ/kg°C]  Specific heat of fish 

Cpw   [4.2 kJ/kg°C]  Specific heat of water 

Δz   [m]  Static head 

k   [m]  Surface roughness of water pipe 

Ts   [°C]  Temperature of maintained slurry 

αP   [1/°C]  Thermal coefficient of power 

kpoly   [W/m°C]  Thermal conductivity of polystyrene 

xpoly   [m]  Thickness of polystyrene 

Δt   [s]  Time length for fish maintenance 

Cann,tot   [€]  Total annualized cost 

Atree   [ha]  Total area where coconut trees grow in 
Quirimize 

mtotal   [kg/day]  Total ice needed 

Bupper   [kg/day]  Upper limit of biomass resources 

Vbox   [m3]  Usable volume of fish box 

Eserved  [kWh]   Useful Electricity Served 

µ   [1.002⋅10-3 kg/ms]  Viscosity of water 

Q  [m3/day]  Volume flow of water 

fhr  [-]  Waste heat recovery ratio 

ΔTw   [°C]  Water to ice temperature difference 

v  [m/s]  Water velocity 

mshell   [kg/coconut]  Weight of coconut shell 

y    [-]  Year of project 
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Abbreviations and Acronyms 
AC Altering Current 

ADM Archer Daniels Midland Company 

ADPP Development Aid from People to People 

CHP Combined Heat and Power 

DC Direct Current 

EdM Electricidade de Moçambique  

EEM Emergency Energy Module 

FUNAE National Fund for Rural Electrification 

GNP Gross National Product 

GSB Sanitation Group of Bilibiza 

HAWT Horizontal Axis Wind Turbine 

HOMER Hybrid Optimisation Model for Electric Renewables 

HX Heat Exchanger 

IDPPE Institute of Development of Small Scale Fisheries 

KBM Kinetic Battery Model 

LCOE Levelized Cost of Electricity 

LPG Liquefied Petroleum Gas 

MPPT Maximum Power Point Tracker 

NREL Nation Renewable Energy Laboratory 

NGO Nongovernmental Organisation  

NPC Net Present Cost 

O&M Operation and Maintenance 

RET Renewable Energy Technology 

PAPRA Action Plan for the Reduction of Absolute poverty  

PPO Pure Plant Oil  

PU Polygeneration Unit 

PV Photovoltaic 

SOC State of Charge 

SSE Surface Meteorology and Solar Energy 

STC Standard Test Conditions 

STP Standard Temperature and Pressure 

VAWT Vertical Axis Wind Turbine 

VRLA Valve-Regulated Lead-Acid 

WHO World Health Organisation  
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1 INTRODUCTION 

This chapter consists of an introduction to the preformed study. Firstly, a background to the field of study is 
presented. Thereafter the problem formulation is stated along with the goals of this study. Lastly the constraints 
made in this report are clarified. 

1.1 Background 
The number of people in the world without access to electricity today is 1.3 billion, this represent 
almost 20 % of the world’s population. Half of the people without electricity access live in Africa, 
despite the wealth of resources on the continent (IEA, 2013). Moreover an estimated 768 million 
people did not use an improved source for drinking water i.e. a source that is protected from 
outside contamination in 2011. The majority of them, around 83 %, lived in rural areas in 2013 
(WHO & UNICEF, 2013). This results in around 2.2 million deaths each year from diarrheal 
disease worldwide, mostly caused by poor hygiene and unsafe water. Almost all of these deaths 
occur in low-income countries, especially in rural areas (Corcoran et al., 2010).  

Rural development is considered to have great importance to the alleviation of rural poverty 
around the world. The access to modern energy and safe water is a key driver for the social and 
economic development (Chambal, 2010). Modern energy can be defined as benefits derived from 
modern energy technologies that contribute to human welfare. These benefits can be electricity, 
natural gas, clean cooking fuels or mechanical power (Modi et al., 2005). Currently most rural 
societies in low-income countries have limited access to modern energy services and safe water. 
These societies rely instead mainly on traditional use of fuels such as animal dung, crop residues 
and wood. Energy poverty prevents the development of living standards and productivity. For 
instance most fuels are, when burned, emitting pollutions with negative health impacts. These 
negative health impacts increase if burned indoors, which is not uncommon. Productivity could 
be increased with the opportunities given by electricity. For example reducing the time devoted 
to household activities such as collecting water with an electric water pump or by extending work 
and study time with electric lights (Watson, 2010). Small business could also benefit from 
possibilities given by electricity, which would increase local growth. In fact a positive correlation 
is found between a country’s energy usage and its per capita gross national product (GNP) (Modi 
et al., 2005). Furthermore access to safe water is preventing waterborne diseases like typhoid, 
cholera and dysentery to spread. It is not much disputed that rural development is intimately 
linked with the access to modern energy services where the access to modern energy is a function 
of both availability and affordability. This implies a co-dependent relationship where the access to 
modern energy can increase the GNP of a country and an increased GNP can make modern 
energy more affordable (Chaureya et al., 2004). 

It is understood that renewable energy technologies (RETs) have the potential to power rural 
development. The decentralized nature of some RETs allows them to generate electricity as a 
part of an off-grid energy system. This advantage in availability is important in rural areas since 
most low-income countries lack a sufficient national grid as well as a modernised and efficient 
electricity production system. Many electrification programmes have been unsuccessful to reach 
small, scattered rural societies (Alazraque-Cherni, 2008). In order to increase the accessibility of 
modern energy in a near future, and by that, increase the living standards in undeveloped rural 
societies, another solution than grid-based electricity is needed in some cases. In this context 
decentralised RETs are seen a complement and forerunner to the national grid (Ahlborg & 
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Hammar, n.d.). 

Mozambique is a sub-Saharan country and is according to GNP per capita statistics one of the 
world’s poorest countries. Before the peace agreement in 1992, Mozambique was affected by 
more than 15 years of civil war. This has influenced the economic situation even though the 
country has been developing much the last decades. To keep the rural development growing 
energy demands have to be met. The national grid is today only reaching most of the urban 
centres. Only around 20 % of the population had access to modern energy in 2012 (Mahumane 
et al., 2012). The lowest coverage is found in Cabo Delgado in the north of Mozambique where 
no more than 2-3 % of the population was covered by the national grid in 2010 (Chambal, 2010). 
This study is focusing on a small fishing village in Mozambique called Quirimize situated in Cabo 
Delgado. It is found that the village has a self-expressed demand for modern energy and that an 
implementation of RETs can be suitable in the area. The major modern energy services 
demanded are ice for fish preservation, lights, radio services that can provide fishermen with 
weather forecasts and telecommunications, partly for information on fish price and markets (Ahl 
& Eklund, 2013; Allmér & Norström, 2013). 

The purpose of the Polygeneration Unit (PU) is to integrate and improve already existing 
technologies and optimize the efficiency of different RETs and utilisation of applications like 
waste heat recovery. The PU can consist of RETs such as wind, solar and biomass power 
generation to the people living in areas that do not have access to modern energy and safe water. 
This project is an extension of the Emergency Energy Module (EEM) project that is similar but 
focuses on areas that do not have access to modern energy and safe water due to natural disasters 
or war. The EEM project is financed by InnoEnergy and has been involving researchers from 
different universities in Europe connected to InnoEnergy and master students at the InnoEnergy 
master program SELECT (InnoEnergy, 2014). The PU is in contrast to the EEM a more long-
term solution and therefore also interesting for societies that do have access to modern energy 
but are dependent on diesel transportation since they are not connected to the grid (InnoEnergy, 
2014).  

With transportation and diesel price taken into account, RETs should be preferable to diesel 
generators as the more sustainable option (Niez, 2010). The idea of polygeneration is to produce 
several types of energy services such as electricity, clean water, heating and cooling. Economical, 
social and environmental aspects should all be considered when implementing the PU. This 
means that the design of the PU should be dependent on the local conditions and demands. In 
order for the PU to produce to its full extent the different renewable energy sources should be 
tuned together in an efficient way. There is always an uncertainty in wind and solar power 
because of the intermittent nature of wind speed and solar radiation. It is hard to estimate the 
weather at a given time even when information about daily and yearly variations are known. To 
make the system work more robustly, different RETs can complement each other and be 
coordinated through a control system. For example, when the current supply of wind or solar 
power subsides the system can automatically start its biomass generator or use energy stored in 
batteries to serve the energy demand.  
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1.2 Problem Formulation and Objectives 
The goal of this study is to design the PU so that it is able to provide the village of Quirmize with 
electricity, safe water and ice for fish preservation. Several alternatives will be compared on a 
technical as well as economical basis. The PU must fulfil a number of prerequisites shown in 
Table 1. First of all it has to be a stand-alone system i.e. an off grid energy system. The system 
should be reliable which means able to continuously produce the locally requested amount of 
electricity and cooling to a satisfying degree, even if the load on the system changes. By using 
technology that is less sensitive for external disturbances and improper operation the system 
would become more robust and this would thus increases the reliability. The PU should be 
simple to operate and the components that are included in the system should be locally available, 
maintainable and repairable. The system should be environmental friendly and technically 
sustainable. The feasibility of an implementation of the PU will be determine by comparing to 
other conventional method like grid extension or power generation using a diesel generator.  

 

Table 1 – Prerequisites of the PU in Quirimize 

Prerequisites 

Stand alone 

Reliable 

Simple to operate 

Locally made and maintainable  

Sustainable and environmental friendly 

 

In order to reach this overall goal of proposing the technical design of the PU that best suits the 
local conditions of Quirmize, the whole task has been divided into the following sub goals: 

– Perform a data collection of the locally available energy resources such as wind, solar and 
biomass energy through databases and surveys.  

– Investigate different methods of providing the village of Quirmize with electricity, safe 
water and ice by reviewing literature, collecting data on site and conducting interviews 
with persons active in the field of off-grid electrification, water and ice supply.  

– Collect information about locally available components that could be used in the PU 
through contact with manufacturers and other suppliers. 

– Determine the demand of electricity, water and ice in Quirimize by reviewing literature on 
similar projects, conducting surveys and using mathematical models.  

– Propose the best configurations of the PU together with the appropriate sizing with 
respect to the calculated demands. Determine if this PU configuration can be preferable 
to other conventional alternatives such as grid extension and diesel generators using the 
computer software HOMER Engery. 

– Investigate the robustness of the proposed configurations through sensitivity analysis of 
the PU using the computer software HOMER Engery.  

– Suggest a plan for the operation and maintenance of the PU during its whole intended 
lifetime. 
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1.3 Constraints 
In order to reach success in the implementation of the PU it must be carried out in a sustainable 
manner. This means that economical and social aspect must be accounted for and not only the 
technical. The economical aspects involve creating a funding model. This model should specify 
how the PU should be financed from organisations, governmental aid, investors and consumers. 
The social aspects include for instance politics involved in the implementation of the PU and 
how to handle possible corruption that can come in the way of achieving sustainability. However, 
this project will not develop a funding model nor investigate the social aspects in detail, but 
serves more as a technical study.  

Furthermore the following technical constrains are made: 

– This report will not look deeply into the role of the control system in the PU. However it 
is assumed that the PU will operate in the best possible manner. 

– The supply chain of the components that make up the PU will not be deeply considered. 
– Local geological conditions for water provision using a well will not be investigated, it will 

rather be assumed that the conditions are acceptable. In addition, bacterial growth in 
stored water is not considered at all. 

– In order to recover waste heat from the generator to power absorption process existing 
technology must be modified and a heat exchanger must be designed. This is assumed to 
be possible with a specified efficiency throughout the calculations.  
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2 LITERATURE STUDY 

This chapter will include a presentation of Mozambique as a country focused on aspects of importance for an 
implementation of the PU such as energy and water situation. Then the village of Quirimize will be presented as 
well as an introduction to small-scale fisheries, productive use of energy and the local grid situation. Thereafter the 
potential for renewable energy in Mozambique is covered. Finally a technical background is given to the PU 
including possible technologies and operational and maintenance aspects. 

2.1 Mozambique 
Mozambique is geographically located on the south-eastern cost of Africa’s mainland, opposite to 
Madagascar. The country became independent in 1975 from the colonial rule by Portugal. 
Directly followed by the independence the new republic entered into a 16-years civil war that 
killed large numbers of people in addition to the severe damage it caused to social and economic 
infrastructure. The civil war largely slowed down the economic development. In 1992 the war 
was ended with a ceasefire agreement with the rebel movement and have since shown steady 
growth in both social and economic wealth (Chambal, 2010).  

According to World Bank statistics the total population of Mozambique in 2012 was 25.2 million 
and the population is growing at an annual rate of around 2.5 % every year. Most part of the 
population lives in the coastal zone where access to food and employment opportunities is larger 
than in the inland. In rural areas the part of the population with access to an improved water 
source was 33 % in 2011. Around 54.7 % of the population still lived below the poverty line by 
2009 and the life expectancy in 2011 was 49.5 years (World Bank, 2011). 

During the last decade Mozambique has been one of the fastest growing economies in sub-
Saharan Africa. As a reaction of the large amount of people living below the poverty line the 
government recognised its development agenda around the Action Plan for the Reduction of 
Absolute Poverty (PAPRA). This plan includes promoting employment through emerging small- 
and medium-scale enterprises to improve the overall business climate in Mozambique. The 
government has also, with other key actors officially defined access to energy services in peri-
urban and rural areas as a key driver for economic growth and poverty alleviation (IMF, 2011).  

In general, Mozambique has been substantially progressing since the end of the civil war. Four 
peaceful completed elections have been held, functioning national institutions have emerged and 
a more liberalized economic regime has brought with it an increased investment and growth rate. 
Nevertheless, barriers to social and economical development still exist. These barriers are 
especially in form of corruption, a weak legal system, undue administrative delays and poor 
service delivery by public agencies (Chambal, 2010). 
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2.2 Quirimize 
Cabo Delgado is a province located in the far northeast of the Mozambique and is bordering 
both Tanzania in the north and the Indian Ocean in the east. The capital of the province is 
Pemba. Quirimize is found in the Macomia district by the seaside in the surrounding of 
Quirimbas National Park as seen in Figure 1, with the exact coordinates 12°12’28.80’’S 
40°30’26.30’’E. Quirmize has a population of approximately 900 inhabitants divided into 215 
different households. There is currently no grid connection to the village but some villagers have 
their own PV panels that they use to charge lights, cellphones and radios (see Figure 50 in 
Appendix H. Pictures). One inhabitant has installed a small petrol generator for private use. The 
fuel for that generator is bought in Macomia where the nearest gas station is located. Wells fitted 
with hand pumps did exist in Quirmize but are currently out of order. The population now use 
open wells without any protection from outside contamination as can be seen in Figure 51 in 
Appendix H. Pictures. Quirimize is called the “coconut village” referring to the large amount of 
coconut trees in the village, currently coconut residues are unused (see Figure 48 in Appendix H. 
Pictures). Each coconut tree belongs to someone of the inhabitants and when trees die they 
cultivate new trees. It is custom to build protection for the trees so they are not target for goats 
(see Figure 49 in Appendix H. Pictures). The main profession in the village is fishing, a work that 
is mainly done by the male inhabitants. Women usually work with agriculture to meet some of 
the needs of the household and care for the children. One primary school exists in Quirimize but 
no healthcare. Cabo Delgado is subject to a lot of precipitation during the wet season, which 
spans form December to April. The amount of rainfall together with bad road conditions is a big 
barrier for structured supply chains to be established. During the time of this field study the 
bridge (location shown in Figure 1) had fallen due to heavy rain making transportation and 
logistics a very hard task in the area (see Figure 44 in Appendix H. Pictures).  

Figure 1 - Map of Cabo Delgado province (left) and Quirimize with its surrounding area (right) 

2.3 Fishing Structure and Ice in Fisheries 
When fish is caught it is brought to shore where it is sold and usually transported by resellers to 
the fish market in the provincial capital, Pemba (see Figure 46 in Appendix H. Pictures). 
Depending on the weather and road conditions the drive to Pemba takes approximately 5-9 
hours (Afonso, 2014). The resellers have currently access to ice from nearby grid-connected area 
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such as Mucoja where ice is made in conventional fridges (see Figure 47 in Appendix H. 
Pictures). From the around 250 fishermen in Quirimize 200 fish by themselves in traditional 
boats (pirogues) and the rest of the fishermen fish in groups with large fishing nets (see Figure 52 
in Appendix H. Pictures). Each group consist of 16-17 fishermen. Even though ice exists in 
Mucoja most fish caught in Quirimize is dried (see Figure 49 Appendix H. Pictures). Individual 
fishermen regularly go out fishing at 3 am and get back at 3 pm. Fishermen fishing in groups 
usually go out fishing at 5 am and get back at 9 am, however there are monthly variations. The 
short duration of the group fishermen activities depend on the tide, when tide is high the group is 
no longer able to push the net and therefore cannot fish. Individual fishermen do not use nets 
and are therefore not as dependent on the tide. Fishing activities for both individual and group 
fishermen also follows variations dependent on the water level. When the sea is high there is 
plenty of fish and therefore the fishermen go out to fish. On the other hand when sea is low the 
fish is not available to the same degree and therefore they rest. These variations follow the 
simplified pattern of 10-5-10, where they go out fishing for 10 days, the rest for 5 and so on. This 
pattern is also confirmed by the Institute of Development of Small Scale Fisheries (IDPPE) 
(IDPPE, 2014). The main fish species is pelagic fish and the harvest of the fish is approximately 
the same throughout the year, however in the wet season some of the caught fish currently go to 
waste since there is not enough sun to dry the fish (Quirimize, 2014a). But rainfall is good in 
long-term, in fact a correlation has been found that links the artisanal fish caught with rainfall 
two year ahead in northern Mozambique. This imposes that the caught will be high if the amount 
of rainfall two years earlier was high, however the result cannot predict any variations within the 
year (Mubango Hoguane et al., 2012). 

Fish is a perishable food species and will deteriorate very rapidly if exposed to moderate 
temperatures. By reducing the temperature of the fish the rate of deterioration is kept lower. 
Fishermen have effectively used low temperature storage methods since mid 19th century as in 
order to preserve fish at sea and during transport. This method of preservation does not kill the 
microorganisms but reduces the microbial metabolism, which is the cause of spoilage. Cooling at 
-1 to +4 °C inhibits the growth of microorganism and freezing at -30 to -18 °C completely stops 
bacteria from growing. Ice has many advantages such as its feasibility for maintenance of the fish 
nutritional value, taste and texture and in addition it keeps the fish fresh and moist. The ice 
should preferable be in small particle sizes to ensure maximum cooling contact and avoid 
damages of the fish (Ghaly et al., 2010).  

The spoilage of the fish begins as soon as the fish dies which implies that it may begin before the 
fisherman has brought the fish up from the sea. It is important to keep an unbroken cooling 
chain and the time interval between the capture or death of the fish until cooling must be as short 
as possible. If ice is not available while out at sea it is especially important to keep the harvest in 
the shade and out of direct sunlight. One solution is to cover the catch with for example wet 
palm leaves, which will lower the temperature by evaporation and so reduce spoilage. The 
spoilage process cannot be reversed which means that no amount of ice will save already spoiled 
fish (Shawyer & Medina Pizzali, 2003). 

Ice specifically designed for fishery operations is usually in the form of block ice or subcooled 
flakes. For efficient and rapid cooling the ice should completely surround the fish so that full 
contact is achieved and thereby larger heat-exchange surface. This requires that the ice to be in 
very small pieces, slush form or made into ice-water slurry. Cooling the fish with a few blocks of 
ice scattered over the fish will not have the same cooling effect as small particle ice packed 
around it. The quality of ice is also important which implies that the water must be of drinking-
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water quality. Block ice will last longer compared to other types of ice while in block from, but it 
needs to be crushed before put in contact with the fish. Using an ice pick or hammer to crush the 
ice will generally not break it into sufficiently small pieces to achieve good contact with the fish 
and in addition larger pieces may damage the fish. Therefore additional equipment might be 
needed. The block ice is normally produced by freezing water in a can in batch operation. After 
several hours when the water has frozen the cans are emptied and refilled with water. Flake ice 
does not need crushing before use and may be more efficient in cooling fish than crushed block 
ice. However since it has a larger surface area it will melt more quickly than uncrushed block ice 
(Shawyer & Medina Pizzali, 2003; Graham et al., 1992).  

2.4 Productive use of Energy 
Productive use of energy/electricity is usually defined as the use of energy that creates goods or 
services either directly or indirectly for the production of income or value (ARE, 2008). It is 
generally recognized that the use of energy (usually in the form of electricity) brings with it 
several social benefits such as better education, better health-care, better sanitation, facilitation of 
communication technologies, lower household expenditure on for example candles kerosene for 
cooking and disposable batteries. However this cannot directly be seen as productive use but 
could indirectly lead to income-generating opportunities since educated and healthy people 
possess a greater potential for income generation. The use of electricity is expected to lead to 
activities that generate income and thereby productive use, but this happens irregularly and it 
cannot be assumed that production will be boosted once electricity arrives to a region. In Cabo 
Delgado the price of frozen fish is more than three times the price of fresh fish and thus there 
exists a large potential for processing of fish. If fish could be processed and transported to the 
inland or other markets in the area it could generate more income to the fishing societies and at 
the same time help to reduce malnutrition for people living further away from the coast. The 
main barriers to enable trade of frozen fish in Cabo Delgado are lack of electricity distribution 
and other infrastructural services (Jakobsson & Karheiding, 2012).  

The idea of this project is that it will focus on the use of energy for productive use in fisheries 
(bringing money into the village to pay for the energy) but the PU will at the same time be sized 
with respect to the demands for lighting, cell phone charging and use of radios. Lighting is 
important for the social development of the village, cell phone can help with communications 
associated with trade of the fish and radios can be used to gather information about weather 
forecasts that are beneficial for small-scale fisheries as well as serve for entertainment.  

2.5 Electricity Grid 
Around 1.6 million people live in the province of Cabo Delgado but only 5.1 % of them had any 
access to electricity in 2008 (Hankins, 2009). This makes the Cabo Delgado province one of the 
parts in the country with the lowest level of electricity access. First in 2003 the province was 
connected to the national grid as a result of an expansion project, but still most villages are off-
grid, these areas could be electrified using off-grid solutions. Before any attempts to an off-grid 
electrification project is made one should make sure that the off-grid solution is preferable to grid 
extension from an economical point of view. It is also important to make sure that no plans exist 
to extend the grid at least within a near future. As a rule of thumb off-grid solutions are most 
feasible in areas where the grid is at least 10 km from the site. However, smaller off-grid projects 
can be feasible in a closer area to the electricity grid. It should also be mentioned that no feed-in 
tariff currently exists in Mozambique (Cloin, 2014).  
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In Figure 2 the nearby electricity grid of Quirimize is shown. The grid seems to continue north 
after Mucoja but from inspection on site it is clear that the grid also continues south towards 
Quirimize until Guludo where the Guludo Beach Lodge is connected. This makes the total 
distance from the electricity grid 14.5 km (following present roads).  

Figure 2 - Map showing the 33 kV power line (yellow line) that passes through Mucoja (left) and 
distance from the grid to Quirimize (right) (Bergman, 2014; Google, 2014) 

2.6 National Energy Fund for Rural Electrification 
The national energy fund for rural electrification (FUNAE) was established in 1997 as an 
independent institution and is intended for the mobilisation of financial resources for 
investments supporting modern energy projects for rural electrification. Electricity supplied by 
off-grid solutions usually costs too much for the population in rural areas and therefore these 
kind of projects must be subsidised by governmental institutions. Apart from financing issues 
FUNAE also provides technical assistance to energy projects and information campaigns that 
contribute to an increased energy supply in low-income urban and rural areas. Despite that 
FUNAE has a successful record of implementing off-grid projects, a wider scale of sustainable 
rural electrification will necessitate the involvement of the private sector because of FUNAE’s 
limited human and financial resources. So far the impact on the enormous off-grid population 
has unfortunately been relatively small (IRENA, 2012). In April 2014 FUNAE published the 
renewable energy Atlas mapping the renewable energy resources in the country (FUNAE, 2014). 
During the recent years the organisation has also been building the first PV factory in 
Mozambique in Matola, close to Maputo (FUNAE, 2014). 

2.7 Renewable Energy Resources in Cabo Delgado 
Some studies have already been conducted regarding the energy resources in Mozambique. This 
chapter will try to compile the available information about renewable energy resources in the 
province of Cabo Delgado. The main sources used are the FUNAE renewable energy atlas and 
data from NASA and Meteonorm. 
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2.7.1 FUNAE Renewable Energy Atlas 
Energy resources are everything that is originated from outside of the PU and are used to 
produce electricity or heat. Renewable energy resources are the subset of all energy resources that 
originates from renewable energy. In 2011 the government of Mozambique approved the 
establishment of specific measures for the mapping of renewable energy resources such as wind 
solar and biomass in Mozambique. For a period of over two years renewable energy resources 
where studied throughout the entire national territory. The result of this work of is presented in 
Figure 3 for resources of wind, solar and biomass in Cabo Delgado. 

Figure 3 - Renewable energy potential in Cabo Delgado (FUNAE, 2014) 

Mozambique is characterized by low to moderate wind intensity with average wind speed 
between 4 to 6 m/s at 80 m height in most areas except for the southern parts of the country as 
well as highlands and coastal areas where wind can reach higher speeds. In the coastal area of 
Cabo Delgado the wind regimes is characterized by the influence of the sea breeze during day, 
and land breeze during night. As seen in Figure 3 the average wind speed for Quirimize is around 
6 m/s and is higher than most other areas in Cabo Delgado due to its proximity to the Indian 
Ocean (FUNAE, 2014). Other studies based on satellite data show good wind conditions for the 
southernmost part of the country (Maputo area) as well as northeast (Cabo Delgado). Besides 
these areas together with the highlands the wind resources in Mozambique are relatively low. 
Even though wind maps can give a good idea about the wind potential in an area, site specific 
analysis is critical for accurate estimations of electricity production from wind turbines (Hammar, 
2011; Cuamba et al., n.d.).  

Solar resources are abundant in Mozambique having one of the highest solar radiation heat fluxes 
in the world. Solar resources depend on geometry and the orbit of the planet in relation to the 
sun but also local conditions affects the amount of the solar resource. The local conditions are 
mainly consisting of topography and the local weather conditions i.e. clearness of the sky. Cabo 
Delgado is one of the provinces with the highest solar radiation in Mozambique. (FUNAE, 2014; 
Hammar, 2011)  

Biomass resources differ from wind and solar resources since they depend partly on the human 
effort to harvest, transport and store the biomass. The resource is therefore not counted as 
intermittent though it may have seasonal variation and is usually not free and endless as the wind 

Quirimize(Quirimize( Quirimize(
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and solar radiation. The biomass resource in Cabo Delgado mapped by FUNAE is shown in 
Figure 3. The biomass resources map is based on forest inventory, slope, rainfall and satellite 
pictures (FUNAE, 2014). In the northern areas of Mozambique biomass potential is higher due 
to higher rainfall levels and more favourable climate conditions. Along the coastline coconuts 
trees are common and can be a possible resource. The greater part of the needs served by 
biomass today is traditional use of biomass which is usually in the form of wood or charcoal. A 
variety of efficient energy crops should be possible for production in Mozambique. These crops 
are ranging from eucalyptus, grasses and starch crops like cassava or sugarcane to jatropha. It is 
estimated that jatropha-based biodiesel production cost is in general lower than the cost of 
imported diesel, which on the other hand is not the case for coconut oil. This is mainly because 
the coconut oil competes in both food and cosmetic markets where prices are significantly higher 
(IRENA, 2012). The lack of appropriate infrastructure and logistics for collecting and processing 
the biomass is mainly the bottleneck, which has to be confronted before the full potential can be 
achieved. Currently no subsidies for biodiesel production exist in Mozambique (Cuvilas et al., 
2010).  

2.7.2 NASA and Meteonorm Renewable Energy Data 
The NASA data is presented in the Surface meteorology and Solar Energy (SSE) database 
(NASA, 2014) as 1 ° latitude by 1 ° longitude average values. The database thus contains low-
resolution data based on estimations from reanalysis of satellite and meteorological data from a 
time period of 1983 to 2007. The main purpose of the database is to provide reliable solar and 
meteorology data over regions where surface measurements are sparse or non-existent (NASA, 
2013). In Figure 4 the area containing the meteorological data for Quirimize is shown. As seen 
the area spans from Pemba in south to Quirimibas National Park in the north. The area also 
contains a large portion of sea, which could affect the average values within the area.  

Figure 4 - The 1 ° by 1° grid that contains average data for Quirimize 

By averaging daily wind speed data for 10 years (between 1983-1993), daily radiation data for 24 
years (between 1984-2007), and temperature for 25 years (between 1983-2007) from the SSE 
database the annual patterns and trends can be observed.  

The Meteonorm data for Pemba is interpolated data from measurement gathered from weather 
stations in the nearby region during the period 1991-2010 for radiation and 2000-2009 for wind 
speed and temperature. Meteonorm uses an interpolation algorithm that interpolates data from 
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several international databases to produce a dataset of hourly data values that represent a typical 
meteorological year at any place in the world (Meteonorm, 2013; Meteonorm, 2013). Both the 
NASA and Meteonorm data is presented in  Figure 5, Figure 6 and Figure 7.  

 Figure 5 - Wind speed resource data 

Figure 6 - Solar radiation resource data 

Figure 7 – Ambient and sea temperature data 
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The wind speed data in  Figure 5 has been corrected to the assumed height of 12 m from 50 m 
for the NASA data and 10 m for the Meteonorm data using the logarithmic law applied with a 
surface roughness of 0.1 m, which correspond to “few trees” according to (HOMER Energy, 
2014). It can be seen that the NASA data estimate higher values for average wind speed than the 
Meteonorm data, which can be a result of the assumption imbedded in the NASA data of 
roughness conditions similar to airports. NASA and Meteonorm data are quite similar for solar 
radiation but differ some for temperature. The seawater temperature is a bit higher than the 
ambient temperature, which can be seen in Figure 7 (Seatemperature, 2014). Except for these 
data it is also collected from the NASA database that the surface albedo is 18 %, which is used in 
this study.  

The yearly average for NASA wind speed data somewhat overestimates the average reported by 
FUNAE of 6 m/s at 80 m altitude, which corresponds to around 4 m/s at 12 m altitude through 
the renewable energy atlas shown in Figure 3. Meteonorm wind speed data is lower than both the 
NASA and FUNAE data, which supposes that the wind speed estimated by Meteonorm is 
probably higher in reality. On the other hand, the solar radiation data is somewhat 
underestimated by the NASA datasets and correspond well for the Meteonorm data if compared 
to FUNAE. This is not strange since the FUNAE renewable energy atlas has a much higher 
resolution and surrounding areas with lower solar radiation will keep the average down. 

2.8 Possible Technologies for the Polygeneration Unit 
This section includes an introduction to the conceptual idea of the PU and a technical description 
of the different technologies that are considered in this project. These technologies are energy 
extraction from: wind energy, solar energy and biomass and biodiesel fuels. It also consider 
energy storage technologies, electrical conversions and control systems, water provision, ice 
production. Lastly the operation and maintenance aspects are covered. Even though hydropower 
has been shown to have a big potential for off-grid electrification in Mozambique, it is not 
investigated due to its high local dependency (Ahlborg & Hammar, n.d.). Other possible 
components such as wave power and geothermal have been rejected for the same reason and due 
to high complexity (Syed et al., 2013).  

2.8.1  Polygeneration Unit 
As already mentioned local variations of renewable energy resources are large. Wind resources 
depend on large-scale on atmospheric circulation patterns and geographic influences, solar 
radiation depends strongly on both the latitude and the climate of the specific location, biomass 
resources depend on local biological productivity but also the ability and effort to harvest or 
collect the energy crops or waste materials. The idea of the PU is to coordinate different RETs 
together so that a system consisting of both intermittent and dispatchable technologies can 
achieve a higher grade of reliability and robustness and by that improve the economical feasibility 
of the system (Mitra & Chaudhuri, 2009). These technologies can for example be wind turbines, 
PV panels, solar collectors or biomass generators. As an example of the coordination of the PU it 
can be seen from  Figure 5 and Figure 6 that the energy input to a wind/solar system would 
complement each other during the middle part of the year as the wind speed is higher when the 
solar radiation is lower and vice versa during the latter part of the year. The common 
denominator for the technologies in the PU is however that they are small-scale and that they 
primarily are intended for off-grid usage where no connection to the electricity grid is available 
(InnoEnergy, 2014). The idea of the PU is illustrated in Figure 8. 
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Figure 8 - Principle idea for the PU as an energy system 

2.8.2  Wind Energy 
The movement of the air is caused by the pressure differences created by rising air that is solar 
heated by the earth’s surface. Some of the kinetic energy in the movement of the wind can be 
seized and turned into electrical energy using a wind turbine. It is impossible to extract all kinetic 
energy from the wind since this implies that the air downstream the wind turbine should stand 
still.  

For a specific wind turbine the power output varies with the wind speed and is given by the 
power curve. Wind turbines range in size from some types with a nominal power of a few ten 
watts to those with nominal power up to five megawatts. There are several proposed type of 
wind turbines but the lift-type is much more common than the other types. Lift-type wind 
turbines can be divided into two main types: horizontal axis wind turbines (HAWT), which are 
most common and vertical axis wind turbine (VAWT) (Manwell & McGowan, 2009). 

The principal of the lift-type wind turbine is that the streamlines, above and below the blade 
profile, have to cover different lengths. If the flow is laminar with no friction losses the air 
particles need to reunify downstream the blade profile. This means that a particle that has 
covered a longer distance has also been travelling faster. According to the Bernoulli’s equation 
the faster particles will generate less pressure than slow particles resulting in a pressure difference. 
This pressure difference will cause a force vertical to the flow angle, which rotates the blade 
(Kaltschmitt et al., 2007). 

For the purpose of designing the PU only small-scale wind turbines are investigated. Wind 
turbines are usually denoted with their power rating that refers to the size of the generator. The 
environmental issue with generating power from wind is mainly aesthetic. Some noise is 
generated when wind turbines are operating since the blades spins faster than the surrounding air. 
The greenhouse footprint from a wind turbine only consists of the energy that is used when 
manufacturing and any transportation associated with installation and maintenance (Amelin, 
1998).  

2.8.3  Solar Energy 
The most common way to extract electricity in off-grid areas is with photovoltaic (PV) modules. 
In a PV module the photons, which are the energy carrier of the sunlight, are directly converted 
into electrical energy. A PV module is simply just an array of PV cells. Each of these cells 
consists of a junction between two layers of different semiconducting materials, one positive (p-
type) and one negative (n-type). In most applications this material is Silicon. The n-type 
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semiconductors are produced from crystalline silicon that is doped by adding an impurity, which 
is usually phosphorus. This gives the material a surplus of free electrons since each phosphorus 
atom has five valence electrons in contrast to the four of silicon. The p-type is doped in a similar 
manner but with an impurity that has fewer valence electrons resulting in a deficit of free 
electrons (holes) in the material. Usually this is made with boron. Incident photons on the p-n 
junction will give, if they have energy equal to or greater than the electron band gap, some 
electrons the amount of energy needed to enter a higher energy level. Photons with less energy 
than required will transform into heat. Electrons with greater energy than required also generate 
heat from their surplus energy. Extricated electrons are free to conduct current by moving 
through the material. The electrical attraction between holes and electrons in the junction area 
will produce a situation similar to a diode. Where electricity can move from the p-side to the n-
side but not in the opposite direction. By closing the circuit with an external path the electrons 
will flow from the n-side to the p-side driven by the electrical potential between the two sides, 
resulting in a current (Kaltschmitt et al., 2007).  

There are three main categories of PV modules: single-crystal silicon, multi-crystal silicon and 
amorphous. PV modules that are made with mono or poly crystalline silicon are more expensive 
because of the purity of the silicon that is used in production. The mono crystalline modules have 
a very uniform molecular arrangement, which is easing the flow of electrons in the material and 
makes them the most effective. Because of impurities in the material of poly crystalline modules 
they have a lower efficiency but are also less expensive to manufacture. The amorphous modules 
are made using non-crystalline silicon and only very little material is needed, which makes them 
cheaper but even less effective than the poly crystalline modules. For maximal energy extraction 
from the PV module, it is important to ensure that cells are not shadowed and that its tilt angle 
and orientation are right (Reyes et al., 2012).  

2.8.4  Diesel and Biodiesel 
Diesel generator sets, often referred to as diesel gensets, are currently the most common way to 
produce electricity for rural areas in low-and middle-income countries. The reason for their 
popularity is probably their low investment cost and that they can be installed at any place that is 
reachable by truck (Amelin, 1998).  

There are two types of internal combustion engines that are mainly used to power an electrical 
generator: spark ignition, which usually uses petrol as fuel and combustion ignition, which usually 
uses diesel. One main advantage with of the diesel generator is that it can continuously follow a 
given load, which will stabilize the electricity production from other intermittent energy resources 
that the PU might be using. However this type of usage will usually increase the fuel 
consumption since most diesel generators operate most efficiently close to full load (Amelin, 
1998). 

The Development Aid from People to People (ADPP) has developed a project in Cabo Delgado 
focusing on the jatropha plant for production of biodiesel used in diesel engines (ADPP, 2014). 
Jatropha is a plant that produces high oil content seeds. The seeds are on the other hand toxic 
and non-edible. Jatropha grows in subtropical areas and has a high resistance for rough 
conditions such as severe drought and low soil fertility (FACT, 2010). The seeds of the jatropha 
plant may be pressed into bio-oil that can be used directly in combustion ignition engines or for 
the production of biodiesel.  
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The most usual method for extracting the jatropha is through mechanical oil extraction. This uses 
a pressing machine to force oil out of the seed. The recovery ratio (amount of jatropha that is 
extracted per unit seed) for jatropha oil production using mechanical oil extraction is around 0.41 
liter per kg seed. A previous project regarding jatropha cultivation and processing has already 
been implemented in the village of Bilibiza (FACT, 2011).  

The oil that is ready to be used in various products is also called pure plant oil (PPO). Heated 
PPO from jatropha can generally be used as fuel in any warm diesel engine. However, diesel 
generators have been designed and optimized for diesel fuel since the very first prototypes. Since 
the PPO and diesel have different properties the PPO cannot be directly used in a diesel engine 
without any modification.  Introducing a system that will preheat the PPO will decrease the 
viscosity, which makes it more similar to ordinary diesel. Other modifications are mainly on 
injectors and glove plugs to enable the engine to start on PPO. If PPO and diesel are mixed the 
mixture viscosity and flash point becomes more similar to diesel, which makes it directly usable in 
diesel engines but it still introduces a risk that can lead to problem with the engine later on 
(FACT, 2010).  

As mentioned, it is also possible to produce biodiesel from the jatropha seeds. Biodiesel made 
from jatropha (Jat-diesel) is currently produced in Cabo Delgado by the Archer Daniels Midland 
Company (ADM) that buys the seeds from the villagers and sell back the processed jatropha-
based biodiesel at a cost of around 0.88 €/l. This diesel is also known as JatDiesel. If the jatropha 
processing could be made locally it would be possible to reduce this cost (Afonso, 2014). When 
using JatDiesel no adaption of the engine is needed since the properties of the biodiesel are very 
similar to those of fossil diesel. When running an engine on this kind of biodiesel the fuel 
consumption is around 2-10 % higher compared to running it on regular diesel (FACT, 2010). 

2.8.5 Biomass Gasification 
All biomass fuels are derived from materials with biological origin and range from a variety of 
forms like wood fuels, energy crops and forest and agricultural residues. Depending on the site 
where the biomass system is about to be implemented, different types of biomass and conversion 
methods to attain the biomass fuel can be used. There are two basic principles for refinement of 
biomass into producer gas for small-scale electricity production: thermal gasification and 
biochemical digestion. The choice of an appropriate process depends on which kind of biomass 
that is used and the size of the intended power plant. Residues form wood can be used for both 
direct combustion and thermal gasification. Depending on the moisture of animal agriculture 
residues thermal or biochemical processes can be used. For household and animal waste 
biochemical digestion is most suited (Amelin, 1998). This study is however focusing on thermal 
gasification. 

Because of the low energy content in biomass it is usually expansive and energy demanding to 
collect it. Therefore biomass that is collected for some other reason than only energy production 
is preferable. In the coastal area of Cabo Delgado there is an abundant amount of coconut trees. 
Coconuts are one of the staple food species in many coastal located villages, including Qurimize 
where coconuts are collected for own use but also sold to nearby villages and dealers (Quirimize, 
2014b). 
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In Quirimize coconuts are thus collected for their value as a food crop but the residues are not 
used. These residues (for example coconut husk and shell) can be used to produce electricity and 
heating trough a gasification process or a steam engine. The power output per unit coconut 
residue is however much larger for a gasification process than for directly combustion in a steam 
engine. For that reason only gasification is considered in this study. Before entering the gasifier 
the coconut shells must first be broken into 4-5 pieces and can then pass four distinct processes, 
in the downdraft gasifier, where fundamentally different chemical and thermal reactions take 
place (Ankur Scientific, 2014a). These processes are: drying of the fuel, pyrolysis, combustion and 
reduction as shown in Figure 9. During the combustion the coconut shells are partially 
combusted with limited air inflow, which results in hot combustion gases (CO2 and H2O). These 
combustion gases are then reduced in the reduction zone to give the producer gas (CO and H2). 
In order to increase the energy density of the producer gas and protect the generator from moist 
and tar the gas must be cooled and cleaned (Valentini, 2012). In addition to coconut shells it is 
also possible to use the residues from the coconut trees e.g. old coconut palms and leaves. The 
producer gas typically has a low heating value compared to fossil fuels but is on the other hand 
cheaper, cleaner and a renewable energy resource (Raghavan, 2010). 

Figure 9 – Downdraft biomass gasifier (Valentini, 2012) 

2.8.6  Distribution and Energy Storage 
The distribution system for electricity of the PU can either be in the form of a mini grid or 
through battery charge station. Because of the high cost of mini grid distribution for use in small-
scale system like the PU, only a battery charge station is considered as distribution system. This 
centralized method is also safer in the aspect of payment collection (Malmquist, 2014). When 
using a mini grid in rural areas there is always a risk that locals plug in to the mini grid without 
paying for the consumed electricity. On the other hand using batteries will give a lower overall 
efficiency than using the grid. Complications to the implementation of the PU must be taken into 
consideration in a risk assessment. However as mentioned in the section 1.3 Constraints this is 
not done in this study. 

If the PU is using PV modules or wind turbines to supply the electric loads, it will probably need 
battery storage because of the intermittent nature of solar and wind resources. For instance 
power has to be provided during evenings when PV modules are not operating. The days of 
autonomy is the number of days that the battery bank can serve the load without power input 
from the available energy resources. Another advantage when using batteries with intermittent 
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technologies is that that excess electricity can be stored instead of dumped. Deep-cycle lead-acid 
batteries have been recommended in earlier studies and are also the most common batteries in 
off-grid application (Syed et al., 2013). These batteries have a low cost, the technology is proven 
in stationary applications and they are able to cope with a high regular discharge. Both flooded 
and valve-regulated lead-acid (VRLA) batteries can be used for rural electrification. However, the 
most prevalent is the VRLA batteries due to their low required maintenance and good cycle 
performance relative to their cost. These batteries are maintenance free while flooded batteries 
require refilling of water. Among the VRLA batteries tabular plates (gel) are recommended when 
high number of cycles and good deep-discharge behaviour is required. The usage of tubular 
plates can also improve the resistance against high temperature (EuroBat, 2011).  

2.8.7  Control System and Power Conversion 
Both small wind turbines cells, PV modules and batteries usually output DC power but most 
products that are available at the marked use AC so a converter is needed to convert the power. 
The setup should ideally include a two-way power flow converter to enable flow of electricity to 
and from the DC or AC power line. There is no need for a converter that can convert more 
power than the peak load, which can be seen as an upper limit of the converter capacity. Since 
the PU can generate power and heat for several different desired outputs it will need a control 
system in order to optimize the use of the available resources. This kind of control system is 
normally included in a master converter (Kosk et al., 2013).  

In order to maintain that the power flow in and out of the battery is within its acceptable range a 
charge controller is needed. This is essential to ensure the expected lifetime of the battery. The 
charge controller can also contain a control system that will try to operate the system as 
efficiently as possible. For instance, whenever there is insufficient renewable energy to supply the 
load of the PU the generator or batteries must be used to cover up for the insufficient power 
output from the intermittent technologies, otherwise the load will go unserved (Kaltschmitt et al., 
2007).  

The power output of a PV module depends strongly and in a nonlinear manner on the voltage to 
which it is exposed. Depending on the solar radiation and the cell temperature one certain 
voltage gives the maximal power output of the PV module, this voltage is called the maximum 
power point. In order to maximize the output of the PV module a maximum power point tracker 
(MPPT) can be used. The MPPT is a solid-state device placed between the PV module and the 
rest of the system and ensures that the array voltage is always equal to the maximum power point 
(Kaltschmitt et al., 2007). Charge controllers that have an in-built MPPT are available and can be 
used when implementing a PV system (EuroBat, 2011). 

Different system arrangement for systems containing PV modules, batteries and the need to 
convert power between the AC and DC power line are possible. A fully integrated unit contains 
all these components: converter, charge controller and MPPT. A semi-integrated unit can contain 
only the converter and the charge controller and has the MPPT separately. It is also possible to 
have all the components separately.  

2.8.8  Water Provision 
Water is a basic nutrient of the human body that is critical for human life (Howard & Bartram, 
2003). Several different water purification techniques have been investigated for use in the EEM 
in previous studies. These purification technologies range from ultrafiltration, membrane 
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distillation technologies to reverse osmosis (Ching et al., 2013). All these technologies are 
however expansive and have therefore not been implemented to a larger degree in rural areas of 
low-income countries. A cheaper and more sustainable way to achieve safe water in off-grid 
locations is by pumping water from a borehole (Cuamba, 2014). It is however not sure that the 
borehole water is safe so attention is needed for each specific case. Hand pumps can be locally 
made and are easy to maintain. However they only give low flow rates and require manual labour. 
Furthermore the maximum head of hand pumps can be a limiting factor (Practical Action, n.d.; 
Tapiwa Bossyns, 2013). Solar powered water pumping systems have been successfully 
implemented and proven to work very well together.  These pumps run on DC power and are 
designed to be as efficient as possible to minimize the size of the PV array needed (NYSERDA, 
2005). The electricity demand for pumping water is not critical and must therefore not be meet 
instantaneously, which is a great benefit when supplying power with intermittent power sources 
such as PV modules since battery-free systems can be achieved. Furthermore there is a natural 
relationship between solar power available and the need of water, which allows these kinds of 
systems to produce at the highest rate when water is the most needed. The water from a borehole 
can be consumed directly if the content of salt is not too high (Cuamba, 2014).  

There are basically two different types of solar water pumps, submersible and surface pumps. 
Submersible pumps are mounted inside the borehole in the water reservoir and therefore it is 
pumping the water by pushing the water to ground level. Surface pumps on the other hand are 
mounted at the surface and are pumping the water by sucking it up to the ground level. The 
surface pumps are generally less expensive but are not well suited for suction when a high lift is 
needed. To store the water, a water tank is needed. A general rule of thumb is to size the tank so 
that it is large enough to store at least three days of the usual water demand (NYSERDA, 2005). 
On the other hand storing water is problematic since it can provoke bacterial growth. However 
as mentioned in section 1.3 Constraints this kind of bacterial growth will not be considered in 
this study. 

2.8.9  Ice Production 
Ice is essential for proper handling and trading of fish but is at the same time difficult to produce 
in areas not connected to the electricity grid (IFAD, 2012). There are mainly two different ways 
of achieving off-grid refrigeration for fish preservation. These are mechanical driven refrigeration 
and thermal driven refrigeration. Mechanical driven cooling or compressor cooling is using 
mechanical work in the form of a compressor and gravitational force to move the refrigerant 
around the cooling cycle. This way of achieving cooling effect is the most widely used system for 
small-scale applications. The process for compressor refrigeration is demonstrated in Figure 10.  
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Figure 10 – The schematic working principle of compressor cooling process 

In a mechanically driven refrigeration system a gas-phase refrigerant is compressed by the 
compressor and is then forced by the high pressure to condense into liquid phase in the 
condenser where heat is given away to the surrounding exothermically. The liquid refrigerant is 
then passing the expansion valve and the pressure is lowered. At this pressure the refrigerant will 
evaporate at a lower temperature than it would with the pressure in the condenser. When the 
refrigerant evaporates it takes heat from the surrounding in an endothermic process, which 
provides the cooling effect. After the evaporator the refrigerant is again led into the compressor, 
which completes the cycle (Persson, 2012).  

In contrast to refrigeration using a compressor, thermal driven refrigeration or absorption 
refrigeration does not demand a mechanical work to produce a pressure difference of the 
refrigerant but uses instead heat to drive the process. This heat could be derived from waste heat 
that would raise the total efficiency of for example a combined heat and power (CHP) system 
(Horvath et al., 2013). The system is made up by two working pairs, the refrigerant and the 
absorbent. The refrigerant should have a tendency to chemically bond to the absorbent. The 
most usual absorption refrigeration process is the so-called “single effect process” which consists 
of four stages. The principal single effect process is illustrated in Figure 11.  

Figure 11 – A schematic illustration of the single effect absorption cooling process (Srikhirin et al., 2001) 
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In the generator the refrigerant is separated from the absorbent through evaporation and is fed 
into the condenser. This is possible because the absorbent has a higher boiling point than the 
refrigerant. Next in the condenser it gives away heat to the surrounding by changing the phase 
back to liquid. Thereafter it passes through an expansion valve that lowers the pressure of the 
refrigerant. The refrigerant is then passing into the evaporator where it is forced to boil by taking 
up heat from the surrounding. The evaporation is mainly driven by the chemical attraction 
between the refrigerant and the absorbent in the absorber. In the absorber the two mediums are 
mixed and pumped up to the generator, which is usually done by an electric pump. However the 
absorption heat pumping process can be designed to operate requiring no pump work at all. Heat 
is again transferred to the generator and the cycle is then completed. The refrigeration can be 
extracted by introducing a secondary refrigerant that exchanges heat with the evaporator. If a 
thermal driven cooling process is chosen for implementation some auxiliary equipment like hot 
water storage tank and if waste heat is used from a biomass generator a heat exchanger will be 
needed in the PU (Rydstrand et al., 2004).  

Several kinds of media can be used in an absorption cooling process for example water-salt, 
water-ammonia and lithium bromide-water. By using the water-salt system the cooling 
temperature does not drop much below 7 °C. In order to achieve cooling temperatures suitable 
for production of ice and below, water-ammonia or coal-carbon dioxide system is required and 
can give cooling temperatures as low as under -18 °C (Marmsjö & Hoffman, 2012). The two 
most common and commercialized working pairs are water-ammonia and lithium-bromide 
(Martin, 2014; Salcedo Miranda et al., 2010). Both water and ammonia are volatile so the cycle 
requires a rectifier to strip away water that usually evaporates together with the ammonia, 
however this working pair is environmentally friendly and has a low cost. Systems using lithium 
bromide-water do not on the other side have volatility problems but using water as refrigerant 
limits the lower temperature applications to that above 0 °C (Srikhirin et al., 2001). 

From these two ways of achieving cooling there are different available products that can be used 
in off-grid applications. Many companies in low-income countries where a large part of the 
population lives off-grid provide compressor based solar refrigeration systems. These systems are 
simply PV modules connected to a low voltage DC refrigerator or fridge. However these 
solutions have turned out to be very expensive (Cuamba, 2014). There are also providers of 
absorption fridges that burn a gas such as propane or kerosene to operate the heat cycle. Dual 
power fridges that can use both a liquefied petroleum gas (LPG) and electricity also exist. The 
main advantage with these fridges is that they continue working even in the event of a power 
failure (Alternative Energy, 2014).  

One technology that is based on absorption refrigeration has been commercialized and 
implemented in rural areas of several low-income countries is the solar icemaker. This technology 
uses the same principle as a regular absorption cooling system (shown in Figure 11) but works in a 
half cycle at a time, which makes the cooling process intermittent i.e. non-continuous. The layout 
and working principle of the solar icemaker is shown in Figure 12. 
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Figure 12 – Layout of the solar icemaker and intermittent working principle (Vanek et al., 1996; 
Katejanekarn & Hudakorn, 2012) 

It operates in cycles, heating up during the day and cooling the water until it freezes during the 
night and thus completes one cycle each day. The technology produces ice by using water-
ammonia as working pair. The mixture of water and ammonia is present in the generator (in this 
case a metal tube towards which the sun’s rays are reflected by parabolic mirrors). This causes the 
ammonia to evaporate during the day when it passes through the tube to a condenser where it 
cools down and returns to liquid state in a container. This container is immersed in another 
container that holds water ready to freeze. During the night the temperature drops which reduces 
the pressure in the system and the ammonia evaporates back out of the container and moves 
back towards the generator. While evaporating the ammonia is removing heat from the water 
surrounding its container causing the water to turn into ice. One solar icemaker with an 11 m2 
solar collector can produce 50 kg of ice each day under optimal operating conditions. This 
technology offers a way to make ice overnight ready for use in the morning but does not cool in-
between. It may thus be necessary to combine it with some type of ice storage technology, which 
could for example be well-insulated boxes (IFAD, 2012). However by making some 
modifications to the solar icemaker it is possible to make it run on heat from other sources, also 
auxiliary heat for example waste heat. This would allow adding more working substance to the 
system, which would increase the capacity (Sumanthy, 2010; Katejanekarn & Hudakorn, 2012). 
Furthermore by introducing several generator pipes in staggered operation as well as a reservoir 
for distilled ammonia, continuous operation could be achieved. This would enable the system to 
produces ice continuously (Vanek et al., 1996). The performance of these solar ice-making 
machines has been carried out in previous studies where the solar coefficient of performance 
(COP) has been calculated as the refrigeration heat divided by the incoming heat from solar 
radiation. Different solar COPs that are obtained in these studies are shown in Table 2. 
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Table 2 – Reported solar COP of the solar icemaker 

Solar COP Type of collector Reference 

0.025-0.032 Parabolic (Katejanekarn & Hudakorn, 2012) 

0.06-0.10 Parabolic (Moreno-Quintanar et al., 2011) 

0.02-0.12 Flat plate (Sumanthy, 2010) 

0.12-0.15 Flat plate (Li et al., 2003) 

0.10-0.12 Flat plate (Sumathy & Zhongfu, 1999) 

 

2.8.10 Operation and Maintenance of the PU 
Maintenance for wind turbines is generally low and consists of greasing of bearings (Amelin, 
1998). Operation of a small-scale wind turbine requires visual and audiotorial inspection regularly 
and physical inspection of wires and bolts around every second year. In case of wind turbine 
failure more complicated maintenance is required, this may for example consist of replacing the 
blades of the wind turbine. A usual problem with small-scale wind turbines, especially in Africa, is 
that spare parts generally do not exist locally and must therefore be imported from other 
countries (Alliance for Rural Electrification, 2013). One important aspect when installing a wind 
turbine is the choice of the tower. Mainly three different options are shown in Figure 13. The guy 
wire tower requires more maintenance checks but it is much simpler to bring down the turbine 
for reparation than with for example a monopole or lattice tower where a crane would be needed. 
For that reason guy wire or scissor towers where the wind turbine easily can be brought down are 
preferable, especially in remote locations (Karomba, 2014). Maintenance and operation cost for 
PV systems is very low compared to other technologies and consist mainly of cleaning the panels 
(Amelin, 1998).  

Figure 13 – Different kind of wind turbine tower options (Kestrel Renewable Energy, 2014) 

Bio-diesel generators and gasifiers are associated with high operation and maintenance (O&M) 
cost compared to other RETs and constitutes the main part of total cost for O&M. The 
operation cost mainly consists of cost for the biomass fuel and lubricants oil. This means that 
operation cost is strongly dependent on the local supply and price of biomass. The energy cost 
can however decrease if heat is utilised to do some useful work such as thermal driven water 
distillation or absorption cooling which would make the PU a CHP system. Maintenance is even 
higher when using biomass instead of diesel or petrol and do require daily attention from well-
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trained operators. In practical implementations the performance of the diesel generator depend 
strongly on maintenance and supply of spare parts. In cases where the generator have not been 
maintained properly the lifetime of the generator has been found to be much shorter than what is 
stated by the manufacturer (Amelin, 1998).  

Batteries of the type VRLA are maintenance free and require no or very little maintenance. The 
maintenance of these batteries consists mainly of checking the wiring every 6 to 12 months 
(Karomba, 2014). In the event of failure of the converter a specialist attention will be required in 
order to repair it (Amelin, 1998; Cuamba, 2014). The maintenance of solar powered water pumps 
is very low (Abrahamson, 2012). Since thermal driven refrigeration systems are not as dependent 
on moving parts as mechanically driven refrigeration system they have a lower maintenance need 
(Martin, 2014).  

2.9 Simulation using HOMER 
The U.S. National Renewable Energy Laboratory (NREL) has developed the HOMER 
Micropower Optimization Model to assist the design of micropower systems and the comparison 
of different power generation technologies. A micropower system is a system that employs a 
combination of electrical generation and storage technologies to serve a nearby load. It may be 
grid-connected or fully autonomous i.e. off-grid. Before any simulations can be done one must 
first determine the input such as energy resources and loads on the system. The loads can be 
composed of both an electrical and thermal demand. Since power output of RETs may be 
intermittent, seasonal and non-dispatchable, the availability of renewable energy recourses must 
be estimated even though they may be uncertain. All this adds more complexity to the design 
problem. 

The fundamental idea of HOMER is to calculate the energy balance for the system each 8 760 
hours of the year to determine and optimize its life-cycle cost under imposed constraints e.g. 
fraction of the total electrical demand served. The life-cycle cost is calculated in terms of total net 
present cost (NPC) and the optimal system configuration is the one that satisfies the constraints 
with at the lowest total NPC. It is usually difficult to analyse and design a micropower system due 
to the large number of uncertainty in key parameters, such as energy demand and future fuel 
price.  

In order to understand and quantify how uncertainties or changes in the inputs affect the system, 
HOMER preforms a sensitivity analysis. There are several ways to work with HOMER. The 
method adapted in this study is an iterative one where the sizing of the components are done by 
first estimate a search space (set of simulated component sizes) and then refine this search space 
by repeating the simulation. In Figure 14 this method is illustrated where the search space 
converges as three iterations are completed (Lambert et al., 2006). 
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Figure 14 – Illustration of iterative HOMER usage 
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3 METHOD 

In this chapter the method used to design the PU in Quirimize, is described. Firstly a summary of the working 
process presented, thereafter the underlying ideas and equations are explained and motivated. Lastly the approach 
for the sensitivity analysis is described.  

3.1 Overview of the Working Process 
The working process is the approach for dimensioning and evaluating the feasibility of the PU 
according to the problem formulation. A flow chart of the working progress is shown below in 
Figure 15. 

Figure 15 – The working process 

The realisation of this study consists of six governing steps, marked with blue and inputs to these 
steps, marked in black. The method of collecting data is marked in red and the outputs marked in 
green. In the first tree steps of the working process the boundary conditions on the site in 
Quirmize are collected and estimated, this is the pre-processing done before simulations can be 
started. Boundary conditions consist of energy resources, technical information and cost of local 
components, O&M and energy demand. When all these data are collected or estimated the 
simulation is done using HOMER software. This is an iterative process where a large search 
space first is chosen which then converges to a better solution, as the search space resolution gets 
finer. Lastly the sensitivity of the proposed PU is investigated to determine the robustness of the 
best PU configuration.  

3.2 Types of the PU considered 
The components that are included in the PU determinate which type of micropower system it is. 
For example the type of the PU can be Biomass/PV/Battery or Biodiesel/Wind/Battery. Both 
these types can be embodied in a number of different configurations for example by changing the 
model of the wind turbine or size of the battery bank. The types of the PU that will be 
considered in the simulations are systems consisting of wind, PV, biodiesel (jatropha), gasified 
biomass (coconut shells) and a battery bank. Separate consideration for the converter, charge 
controller, MPPT and heat exchanger will not be taken rather incorporated into the whole 
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system, battery bank, PV array biomass generator respectively. An illustration of the possible 
types of the PU is shown in Figure 16. This is the components that will be considered but the 
result of the simulation for a specific component may well be that it shouldn’t be included in the 
system. The loads shown in green are however fix and will always be considered.  

 

Figure 16 – Considered components in the simulations 

3.3 Suppliers of Components 
In this chapter a compilation of the information collected from the contacted suppliers is made. 
The suppliers are presented compared with regard to locally availability, economical and technical 
aspects. Tables summarizing the key components that are investigated in this study are presented 
in Appendix F. Technical Specifications and Cost of Components where physical conversions 
have been used according to Appendix A2. Physical Conversions. All cost are converted into 
Euros using the exchange rates given in Appendix A1. Exchange Rates. 

3.3.1 Wind Turbine 
Three companies that sell wind turbines were contacted: Windpower Serengeti, Fortis Wind 
Energy and Kestrel Renewable Energy (Windpower Serengeti, 2014; Fortis Wind Energy, 2014; 
Kestrel Renewable Energy, 2014). The desirable properties of a wind turbine for use in the PU is 
decided to be high rated output for a low price, low cut in speed and locally availability. From 
these suppliers the wind turbines from Windpower Serengeti were chosen for the simulations. 
These turbines are locally made in Tanzania so spare parts and expertise exists in the area. 
Furthermore the cut in speed is relatively low for these turbines, which is preferable since that 
gives more operating hours in places where the wind speed is low. Technical specification of the 
turbines provided by Windpower Serengeti is presented in Appendix F2. Wind Turbine.  

3.3.2 PV Module 
Four different companies supplying PV modules were contacted: Voltzon, Sollatek, FUNAE 
Solar Panel Factory and Fortune CP (Voltzon, 2014; Sollatek, 2014; FUNAE, 2014; Fortune CP, 
2014). The desired properties for the solar panels for use in the PU are that they give a high 
output for a low price, that they have good thermal characteristics, meaning that the power 
output is not heavily affected by raise in temperature and that they are locally available. From 
these suppliers FUNAE Solar Panel Factory and Fortune CP were cheaper than the other and 
the power output for the PV modules from Fortune CP were also less sensitive to high 
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temperature than the other modules and were therefore chosen. Fortune CP is based in South 
Africa but has been carrying out projects on behalf of FUNAE in the Cabo Delgado province 
(IRENA, 2012). It could therefore be argued that they should be seen as a local manufacturer. 
The technical specification of the PV module is presented in Appendix F3. PV Module. 

3.3.3 Biomass Generator 
Two different companies supplying equipment for generating power from biomass were 
contacted: Ankur Scientific and Auto Sokoni (Ankur Scientific, 2014b). The first supplier sell 
biomass gasifiers and generators that can be used with residues from coconuts. These gasifers 
have been implemented in Tanzania on the behalf of the national power utility so they exist 
locally even though they are not locally available (Practical Action Consulting, 2012). The gasifers 
can run on coconut shells, coconut fronds and dead coconut trees if broken into pieces of 
suitable size and dried. They can also run on coconut husk but this require briquetting since the 
bulk density of coconut husk is too low as it is (Ankur Scientific, 2014b). Auto Sokoni supply 
generators that are used in Bilibiza with the jatropha-based biodiesel. They are reported to 
function well with jatropaha bio-diesel as well as regular diesel. This engine can also be modified 
to run on PPO. Both these alternatives of electricity production from biomass are considered 
while doing the simulation of the PU. The technical specifications of the biomass generators are 
presented Appendix F4. Biomass Generator. 

3.3.4 Battery Bank 
Tree different companies that supply deep-cycle lead-acid batteries where contacted. These 
companies are: Voltzon, Sollatek and Fortune CP. The desirable properties for batteries are 
decided to be the price but at the same time not compromising the deep-cycle performance on 
the battery. As discussed in section 2.8.6 Distribution and Energy Storage the most preferable 
batteries for implementation in Quirimize would be of the VRLA type because of their low 
maintenance need and simple operation. Among these gel and tabular plate batteries have the 
best thermal resistance and are therefore superior.  

Fortune CP sell batteries at a significantly lower price per rated kWh of energy capacity than the 
other. However comparing price of batteries on that basis is not fully correct since different 
manufacturers use different discharge rates to measure the rated capacity of the batteries. 
Therefore and for reasons that have been discussed earlier that gel batteries are preferable to 
AGM motivates that the gel batteries from Voltzon/Sollatek are the one that will be investigated 
in the simulation. These batteries are locally available in Tanzania so they qualify to be a local 
supplier. The technical specification of the batteries is presented in Appendix F5. Battery . 

3.3.5 Converter, Charge Controller and MPPT 
All the contacted companies for converters, charge controllers and MPPT provide equipment 
from the same manufacturer, Victron Energy. Victron energy is well regarded and often used in 
off-grid systems like the PU in Quirimize (Black, 2014). Therefore they will be used in the 
simulation. The technical specification for the converter is presented in Appendix F6. Converter. 

3.3.6 Water Pump 
Two companies that supply water pumps where contacted: Lorentz and Grundfos. Both 
companies supply solar DC pumps which are preferable since these pumps are more efficient and 
all the renewable components (wind turbine and PV modules) chosen provide power at the DC 
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bus which allow for surplus electricity to serve the water pump without having to pass the 
converter and thereby losing power as the converter has a maximum efficiency. Furthermore a 
submersible pump is chosen for best performance for high lifts (Tapiwa Bossyns, 2013). The 
technical specification of the water pump is shown in Appendix F7. Water Pump. 

3.3.7 Ice Machine 
Three different companies that supply ice machines where contacted: Scotsman, Minus 40 and 
ISAAC solar icemaker. Scotsman provides a variety of different ice machines all using 
compressors, however some are water-cooled and some air-cooled. Minus 40 is a company 
producing block ice machine. These are the same machines that are used for ice production by 
the Institute of Development of Small Scale Fisheries (IDPPE) in Pemba (see Figure 43 – 
IDPPE ice production using the MINUS 40 ice machines in Pemba in Appendix H. Pictures) 
(IDPPE, 2014). Both Scotsman and Minus 40 sell their products in South Africa where skilled 
technicians are available. Lastly ISAAC provides the solar icemaker that has been implemented in 
two villages in Kenya (ISAAC, 2014). Both Scotsman and ISAAC solar icemaker are considered 
in the simulation of the PU. The Scotsman ice machine was chosen because of its ability to 
provide high quantity of ice in a short period of time. Because of the tropical temperature in 
Quirmize only air-cooled machines will be considered (Scotsman, 2014b). Furthermore they 
provide flake ice machines, which is preferable when using ice for fish preservation (see Fishing 
Structure and Ice in Fisheries). The technical specification of the Scotsman ice machine is 
presented in Appendix F8. Ice Machine. The ISAAC solar icemaker was chosen to investigate the 
possibility to raise the overall efficiency of the PU by using waste heat. 

3.4 Demand for Energy Services 
This section describes how the load input used for simulation has been calculated. Firstly the 
demand for ice is estimated, when this is done the demand for water and subsequently the 
demand for electricity can be determined.   

3.4.1 Demand for Ice 
It is essential when going out to sea that enough ice is brought on-board so that not all ice melts 
in the box with chilled sea water, also called slurry. That would imply a raise in temperature above 
0 °C and jeopardise the fish quality (Davey, 2012). It is estimated by IDPPE that fishermen using 
traditional means require an ice quantity of 50-100 kg/day. This is based on general experience 
that fishermen require twice the weight in ice to conserve a given amount of fish until it reaches 
the market, even though the goal should be to achieve a 1:1 ice to fish ratio (IFAD, 2012; 
Shawyer & Medina Pizzali, 2003). Ice production demands a lot of energy so the first approach 
should always be to minimize the demand for ice. On board the fishing boat this can be achieved 
by using insulated iceboxes where ice is stored and used to preserve the fish (Shawyer & Medina 
Pizzali, 2003). Usage of insulated boxes will be assumed throughout the calculations. 

The total daily demand for ice is calculated based on the model developed by (Davey, 2012) 
where the demand is divided into the following three contributions: 

(1) The mass of ice needed to initially cool down the fish to a prescribed temperature Tcf . 
(2) The mass of ice needed to maintain the catch at cooling temperature at sea and during 

transport to the fish market. 
(3) The mass of ice that should account for the losses and other unpredicted accidents.  
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When cooling down the fish in the slurry from an initial uniform temperature T0  to a cooled 
thermal centre temperature Tcf  the mass of ice needed can be calculated from an energy balance. 

This balance states that amount of heat transferred from the ice is equal to the taken up by the 
fish according to 

 

 mcoolλice = mfCpf T0 −Tcf( )   (3.1) 

 

given by (Davey, 2012). Here mf  is the amount of fish caught in a day, Cpf  is the specific heat 

of the fish and λice  is the latent heat of fusion of the ice. The specific heat of seafood can be 
estimated in the interval 3-4 kJ/kg°C and depend mainly on the fat and moisture content of the 
fish. The specific heat used in calculations is 3.5 kJ/kg°C, which approximately corresponds to 
the pelagic fish family (Radhikrishnan, 1997). The initial uniform temperature of the fish T0  is 
assumed to be the same as the average sea temperature presented in Figure 7. From regulations 
the temperature Tcf  should be around 5 °C (Davey, 2012; IDPPE, 2014).  

In order to maintain the temperature of the slurry in which the fish is placed in insulated boxes, 
additional ice is needed. This ice will gradually melt with heat influx as heat is transferred in 
through the surfaces of the box that is exposed for ambient conditions. By assuming that ice, 
water and fish is adequately mixed and that the process is in steady state the energy into the 
boxes will be equal to the energy transferred from the melting ice giving the following expression 

 

 NUOAbox TA −Ts( )Δt = mmaintainλice   (3.2) 
 

where N is the number of used boxes, UO  is the overall heat transfer coefficient for each box, 
Abox  is the total surface area of the boxes, TA  is the ambient temperature, Ts  is the temperature 
of the maintained slurry which is set to 0 °C, mmaintain  is the mass of the ice needed to maintain 
the cooling temperature and Δt  is the length of time the fish needs to be maintained. The time 
length is assumed to be 6 h out at sea and then 9 h referring to what has been specified in section 
2.3 Fishing Structure and Ice in Fisheries. This process is not steady state but transient however 
the assumption of steady state can be justified if the temperature of the slurry is maintained at 0 
°C i.e. there is still some ice in the slurry and the ambient temperature does not change (Cuamba, 
2014).  

Still the assumption of steady state is a conservative one. Equation (3.2) proposes a linear 
relationship between the mass of ice needed to maintain the fish temperature and the time length 
of the maintenance. This relationship is experimentally verified (Shawyer & Medina Pizzali, 2003; 
Huy Quang, 2005; Graham et al., 1992). When calculating the area for the insulation boxes 
another conservative assumption is introduced by assuming that heat transfer (per unit area basis) 
will be the same for all sides when in reality the bottom of the box may be resting on the deck 
surface so the heat transfer will be limited.   
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The number of boxes needed for maintenance of the fish can be calculated when knowing the 
mass of the day’s catch, the density of the fish ρ f  and the volume of the box for storage of the 

fish Vbox according to 

 

 N =
mf ρ f
2
3Vbox

⎡

⎢
⎢

⎤

⎥
⎥  . (3.3) 

 

Here the ceiling function is applied since, in a practical point of view, the number of insulation 
boxes should be a whole number and must therefore be rounded up. To avoid the losses that 
might occur by rocking and other motion of the boat at sea an air gap in the top of the boxes is 
recommended (Davey, 2012). For that reason the volume of the insulation boxes Vbox  is 
corrected in the calculations, where it is assumed that the insulation boxes are filled up to 2/3 of 
the total volume. The density of the fish is taken as 1040 kg/m3 (Radhikrishnan, 1997). A regular 
insulation box consists of a layer of polystyrene insulation sandwiched between two layers of 
moulded plastic. The layer of polystyrene will be the dominating term delaying the heat transfer 
and therefore the moulded plastic as well as the inside and outside heat transfer coefficients are 
neglected (Davey, 2012). Giving the following simplified expression 

 

 UO = 1
xpoly kpoly

  (3.4) 

 

(Holman, 2010). It is assumed that locally made insulation boxes will be used while out at sea and 
that the same boxes that are currently in use (see Figure 45 in Appendix H. Pictures) are used for 
transportation to the fish market. The physical properties of both boxes are stated in Appendix 
D2. Ice Demand. The thermal conductivity and the thickness of the polystyrene is assumed to be 
0.06 W/m/°C and 0.07 m respectively (Shawyer & Medina Pizzali, 2003). Finally the mass of ice 
that should account for losses is added. This value can be expressed as a percentage L  and is 
assumed to be 10 % of the total mass of ice needed, which is somewhat higher than the loss of 5 
% suggested by (Davey, 2012). Solving for the separate equations (3.1) and (3.2) for the mass of 
ice needed and add them together yields the total ice needed as follows  
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The most important thing to bear in mind when cooling and maintaining fish is to not break the 
cooling chain. If the fish is heated between two cooling stages the risk of unwanted bacteria 
increases significantly. This is because of the very rapid spoilage of fish, especially in tropical 
climates (Ghaly et al., 2010). As in any cooling process the first approach should be to minimize 
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the cooling load, which can be done by adequate insulation and a shaded storage place. If the 
amount of cooling needed can be reduced this will be of high significance to the energy demand. 
On the other hand an undersized system may also require more maintenance and repairs since 
the ice machine will operate more or less constantly (Shawyer & Medina Pizzali, 2003).  Even 
though freezing is one of the best ways to inhibit microbial growth and slow down chemical 
changes and thereby preserve the fish it is very energy intensive to produce ice or cooling and 
should therefore only be considered as temporary method of preservation (Ghaly et al., 2010). 
Because of these reasons ice production will only be considered for transport to fish markets and 
not for storage of fish in Quirimize. 

3.4.2 Demand for Water 
Water is necessary for a wide variety of human activities. The demand of water in Quirimize 
consists of drinking water, sanitation, cooking and ice. In this first phase only water for drinking 
and ice production will be considered. Quirimize has currently access to shallow wells to account 
for their needs, however the water from these wells cannot be considered safe for drinking 
(Afonso, 2014).  But since water for sanitation and cooking (if boiled) does not require the same 
quality, the PU will not account for these needs (Montrichok et al., 2010). As a base for 
calculations of the water demand, the dry season is set to the recommended consumption for 
adults preforming manual labour in high temperatures. Since children in Quirimize do not 
perform labour work to the same degree, they are assumed to be consuming at the lower bound 
for adults in high temperatures not performing labour. During wet season the water demand is 
set to the average conditions given by WHO recommendations (Howard & Bartram, 2003). 
These recommendations for both dry and wet season can be seen in Table 3. 

Table 3 - Recommended daily average water consumption to meet hydration requirements (Howard 
& Bartram, 2003) 

 
Dry season 

(l/day) 
Wet season 

(l/day) 

Male adult 4.5 2.9 

Female adult 4.5 2.2 

Child 2.8 1.0 

 

Wet season is assumed to be from November to April and dry season is assumed to be from May 
to October. The water demand for hydration is calculated from the WHO recommendations and 
then compared to the expressed demand in Quirimize. This demand is determined by carrying 
out a survey on 20 different households about the requested amount of water for drinking per 
day during dry and wet season (see Appendix C. Interview Questions). From these household the 
demand for an average household is determined which is then multiplied with the number of 
households in Quirimize. Lastly the water required for ice making is added to give the total 
demand on water.  

3.4.3 Demand for Electricity and Heat 
The electrical load on the PU is estimated to give a daily load profile (power demand for each 
hour of the day). The demand within each hour is assumed to be constant. The total load on the 
system consists of two primary loads (charge station and ice machine) and one deferrable load 
(water pump). The primary load is electrical demand that must be served immediately. However 
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both the charge station and the ice machine should not be seen as critical loads since an unmet 
primary load does not give large consequences (Cloin, 2014). The deferrable load is also electrical 
but can be served at any time during the day. The electrical demand from the water pump is 
modelled as a deferrable load since water can be stored in a water tank and thus the timing of 
when the water pump should operate is not important.   

In order to calculate the hourly electricity demand for lights, cell phones and radios a first 
assumption is made that the power consumption of these devices is constant. For cell phones the 
assumption is made that they will be used continuously throughout the day. For lights and radios 
the usage per day is estimated from the survey conducted in Quirimize. Here 20 different 
households were asked about the number of wanted devices in the household and estimated 
hours used per day for lights and radios (see Appendix C. Interview Questions). From these 
household the demand from an average household is calculated and multiplied with the number 
of household to get the total amount of energy needed for each device and day. 

Power ratings for each device are assumed with accordance to typical power ratings for the 
devices that are already in use and similar devices that can be found in Cabo Delgado (see 
Appendix E1. Charging Station). When the total amount is known it is used to estimate the 
hourly load profiles. This is done by assuming 24 hourly variations multipliers for each demand 
which multiplied with the total amount of energy per day gives the energy demand for that 
specific hour. The multipliers are shown in Table 4. This assumes that the lights will be charging 
during the day, cell phones and radios on the other hand are assumed to charging during the 
night to a higher extent, when they are not in use. These multipliers should add up to one for 
each device so that the total daily energy demand is preserved.  

Table 4 – Assumed hourly variations load pattern expressed as fractions (multipliers) of the total 
daily demand 

Time Light Cell phone Radio Time Light Cell phone Radio 

01.00 0 0.07 0.07 13.00 0.13 0.02 0.02 

02.00 0 0.11 0.11 14.00 0.10 0.02 0.02 

03.00 0 0.11 0.11 15.00 0.10 0.02 0.02 

04.00 0 0.11 0.11 16.00 0.05 0.02 0.02 

05.00 0 0.11 0.11 17.00 0.05 0.02 0.02 

06.00 0 0.07 0.07 18.00 0 0.02 0.02 

07.00 0.05 0.04 0.04 19.00 0 0.02 0.02 

08.00 0.05 0.02 0.02 20.00 0 0.02 0.02 

09.00 0.10 0.02 0.02 21.00 0 0.02 0.02 

10.00 0.10 0.02 0.02 22.00 0 0.02 0.02 

11.00 0.13 0.02 0.02 23.00 0 0.04 0.04 

12.00 0.14 0.02 0.02 24.00 0 0.04 0.04 

 

In order to achieve more realistic load data a daily and hourly noise is added. This noise is added 
to the charging station but not the ice machine or water pump since the power demand for the 
ice machine is constant in time when operated. Water pumping is a deferrable load and therefore 
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it does not need any noise. The noise is introduced by multiplying the load for each hour of the 
year with a perturbation factor given in equation (3.6) (HOMER Energy, 2014) 

 

 α = 1+δ d +δ h . (3.6) 
 

In this equation δ d  is the daily perturbation value and δ h  is the hourly perturbation value. The 
value of the daily perturbation renewed every day and taken from a normal distribution with a 
mean of zero and a standard deviation equal to the daily variability. The hourly perturbation is 
taken similarly but is renewed every hour and has a standard deviation equal to the hourly 
variability. For the simulation a daily and hourly perturbation value of 8 % and 12 % respectively 
are chosen (HOMER Energy, 2014).  

The power demand for the ice machine will be determined using power ratings specified by 
locally available manufacturers. An ice machine that satisfies the maximum monthly ice demand 
will be chosen. Since the ice machines are only operating at full rate the number of operating 
hours is determined depending on the ice demand, for each month of the year (Scotsman, 2014a). 
The needed operating hours are dependent on the initial temperature of water, which is assumed 
to be equal to the average ambient temperature of the considered month. The demanded energy 
can then be calculated using operating hours and the power rating of the ice machine. For the 
case of the solar icemaker it is assumed that waste heat can be used with a given efficiency. 
However no heat demand will be calculated instead the waste heat generated from the generators 
is calculated using its fuel consumption given by HOMER simulations. This will ensure that the 
generator is not running only to supply waste heat to the solar icemaker and dumping the 
electricity. The ice production of the solar icemaker is therefore calculated by post-processing the 
HOMER simulation. 

Lastly the deferrable electrical load for water pumping is calculated based on the calculated water 
consumption. The power required by the water pump is dependent on the depth of the borehole. 
Previous studies and project has shown that depth of the ground water level in Cabo Delgado 
range from 25-75 m. Normally the ground water level is not that deep in coastal areas but the 
water can be saline. To make sure that fresh water is found, a borehole deeper than the ground 
water level is needed. Therefore 50 m is chosen for calculations. However it can still not be 
ensured that fresh water will be found. When depth and required water flow is known the total 
daily electrical energy demand can be calculated according to the following equation (Tapiwa 
Bossyns, 2013) 

 

 Epump =
ρgQhTD
3.6 ⋅106ηpm

 . (3.7) 

 

Here ρ  is the density of water, g  is the gravitational acceleration, Q  is the needed amount of 

water per day, hTD  is the total dynamic head and ηpm  is the combined efficiency of the pump and 

motor which is dependent on the pump rate and specified by the pump performance curve (Solar 
Pumps, 2014). Normally, the efficiency of a water pump is not constant when the flow rate 
varies. However this will be an assumption made in the calculations. The factor of 3.6⋅106 is a 
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conversion factor that converts form J to kWh. The total dynamic head accounts for vertical 
height from the drawdown level up to the inlet of the storage tank, pressure differences, velocity 
differences and losses due to friction and other minor losses such as curvature of the water pipe. 
The mathematical relationship is shown below 
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where Δz  is the static head, Δp  is the pressure difference between the reservoir and the storage 

tank, Δv  is velocity difference, αRe  is a factor that depend on the flow regime and is equal to 0.5 
for laminar flow and 1 for turbulent flow, with the definition that the transition to fully turbulent 
occurs where Reynolds number (Re ) exceeds 10 000. The diameter of the pipe is denoted D  and 
the minor loss coefficient KL . It is assumed that the inlet of the storage tank is 2 m above 
ground level meaning a static head and drawdown of 52 m, that the change in atmospheric 
pressure that occur over the pumping height is small and can be neglected, that the velocity of 
the water in the reservoir is zero, that only 8 hours are use each day for pumping water and that 
the drawdown is negligible so that the length of piping becomes equal to the geometric head. The 
Darcy factor f  is calculated using a modified version of the Colebrook White equation specified 
in Appendix E3. Water Pump with a surface roughness that corresponds to that of polyethylene 
meaning 1.5⋅10-6 m and the inner diameter of the tube is chosen so that the water speed do not 
exceed the rule of thumb value of 1.5 m/s. The coefficient that accounts for minor losses is 
taken as 4, which is slightly higher than what is suggested for a 40 m pump system by (Tapiwa 
Bossyns, 2013). When all the parameters are determined including required flow rate for each 
month of the year, the daily energy demand Epump  of the water pump can be calculated (Milnes, 

n.d.). 

3.5 Biomass Resources 
It is discussed in the chapter Renewable Energy Resources in Cabo Delgado that Quirimize is 
endowed with an abundant access of coconuts. In order to decide if production of electricity 
from coconut residues is feasible the amount of this kind of biomass must be estimated. That is 
done using two different approaches. The first approach is through the performed survey on 20 
households in Quirimize to ask how many coconuts each household consumed. This number 
was used to calculate an average household consumption so that the total number of consumed 
coconuts could be determined (see Appendix C. Interview Questions). The second approach was 
to estimate the total coconut yield in Quirimize by first estimating the total number of coconut 
trees. In order to do this, first an estimation of the total area where coconuts grow in Qurimize 
using satellite pictures from Google Maps (Google, 2014) is done. Then, within this area, the 
number of coconut trees were calculated for 10 random samples of 1 ha each. The total amount 
of coconut trees is then estimated by averaging the samples and then multiplying with the total 
area of 54.4 ha as seen in Figure 17. This number is then multiplied with the average coconut 
yield for a single tree per year, which is assumed to be 90 coconuts/year so that the total yield can 
be calculated (UNCTAD, 2014). Knowing that each coconut shell weights approximately 0.18 kg 
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gives the daily available biomass from coconut shells. It is assumed that coconut trees produce 
coconuts continuously throughout the year at the same rate independent of season, which is an 
accurate assumption. Given that these two numbers are not differing too much the second 
approach will be used since both methods do not account for coconut fronds, dead coconut trees 
or coconut husk, so the total actual biomass resource is expected to be higher. Therefore it is 
assumed that all available coconuts can be used. However if all these parts of the coconut trees 
are intended to be used, they must be collected. It is assumed throughout the calculations that 
these residues can be collected for a cost of 12 €/tonne, taking into account that only the 
coconut shells (and possible coconut husks) are collected for their value as food crops (Banzon, 
1980; UAE Cement, 2012).  

Figure 17 – Satellite picture showing the total area where coconut trees grow in Quirimize (Google, 
2014) 

3.6 Simulation in HOMER 
This chapter will present the underlying ideas and equations used in the HOMER simulation 
software. It is described how different systems are compared and how the components in the 
system are modelled, in terms of concepts and mathematical expressions. Lastly it is explained 
how the calculation of costs is calculated. 

3.6.1 Comparing Off-Grid and Grid Extension 
The cost of expanding the grid depends mainly on three variables, which are size of the load to 
be electrified, distance from the load to the existing transmission line and the type of terrain that 
must be crossed. In the case of Quirmize the terrain does not contain lots of obstacles for grid 
extension but the road is in bad condition, especially during wet period. A total capital cost of 
grid extension in Mozambique is around 15000-25000 €/km (Bergman, 2014; Cloin, 2014; 
Atanassov, 2014). Besides the capital cost other costs such as O&M costs (operating cost 
negligible) and cost for electricity must be considered when comparing grid extension with off-
grid. The cost for maintenance is usually around 2 % of the capital cost (Bergman, 2014) and the 
price of electricity from the national electrical utility, Electricidade de Moçambique (EdM), 
depends on which kind of customer you are. The EdM tariff for electricity is presented in 
Appendix B. Electricity Tariff.  To qualify into the lowest subsided price rate you must be able to 
demonstrate low income and if you exceed the 100 kWh/month you will automatically be 
transferred to a higher rate (EdM, 2014). It is not likely that all power supplied in Quirmize, if 
attached to the grid, would be bought at that lower rate, however assuming this is conservative 
for the implementation of the PU. By considering all these parameters, HOMER calculates the 
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breakeven grid extension distance. This is the distance for which the NPC of extending the grid 
is equal to the NPC of the off-grid system. If the grid is further away in reality it makes sense to 
choose the off-grid solution in prior the grid extension (HOMER Energy, 2014). 

3.6.2 Modelling the Wind Turbine 
In order to calculate the power output of the wind turbine HOMER applies a three-step 
procedure. Firstly the wind speed at the hub height of the wind turbine is calculated. Secondly the 
wind speed is used to calculate the power output of the wind turbine at that wind speed given 
standard air density. Lastly the power output value is adjusted for the actual air density.  

The wind speed at the hub height is usually higher than wind speed at anemometer height due to 
wind shear and can be calculated using either the logarithmic law or the power law. Both laws are 
acceptable for practical use, in this study the logarithmic law is chosen for the calculations 
(Manwell & McGowan, 2009). When the wind speed at the height of the hub is determined 
HOMER uses the power curve of that specific wind turbine to calculate the power output as if 
standard temperature and pressure were applicable. In Figure 18 a typical power curve is 
presented. 

Figure 18 – Example of a power curve with marked properties (RETScreen, 2004) 

This power curve is normally specifying the power output under standard temperature and 
pressure (STP). Therefore an adjusting density correction factor is applied to compensate for the 
actual temperature and pressure conditions (HOMER Energy, 2014).  

3.6.3 Modelling the PV Array 
The electricity output of the PV array is assumed in HOMER to be directly proportional to the 
global solar radiation incident upon it. To calculate the output the following equation is used 
(HOMER Energy, 2014) 
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  . (3.9) 

 

In the expression above  is the rated capacity of the PV array that is specified in watts peak 
(Wp) outputted under standard test conditions (STC). These conditions mean that a radiation heat 

flux GT ,STC  of 1 kW/m2, a cell temperature Tc,STC  of 25 °C and no wind is applied to the module. 
Note that the area and efficiency of the PV array can be specified in terms of the rated capacity. 
The PV derating factor is denoted  and is used to account for reduced output in real world 
operating conditions compared to the conditions under which the PV panel was rated. The 
derating factor is a fraction in the interval zero to one. This factor takes account for soiling of the 
panels, shading, wiring losses, aging and any other factors that would cause the output to deviate 
from the expected output under STC. The global solar radiation incident on the PV array for 
each time step which dependent on where it is implemented is denoted . The effectiveness of 
a PV cell is dependent on the cell temperature i.e. the temperature on the surface of the PV array. 
To model this the PV temperature coefficient of power  is used which expressed as the loss in 
efficiency for each degree Celcius above Tc,STC . The PV cell temperature is here . In conclusion 

, and  depend on the PV array that is used and the condition of usage but both  

and  have to be calculated in order to used this model. This is done by various algorithms 

base on physical and thermodynamical models (HOMER Energy, 2014).  

One thing worth mentioning is that in equation (3.9) HOMER is ignoring the power output’s 
strong and nonlinearly dependence on the voltage to which the PV array is exposed. By doing 
this it is effectively assumed that the system voltage is controlled by a MPPT, which makes this 
assumption fairly accurate (HOMER Energy, 2014) (HOMER Energy, 2014).  

3.6.4 Modelling the Biomass Generator 
A generator produce electricity and possibly some waste heat by consuming a fuel. At least some 
of the waste heat can be recovered to serve a thermal load. The electrical energy output depends 
on the amount of fuel input to the generator. In HOMER this is modelled using the fuel curve, 
which is a straight line according to (HOMER Energy, 2014) 

 

 F = F0Ygen + F1Pgen . (3.10) 

 

This curve gives the fuel consumption F  for a given electrical output of the generator Pgen . The 

fuel curve intercept coefficient is denoted F0 , the fuel curve slope F1  and rated capacity of the 

generator Ygen . The instantaneous power output of the generator is decided by HOMER as the 

power output that best serves the given load and is between the minimum and maximum value of 
the possible output. The minimum allowable load of the generator is usually specified by the 
manufacturer and is normally around 30 % (HOMER Energy, 2014). For cogeneration systems it 
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is assumed that all of energy in the fuel is converted into electrical energy and heat. The fuel 
curve specifies the amount of electricity produced for a given fuel input, the rest of the chemical 
energy in the fuel is converted into heat. The parameter stating the percentage of heat that can be 
recovered to serve the thermal load is called the heat recovery ratio.  

3.6.5 Modelling the Battery Bank 
The battery bank consists of one or more individual batteries. In HOMER a single battery is a 
device that is capable of storing a certain amount of DC electricity. The main assumptions are 
that the battery properties remain constant throughout its lifetime and that it is not affected by 
any outer factor like temperature. During simulation of the system batteries will not be 
discharged any deeper than the minimum state of charge (SOC) to avoid permanent damage.  

The model used to calculate the amount of energy that can be absorbed by or withdrawn from 
the battery each time step of the simulation is called the kinetic battery model (KBM). In the 
KBM a physical two-tank system is taken as the analogy, which is seen in Figure 19. The outer 
tank contains available energy i.e. energy that is readily available conversion to supply a DC load. 
The inner tank contains bound energy i.e. energy that is chemically bound in the battery and is 
not ready for instantaneous withdrawal. At high discharge rates the available tank will quickly be 
emptied, in this case the battery can no longer withstand the high discharge rate and appears to 
be fully discharged. This behaviour agrees with the characteristic shape of the capacity curve for 
lead-acid batteries (Manwell & MacGowan, 1993).  

Figure 19 – Illustration of the kinetic battery model as a two-tank system 

The bigger the outer tank is the more capacity can be withdrawn from the tank in a short period 
of time. This is specified with the capacity ratio, which is the ratio between capacity of the outer 
tank to the combined size of both the outer and the inner tank. The rate constant is analogue to 
the size of the tube connecting the tanks and determines how quickly the battery can convert 
energy from available energy to bound energy. Except for the KBM, two other limitations are set 
to the energy that the battery can absorb under one time step. The first limitation is the 
maximum charge current and the second relates the maximum power absorbed by the battery to 
the SOC (Lambert et al., 2006). 
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Another important feature of the battery bank is lifetime. Batteries can die from usage or from 
age therefore both the lifetime throughput and the float life of the battery have to be taken into 
account. Here the main assumption is that the battery will need replacement when the lifetime 
throughput is reached regardless of the depth of the individual charge-discharge cycles. The 
lifetime throughput is calculated by averaging the calculated throughput points in the interval of 
the allowable depth of discharge (depth of discharge not greater than minimum SOC). The better 
the calculated throughput can be describe as a constant the better this assumption will be 
(HOMER Energy, 2014).  

Figure 20 – Plot showing both cycles to failure and throughput as function of discharge depth 
(Lambert et al., 2006) 

3.6.6 Modelling the Converter 
A converter is a device that can either convert electric power from direct current (DC) to altering 
current (AC) which is called inversion, convert from AC to DC which is called rectification or do 
both. Every converter has a capacity denoting the maximum amount of power it can convert. 
The maximum capacity is generally not the same for inversion as rectification for a device that 
can do both. It is assumed that the converter can withstand the maximum capacity continuously 
for any period of time. Another important assumption is that the efficiency of the converter is 
constant in time (HOMER Energy, 2014). 

3.6.7 Modelling the Control System 
When operating HOMER it defines how the components of the system should work together by 
deciding what to do with surplus renewable energy in times of excess. This is partly controlled in 
the dispatch strategy, which is a set of rules concerning how the system should charge the battery 
bank and serve deferrable load. The cost of charging the battery bank cannot be calculated in a 
deterministic way since it depends on future events such as the amount of available renewable 
resources. The best way to determine the dispatch strategy is therefore to let HOMER simulate 
both and see which is most cost efficient. There are two dispatch strategies that HOMER can 
simulate, cycle charging and load following. Under the cycling charging strategy the generator is 
operated at full capacity (maximising its efficiency) whenever it has to operate with surplus power 
going to charge the battery bank. Under load following strategy the generator only produces as 
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much power needed to meet the load (which reduces its efficiency). This may however be a 
better choice if there are renewable power sources that could, when exceeding the load, charge 
the battery for free and reducing the fuel consumption. By dividing loads into deferrable and 
non-deferrable loads flexibility is enabled in the system that HOMER will take advantage of. One 
of the biggest assumptions in the HOMER model is that the operator will operate the system in 
an optimal manner to reduce the NPC as much as possible (HOMER Energy, 2014). 

3.6.8 Optimisation Constraints 
By applying an operating reserve the robustness of the PU can be increased. This will ensure that 
even in the event of sudden increases in load or decreases in renewable power output the system 
will be able to serve the load. The required operating reserve is specified each hour as percentage 
of the following contributors: load that hour, peak load during the year, output of the PV array 
that hour, and the output of the wind turbine that hour. All these contributors are then summed 
to make up the total required operating reserve. Each time step of the simulation the required 
operating capacity is calculated by adding electrical load and required operating reserve.  

During operation HOMER will try to keep the operating capacity equal or greater to the required 
operating capacity at any cost. Any records on shortfall will be calculated as capacity shortage. As 
discussed in section 3.4.3 Demand for Electricity and Heat none of the considered loads are 
critical, and all loads could in some sense be seen as deferrable loads. Therefore it is chosen to 
apply an operating reserve of 0 %. However if it would be needed to expand the system later on, 
that could be done by for example adding extra PV modules or a wind turbine. For the same 
reason it a small capacity shortage of 2 % will be allowed in the simulations.  

3.6.10 Calculating Econometrics 
As mentioned in section 2.9 Simulation using HOMER the optimization performed of the PU is 
done with respect to the total NPC. This is the present value of all the expenditures over the 
project lifetime. The NPC accounts for that the future cash flow is worth less than present cash 
flow of the same amount by applying a discount factor. The value of the discount factor 
decreases which increasing number of years from the start of the project. The total NPC is 
calculated by multiplying the expenditures with the discount factor and summing according to the 
following relation (Lambert et al., 2006) 

 

 NPC i,N( ) = Ry

1+ i( )yy=0

N

∑ .  (3.11) 

 

In this expression Ry  is the sum of the expenditures for the y :th year and N  is the total number 

of years or project lifetime, which is taken as 25 years throughout this study. The real interest rate 
is denoted i  and is the rate of interest an investor expects to receive after accounting for 
inflation, which is about 10 % in Mozambique today (Bergman, 2014). Another convenient 
econometric number is the levelized cost of electricity (LCOE). This value is defined in HOMER 
as the average cost per useful kWh electric energy served by the PU according to the following 
equation 
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 LCOE =
Cann,tot

Eserved

  (3.12) 

 

where Cann,tot  and Eserved  is the total annualized cost and the total useful electric energy served 

respectively. The total annualized cost is the annualized cost for all components, including capital 
cost, O&M cost and fuel cost for each component in the PU. The annualized cost also accounts 
for salvage values of the components (HOMER Energy, 2014).  

The cost of the PU will only include costs of the electricity and heat producing or converting 
components. Costs of each component include costs that are associated with the installation, 
O&M of that specific component, even transport, wiring and needed accessories. However it 
does not include the cost of the possible need to train personnel that will be responsible for the 
operation. The optimisation in HOMER calculates the system that cheapest (lowest NPC) can 
serve a given load, which in this case is all the loads specified in section 3.2 Types of the PU 
considered. Therefore it is not a direct necessity to include costs of for example a water pump or 
ice machine. All costs used in the optimisation are given in Appendix F. Technical Specifications 
and Cost of Components. 

3.7 Modelling the solar icemaker 
A simple model is applied to investigate the capacity of ice production by the solar icemaker. This 
model is based on the assumption that the solar icemaker has a constant solar COP. The solar 
COP is defined as the refrigeration effect divided by the heat added by radiation and does thus 
include all heat losses by convection and radiation that may occur from the generator to the 
surrounding. It is assumed that the solar icemaker can operate in a continuous manner so that 
added heat, such as waste heat always will be absorbed to drive the cooling process, i.e. the 
system will never run out of absorbent. Using staggered operation or adding more absorbent to 
the mixture can motivate this assumption. From the solar COP the mass of produced ice per 
hour of the year can be calculated according to the following equation  

 

 

 

COP = miceCpwΔTw +miceλice

energy needed to freeze ice! "### $###

nIAcollect
solar energy
%&# '# + fhr F ⋅LHVfuel 3.6 − Pgen( )

waste heat
% &#### '####

. (3.13) 

 

Here mice  is the mass of the demanded ice, Cpw  is the specific heat of water, n  is the number of 
solar collectors, I  is the solar radiation striking on the parabolic collector, Acollect  is the projected 
area of the collector on a rectangle covering its surface which is 11 m2, fhr  is the waste heat 
recovery ratio, F  is the fuel consumption, LHVfuel  is the lower heating value of the fuel, the 

factor 3.6 is introduced to convert from MJ to kWh, Pgen  is the electrical energy output of the 

generator and ΔTw  is the temperature difference from initial temperature of the water to the 
temperature of ice (0 °C). It is assumed that ice will not be sub cooled under 0 °C. The initial 
temperature of water is taken as the average ambient temperature and the radiation is calculated 
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using the same equations for the solar path as HOMER applies using the MATLAB program in 
Appendix G2. Simulation of Solar Icemaker. The heat recovery ratio that can be assumed to be 
around 50 % (Malmquist, 2014). The amount of ice produced is calculated taking daily averages 
over the days when the fishermen is fishing for each month of the year. 

3.8 Sensitivity Analysis 
A sensitivity analysis is performed to get insight in the robustness of the results in this study. 
Firstly the sensitivity of the LCOE and capacity shortage for the best PU configuration is 
investigated subject to the following parameters:  

– Electric load 
– Solar radiation 
– Biomass resources  
– Ambient temperature 

Secondly the robustness of the best PU type is investigated as function of the following 
sensitivities:  

– Biomass resources and electric load from ice machines 
– Cost of JatDiesel and constraint on maximum capacity shortage 

Thirdly the sensitivity for the result of the comparison of the PU with grid extension and power 
generation using diesel genets will be exanimated respectively as a function of:  

– Price of electricity and cost of grid extension 
– Diesel cost and real interest rate 

Fourthly the ice production from the solar icemaker running on both waste heat and solar 
radiation is investigated with respect to the following parameters: 

– Number of solar collectors 
– Solar COP  
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4 RESULTS AND DISCUSSION 

In this chapter the obtained results are presented and analysed. Firstly the demand on ice, water and electricity is 
presented. Then result from the simulations are presented and discussed. Lastly a sensitivities analysis is performed 
according to the already chosen sensitivity parameters.   

4.1 Demand for Energy Services 
This chapter presents the demand on ice, water and electricity by first choosing appropriate 
equipment based on the demand for ice and water and then calculating the required electrical 
demand. 

4.1.1 Demand for Ice 
The total amount of fish harvest per day in Quirimize is around 4700 kg/day (for calculations see 
Appendix D1. Fish Harvest). This gives a calculated demand for ice around 1250-1450 kg/day 
depending on the month of the year. That corresponds to an ice to fish ratio of about only 1:3, 
which agrees well with calculation done by (Davey, 2012) however general experience state that 
this ratio should be no less than 1:1 (IFAD, 2012; Shawyer & Medina Pizzali, 2003; Graham et 
al., 1992). The amount of ice needed for each month is calculated with the input data given in 
Appendix D2. Ice Demand and presented here in Figure 21. The only variable that changes in 
the calculation of the ice demand for different month is the ambient temperature and the sea 
temperature, which is the reason for the monthly variations. 

 

Figure 21 – Demand on ice each per day for each month of the year 

This fish to ice ratio is less than the demand of ice calculated in (Lovisin & Lind, 2014). The main 
reason for this is the different approach of calculation and that the estimated daily fish harvest is 
different significantly. The low ice to fish ratio could, at least partly, be accounted for by 
increasing the ice needed for losses in equation (3.5). Taking into account the recommendation of 
a minimum ice to fish ratio of 1:1 from experienced organisations it is reasonable that the ice 
demand will be higher than the demand presented in Figure 21.   
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To be able to supply this demand the three ice machines of the type MF66 from Scotsman that 
can produce 870 kg/day in an ambient temperature of 32 °C and water temperature of 21 °C is 
chosen since it closes matches the demand on ice with some remaining margin (Scotsman, 
2014b). It is also preferable to use several smaller machines than one big since some of them 
could continue to operate if one experiences a failure. The machines are flake ice machines and is 
therefore well suited to use for fish preservation. The MF66 has an operating power of 3600 W. 
A complete technical specification of the ice machine is presented in Appendix F8. Ice Machine.  

4.1.2 Demand for Water 
The water demand is calculated from both the conducted survey on the expressed demand from 
the households and from recommended quantity for hydration by WHO. To get the total 
demand on water the water demand of ice production is added. The total expressed water 
demand for drinking is around 5500 l/day in wet season and 7000 l/day in dry season whereas 
the recommended quantity for hydration is around 2800 l/day in wet season and 4700 l/day in 
dry season according to the table given in Appendix D3. Water Demand. The calculated water 
demand for each month of the year is presented in Figure 22. 

 

Figure 22 – Demand on water per day for each month of the year 

As expected the demand for water follow the wet and dry season. It is here decided to go with 
the upper limit of the water demand to be ensured that the PU will be able to provide the desired 
quantity. If a surplus of water is produced it can be used for other purposes apart from drinking 
and ice making such as sanitation and cooking. This means that the total demand for water is 
around 5500 l/day in wet season and 7000 l/day in dry season and state that the water storage 
tank should have a size of at least 21 000 l according to the rule of thumb in the section 2.8.8 
Water Provision. 

The chosen water pump is the Grundfos SQFlex 2.5-2N (Solar Pumps, 2014). Grundfos are the 
most commonly used pumps in Cabo Delgado where several projects have succeeded to provide 
remote areas with safe water, using these pumps (Baixinho, 2014). This is also the type of water 
pump recommended for use in rural areas in Mozambique by (Tapiwa Bossyns, 2013). The 
Grundfos SQFlex 2.5-2N is able to provide the highest total water demand of 7000 l/day in less 
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than 3 hours at a power input around 550 W. The maximum power input of the water pump is 
1400 W. Further technical specification of the water pump is provided in Appendix F7. Water 
Pump. 

4.1.3 Demand for Electricity 
The total electricity demand consists of three loads, which are the charge station, the ice machine 
and the water pump. From the performed survey it is estimated that there will be around 380 
lanterns, 130 radios and 250 mobile cell phones in Quirmize. Each day the lights are used on 
average 9 h, the radios 10 h and the cellphones are assumed to be used 24 h. The electrical load 
for the charge station is calculated according to Appendix E1. Charging Station and is shown in 
Figure 23. 

 

Figure 23 – Electrical load profile for the charge station 

The curve in Figure 23 is derived from the total energy demand together with the multipliers that 
state the hourly variations in Table 4. These multipliers are assumed and correspond to a use 
pattern that will cause the highest load during the midday. This is when the light will be charging 
and but most of the cell phones and radios are used. It shall be said that the profile of the 
estimated load is heavily dependent on the distribution system, which is chosen to be a battery 
charge station. Earlier studies did assume that the PU would be attached to a mini grid and 
therefore estimated a peak load during the evening. In those studies additional electrical devices 
where investigated such as TVs, fans and individual refrigerators, which also increased the 
demand significantly, compared to the demand estimated in this study (Allmér & Norström, 
2013; Ahl & Eklund, 2013).  

Since the total amount of ice needed is determine, the number of needed operating hours for the 
ice machines per day can be calculated and thereby also the electrical load of the ice machine. It is 
assumed that the total demand of ice should be ready at 9 o’clock in the morning as this is the 
time when the group fishermen return (see section 2.3 Fishing Structure and Ice in Fisheries). 
The daily electrical demand profiles for each month of the year are shown in Figure 24. This daily 
demand does only apply the days when the fishermen are actually out fishing, which means 
around 20 days a month.  
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Figure 24 – Electrical load profile for the Scotsman MF66 ice machines 

In Figure 24 it is shown that the ice machines must operate most hours of the day for the days 
when the fishermen are fishing simplified calculations can be found in Appendix E2. Ice 
Machine. It is verified that the calculated amount of electricity used to produce ice matches the 
energy for latent heat of fusion for that amount of water (Holman, 2010). The needed operating 
hours are somewhat decreased during the wet period when ambient temperatures are lower and 
ice production will occur at a higher rate according to the specifications presented in Appendix 
F8. Ice Machine. The values shown in Figure 24 are rounded and calculated using the MATLAB 
code in Appendix G1. Load for Ice Machine. This code also calculates the yearly load profile 
intended for use as input to HOMER.  

To calculate the electricity demand from the water pump its efficiency is first determined by 
using equation (3.7) and the performance curve for the SQFlex 2.5-N water pump with 50 meters 
dynamic head shown in Appendix F7. Water Pump. From the calculation the efficiency curve can 
be plotted and it is seen that this curve is fairly constant around 0.57 in the region 1.25-2.85 m3/h 
(see Figure 42 in Appendix F7. Water Pump). This result agrees well with the rule of thumb 
efficiency of the 0.55 for solar water pumps (Tapiwa Bossyns, 2013). Since HOMER assumes the 
water pump efficiency to be constant during simulation the pump will only be allowed to work in 
the range where its efficiency is almost constant (1.25-2.85 m3/h). This translated into electrical 
input will give the interval 300-700 W that is used with the average efficiency 0.57.  

The total dynamic head is calculated according to equation (3.8) where a diameter of 20 mm is 
chosen for the pipe so that the flow velocity will not exceed 1.5 m/s. The flow in the pipe is 
calculated to be turbulent which gives a total dynamic head of around 54.5 m. The calculations 
for the electrical demand for the water pump shown in Appendix E3. Water Pump and the result 
are shown in Figure 25. The energy demand from the water pump will only vary with the amount 
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of needed water and is therefore following the same pattern as the water demand presented in 
Figure 22. 

 

Figure 25 – Electrical load profile for the water pump 

4.2 Biomass Resources 
The biomass resources of coconut shells do not have any seasonal variations and are thus 
constant throughout the year as discussed in section 3.5 Biomass Resources. From the survey on 
household coconut consumption it is estimated that around 100 kg of coconut shells are 
consumed each day. The second estimate is based on inspection of satellite pictures and shows 
that there are approximately 3400 trees in Quirimize, which would mean an average daily possible 
yield of 150 kg coconut shells according to calculations in Appendix D4. Biomass Resources. The 
results from the two different approaches do not differ much and as expected the available 
amount of coconut shells is more than the consumed amount. The estimated numbers of 
biomass resources represent only what would be available from the coconut shells and not from 
dying trees or fallen branches. Also it does not consider the possibility of briquetting coconut 
husk for use in a gasifier. Therefore the total biomass resources should be higher than both these 
estimations, the higher value is used in simulations as best estimate. It is expected that the 
biomass yield from coconut residues is stable and sustained by the villager since it is in their own 
interest of food security. This result differs significantly from the estimated annual coconut yield 
of 3 tons by (Ahl & Eklund, 2013). The reason for this deviation is not clear since the reported 
yield of 3 tons is not motivated.  

4.3 Best PU Configuration 
Simulation is done to optimize and decide design parameters such as which size of components 
that should be used, which dispatch strategy that is preferable, which type of batteries that best 
correspond to the requirements and how the PV array should be orientated for the best PU type. 
Throughout these simulations HOMER is used in an iterative manner as described in 2.9 
Simulation using HOMER. It is also ensured when using this method that the most optimal 
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solution do not have one single parameter in its search space that is on the boundary of the 
search space set. If this is the case the simulation is redone with a larger search space. 

4.3.1 Initial Simulations 
The first simulation was done covering all types of the PU showed in Figure 16. A large search 
space for the PV array size as well as for the converter and the battery bank was chosen. Both 
wind turbines (350 W and 1000 W) supplied by Windpower Serengeti was simulated. Only one 
battery model 8 PVV 1200 was simulated to speed up the calculations. The coconut biomass 
generator was investigated for both 10 kW and 20 kW with the accompanying gasifiers WBG-20 
and WBG-40. These sizes were investigated since they are the smallest available sizes supplied by 
Ankur Scentific and that they closely corresponds to the power demand from the ice machines 
which is the predominant demand for power (Ankur Scientific, 2014b) The JatDiesel generator 
only exists in 15 kW rated output and this was therefore the only considered size. Both the load 
following and cycle charging (with a set point of charge at 80 %) dispatch strategy was 
investigated in this simulation. The slope and azimuth of the PV array is chosen to be the 
HOMER default, which is a slope equal to the latitude and an azimuth facing north (while in the 
southern hemisphere) (HOMER Energy, 2014).  

The result of the simulation is shown in Table 5. It showed that the best PU type is one 
consisting of 7.2 kWp PV modules, a 10 kW biomass generator running on coconut residues, 24 
batteries of the type 8 PVV 1200 and a 1.6 kW converter. All the types where a JatDiesel 
generator is used have considerable higher NPC despite the lower initial cost. This is because of 
the high cost of the JatDiesel. It can be concluded that all feasible types have a converter, letting 
power flow between the AC and DC bus line and vice versa, and a load following component 
such as a biomass generator or a battery bank. This agrees with the outpointed important feature 
of most off-grid system that they should contain at least one component that can follow 
variations in the load (Amelin, 1998). It is also shown that the wind turbines is not favourable for 
use in the PU in general even though the second best PU type include one, allowing for a 
reduced battery bank. The most preferable dispatch strategy is the load following for most PU 
types. That can be a result of the large PV array that can charge the batteries for free with the 
excess electricity. It can also be a result of the fact that the biomass generator will not have much 
power reserve left when the ice machines are operating, meaning that the generator only will 
serve the ice machines when operated close to its maximum power output. The reason for the 
capacity shortage of the PU type with the coconut biomass generator is probably since the 
coconut residues are modelled as a finite resource. So if there are no more coconuts residues to 
gasify then the load will go unmet. Whereas the JatDiesel is modelled as an infinite resources that 
does not run out. 
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Table 5 – Results from the first simulation 

Type 
PV 

(kWp) 
HP1.8 HP3.0 

Jat 
(kW) 

Coco 
(kW) 

8 PVV 
1200 

Converter 
(kW) 

Dispatch 
Strategy 

NPC 
(€) 

COE 
(€/kWh) 

Capacity 
shortage (%) 

Coco/PV/Batt 7.2 0 0 0 10 24 1.6 LF 111 400 0.283 2 

Coco/PV/Wind/Batt 10.8 0 2 0 10 12 2.0 LF 113 600 0.289 2 

Jat/PV/Batt 6.0 0 0 15 0 12 1.6 LF 165 500 0.413 0 

Jat/PV/Wind/Batt 4.8 1 0 15 0 12 1.6 LF 167 500 0.417 0 

Jat/Wind/Batt 0 0 2 15 0 12 3.0 CC 187 700 0.468 0 

 

4.3.2 Choosing the Batteries 
In the second simulation the best model of battery was investigated simulating the system with 
not only the 8 PVV 1200 battery model, but with all the models 6-26 PVV shown in Appendix 
F5. Battery Bank. The search space for each battery was decided from the total capacity (24⋅1200 
= 28 800 Ah) of the previous simulations such that the three closest number of strings for each 
model where considered. During this simulation the resolution of the search space for the PV 
array and converter was also increased to ensure that the best sizes are chosen. It was also chosen 
to only consider the load following dispatch strategy with the support from the results in the 
previous simulation. 

This showed that the model 10 PVV 1500 is the best suited battery model for the two best PU 
types. It gives a total capacity of (12⋅1500 Ah = 18 000 Ah) which shows that the previous 
configuration made the battery bank quite oversized. The reason for this is that HOMER has to 
choose a discrete number of strings that is forming the battery bank. Using the 10 PVV 1500 
battery model simply allow HOMER to choose a discrete number that gives a battery capacity 
closer to the optimal battery capacity for the system. Batteries are usually the most expensive 
component in off-grid systems, consequently the NCP of the PU was yet reduced with about 
6500 € for the best PU type.  

Table 6 – Results from the second simulation 

Type 
PV 

(kWp) 
HP1.8 HP3.0 

Jat 
(kW) 

Coco 
(kW) 

8 PVV 
1200 

10 PVV 
1500 

Converter 
(kW) 

NPC 
(€) 

COE 
(€/kWh) 

Capacity 
shortage (%) 

Coco/PV/Batt 8.4 0 0 0 10  12 1.6 104 900 0.267 2 

Coco/PV/Wind/Batt 7.8 1 0 0 10  12 2.0 106 700 0.271 2 

Jat/PV/Batt 5.4 0 0 15 0 12  1.6 165 400 0.412 0 

Jat/PV/Wind/Batt 5.4 1 0 15 0 12  1.6 167 300 0.417 0 

Jat/Wind/Batt 0 0 2 15 0 12  3.0 196 700 0.490 0 

 

4.3.3 Choosing the Slope and Azimuth of the PV Array 
In the third simulation the slope and azimuth of the PV modules were investigated by simulating 
over a range of different slopes and azimuths. Neither wind turbines nor the bio-diesel generator 
were considered in this simulation but only the best PU type from the previous simulation. This 
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was done in order to speed up the calculations. The result is shown in Figure 26. The markers in 
the figure represent calculated values and linear interpolation is applied in-between. This result 
was somewhat surprising since it did not give the solely lowest LCOE when the PV array is 
facing north (azimuth 180°) but instead about an azimuth of 230° which corresponds to 
northeast facing orientation. This has partly to do with timing of the PV array electricity 
production and the load on the PU. As expected the azimuth of the PV array does not affect the 
system when slope is 0°. When optimising the slope and orientation of the PV array with respect 
to the LCOE it is important to control that load is not going unmet. If that is the case a 
minimum in LCOE can be caused by an inability of the PU to serve the load somewhere else. As 
seen in Figure 26 it is safe to choose an azimuth in the range 150-250° for almost any slope. It is 
here chosen to continue the simulations with the modified slope and azimuth of 18° and 230° 
respectively.  

Figure 26 –Levelized cost of electricity (left) and capacity shortage (right) as a function of both the 
slope and Azimuth of the PV array 

4.3.4 Performance of the Best PU 
Through the simulations it is calculated that the total amount served electricity is 13 900 
kWh/year (28 %) from the PV array and 35 000 kWh/year (72 %) from the coconut biomass 
gasifier. The batteries have 4.3 hours of autonomy, which mean that fully loaded batteries would 
last in average 4.3 hours without any energy input from the other components. This low degree 
of autonomy is enabled since the PU already has another dispatchable compoenent (the biomass 
generator). Lifetime calculations on the batteries show that they not are heavily used and 
therefore will reach their highest possible lifetime (float life) of 10 years. It should however be 
mentioned that battery lifetime calculations are uncertain since misusage not cannot be predicted 
and would largely affect the lifetime performance. The breakdown of the served load by the PV 
array and the biomass generator is shown in Figure 27. 

Figure 27 – Average electric production from PV array and coconut biomass generator 

Sebastian Haglund El Gaidi
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The variations seen in Figure 27 depend mainly on the seasonal variation for the ice demand and 
therefore they follow the same pattern. Knowing that the biomass generator is operated fairly 
close to its maximum possible power when it is operated the result of choosing a 10 kW 
generator is not that strange. Choosing the 20 kW generator would be to highly oversize the PU, 
which in turn means a higher cost. To further investigate the performance of the system on a 
more hour-to-hour basis graphs are plotted that present the simulation result for every hour of 
the year. These graphs are shown in Figure 28. The output of the biomass generator is, as 
expected, following the load pattern for the ice machines. The SOC of the batteries also follows 
these variations. The battery bank will be more or less discharge during the mornings when ice is 
needed and have a quite high SOC during the days when the fishermen are resting. It can be seen 
that the excess only occurs during the day and especially for the days when fishermen are not 
fishing. This is excepted since excess electricity only is present when batteries are fully charged or 
cannot be charge at a higher rate and the solar panels are producing electricity. 

Figure 28 – Simulation results for each hour of the year 
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4.3.5 Comparing Best PU with Grid-Extension and Diesel Generator 
The best PU configuration is thereby the one consisting of an 8.4 kWp PV array a 10 kW 
biomass generator, 12 batteries of the model 10 PVV 1500 and a converter of rated capacity 1.6 
kW.  In this last simulation this system is compared to the conventional electrification methods 
of grid extension and power generation using a diesel generator. The total NPC of both the PU 
and grid extension is show as a function of distance to the grid in Figure 29.  

Figure 29 – Electrification cost for both the PU and grid extension as function of grid extension 
distance 

This shows that the grid extension breakeven distance is about 4 km. As shown in section 2.5 
Electricity Grid the total distance from the electricity grid to Quirmize is around 14.5 km, which 
is more than the breakeven distance. This makes the PU more economically viable than power 
supply by grid extension since Quirimize is on the right side of the intersection shown in Figure 
29. The input cost data for grid extension is presented in Appendix F1. Grid Extension. 

The same PU is also compared to the hypothetical diesel generator. The comparison is done 
comparing the discounted cumulative cash flow of the both options and the result can be seen in 
Figure 30.  

Figure 30 – Discounted cumulative cash flow for both the PU and the hypothetical diesel generator 
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This shows that the cumulative expenditures of the PU only are larger than what the cumulative 
expenditures of the diesel generator during the first year of the project lifetime. During rest of the 
period the PU has a lower cumulative cost meaning that the return period of the PU compared to 
the hypothetical diesel generator is about one year. This result agrees well with what could be 
expected by comparing the typical capital cost and operation cost of RETs and diesel generators, 
similar result is also reported by for example (Kolhe et al., 2002; Girma & Zelalem, 2013). The 
diesel generator will have a lower initial cost but after only 1 year the saving made in the initial 
cost with be covered up by the cheaper operation of the RETs in the PU. 

4.4 Production from Solar Icemaker 
As discussed in section 4.1.1 Demand for Ice calculated ice demand is lower than the general 
recommendation for ice amount in artisanal fisheries. Therefore it could be interesting to know if 
the PU could be expanded so that it can absorb an increasing demand for ice by expanding the 
system with the solar icemakers. By using the simulation results from the best PU configuration 
to know how often the biomass generator will be running, ice production could can be calculated 
according to section 3.7 Modelling the solar icemaker for a system that could be driven on both 
waste heat and solar radiation. In Figure 31 the ice production is shown using two 11 m2 
parabolic solar collectors and taking the best estimate solar COP as 0.10. 

 

Figure 31 – Ice production from two solar icemakers 

It can be seen in Figure 31 that the estimated ice production from the solar icemakers follows 
seasonal variation. This is because it depends on both the ambient temperature and the solar 
radiation which both follows seasonal variations. The amount of ice produced with only solar 
power is around 100 kg/day, which agrees well with what has been reported of an ice production 
of 5 kg per square meter collector during optimal operation conditions (IFAD, 2012). This would 
imply that around 40 solar icemakers, each with a solar collector area of 11 m2, would be needed 
to supply the fishermen of Quirimize with the demanded ice if only heat from solar radiation 
would be used and no ice machines.  

Each solar icemakers cost around 5 100 € to produce in a country with low wages and if 
transport cost can be minimized whereas one Scotsman MF66 ice machine cost 13 000 € (Energy 
Concepts, 2014; Scotsman, 2014b). The possibility of only using solar icemakers for power 
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supplies therefore represent a disproportionate high cost compared to using an ice machine. The 
PU using ice machines contains a biomass generator that can supply waste heat and thereby more 
than double the production of one solar icemaker under the assumption that continuous 
operation is possible. It could therefore be an interesting option to expand the PU with a couple 
of solar icemakers if the ice demand would be higher than predicted or increase throughout the 
years. 

4.5 Sensitivities Analysis 
To investigate the robustness of the best PU configuration as a solution, the influences of 
different parameters such as electrical loads and biomass resources are investigated. The 
robustness of the comparison with conventional electrification methods is also presented. Lastly 
the ice production from the solar icemaker is investigated with changing values for numbers of 
collectors and solar COP.  

4.5.1 Robustness of Best PU Configuration and Type 
In order to understand in which scenarios the proposed best PU configuration is really the best 
one, it is important to understand which parameters that affects its LCOE and ability to supply 
the given loads with electricity. To get insight in this the best PU configuration was simulated 
over the following range of parameters: electrical load, solar radiation, biomass resources and 
ambient temperature. These parameters were all simulated over a range of ±20 % from their best 
estimate. The result is presented in Figure 32. 

Figure 32 – Sensitivity of the LCOE and capacity shortage for best PU configuration with respect 
to electrical load, radiation, biomass resources and ambient temperature 

This shows that the LCOE and the capacity shortage are strongly dependent on size of the load 
on the system and not as dependent on parameters such as temperature, radiation and biomass 
resources. If the estimated load would decrease it would result in an increase of the LCOE and if 
the estimated load would increase the PU would have problems serving the whole demand even 
if LCOE would remain fairly constant. It is also seen to the right in Figure 32 that if the biomass 
resources would decrease with 10 % or more it would result in an increased capacity shortage. 
This indicates that the limit where the available amount of coconuts residues will turn out to 
insufficient is not very far away. As discussed in section 3.5 Biomass Resources the actual 
biomass resources is probably higher when also accounting dead coconut trees and branches, 
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nevertheless this issue must be further investigated. Temperature is shown to be less important 
even though the PU configuration does include a PV array which output is temperature 
dependent. However it is important to remember that an increased temperature would also mean 
a larger demand for ice which means a larger electrical load and that is not taken into account in 
HOMER. On the other hand the ambient temperature does only affect the quantity of ice needed 
for maintenance, which is much lower than the ice needed for cooling. So the relative increase in 
the resulting electrical load would not be significant. Decreased solar radiation will result in an 
increased LCOE and capacity shortage. It should however be said that even if little is known 
about the hourly and daily variations of the solar radiation the monthly pattern is quite clear form 
the analysis of energy resources done in section 2.7 Renewable Energy Resources in Cabo 
Delgado that the actual radiation will not deviate much from the used data.  

In order to understand which of the electrical loads that has the highest impact on the 
performance of the PU the loads are investigated separately along with the biomass resources in 
Figure 33. 

Figure 33 – Sensitivity of the LCOE and capacity shortage for best PU configuration with respect 
to electrical load from the charge station, ice machine and water pump 

This shows that the predominant largest contributor of the LCOE and capacity dependency of 
the electrical load is the ice machines. This is expected since ice production is greatly energy 
demanding as seen under best estimate in Figure 33. Even if an increase electrical load of the ice 
machine does not affect the LCOE much, it will affect the capability of the PU to serve its loads 
and therefore its reliability. On the other side it should be mentioned that HOMER simulates 
changing load by scaling the hourly load but an increase electrical load for the ice machine would 
rather mean more operation hours of the ice machine than estimated in section 4.1.3 Demand for 
Electricity. For that reason the robustness for an increasing load from the ice machine is 
probably higher than what stated in these calculations. The electrical load from the water pump is 
both small and modelled as deferrable which always will decrease its influence on the LCOE and 
the capacity shortage.  

The role of the dispatchable technologies in the PU is that they should be able to absorb an 
increasing electrical load, therefore it is investigated how an increasing electrical load from the ice 
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machines would affect the best PU type. The result of the calculations is shown in Figure 34. 

 

Figure 34 – Best PU type when the ice machine load is changed 

As seen in Figure 34 the best type of PU is indeed dependent on the load of the ice machines. If 
there would be no electrical load from the ice machines meaning that the PU only used 
absorption refrigeration there would be no need for a biomass or biodiesel generator. However 
then waste heat would not be available forcing this solar icemakers to run solely on solar 
radiation, which would increasing the cost of the technology. It is also interesting to investigate 
how the best PU type is dependent on a change in biomass resources and electrical load from the 
ice machines simultaneously. These effects are shown in Figure 35. 

Figure 35 – Best PU type when changing the biomass resources and the electrical load from the ice 
machines 

It is seen that as the electrical load from the ice machine increases or if the biomass resources 
decreases the best estimate solution will come to a point where the PU no longer can supply the 
all the loads with a maximum annual capacity shortage of 2 %. When this happens optimisation 
first try to compensate for loss of operation hours of the biomass generator by introducing a 
wind turbine to the system. This wind turbine will cover up for some of the loss in capacity were 
PV modules cannot, during nights for example. Decreasing the biomass resources even further 
will eventually result in a more expensive PU using a jatropha bio-diesel generator, but this 
system will be able to supply the loads. However if the load from the ice machine increases even 
more (with around 40 %) it would again be preferable to include a wind turbine in the PU to 
cover up for capacity losses and reducing the cost of the system. The robustness of the obtained 
PU type with respect to the electrical load from the ice machine and the biomass resources can 
be said to be high. It will take an increase of around 10 % in electrical load or and decrease of 15 
% in biomass resources for other PU types to be preferable. The robustness would be even 
higher if the biomass resource is higher than estimated, which there is reason to believe according 
to section 4.2 Biomass Resources.  

Best estimate
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It is can be seen that the coconut biomass generator is preferable to the JatDiesel generator in 
many cases. In this study it is found that the cost of JatDiesel in Cabo Delgado is almost the 
same as regular diesel. But as discussed in section 2.7.1 FUNAE Renewable Energy Atlas 
jatropha-based biodiesel is usually cheaper. It could also be possible in the future that the 
jatropha plant could be processed locally into the PPO. In this case the cost of the JatDiesel 
would drop significantly (Afonso, 2014). A sensitivity analysis is therefore also done considering a 
decrease of the JatDiesel fuel as well as the capacity shortage, which is a constraint in the 
optimisation. The result is shown below in Figure 36. 

Figure 36 - Best PU type when jatropha bio-diesel cost is reduced and the required maximum 
capacity shortage is changed 

From Figure 36 it can be seen that the JatDiesel price must be reduced more than 50 % before 
the JatDiesel generator becomes preferable to the coconut biomass generator. This is large due to 
the large fuel price difference between the coconut residues biomass and the cost of JatDiesel. 
The best PU type can therefore be said to be very robust with respect to decreases in cost of the 
JatDiesel. On the other hand it is not very robust with respect to the requirement on capacity 
shortage. However as argued in section 3.4.3 Demand for Electricity and Heat non of the loads 
on the PU should be seen as critical so an capacity shortage is not that severe if it could be served 
later on with for instance excess electricity.  

4.5.2 Robustness of Best PU Configuration Compared to Grid 
Extension and Diesel Generator 

To get insight in if the PU still is preferable to grid extension and power generation using a diesel 
generator parameters that affect the cost of these conventional method of electrification are 
varied in the model. The break even cost for grid extension is calculated by simulating with a 
decreased cost of grid extension and electricity. Simulations are also made to compare the NPC 
of a diesel generator, PV and battery system (Dsl/PV/Batt) to the PU. To include PV in the 
diesel system can only make in less expensive since one solution could be that the PV should not 
be a part of the system. If the conventional system with PV modules still cannot compete with 
the PU a fully conventional system would have even more problem. The result of this analysis is 
seen in Figure 37. 
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Figure 37 - Effects on break-even grid extension distance and power generation through a diesel 
generator when parameters are varied 

This shows that even if the subsided cost of electricity would drop down to only 40 % of the 
current cost and the capital cost for grid extension would drop to 25 % of the estimated cost, the 
PU will still be preferable to grid extension. This also shows that power generation by using a 
conventional diesel system will only be more economically feasible than the PU if the diesel cost 
drops down to around 30 % of the current diesel cost in Mozambique. The PU has a high 
robustness if compared to a conventional system even if the real interest rate would increase as 
seen in Figure 37. 

4.5.3 Additional Ice Production from the Solar Icemaker 
As shown in the sensitivity analysis for the best PU type there would be no need for a biomass 
generator if there is not a load that is highly energy demanding, such as ice machines. Producing 
ice solely from solar icemaker would require several collectors and could be very expensive. If the 
PU would need to be expanded so that it can produce more ice and the required technology for 
waste heat recovery could be assured, it is important to understand how much ice such a system 
could produce. Sensitivity analysis is therefore done over two variables: the number of solar 
collectors and the solar COP. Result of the analysis is shown in Figure 38. 

Figure 38 – Affects of change in number of solar collectors (left) and COP on ice production (right) 

From Figure 38 it can be seen that the increase in ice production when adding more solar 
collectors will decrease after the first implemented solar collector. The reason for this is that the 
amount of waste heat is the same even if the number of solar collectors is increasing. It is also 
shown that the solar COP has a large effect on how much ice will be produced, which is 
expected since it is a measurement on how much refrigeration can be produced. However there 
shall not be an over enthusiasm of how much ice the solar icemaker could produce with an 
increased solar COP since may studies have shown the difficulties to improve the performance of 
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the solar icemaker (Katejanekarn & Hudakorn, 2012; Moreno-Quintanar et al., 2011; Sumanthy, 
2010). 

4.6 Proposal on Operation and Maintenance of the PU 
The suggested type of the PU includes a PV array, a coconut biomass generator, a battery bank 
and a converter. Maintenance of the PV array and the battery bank is quite basic as discussed in 
section 2.8.10 Operation and Maintenance. It consists mainly of cleaning the PV modules from 
dirt and check the wiring of the VRLA batteries every sixth mouth. In contrary the biomass 
generator require a trained operator and furthermore if the converter needs maintenance it would 
probably need attention from a specialist. Projects that coordinate representatives from the 
implementing communities and the local authorities, which will guarantee the maintenance and 
good performance of the systems, collect the monthly fees for the energy services and protect the 
equipment against theft and damage (IRENA, 2012). 

As the knowledge to maintain these components does not exist in the village it is recommended 
that a local organisation can take responsibility for the regular maintenance and operation of the 
PU. At least during the start-up period of the project when the knowledge level about the PU in 
the village is expected to be low. However it is preferable if a couple of villagers could be trained 
and responsible for the simply and preventative maintenance of the PU. Suggested local 
organisations that could be interested to do this task of higher-level maintenance are ADPP, 
IDPPE or the Sanitation Group of Bilibiza (GSB). ADPP has previous experience with similar 
projects and already have a charging station for lamps in current use that is powered by a PV 
array in Cabo Delgado. IDPPE works with small-scale fisheries so this project should be 
interesting for them as it align with the goal of their organisation. GSB has experience from 
projects concerning electricity production from biomass through their projects with jatropha bio-
diesel generators. GSB also has local contacts to the Quirimize and possess knowledge about the 
local language and custom.  
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5 CONCLUSIONS AND FUTURE WORK 

This chapter contains the conclusions draw from the result presented in this report and future work recommended 
before an implementation of the PU in Quirimize is conducted. 

5.1 Conclusions  
There are several possibilities to provide Quirimize with electricity, safe water and ice. Electricity 
can for example be produce with PV panels, wind turbines or biomass generators. Safe water 
should preferable be supplied using a borehole and electric pump connected to the PU. The most 
suitable way to produce ice is found to be through an electric ice machine using compression 
refrigeration. It is estimated that the total demand of electricity is around 121 kWh/day 
consisting of 15.5 kWh/day battery charge station (lights, cell phones and radios), 1.81 kWh/day 
electric water pump and 104 kWh/day ice machine according to the results shown in 4.1 
Demand for Energy Services.  

It is concluded from this study that the biomass resources available in Quirimize are sufficient to 
cover the considered demands. The best PU type for implementation is therefore one consisting 
of a 8.4 kWp PV array a 10 kW coconut biomass generator, 12 batteries of each 1500 Ah and a 
1.6 kW converter. The PU has the capability of providing all 900 inhabitants of Quirmize with 
electricity for the considered electrical applications (total of 15.5 kWh/day), drinking water (total 
of 5500-7000 l/day) and ice for fish preservation (total of 1450-1700 kg/day). If the ice demand 
increases or the estimated ice demand proves to be underestimated it would be theoretically 
possible to extend the system using solar icemakers that are driven by solar radiation and waste 
heat from the generator using absorption refrigeration. This would increase the overall efficiency 
of the PU.  

All components are available from local or regional manufacturers except for the coconut 
biomass gasifier and generator that must be imported from India. This configuration of the PU 
has a total NPC of approximately 105 000 € (includes only cost for energy components e.g. not 
ice machine or water pump) and is thereby more economically feasible than both grid extension 
and power generation using a diesel generator. It is furthermore shown that the PU is quite 
robust with respect to several parameters such as ambient temperature and solar irradiance. 
However if the scaled electrical load or the biomass resources estimated in this report turn out to 
be about 10 % higher or 15 % lower, then other options like generation power with a JatDiesel 
generator would be more feasible since the PU would lack biomass resources. On the other hand, 
an increase in ice demand is not equivalent to scaling the electrical load but would rather mean 
increased number of operating hours. This impose that the 10 % increased electrical load 
probably is higher in reality. The robustness compared to the conventional technologies grid 
extension and power generation using a diesel generator can be said to be very high meaning that 
the costs of grid extension or diesel fuel have to drop significantly in order for the conventional 
methods to become the more economically feasible option. 

Even though this project is indeed site specific it shows the possibility to design off-grid power 
system in remote areas in low-income countries. It deals with the hard subject of off-grid 
refrigeration and proposes a vapor compression solution even if this system surely can be further 
optimized and integrated. But most of all it shows that RETs can be preferable to conventional 
technologies. This is an interesting and important result in a world that still experiences large gaps 
between the wealth of the population and where global warming is becoming more and more 
urgent.  
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5.2 Future Work 
This study should be seen as basis for the implementation of the PU in Quirimize. However 
considering the imposed framework of this project some questions remain unanswered. Most of 
these unanswered questions originate from the constraints stated in section 1.3 Constraints. An 
assessment of the following tasks are recommended before the implementation:  

– Further investigate which improvements that can be made in with respect to the control 
system and provide a wiring diagram for all electrical components. 

– Produce drawings and a conceptual design of the PU in the form of CAD models to 
facilitate an implementation and serve as visual backing when applying for funds.  

– Preform a risk assessment on the project taking into account the poor infrastructure and 
extreme weather conditions of Cabo Delgado that evaluate the state of the supply chain 
as well as the possibility to operate and maintain the PU. 

– Examine and evaluate the geological conditions for water provision using a borehole in 
Quirimize and propose a suitable location and depth for such borehole.  

– Refine the general proposal of operation and maintenance provided in this report by 
suggesting a well-defined operations schedule and responsibilities scheme during its 
whole intended lifetime. And also propose a plan that describes how the training of 
personnel should be organised during the first period operation of the PU. 

– If needed, design a heat exchanger that can transfer heat from the biomass generator to 
the solar icemaker in an efficient way. 
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APPENDIX 
This section presents the used data that cannot be found anywhere else in the report. Firstly the conversions used, 
both economical and physical is presented.  

Appendix A. Conversions   

Appendix A1. Exchange Rates 
1 Metical (MZN) = 0.0232 Euro (€)  

1 US Dollar (USD) = 0.731 Euro (€) 

1 South African Rand (ZAR) = 0.0704 Euro (€)  

1 Tanzanian Shilling (TZS) = 0.000440 Euro (€) 

(fx-rate, 2014) 

Appendix A2. Physical Conversions 
1 kcal = 0.004184 MJ 

1 kcal = 0.2778 kWh 

1 J = 3.6⋅106 kWh 

1 hp = 0.746599872 kW 

1 kts = 0.51444444444 m/s 

Appendix B. Electricity Tariff 
Table 7 – EdM electricity tariff from 2014 (EdM, 2014) 

Monthly 
usage (kWh)  

Social Tariff 
(Mt/kWh) 

Household 
Tariff (Mt/kWh) 

From 0 to 100 1.07  

From 0 to 200  2.34 

From 201 to 
500 

 3.11 

Above 500  3.27 

Pre-payment 1.07 3.98 
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Appendix C. Interview Questions 
Interview questions household – Quirimize 

Specific questions 

 

• How many adults are there in the household?  
• How many children are there in the household? 
• How many litres of fresh water would you like to consume/buy per day in 

summer/winter? 
• How many lights would you like to have in the household and how many hours per day 

would you like to use them? 
• How many cell phones are there/would you like to have in the household? 
• How many radios are there/would you like to have in the household and how many 

hours per day would you like to use them? 
• How many coconuts does the household consumes every day? 

 

General questions - Household 

 

• How many households are there in Quirimize? 
• Which kind of lights, cell phones and radios are you using? 
• How many coconut trees are there in Quirimize? 
• Is the coconut production following some seasonal variations?  
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Household Adults Children Water 
summer 
(l/day) 

Water 
winter 
(l/day) 

Phones 
(number) 

Lights  
(number)  
and usage 
(h/day 

Radios 
(number) 
and usage 
(h/day) 

Coconuts 
consumed 
(number/day) 

1           

2           

3           

4           

5           

6           

7           

8           

9           

10           

11           

12           

13           

14           

15           

16           

17           

18           

19           

20           
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Interview Questions fisherman – Quirimize 

Specific questions 

 

• How many kg of fish do you sell in average each day (for solo fishermen and fishermen 
in group)? 

• How many fishermen are there in your group? 
 

General questions - Fisherman 

 

• Total number of fishermen in Quirimize? How many are fishing individual fisherman/ in 
group? 

• How many different groups are there that are fishing in Quirimize? 
• How long time does it currently take for the fish dealers to go from Quirimize to Pemba? 
• Are there any seasonal variation of how much fish you catch (and sell) or is it the same all 

year around? 
• For how long time are you out fishing individual fisherman/ group? 
• Which fish species are most common in a daily harvest? 
• How does the tide and sea level affect the possibility to fish? 
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Fisherman 

(solo) 

Sold fish 
(kg/day) 

Fisherman 
(group) 

Fishermen 
in group 

Sold fish 
(kg/day) 

1  1   

2  2   

3  3   

4  4   

5  5   

6  6   

7  7   

8  8   

9  9   

10  10   

11  11   

12  12   

13  13   

14  14   

15  15   

16  16   

17  17   

18  18   

19  19   

20  20   
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Appendix D. Input Data and Calculations 

Appendix D1. Fish Harvest 
Equations and input data:  

mf = nindivmindiv + ngroupmgroup   

 

Table 8 – Input data values for calculation of fish harvest 

Input 
parameter 

nindiv   mindiv  ngroup  mgroup   

Value and 
unit 

200 [1] 21 kg/day 3 [1] 150 kg/day 

 

⇒ mf = 4700 kg/day  

[1] (Quirimize, 2014a) [2] Estimated from survey (see section 3.4.1 Demand for Ice and 
Appendix C. Interview Questions) 

Appendix D2. Ice Demand 
Equations and input data:  

UO = 1
kpoly xpoly

 (3.4) 

mtotal = 1+ L
100

⎡
⎣⎢

⎤
⎦⎥
mfCpf TO −Tcf( )

λice
+

mf ρ f
2
3Vbox,k

⎡

⎢
⎢

⎤

⎥
⎥
UOAbox,k TA −Ts( )Δtk

λice

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥k=1

2

∑  (3.5) 

 

Table 9 – Input data values for calculation of ice demand 

Input 
parameter L   Cpf  Tcf  λice   ρ f   xpoly    Ts   

Value and 
unit 

10 % [2] 3.5 kJ/kg°C [7] 5 °C [2,6] 333 kJ/kg [2] 1040 kg/m3 [2] 0.07 m [1] 0.06 W/m/°C [1]  0 °C [2] 

 

Table 10 – Changing input data values for fish maintenance out at sea and during transport 

Input 
parameter 

Vbox  (m3) Abox  (m2) Δt  (s) 

Value and 
unit (k=1) 0.55⋅0.30⋅0.25 = 0.041 [1] 2⋅(0.55⋅0.30+0.55⋅0.25+0.30⋅0.25) = 0.76 [1] 6⋅60⋅60 = 21600 [8] 

Value and 
unit (k=2) 0.90⋅0.55⋅0.63 = 0.32 2⋅(0.90⋅0.55+0.90⋅0.63+0.55⋅0.63) = 2.82  9⋅60⋅60 = 32400 [3] 
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Table 11 – Total demand on ice for each month of the year 

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

TO   (°C) [4] 28.8 28.8 29.5 29.1 28.1 27.1 25.9 25.6 25.9 26.7 27.5 28.7 

 TA   (°C) [5] 26.9 26.8 27.0 26.0 25.2 23.6 23.3 23.7 24.1 25.7 26.5 27.2 

mtot  (kg/day) 1660 1659 1699 1665 1600 1523 1454 1443 1464 1530 1583 1659 

[1] (Shawyer & Medina Pizzali, 2003) [2] (Davey, 2012) [3] (Afonso, 2014) [4] (Seatemperature, 
2014) [5] (Meteonorm, 2014) [6] (IDPPE, 2014) [7] (Radhikrishnan, 1997) [8] (Quirimize, 2014a) 

Appendix D3. Water Demand 
Equations and input data: 

Table 12 – Total demand on water for each month of the year 

Parameter 
Number of 

Persons 

Requirement 
WHO summer 

(l/day) 

Requirement 
WHO winter 

(l/day) 

Total demand 
summer (l/day) 

Total demand 
winter (l/day) 

Adults 308 [1] 4.5 [2] 2.6 [2] 
3040 1390 

Children
 

592 [1] 2.8 [2] 1 [2] 

[1] From survey see Appendix C. Interview Questions [2] See section 3.4.2 Demand for Water 

Appendix D4. Biomass Resources 
Equations and input data: 

Blower = ncoco ⋅Nhousehold ⋅mshell   

Bupper = ntree ⋅Atree ⋅Pcoco ⋅mshell 365   

Table 13 – Input data values for calculation of the biomass resources 

Input 
parameter 

ncoco   Nhousehold  mshell  ntree   Pcoco   Atree  

Value and 
unit 

3.65 
coconuts/day [1] 

158 [1] 
0.18 

kg/shell [2] 
62 trees/ha 

[3] 
90 coconuts/year 

[2] 
54.4 ha [3] 

 

⇒ Blower = 104 kg/day
⇒ Bupper = 151 kg/day

 

[1] Estimated from survey (Quirimize, 2014b) (see section 3.5 Biomass Resources) [2] 
(UNCTAD, 2014; Banzon, 1980) [3] Estimated from satellite picture (see section 3.5 Biomass 
Resources)  
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Appendix E. Electricity Demand 

Appendix E1. Charging Station 
Table 14 – Electricity demand for the charging station 

Device Power demand (W) 
Used hours per day 

(h/day) 
Number of devices 

Total electricity 
consumption 
(kWh/day) 

Light 2 [1] 9 [2] 379 [2] 6.8 

Cell phone 0.5 [1] 24 [1] 253 [2] 3.0 

Radio 4 [1] 10 [2] 134 [2] 5.4 

Total    15.2 

[1] Assumed values (see section 3.4.3 Demand for Electricity and Heat) [2] Estimated from 
survey (see Appendix C. Interview Questions) 

Appendix E2. Ice Machine 
Equations and input data: 

Month 
Ice demand 
(kg/day) [2] 

Power consumption 
(kW) [3] 

Ice production 
(Wh/kg) [2] 

Electricity 
consumption 
(kWh/day) 

 Operation hours 
needed (h) 

Jan 1660 10.8 99.7 165.6 15 

Feb 1659 10.8 99.7 165.5 15 

Mar 1699 10.8 99.3 168.7 16 

Apr 1665 10.8 99.1 165.0 15 

May 1600 10.8 98.7 157.9 15 

Jun 1523 10.8 96.7 147.3 14 

Jul 1454 10.8 95.9 139.4 13 

Aug 1443 10.8 96.1 138.7 13 

Sep 1464 10.8 97.3 142.4 13 

Oct 1530 10.8 98.7 151.0 14 

Nov 1583 10.8 99.5 157.5 15 

Dec 1659 10.8 100.2 166.1 15 

[2] Estimated ice demand (see Appendix D2. Ice Demand) [3] (Scotsman, 2014a) 

Appendix E3. Water Pump 
Equations and input data: 

Epump =
ρgQhTD
3.6 ⋅106ηmp

 (3.7)  hTD = Δz + Δp
gρ

+
Δv( )2
2gαRe

+ f Δz
D

+ KL
⎛
⎝⎜

⎞
⎠⎟
v2

2g
 (3.8) 
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v = Q

π D
2

4

  Re = ρvD
µ

  f = 0.25

log k
3.7 ⋅D

+ 5.74
Re0.9

⎛
⎝⎜

⎞
⎠⎟

⎡
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Table 15 – Input values for calculation of the electricity demand for the water pump 

Input 
parameter Δz   ηmp  Δp  D   KL   µ  

Value and 
unit 

52 m [1] 0.57 [2] ≈ 0 Pa [1] 0.02 m [2] 4 [1] 1.002⋅10-3 kg/ms 

 

Table 16 – Daily volume flow and power demand for electric pump 

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

Q  (m3/day) [3] 7.0 7.0 7.0 7.0 5.5 5.5 5.4 5.4 5.4 5.5 6.9 7.0 

Epump (kWh/day) 1.81 1.81 1.82 1.81 1.44 1.42 1.40 1.40 1.40 1.42 1.79 1.81 

[1] See section 3.4.3 Demand for Electricity and Heat [2] See section 4.1.3 Demand for Electricity 
[3] Estimated in section Appendix D2. Ice Demand and Appendix D3. Water Demand 

Appendix F. Technical Specifications and Cost of Components 

Appendix F1. Grid Extension 
 

Cost of grid extension  O&M cost Cost of electricity 

20 000 €/km [1] 400 €/yr (2%) [1] 0.025 €/kWh [2] 

 [1] See section 3.6.1 Comparing Off-Grid and Grid Extension [2] See section Appendix B. 
Electricity Tariff 

Appendix F2. Wind Turbine 
  Table 17 – Technical specification and cost of wind turbines (Windpower Serengeti, 2014) 

 

Model 
Blade 

diameter 
Rated output Cut in speed Life time Hub height Capital cost 

Replacemen
t cost 

O&M cost 

Upego 
Kidogo 

1.8 m 350 W 3 m/s 10 yrs 12 m 1700 € 950 € 30 (1.7%) €/yr 

Upego 3.0 m 1000 W 3 m/s 10 yrs 12 m 2450 € 1450 € 40 (1.7%) €/yr 
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Figure 39 – Power curves for wind turbines from Windpower Serengeti (Sumanik-Leary et al., 
2012) 

Appendix F3. PV Module 
Table 18 - Technical specification and cost of PV module (Fortune CP, 2014) 

Size (Wp) Derating factor NOCT (°C) 
Thermal coeff. of 

power (%/°C) 
PV module 

efficiency (%) 
Capital 
cost (€) 

Replacement 
cost (€) 

O&M cost 
(€/yr) 

120  0.85 45±2 -0.35 12.25  190 160 1.2 (1%) 

 

Appendix F4. Biomass Generator 
Table 19 – Technical specification and cost of gasifier and biogas generator (Ankur Scientific, 

2014a) 

Model 
Rated output 

(kW) 

Intercept 
coefficient 
(l/h⋅kW) 

Fuel curve slope 
(l/h⋅kW) 

Lifetime (h) 
Capital cost 

(€) 
Replacement 

cost (€) 
O&M cost 

(€/h) 

WBG-20 10 0.1341 [1] 2.46 [1] 15 000 21 000 17 100 0.8 [2] 

WBG-40 15 0.1341 [1] 2.46 [1] 15 000 30 200 26 800 0.9 [2] 

 

Table 20 – Technical specification of biomass and producer gas (Ankur Scientific, 2014a)  

Biomass Biomass cost Gasification ratio Biogas LHV 

Coconut shell 12 €/tonne [3] 2 kg/kg 5.18 MJ/kg [4] 

 

Table 21 – Technical specification of biodiesel generator (Afonso, 2014) 

Model Rated output 
Intercept 

coefficient 
Fuel curve slope Lifetime (h) 

Capital cos 
(€) 

Replacement 
cost (€) 

O&M cost 
(€/h) 

Auto Sukoni 10 kW 0.084 [5] 0.2625 [5] 8000 4500 € 3600 € 0.5 €/h 

 

Table 22 – Technical specification of biodiesel (Afonso, 2014; Oliveira & Da Silva, 2013) 

Type Density Calorific value Biodiesel cost 

Jatropha Diesel 876.1 kg/m3 39.455 MJ/kg 0.882 €/l  

[1] (All Power Labs, 2014) [2] (Cuamba, 2014) [3] (Afonso, 2014) [4] (Banzon, 1980) [5] See 
section 2.8.4 Diesel and Biodiesel 
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Appendix F5. Battery Bank 
Table 23 – General technical specification for all batteries (Batteriesdirect, 2014) 

Nominal voltage Roundtip efficiency  Min. SOC Float life Max. charge rate 

2 V 85 %  40 % 10 yrs 1 A/Ah 

 

Table 24 – Specific technical specification and cost of all batteries (Batteriesdirect, 2014; Cuamba, 
2014; Voltzon, 2014) 

Model 
Nominal 

capacity (Ah) 
Max. charge 
current (A) 

Capital cost 
(€) 

Replacement 
cost (€) 

O&M cost (0.5-1 %) 
(€/yr) 

Nominal 
capacity (Ah) 

Max. charge 
current (A) 

6 PVV 900 587 400 370 4 6 PVV 900 

7 PVV 770 512 360 330 4 7 PVV 770 

8 PVV 1200 759 540 510 5 8 PVV 1200 

10 PVV 1500 971 640 610 5 10 PVV 1500 

12 PVV 1800 1143 740 710 6 12 PVV 1800 

12 PVV 2280 1431 840 810 6 12 PVV 2280 

16 PVV 3040 1937 1130 1100 7 16 PVV 3040 

20 PVV 3800 2427 1420 1390 7 20 PVV 3800 

22 PVV 4180 2624 1550 1520 8 22 PVV 4180 

24 PVV 4560 2990 1640 1610 8 24 PVV 4560 

26 PVV 4940 3101 1730 1700 9 26 PVV 4940 
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Figure 40 – Capacity curves for batteries (Batteriesdirect, 2014) 
 

Appendix F6. Converter 
 Table 25 – General technical specification for all converters (Voltzon, 2014) 

Efficiency 
inverter 

Efficiency rectifier Life time 

90 % 85 % 15 yrs 
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 Table 26 – Specific technical specification and cost for all converters (Voltzon, 2014) 

Model 
Rated Capacity 

(kW) 
Capital cost 

(€) 
Replacement 

cost (€) 
O&M cost (3-5 %)  

(€/yr) 

Phoenix 24/180 0.180 130 130 7 

Phoenix 24/350 0.350 150 150 8 

Phoenix 24/800 0.800 360 360 16 

Phoenix 24/1200 1.200 570 570 26 

Phoenix 24/1600 1.600 840 840 34 

Phoenix 24/2000 2.000 960 960 38 

Phoenix 24/3000 3.000 1500 1500 45 

Phoenix 24/5000 5.000 2460 2460 74 

 

Appendix F7. Water Pump 
Table 27 – Technical specification for water pump 

Model Type Efficiency (ηmp ) Max/Min input power Storage tank size 

Grundfos SQFlex 2.5-2N Submersible 0.57 700/300 W 5.5 kWh 

 

Figure 41 – Performance curve for the Grundfos SQFlex 2.5-2N water pump (Grundfos, 
2013) 
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Figure 42 - Efficiency curve for SQFlex 2.5-2N water pump at 50 m dynamic head 

Appendix F8. Ice Machine 

Table 28 – Technical specification for ice machine (Scotsman, 2014a) 

Model Ice type Power 

Scotsman MF66 Flake 3600 W 

 

Table 29 - Rated ice production per day for the MF66 ice machine (kg/day) at different ambient 
and initial water temperatures (Scotsman, 2014b) 

TA \ TW  (°C) 10 15 21 32 

10 1150 1100 1050 960 

15 1070 1020 970 870 

32 920 920 870 770 

38 920 870 820 720 

 

Appendix F9. Hypothetical Diesel Generator 
Table 30 – Technical specification and cost for hypothetical diesel generator (Cloin, 2014) 

Rated power 
Intercept 

coefficient 
Fuel curve 

slope 
Minimal load ratio Lifetime Capital cost 

Replacement 
cost 

O&M cost 

10 kW 0.08 0.25 30 % 15 000 h 12 500 € 10 000 € 0.2 €/h 

15 kW 0.08 0.25 30 % 15 000 h 18 750 € 15 000 € 0.3 €/h 
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Table 31 – Technical specification and cost of diesel  

Type Density Calorific value 
Diesel cost (Exito 
Macomia, 2014) 

Diesel 871 kg/m3 42 MJ/kg 0.882 €/l 

 

Appendix G. MATLAB Code 

Appendix G1. Renewable Energy Resources Data 
clear all  
close all  
clc 
  
% Averaging Meteonorm data and writing txt-file 
  
% Read in dataset 
% Columns: 1 = Hour [h] 2 = Ambient temperature [∞C] 3 = Wind speed [m/s] 
% 4 = Solar radiation [kJ/h/m^2] 
txtstr = 'PembaData2.txt'; 
fileID = fopen(txtstr); 
dataset = textscan(fileID,'%f%f%f%f','MultipleDelimsAsOne',1,'HeaderLines',3); 
fclose(fileID); 
dataset{4} = dataset{4}/(3.6*10^3); % Convert to [kWh/h/m^2] 
dataset = {[dataset{2}],[dataset{3}],[dataset{4}]}; % Arrange Columns = [Temp, Wind, Solar] 
  
  
% Index vector for month 
daysinmonth = [31 28 31 30 31 30 31 31 30 31 30 31]; 
for i = 1:length(daysinmonth) 
    if i == 1 
        I{i} = [1:(31*24)]'; 
    else 
        I{i} = [(sum(daysinmonth(1:i-1))*24+1):(sum(daysinmonth(1:i))*24)]'; 
    end 
end 
  
% Average Meteonorm data 
for i = 1:length(dataset) 
    for j = 1:12 
        if i == 1 || i == 2 % Ambient temperature and Wind speed 
            datasetave{i}(j) = mean(dataset{i}(I{j})); 
        elseif i == 3 % Solar radiation 
            datasetave{i}(j) = sum(dataset{i}(I{j}))/(daysinmonth(j)); 
        end 
    end 
end 
  
%% Write data file 
writetxt('Temp.txt',dataset{1}) 
writetxt('Wind.txt',dataset{2}) 
writetxt('Solar.txt',dataset{3}) 

Appendix G1. Load for Ice Machine 
clear all 
close all  
clc 
  
%% Create ice machine load profile 
  
% Create profile vector (fishing schedule) 
Profile = []; 
i = 1; 
while length(Profile) < 8760 
    test = i/2; 
    if floor(test) ~= test 
        Profile = [Profile ones(1,240)]; 
    else 
        Profile = [Profile zeros(1,120)]; 
    end 
    i = i+1; 
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end 
Profile = Profile(1:8760)'; 
  
% Ice machine specifications 
IceDemand = [1660 1659 1699 1665 1600 1523 1454 1443 1464 1530 1583 1659]; % [kg/day] 
PowerRating = 3*3600; % [W] (three ice machines) 
IceProduction = 3*[1150 1100 1050 960; 
                   1070 1020  970 870; 
                    970  920  870 770; 
                    920  870  820 720]; % [kg/day] (three ice machines) 
IceProductionT_A = [10 21 32 38]; 
IceProductionT_W = [10 15 21 32]; 
  
% Climate data 
T_A = [26.7 26.7 26.5 26.4 26.2 25.2 24.8 24.9 25.5 26.2 26.6 26.9]; % Ambient temperature 
T_W = [26.7 26.7 26.5 26.4 26.2 25.2 24.8 24.9 25.5 26.2 26.6 26.9]; % Initial water 
temperature 
  
% Electrical load (daily profile) 
load = []; 
DayProfile0 = zeros(1,24); 
for i = 1:12 
    IceProduction_interp(i) = 
interp2(IceProductionT_W,IceProductionT_A,IceProduction,T_W(i),T_A(i)); % Interpolates ice 
production 
    IceEnergy(i) = PowerRating*24/IceProduction_interp(i); % [Wh/kg] 
    EnergyDemand(i) = IceDemand(i)*IceEnergy(i); % [Wh] 
    OperatingHours(i) = round(EnergyDemand(i)/PowerRating); 
     
    DayProfile(i,:) = DayProfile0; % Initit dayprofile 
  
    if OperatingHours(i) > 8 
        DayProfile(i,1:8) = ones(1,8)*PowerRating; 
        remainoperatinghours = OperatingHours(i)-8; 
        DayProfile(i,25-remainoperatinghours:24) = ones(1,remainoperatinghours)*PowerRating; 
    else  
        DayProfile(i,9-OperatingHours(i):8) = ones(1,OperatingHours(i))*PowerRating; 
    end 
end 
  
% Electrical load (yearly profile) 
DaysInMonth = [31 28 31 30 31 30 31 31 30 31 30 31]; 
YearProfile = []; 
for i = 1:12 
    for j = 1:DaysInMonth(i) 
        YearProfile = [YearProfile DayProfile(i,:)]; 
    end 
end 
YearProfile = YearProfile'; 
  
IceLoad = Profile.*YearProfile/1000; % Convert to kW  
  
%% Write data file 
writetxt('Iceload.txt',IceLoad) 

Appendix G2. Simulation of Solar Icemaker 
clear all 
close all 
clc 
  
format shortG 
  
%% INPUT 
% Solar radiation input 
% Read in Meteonorm dataset 
% Columns: 1 = Hour [h] 2 = Ambient temperature [∞C] 3 = Wind speed [m/s] 
% 4 = Solar radiation [kJ/h/m^2] 
txtstr = 'PembaData2.txt'; 
fileID = fopen(txtstr); 
dataset = textscan(fileID,'%f%f%f%f','MultipleDelimsAsOne',1,'HeaderLines',3); 
fclose(fileID); 
dataset{4} = dataset{4}/(3.6*10^3); % Convert to [kWh/h/m^2] 
dataset = {[dataset{2}],[dataset{3}],[dataset{4}]}; % Arrange Columns = [Temp, Wind, Solar] 
  
Temp = dataset{2}; 
GHsolar = dataset{3}'; 
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longitude = 40.3073;  % Longitude                [∞] 
latitude = -12.208;   % Latitude (south)         [∞] 
timezone = 2;         % Est of GMT               [h] 
slope = 12.2;         % Slope of solar collector [∞] 
azimuth = 180;        % Azimuth of the collector [∞] 
albedo = 0.18;  
  
% Generator input 
% Read in HOMER generator output data 
txtstr = 'Quirimize_SystemA_sim6.txt'; 
fileID = fopen(txtstr); 
dataset = 
textscan(fileID,'%s%s%s%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f','MultipleDelimsAsOne',1,'
HeaderLines',2); 
fclose(fileID); 
  
Ygen = dataset{11};        % Generator output data [kW] 
F = @(Y) 0.1341*10+2.46*Y; % Fuel curve [kg] 
LHV = (1/3.6)*5.18;        % Lower heating value producer gas [kWh/kg] 
f_hr = 0.5;                % Heat recovery ratio  
  
% Solar icemaker input 
Tempave = [26.9134 26.7967 26.9623 26.0283 25.2262 23.5906 23.3440 23.7023 24.0815 25.7215 
26.4488 27.2223]; % Average Temperature (Meteonorm) [∞C] 
lambda_ice = 333*10^3*(1/3.6)*10^-6;    % Latent heat of water [kWh/kg] 
Cp_w = 4.1855*10^3*(1/3.6)*10^-6;       % Specific heat water [kWh/kgK]  
COP = 0.05:0.05:0.25; 
  
%% Solar energy 
% Calculation of extraterrestical solar radiation 
  
i = 1; 
for day = 1:365 
    for time = 1:24 
        delta(i) = 23.45*sind(360*(284+day)/365); 
        B(i) = 360*(day-1)/365; 
        E(i) = 3.82*(0.000075+0.001868*cosd(B(i))-0.032077*sind(B(i))-0.014615*cosd(2*B(i))-
0.0489*sind(2*B(i))); 
        t_s(i) = time+longitude/15-timezone+E(i); 
        omega_M(i) = ((t_s(i)-0.5)-12)*15; 
        omega_1(i) = (t_s(i)-1-12)*15; 
        omega_2(i) = (t_s(i)-12)*15; 
        cos_theta(i) = sind(delta(i))*sind(latitude)*cosd(slope)... 
            -sind(delta(i))*cosd(latitude)*sind(slope)*cosd(azimuth)... 
            +cosd(delta(i))*cosd(latitude)*cosd(slope)*cosd(omega_M(i))... 
            +cosd(delta(i))*sind(latitude)*sind(slope)*cosd(azimuth)*cosd(omega_M(i))... 
            +cosd(delta(i))*sind(slope)*sind(azimuth)*sind(omega_M(i)); 
        cos_thetaZ(i) = 
cosd(latitude)*cosd(delta(i))*cosd(omega_M(i))+sind(latitude)*sind(delta(i)); 
        thetaZ(i) = acosd(cos_thetaZ(i)); 
        G_on(i) = 1.367*(1+0.033*cosd(360*day/365)); 
        if cos_thetaZ(i) < 0 
            G_o(i) = 0; 
        else 
            G_o(i) = (12/pi)*G_on(i)*(cosd(latitude)*cosd(delta(i))*(sind(omega_2(i))-
sind(omega_1(i)))+pi*(omega_2(i)-omega_1(i))/180*sind(latitude)*sind(delta(i))); 
        end 
        i = i+1; 
    end 
end 
  
daysinmonth = [31 28 31 30 31 30 31 31 30 31 30 31]; 
i = 1; 
for month = 1:12 
    for day = 1:daysinmonth(month) 
        for time = 1:24 
             
            if G_o(i) == 0  
                k_T(i) = 0; 
            else 
                k_T(i) = GHsolar(i)./G_o(i); 
            end 
             
            if k_T(i) <= 0.22 
                G_d(i) = GHsolar(i)*(1.0-0.09*k_T(i)); 
            elseif 0.22 < k_T(i) && k_T(i) <= 0.80 
                G_d(i) = GHsolar(i)*(0.9511-0.1604*k_T(i)+4.388*k_T(i)^2-
16.638*k_T(i)^3+12.336*k_T(i)^4); 
            elseif k_T(i) > 0.80 
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                G_d(i) = GHsolar(i)*0.165; 
            end 
  
            G_b(i) = GHsolar(i)-G_d(i); 
            if cos_theta(i) < 0 || cos_thetaZ(i) < 0 
                R_b(i) = 0; 
            else 
                R_b(i) = cos_theta(i)/cos_thetaZ(i); 
            end 
            if G_o(i) == 0 
                A_i(i) = 0; 
            else 
                A_i(i) = G_b(i)/G_o(i); 
            end 
            if GHsolar(i) == 0 
                f(i) = 0; 
            else 
                f(i) = sqrt(G_b(i)/GHsolar(i)); 
            end 
  
            i = i+1; 
        end 
    end 
end 
  
G_T = (G_b+G_d.*A_i).*R_b+G_d.*(1-
A_i)*((1+cosd(slope))/2).*(1+f*(sind(slope/2)^3))+GHsolar*albedo*((1-cosd(slope))/2); 
  
%% Waste energy 
  
for i = 1:8760 
    if Ygen(i) == 0; 
        Fcons = 0; 
    else  
        Fcons = F(Ygen(i)); 
    end 
    Q_waste(i) = f_hr*(LHV*Fcons-Ygen(i)); 
end 
  
%% Solar icemaker production 
n = 2; 
A = 11; % Area of solar collector [m^2] 
  
% Only average over the days when fishermen are fishing 
% Create profile vector (fishing schedule) 
Profile = []; 
i = 1; 
while length(Profile) < 8760 
    test = i/2; 
    if floor(test) ~= test 
        Profile = [Profile ones(1,240)]; 
    else 
        Profile = [Profile zeros(1,120)]; 
    end 
    i = i+1; 
end 
Profile = Profile(1:8760)'; 
  
G_T_vec = {[],[],[],[],[],[],[],[],[],[],[],[]}; 
Qwaste_vec = {[],[],[],[],[],[],[],[],[],[],[],[]}; 
for i = 1:8760 
    if Profile(i) == 1 
         
        for j = 1:12 
            if j == 1 
                if i <= 744 
                    month = 1; 
                end 
            else 
                if sum(daysinmonth(1:(j-1)))*24 < i && i <= sum(daysinmonth(1:j))*24 
                    month = j; 
                end 
            end 
        end 
         
        Qwaste_vec{month} = [Qwaste_vec{month} Q_waste(i)]; 
        G_T_vec{month} = [G_T_vec{month} G_T(i)]; 
    end 
end 
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for j = 1:length(COP) 
    for i = 1:12 
        m{i} = COP(j)*(G_T_vec{i}*A*n+Qwaste_vec{i})/(Tempave(i)*Cp_w+lambda_ice); 
    end 
    for i = 1:12 
        mave(i) = sum(m{i})/(length(m{i})/24); 
    end 
    mave_vec{j} = mave; 
end 
  
%% Plotting 
startDate = datenum('01-01-2014'); 
endDate = datenum('12-31-2014'); 
xData = linspace(startDate,endDate,12); 
figure 
for i = 1:length(COP) 
    plot(xData,mave_vec{i}), hold on 
    ylim([0 max(mave_vec{end})+40]) 
end 
set(gca,'XTick',xData) 
datetick('x','mmm','keepticks') 
grid on 
 

Appendix H. Pictures 

Figure 43 – IDPPE ice production using the MINUS 40 ice machines in Pemba 
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 Figure 44 – Fallen bridge between Mucoja and Macomia 

 

Figure 45 – Fish traders on stopping at the fallen bridge between Mucoja and Macomia 
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Figure 46 – Pemba fish market 

 

Figure 47 – Ice production in Mucoja 
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Figure 48 – Coconut residues in Quirimize 

 

Figure 49 – Cultivation of coconut tree (to the left) and fish drying (to the right) 
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Figure 50 – Solar panels in Quirimize 

 

Figure 51 - Water collection from existing well in Quirimize 
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Figure 52 - Fishing group in Quirimize going out to fish 


