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Abstract

The current reliance on fossil fuels is one of the most significant concerns for the future
generations as the emissions connected with the use of the fossil fuels are substantial
contributors to the popular global warming phenomenon. This thesis is focused on one
of the oldest sources of energy, biomass, as an alternative source to the conventional
sources of energy in Ghana. Coconut husks were selected as the biomass for this thesis
because of its high abundance in the country and the specified district, and its poor
nutritional value to be used as a source of feed for livestock. There is abundance of the
coconut husks which is mostly considered useless once the fruit is eaten. To evaluate
the potential of coconut husks as energy source, main physical and chemical tests were
performed. Properties like moisture content, calorific value, ash content, carbon,
hydrogen, nitrogen, and sulphur content were evaluated. The samples were then
torrefied to selected temperatures and same physical and chemical tests were performed
on the torrefied samples. The results generally showed coconut husk to be a very good
source of energy biofuel as all the standard limits for graded non-woody biofuels were
fulfilled. Physical and chemical tests performed on the torrefied coconut husk also
showed a significant improvement of biofuel standard limits in exception of ash content
which was increasing with increasing torrefaction temperature. Compression test was
also performed on the original coconut husk sample and the results showed that a lot of
energy will be wasted to produce briquettes and pellets. However, torrefaction of the
coconut husk samples will rather be suitable since less energy will be needed and there
were higher energy values recorded. The optimal temperature of torrefaction was at

300°C. The maximum theoretical energy yield/potential was also calculated.

Key words: coconut husks, torrefaction, calorific value, moisture content, Ghana,
renewable energy, solid biofuels, mechanical compression, fuel properties, waste

biomass
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1. INTRODUCTION

Energy has become the main driver for development as industries grow, agricultural
sectors become more technologically modernized, economies rapidly grow, and
countries become wealthier (Aglina, 2016). It is needed for mobility, lighting, heating,
and cooling. However, ensuring sustainable energy access has recently become an issue
of public concern. The exponential increment of the global population and the current
demands for energy have forced an excess exploitation of natural resources around the
world. This phenomenon is directly related to the rapid decrease of natural conventional
reserves of energy (petroleum, natural gas, coal, among others). Energy crisis is one of
the most difficult challenges faced by humankind in the 21st century (Rajvanshi, 2010)
as the world becomes increasingly dependent on fossil oil. Global energy consumption
is projected to increase by 36% by 2030 (British Petroleum, 2013). In Africa, oil
consumption could double in that time (GTZ/MOFA-Kenya, 2008). Since the transport
sector relies almost entirely on oil supplies for fuel, countries will have to keenly
compete for this limited supply of oil, and this presents more challenging issues. Several
other factors, such as energy price increases, increased market volatility, heavy
dependence of many countries on imported oil, lingering debate about the ultimate size
of remaining recoverable fossil fuel reserves and the growing concern about the
environmental impact of fossil fuel usage have provided impetus for the current strong
interest in and support for alternative energy in many parts of the world (Mandil and

Shihab-Eldin, 2010).

Efforts are being made globally to develop alternative energy sources, such as wind,
solar, mini-hydro and biomass that would complement fossil fuel use and hopefully
serve as replacement should fossil fuels run out one day. In sub-Saharan Africa,
biomass is already a major source of energy for cooking and heating, but it is presently
used principally in traditional forms such as firewood and charcoal in largely inefficient
stoves (Sielhorst et al., 2008). Inefficient use of biomass in traditional forms present
major environmental and health concerns such as indoor air pollution caused by burning
biomass and coal in residences (Zuzarte, 2007). Also, the unsustainable sourcing of
firewood or wood for preparation of charcoal contributes to the degradation of the local

environment. According to Chagwiza (2008), modern biomass energy is a promising
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long-term renewable energy source, which has the potential to address environmental
impacts, rising fossil fuel prices as well as security concerns posed by current
dependence on fossil fuels. Modern biomass energy could provide new income and

employment opportunities for farmers.

Several African countries, including Ghana, have been considering biofuels as they seek
to reduce dependence on imported oil. Ghana imports large quantities of crude oil from
Nigeria and Equatorial Guinea at prices that ranged from US$ 120 to US$ 130 per
barrel in 2012 (Energy Commission, 2012). In 2020, Ghana imported $133M in crude
petroleum, becoming the 73rd largest importer of crude petroleum in the world. In the
same year, crude petroleum was the 28th most imported product in Ghana (OEC World
2020). According to Ghana's central bank monetary policy report (Bank of Ghana,
2014), the sharp rise in crude oil prices on the international market is increasing the
depreciation of the local currency and may heighten inflation by causing manufacturing
input prices upwards which could lead to slowdown in economic activities. There is
therefore the need for the country to focus attention on domestically produced biofuels
to reduce the challenges posed by oil importation. Ghana's Energy Commission, the
agency in charge of energy planning in Ghana, posited that the development of biofuel
will enable Ghana to achieve its strategic energy objectives which include energy
security, reducing oil bill and saving foreign exchange, climate change mitigation,
poverty alleviation and wealth creation through employment generation. The
Commission has set a target for Ghana to substitute national petroleum fuels
consumption with biofuel by 10% by 2020 and 20% by 2030 (Energy Commission,
2010). The biofuels needed to meet the 10% target in 2020 was estimated at about 336
million liters (Antwi et al., 2010). Meeting this demand requires abundant information

on feedstock sources.

Research on feedstock for biofuel production in Ghana is limited and most researchers
focus their attention on first- generation feedstocks such as sugar cane, cassava, oil palm
and cereal grains for biofuels (see for example, Kemausuor et al., 2013, Osei et al.,
2013, Afrane, 2012). However, producing biofuels from these first-generation
feedstock’s present social challenges with respect to land grabbing that could potentially
cause food supply shortages (Boamah, 2014a, Boamah, 2014b, Schoneveld et al., 2011).

Also, first- generation biofuels may not be the answer to climate change mitigation as

2



previously envisaged. Crop residues and biomass from other waste sources are more
suited feedstocks for biofuels production with regards to social and environmental
benefits and are envisioned as an attractive solution to the aforementioned problems
associated with the production of first-generation biofuels. According to Kumarappan
(2011), biofuels produced from lignocellulosic biomass feedstocks offer several
potential benefits and could serve the purpose of sustainability. The raw materials used
are largely waste materials from agriculture, forestry, or other non-food crops. The use
of waste overcomes the problems of using food and feed grains, such as corn, for
biofuel. Also, cellulosic biofuels help reduce greenhouse gas emissions relative to fossil

fuels and other biofuels, such as corn ethanol.

A lot of biomass waste, especially coconut waste, is generated annually in Ghana from
cities and towns. People who use the biomass waste directly to burn end-up
continuously inhaling the smoke, resulting in diseases. Coconut husk and shell can be
burnt and used to generate energy at minimum environmental and economic cost.
Ghana produces millions metric tons of biomass waste annually, which could be
developed both technically and commercially into high value products since it would
help improve quality life of Ghanaians. Coconut wastes are produced on a daily basis,
so attention should be focused on converting it into useful source of energy because it
resolves the negative environmental consequences and hazards associated with the use

of non-sustainable solid fuels and fossil fuels.

This study therefore seeks to identify and analyze how coconut husk waste can be

utilized for energy purposes in Ghana.



2. LITERATURE REVIEW

2.1. Introduction

This chapter discusses previous literature relating to renewable energy, biomass and
biomass management, composition of coconut, coconut husk and shell, energy content
of coconut husk, utilization and economic importance of coconut husk and shell, its

social and environmental benefits.

2.1.1. Country Review

Ghana, officially known as the Republic of Ghana, is located in West Africa. It is
situated on the coast of the Gulf of Guinea and borders Cote d’Ivoire to the west,
Burkina Faso, which lies north, and Togo, to the east. (See Figure 1). The population of
Ghana is estimated to be over 31 million people (World Bank 2019). It is the second
most populated country in West Africa after Nigeria. Ghana covers an area of 238,535
km?. The capital city is Accra; other major cities include Kumasi, Takoradi, Cape Coast,
Tamale, and Tema.

Ghana has more than 70 ethnic groups and each has their own distinct language making
the country very multilingual. English is the official language of the country with the
most spoken indigenous language spoken known as Twi, which is spoken by the largest
ethnic group in the country known as Akans. In terms of religion amongst the
population of the country, 71% are Christians, and 17% are Muslims. (World
Population Review 2023)

The world bank estimates that about 13 million of the population live in rural areas
which are mostly involved in the agricultural sector of the country.

The topography of Ghana consists of plains, hills, rivers, and the world’s largest
artificial lake known as Lake Volta, Dodi Island and Bobowasi Island on the south of
the Atlantic Ocean coast. The country can be divided into four different geographical
ecoregions. The coastline which is mostly sandy with plains and scrubs intersected with
numerous rivers and streams. The northern part of Ghana is mostly made of high plains

and the Southern central part is made up of a forested plateau region consisting of the



Ashanti uplands and the Kwahu Plateau. There is also the hilly Akwapim-Togo range
that is found along the country’s eastern international border. The highest point is found
in the Akwapim Togo range, which is Ghana’s highest mountain, Mount Afadja, 885m
above sea level. Ghana is well endowed with water resources. Three main river systems
drain the country. The Volta River system which consists of rivers like the Oti and Daka

rivers, Black and White Volta rivers (Water Resources Commission, 2023).
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Figure 1.The map of t‘}ﬂleﬂRepublic of Ghana
Source: (On the World Map 2021)

The southwestern river system which comprises of rivers like Bia, Tano, Ankobra and
Pra rivers and covers 22 percent of the country area. The third river system which is the
coastal river system consists of the Ochi- Nakwa, Ayensu and Densu rivers, covering 8

percent of the country area. (Water Resources Commission 2023).
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2.1.2. Economy of the country

Ghana has one of the fastest-growing economies in the world, but the country’s long-
term economic growth is challenged by high energy costs; high levels of government
debt, including in the energy sector; low access to credit; high borrowing costs; low
agricultural productivity; a business climate that restricts private sector growth; and
regional trade barriers. (USAID 2020).

Based on information from the population and housing census, Ghana's unemployment
rate has stayed relatively low over the years, ranging from 2.8 percent to 10.4 percent in
2010. Age-related declines in unemployment are seen in Ghana, with youth
unemployment being the highest. This can be explained by the fact that young people
have less experience in the labour market than older people do, making them more
susceptible to economic hardships. Also, they lack the knowledge of the labour market
and expertise with job searches that would help them find employment. Lack of work
experience mixed with a lack of social capital places young people at a disadvantage for
new career prospects, even in prosperous economic times. higher unemployment rate
among women than men in recent times have been attributed to the increasing desire of
women to participate in market work reflecting in the consistent increase in the labour
force participation rate of women against the backdrop of fewer employment
opportunities (Baah-Boateng, 2012). Ghana’s unemployment is also found to be more
prevalent in the urban areas than rural areas. The regular migration of people,
particularly the youth from rural areas to the urban centres in search of better economic
prospects which are not easy to come by, largely explains the phenomenon of the high
urban unemployment rate in Ghana. The non-attraction of rural life due to the absence
of amenities such as electricity and water among other thigs and the low income
associated with rural economic activity, dominated by farming also pushes many rural
youths into the cities (Baah-Boateng, 2013).

Money transfer also plays an important role in Ghana’s economic life. Ghana is one of
the most remittance dependent countries in Africa where the income from money
transfer in 2022 was 4.7 billion dollars, which was slightly higher than the previous year
and this covered 6.1 percent of the country’s Gross Domestic Product (GDP). A peak
was registered in 2015 when remittances corresponded to 20.3 percent of the country’s

GDP (STATISTA 2023).
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Source: (Trading Economics 2022)
According to STATISTA 2023, the main sectors of the economy in Ghana are
Agriculture, Industry, and services. The share of agriculture in the GDP of Ghana in
2021 was 19.71 percent, industry contributed approximately 28.6 percent and the
services sector contributed 45.93 percent (STATISTA 2023).
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Figure 3. Share of GDP in Ghana

Source: (Statista 2023)



Table 1. Ghana’s GDP Growth, %

Sectors 2015 2016 2017 2018 2019 2020 2021

Real GDP growth 2.1 3.4 8.1 6.2 6.5 0.5 54
Agriculture 2.1 2.7 6.2 4.9 4.7 7.3 8.4
Industry 1.2 4.3 15.6 105 6.4 -2.5 -0.8
Services 29 2.8 3.4 2.8 7.6 0.7 94
Manufacturing 3.7 7.9 9.5 4.1 6.3 1.9 7.8
Exports 176 29 23.8 6.6 127 -50.7  69.1

Source: (World Bank 2023)

2.1.3. Agriculture Sector in Ghana

As can be seen above, one of the key economic sectors of Ghana is agriculture, which
accounts for one-fifth of Ghana’s GDP (MOFA). The Ministry of Food and Agriculture
(MOFA 2021) is the lead ministry for the agricultural sector, responsible for non-cocoa
crops and livestock. The country produces a variety of crops in various climatic zones,
which range from dry savanna to wet forests, and they run in East-West bands across
the country. The industry is divided into five sub-sectors: fishery, forestry and logging,
livestock, crops, and cocoa. The majority of agriculture in Ghana (85%) consists of the
production of staple crops, with livestock, poultry, and fisheries accounting for 10% and
forestry for less than 1%. Ghana's most significant crop in terms of the economy is
cocoa. Ghana is a net importer of agricultural products, importing mainly consumer-
ready commodities, such as rice, wheat, sugar, and poultry. In 2021, Ghana imported
about USD 1.9 billion in agricultural and related products. (MOFA). Agricultural land is
also 126,037 sq.km in the country (Global Economy 2023).
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Figure 4. Agricultural GDP in % by subsector

Source: (Ministry of Food and Agriculture Ghana 2021)

Ghana’s agriculture mainly consists of smallholder farmers, traditional, and rain fed.
Production of food crops by smallholders increased in recent years. However, it is still
characterized by low production due to several factors, such as poor extension services,
aging farmers, and lack of finance for investment in better inputs.

Over the years, the Government of Ghana has implemented policies and programs to
promote growth and development of the agriculture sector. This includes Ghana
Agriculture Sector Investment Program, Savannah Investment Program, etc. There has
been a general reduction in employment in agriculture over the years but the figure,
which stands at 29.75% according to the Global Economyj, is still very high as the world

average in 2019 based on 180 countries is 23.51 percent.
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Table 2. Annual Production of some major crops in Ghana 2009-2018 (Figures in

¢ OOOMt)
CROP 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018
Maize 161960 187170 168400 194990 1,764.50 176854 169164 172191 201118 2,306.38
Rice (Paddy) 39140 491.60 464,00 481,10  569.50  604.04 641.49 687.68 722,08 769.40
Millet 245,50 219.00 184.00 17970 15510  155.32 157.37 159.02 163.48 181.56
Sorghum 350.60 353.00 287.10 28000 25670  259.00 22840 229.61 277.54 316.24
Cassava 12,230.60 13,504.10 14,4090  14,547.30 15*939'3 16,523.66 17,212.76 17,798.22 19,008.73 04556
Cocoyam 1,504.00 1,354.80 1,29960  1,270.30 1,26150 1,298.97 130119 134373 138729 1460.94
Yam 577790 586050 585510 663890 7,07460 71889 729612 744035 785690 7,788.87
Plantain 356250 353770  3,619.80 355650 3,675.30 3,828.01  3,95244 400042 477883  4,688.28
Groundnuts 485.10 530.90 465.10 47510 40880  426.63 417.20 425.83 433.77 521.03
il Palm 2,103.60  2,00430 212560  2,196.10 164382 171171 179190 186714 195196  1,992.75
Cowpea 204.80 219.30 236.70 22320 20040 20126 203.32 206.38 211.47 237.04
Soybean 112.80 144.90 164.50 15170 13870 14147 142.36 143.22 170.49 176.67

Source: (Ministry of Food and Agriculture, Ghana 2018)
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Table 3. Annual Cultivated Area of some Major crops in Ghana :2009-2018
(Figures in ‘000 Ha)

CROP 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018
Maize 954.4 9917 1,023.20 104210 1,023.50 1,02453 88025 86528 98451  1,020.52
Rice (Paddy) 1624 1624 197.5 189.5 2159 22446 23327 23585 240.7 259.71
Millet 1867 1767 178.7 172.5 160.7 16235  162.24 136.92  155.66 141.64
Sorghum 2672 2526 2435 230.8 2258 22692 22839 20116 22351 228.14
Cassava 885.8 875 889.4 868.5 8752 88861  916.54 8701  916.84 977.34
Cocoyam 2246 2053 204.4 196.3 194 2004 20049 20586  204.24 203.23
Yam 3787 3849 403.8 426.3 4216 42801 4302 42722 470.33 469.69
Plantain 324.9 328 336.5 3373 340 35659 36261 358.2 363.4 387.23
G'nuts 3365 3334 356.8 345.2 3289 33453 33645 32738 31631 319.68
Qil Palm 3528 3433 373.2 387 3137 32175 330 33825 34671 351.39
Cowpea 162.7 167 182.3 168.8 162 16583  162.65 146.66  153.91 156.79
Sovabean 773 762 85.9 85.2 848 86.87 86.27 86.88 102.6 102.98

Source: (Ministry of Food and Agriculture Ghana 2018)

The main crops grown in Ghana include Cocoa, Cassava, Maize, Plantain, Rice, Yam,
and some vegetables like tomatoes, onions, peppers, and okra. These various crops are
grown in different parts of the country and are consumed locally and exported too.
Cocoa is Ghana’s largest export crop, accounting for over 30% of the country’s total

export revenue (MOFA, 2019).

2.1.3.1. Coconut cultivation and production in Ghana

In Ghana, coconut was first grown at Keta as an estate crop (Wills, 1962), although
some people argue that the crop originated from either America (tropical South America
and the Antilles), southeast Asian peninsular (probably Malaysia) or South Africa. The
crop is said to have reached Ghana by ocean current and through the actions of
missionaries in 1912 (Wills, 1962).

Ghana's environmental conditions are ideal for the growth of coconut palms. Coconuts
are found all along the coast, though they are more common in the driest parts of the
coastal savannah. If the coconuts were left to spread naturally, the coast would be the
only place where they would be found. But humans have aided the dispersal so much
that coconuts can be found at any location that meets the silvicultural requirements in
Ghana (Anyane 1963). The crop thrives very well in the tropical rainforest zone of
Ghana and along the coastal belt. Ghana is ranked the 16™ producer of coconut in the

world producing about 224 million nuts annually (Codjoe et al.,2021).
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Coconut is consumed as a snack on the streets of many communities and cities
throughout Ghana. Coconut consumption is an integral part of Ghanaians' daily food,
life, and activity, bringing happiness to people from all walks of life and emphasizing
the plant's cultural significance. For example, the first International Coconut Festival in
2019 emphasizes the importance and popularity of coconut in Ghanaians' daily lives.
Fresh coconut consumption has increased in recent years due to its nutritional and
medicinal value. Many rural residents rely on coconut as their primary source of
income. The coconut industry employs nearly 762,000 people, both private and public
(Abankwah et al., 2010). In 2007, The price of one fresh coconut would sell for as low
as 20 Ghana pesewas, The price then started soaring to as high as 60 Ghana pesewas in
2011, and now you will get one coconut for sale between 2-3 Ghana cedis, depending
on the size. Currently most of the coconut is consumed domestically, within Ghana.
However, there is currently a deliberate effort by the Ghana Government to promote
expansion of the acreages under coconut cultivation to take advantage of the increasing
demand in the international markets. To this end, Government is making short maturing,
improved quality, and disease-resistant seedlings available to farmers and farmer

associations to expand their coconut farms and improve productivity (GEPA 2017).

Production/Yield quantities of Coconuts, in shell in Ghana
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Figure 6. Graph showing yield quantities of coconut shells in Ghana.

Source: (FAOSTAT 2023)
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2.1.3.2. Description of coconut

The coconut palm (Cocos nucifera) is the most well-known member of the palm family
(Last 2001). It is the only recognisable species in the genus Cocos (Chan and Elevitch
2006). It belongs to the genus Cocos, family Arecaceae (family of palm trees),
subfamily Cocoideae, and species nucifera (Chan and Elevitch 2006). Because of the
many uses and products made from the coconut palm, the local name for the plant is
often translated as "tree of life," "
cultures around the world (Chan and Elevitch 2006; Last 2001; Ghana Ministry of Food

and Agriculture (A) 2011; Frater 2004). The "West African Tall" species of coconut

tree of heaven," or other similar names in many

palms (Quaicoe et al. 2009) is widespread in Ghana's southern regions (Ghana Ministry
of Food and Agriculture (A and B) 2011; Noel 2007; Quaicoe 2009; Okorley and Haizel
2004). The varieties are divided into two categories: tall and dwarf. The 'tall' varieties,
the more common of the two, are named primarily for their geographical location and,
in some cases, the fruit's morphology. The coconut fruit is spherical to oblong in shape,
weighs at least 850 g (1.9 Ibs), and grows in bunches on the palm. The location and
colour of the immature fruit are also used to identify 'dwarf varieties. In general, dwarf
varieties are shorter in stature, have a thinner stem, fruit earlier, and have smaller fruits

than tall varieties (Chan and Elevitch 2006).

2.1.3.3. Flowers

According to Chan and Elevitch (2006), Last (2001), Melendez-Ramirez et al. (2004),
Okorley and Haizel (2004), a coconut palm takes 3—7 years to flower but some types,
typically "Dwarfs," can bear fruit in as little as 3 years. Only one female flower matures
into a fruit (Chan and Elevitch 2006). Male and female flowers mature at different
times, encouraging cross pollination; however, self-pollination is possible and does not
cause problems (Chan and Elevitch 2006; Last 2001). Wind and insects pollinate plants;

the latter is more important (Melendez-Ramirez et al. 2004)

2.1.34. Fruit

The coconut fruit is made up of a thin hard outermost layer (Exocarp) covering a thick
fibrous layer which is known as the husk (mesocarp) and the inner layer known as shell
(endocarp). Inside the shell is a white kernel (endosperm when immature, copra when

mature). The kernel surrounds a hole which is filled with water when immature, but the
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water is replaced by an empty space as the fruit ages (Chan and Elevitch 2006). The
empty space is very important to the ability of the coconut to be dispersed by the ocean;
the hole helps the nut to float (Last 2001).

The size, shape, husk thickness and colour of the coconut fruit depends on the variety.
(Last 2001). It can be light or heavy, 850-3700g and can be elongated or spherical
(Chan and Elevitch 2006). The coconut water found in the hole is very nutrient rich,
isotonic and aseptic enough to be used as an IV fluid (Frater 2004; Ghana Ministry of
Food and Agriculture (A) 2011). The coconut kernel, known for its high oil content,
contains a high concentration of saturated fatty acids (Frater 2004; Last 2001; Ghana
Ministry of Food and Agriculture (A) 2011). Saturated fatty acids are typically thought
to be innutritious; however, evidence suggests that fatty acids derived from coconut are
not (Rachel et al. 2010). In fact, coconut oil has long been used to treat a variety of
sicknesses traditionally. Some Pacific Islanders believe that coconut oil is a cure-all

(Ghana Ministry of Food and Agriculture (A) 2011).
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R. Bourdeix, 2005

Figure 7. Picture showing different varieties of coconut.

Source: (Bourdiex et al., 2005)
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Figure 8. Picture of transverse section of coconut fruit

Source: (Bradley and Huang, 2006)

2.1.3.5. Stem

The stem, which can reach heights of 40 meters (130 feet), serves primarily to keep the
palm in the light (Chan and Elevitch 2006; Last 2001). The coconut palm is a
monocotyledonous plant, meaning it lacks circumferential thickening and secondary
thickening. The coconut palm, on the other hand, reaches maximum diameter early in
life and maintains an almost uniform size stem with efficient vascular bundles scattered
evenly throughout the stem, giving it a homogeneous cross section. This makes the stem
strong yet flexible, capable of withstanding massive amounts of damage while still

functioning and supporting the palm (Last 2001).
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2.1.3.6. Roots

The coconut palm does not have a tap root system, but it rather has a fibrous network of
adventitious roots. (Chan and Elevitch 2006; Last 2001). The individual roots are
approximately 1cm in diameter and spread mostly horizontal from the base of the stem.
Majority of the roots are in the top of the soil but can reach as deep as 5 m. The roots
grow laterally to about 6m from the stem but can reach as far as 30 m in ideal
conditions (Chan and Elevitch 2006). The adventitious nature of the root makes it
possible for roots to be quickly replaced when broken (Last 2001). This makes it easier
to transplant palms regardless of size and age, as it allows them to survive and establish

a new rooting system after being transplanted (Meerow and Broschat 1993).

2.1.3.7. Environmental Requirements

Coconut palms have the best advantage on sandy shorelines. Coconut palms have this
advantage due to their ability to grow in infertile and saline soil, tolerate short
inundations of the roots in salt water, and thrive in a wide range of pH environments.
Coconut palms grow naturally on coarse sandy soil but prefer well-drained fertile loam
or clay soils for growth. The pH range is 4.5-8, but the ideal range is 5.5-7. Because of
the high level of required precipitation, well-drained soil is required. Precipitation
should be at least 1000 mm (40 in), preferably 1500-2500 mm (60-100 in). Precipitation
should be evenly distributed throughout the year (Chan and Elevitch 2006; Last 2001).
Insufficient water supply is not well-tolerated and causes earlier frond death, premature
fruit drop, and a low fruit harvest in subsequent years (Chan and Elevitch 2006; Last
2001; Prado et al. 2001). In addition to high precipitation requirements, coconut palms
require abundant sunlight and a humid environment; 60 percent humidity is ideal (Chan
and Elevitch 2006). Coconuts can grow in the shade, but nut production suffers (Chan
and Elevitch 2006; Last 2001). The coconut palm requires the following temperatures:
mean annual between 21-30 °C (70-86 °F), maximum of the hottest month 28-37 °C
(81-99 °F), a minimum of the coldest month 4-12 °C (39-54 °F), and coldest tolerated
temperature of 0 °C (32 °F) (Chan and Elevitch 2006; Last 2001). Seedlings and young
palms are killed by freezing, and older palms are killed by prolonged exposure (Chan
and Elevitch 2006).
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Figure 9. Picture of coconut in Ghan

Source: (Myjoyonline.com 2020)

2.1.3.8. Coconut Husk Management in Ghana

Coconut husk used to be well managed in Ghana, but it has declined dramatically over
the years. It was once used in the production of carpets (Fig 10), but little is known
about that. It also used to be previously used as mulch for and some rural people also
used them to make crates (Fig 11) for their eggs and yarns (Fig 12) for sewing and
knitting. Now most people generally use the dry coconut husk to fuel a fire too. The
husks are also used in Ghana to fill water pathways to fix erosion and fill potholes.

No management practice is associated with it because its usefulness has been lost in the
system. After consuming the copra and juice, the husks are thrown away and they end
up rotting in the field or are heaped to be burnt (Meyer, 2001). The coconut husks are
littered all around street corners, walkways, backyards, or burnt in open space causing
serious carbon pollution (“Greening the Savannah Project’”’, 2012). Challenges facing
coconut husk management in Ghana as a developing country is in perfect line with
observation of Ogawa (2005) such as low collection coverages, irregular collection
services, crude open dumping, burning without air and water pollution control. In

addition to that, wrong coconut husk management issues in our society are clear

18


http://Myjoyonline.com

evidence of the views from Puopiel, (2010) that, proper waste collection and proper

disposal of refuse are daunting issues facing Ghana.

Figure 10. Coconut Husk for making carpets.

Source: http://sites.google.com/a/illinois

AMIETEONES L)1
Figure 11. Egg Crates Made from coconut husks.

Source: http://sweetdomesticticity.com
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Figure 12. Coconut husks sed as yarns.

Source: http://dignitycoconuts.com

Figure 13. Picture of typical dump sites of coconut husk.

Source: (Author 2022)

2.14. Energy situation in Ghana

One of the key factors affecting a nation’s economic growth is access to electricity. It is

essential for carrying out daily tasks including lighting, cooking, heating to powering
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machines in the industrial sector. Also, electricity is necessary for the provision of high-
quality healthcare, education, transportation, effective communication, mineral
extraction, and many other activities. It is the foundation upon which every sector of an
economy depends to function. This demonstrates how important and necessary
electricity is for human existence in the modern world.

The electricity sector in Ghana can be dated back to the colonial days of the Gold Coast,
where majority of the country’s electricity came from isolated diesel generating plants
spread across the country. Most of these systems were owned by industrial facilities like
mines, factories, by towns, and other organisations like schools and hospitals.

The Gold Coast Railway Administration established the first public electricity
generation system in 1914, to supply electricity for the operations of the railway sector
in Sekondi (ISSER, 2005). This was extended to Takoradi in 1928. By the year 1955,
electricity had been extended to some major cities in Ghana including Kumasi, Tema,
Accra. In 1947, an Electricity Department was established to take over electricity
supplies. The Major electricity source at this time was the Diesel Generator Plants. The
completion of the Akosombo Dam Project over the Volta River in 1972 provided a total
installed capacity of 912 MW for electricity generation. Although the main aim of the
project was to provide electricity for the aluminium industry, but it also enabled most of
the electricity consumed to be switched from the diesel generators to hydroelectricity. In
1982, the Kpong Hydroelectric Power Station was also commissioned, increasing the

total generation capacity by 160 MW (ISSER, 2005).

Even though the country's generation capacity has increased, Ghana had its first
electrical crisis in 1984. This resulted from a severe drought between 1982 and 1984,
when the total amount of water entering the Akosombo Dam was less than 15% of what
was long-term anticipated. As a result of the crisis, Thermal Power Plants were
introduced into Ghana's generation mix. The first of these thermal power plants was a
550 MW unit. The total installed capacity of thermal power plants in Ghana has
increased to 2,053 MW as at the end of 2015 (Energy Commission of Ghana, 2016a). In
Ghana, the electricity crisis has become a household phenomenon, prompting the use of
the local term "Dumsor" to describe the situation. The 400 MW Bui Hydroelectric

Power Station was commissioned in December 2013 to provide electricity to support
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the country's peak load, which has been steadily increasing (Energy Commission of

Ghana, 2016a).

Over the last decade, Ghana's power sector has been plagued by power supply issues,
which have had a significant impact on the country's economic situation. The World
Bank ranked electricity as the second most important constraint to business activities in
the country and estimated that Ghana lost about 1.8 percent of GDP during the 2007
power crisis (Mathrani, et al., 2013).

The Institute of Statistical, Social and Economic Research (ISSER) at the University of
Ghana estimated in a 2014 study that Ghana, on the average, lost production worth
about US $2.1 million per day (or, US $55.8 million per month) through the power
crisis alone (ISSER,2015). This means that the country lost about US$680 million in

2014 due to the power crisis.

Peak load in Ghana has increased by 49.8% during the past ten years, rising from 1,393
MW in 2006 to 2,087 MW in 2016 (Energy Commission of Ghana,2016a; VRA,2015;
Energy Commission of Ghana, 2017). This translates into an annual increase in peak
load of 4.29 percent over the period depicted in the figure below. In contrast, generation
capacity has more than doubled over the same time, rising from 1,730 MW in 2006 to
3,759 MW in 2016, an average annual increase of 8.60 percent. Furthermore, installed
generation capacity increased by 29.14 percent in 2015 over the 2014 figure of 2,831
MW, and by 3.79 percent in 2016, while demand decreased by 1.88 percent in 2015
before increasing by 7.97 percent in 2016. Despite this, the country continues to face a

power supply shortage, as it has for the past decade.
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Figure 14. Graph showing Peak electricity demand versus installed generation capacity
from 2006 to 2016.

Source: (Energy Commission of Ghana 2017)

Ghana’s primary sources of power generation have been hydro and thermal. The power
generation mix at the end of 2016 was approximately 57.21 percent of thermal energy
and 42.79 percent of hydro sources. Renewable energy sources have not played a
significant role in the generation mix, accounting for only 0.2 percent of the power
generation mix in 2016. However, the nation is making attempts to incorporate
considerable amounts of renewable energy in the power generation. The nation
published a Renewable Energy Master plan in 2022 with the aim to increase the
proportion of renewable energy generation mix to 1,363 MW and promote local content
and local manufacturing and assembly in the renewable energy mix. (Energy

Commission of Ghana, 2017).
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Figure 15. Graph showing Electricity generation mix from 2006 to 2016.

Source: (Energy commission of Ghana 2017).

2.1.5. Renewable Energy

To guarantee a better quality of life to the human communities, it is necessary to
provide energy for different purposes (e.g., cooking, lightning, mobility,
communication, heat, etc.). As it was explained before, the increment in the population
has forced the use of the natural resources, especially referring to water, air quality, soil,
and conventional energy resources. As per the urgency to find new sources of energy
with low environmental impacts and more important renewable founts, many
alternatives have been developed over the years, as it shown in the Table 4 (e.g., solar
energy, geothermal energy, hydropower, wind energy, among others). According to the
Intergovernmental Panel on Climate Change, 2012 “there are multiple means for
lowering greenhouse gases (from now GHG) emissions from the energy system, while
still providing desired energy services. Renewable energy technologies are diverse and

can serve the full range of energy service needs.”
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Table 4. Classification of energy sources

Type Renewability Renewable Non-renewable
Hydropower (large scale
. v P (larg ) Fossil fuels
Commercial Geothermal
MNuclear
Muclear (breeder)
Solar (air drying)
— E Hydro (mills, pumps)
g a wWind (mills, pumps and sails)
= Animate (animal and human)
I'-l-l' ™
= = R .
S K= Fuelwood 'cropping from
=
— ':-: natural forest/charcoal
- Twigs, leaves, sticks Fuelwood
Crop residues (straw, husks) "mining"
E Animal residues (dung, tallow) Charcoal
g Industrial residues {wood
oo waste, sawdust)
Plantation and marine crops
_ (for distillation, pyrolysis)
= )
Biogas
S s
= o Sol (collectors, photovoltaic)
] olar .
= 2 L p_ MNuclear
= = Hydro (mini and micro)
S = ) ) Petroleum from
T = wWind {(wind motors)
5 = . coal, shale
= ts) Tidal, wawve power Svnthetic
Ocean thermal gradients Y
natural gas
Heat pumps

Source: (Mendoza, 2016 and Gritsevskyi, 2006)

The renewable energies nowadays, are playing an important role by providing energy
services with sustainable characteristics, particularly fighting the climate change by
mitigating the emission of GHG. According to the Global Status Report of Renewables
energies written by the Renewable Energy Policy Network for the 21st Century (from
now REN21), the estimated share of renewable sources (Figure 2.1) was 19.5% from
which 7.8% corresponds to the traditional biomass, 2.2% to nuclear energy and 10.4%
to modern renewables (3.7% hydropower, 4.1% renewable sources for heat (including
modern biomass), 1.7% for power and 0.9% to biofuels for transport (modern biomas
included), with China leading the power capacity, followed by United States, Brazil,
Germany and India. On another hand, the Figure 18. shows the historical and predictive
shares of an energy production from 2012 until 2023, from which it is possible to
observe the fast grow of the renewable electricity especially, with an estimated

production of almost 30% by 2023.
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Figure 16. Estimated renewable share of total final energy consumption, 2016.

Source: (REN21, 2017)
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Figure 17. Share of modern renewable energy by sector, 2011 — 2023

Source: (International Energy Agency, 2018)

2.1.6. Biomass sources

Currently there are multiple sources of local biomass around the world, such as the
waste coming from agricultural crops, herbaceous, woods production and general
organic waste. Some advantages of the biomass sources can be named, in comparison to
the traditional fossil sources, the main and the more obvious benefit is the renewability,
whereas the fossil sources need thousands of years for the reproduction, the biomass

sources are annually renewable or in several years depending on the specific
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characteristics of the specie (Nonhebel, 2007). The second advantage corresponds to the
release of CO2, which is one of the most major GHG, during the growth of the crops the
biomass captures considerable amounts of CO2 on the biosynthesis process, later when
the organic waste is transformed into energy the emission of CO2 is generally similar or
with little delta differences to the concentration captured. Thus, it could be assumed a
balance between the absorption and release of CO2, which is not even compared to the

large amounts of CO2 emissions from burning fossil fuels (Cheng, 2018).

2.1.6.1. Agricultural residues

The agricultural production generates organic residues from either crop or processing
activities, which can be used in several ways: as fodder, land supplements, fiber, and
energy production (Hall & Overend, 1987). The most abundant and cheap crop residues
for energy production are the corn stover, wheat straw and rice straw (Cheng, 2018).
Overall, in the United States 155 million tons of agricultural residues could be used as a
source of renewable energy in 2030 (UCS, 2012). Nevertheless, these residues are not
ignored, “in the Netherlands about 70% of the concentrate fed to pigs, cattle and
poultry originate from residues generated by the food processing industry” (Nonhebel,
2007) thus an overuse of the organic waste from the agriculture could reduce the
availability of food for the cattle industry, and therefore an important source of protein

for the human consumption.

2.1.6.2. Herbaceous biomass

One of the most attractive qualities of the herbaceous biomass as a feedstock for energy
is the richness in the diversity of the species, the high biomass yield production in
several years and high carbon content (Cheng, 2018). For example, according to
Cherney et al. (1990) the switchgrass (Panicum virgatum) is the perennial grass with the
highest potential for energy production purposes, due to its tolerance to resist different

air temperatures, fast grown, bio-remedial attributes, carbon sequestration.

2.1.6.3. Woody biomass and forestry residues

One of the most important sources of energy, especially in Africa and third world
countries is the wood biomass, where about 81% of the households in the Sub-Saharan

Africa are using the wood-based biomass energy for cooking purposes (AFREA, 2011).
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There are two main categories of the woody biomass; the softwoods and hardwoods; the
first one with needle-like leaves, gymnosperms, and commonly non-flowering, with the
pines and spruce as a main example. In contrast, the hardwoods are angiosperms, broad
leaves, and commonly flowering plants, with poplar, oak, and willow as the most
common examples (Cheng, 2018). The attractiveness of the woody crops is the
relatively short rotation (2-5 years) due to its diversity, environmental tolerance, grown
rate and non-necessity of irrigation for the growing of poplar (Populus); one of the most
common species used for direct combustion, gasification and production of briquettes

and pellets (IEA Bioenergy, 2002).

2.1.6.4. Other sources

Many different sources of biomass feedstock are reported by different authors, such as
oilseeds (i.e., soybeans, canola, sunflower, oil palm, among other) to produce biofuels
(bio-ethanol, bio-diesel, etc.); residues of livestock production (i.e., animal excreta and
slaughterhouses waste); microalgae (i.e., suspended algae and attached-growth algae

production) for the biogas elaboration (McGowan, 2009).

2.1.7. Physical and chemical properties of biomass

The most important properties of the biomass related with the combustion, and its usage
as a source of energy are moisture content, calorific value, ash content, bulk density,
organic volatile matter, and the chemical composition (Rosillo-Calle et al, 2015). In this

part of the chapter those properties will be briefly explained.

2.1.7.1. Moisture Content

According to the British Standard, the simplest definition of moisture content is the
amount or share of water in a specific material. Therefore, the efficiency of any biofuel
in terms of energy production (calorific value) is inversely proportional to the moisture
content, thus even if the wood has higher energy value than the crops residues at a
determinate moisture content, is possible for the second source to have higher calorific
value if the moisture content is lower (Rosillo-Calle et al., 2015).

There are two ways to measure the moisture content: wet bases and dry bases. The first
one represents the moisture content of the material calculated using both dry and water

weight of the sample, and it is used mostly in the woody biomass industry. The latter
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one is calculated using the weight of the water and the weight of the dry material and it

used mainly for foresters and producers/manufacturers of wood products (McGowan,

2009).

2.1.7.2. Calorific value

According to Rosillo-Calle et al. (2015) the calorific value is defined as “the measure of
the energy content of a substance determined by the quantity of the heat given off when
a unit weight of the substance is completely burned”, its commonly measured in
calories or joules and expressed in Kcal/’kg or MJ/kg. The most efficient source of
energy is the bituminous coal with a calorific value of 7,200 kcal’kg (30.15 MJ/kg),
followed by the anthracite coal with 6,810 kcal/kg (28.52 MJ/kg), the lignite (at 35% of
moisture) with 3,990 kcal’kg (16.71 MlJ/kg), wood (at 40% moisture) with 2,880
kcal/kg (12.06 MJ/kg), bagasse (at 50% moisture) with 2,220 kcal/kg (9.29 MJ/kg) and
bark (at 50% moisture) with 2,492 kcal/kg (10.44 MJ/kg) (Environmental Protection
Agency, 1995).

There are two main ways to determine the calorific value of a fuel: the Gross Calorific
Value -GCV- (also called the Higher Heating Value -HHV-) and the Net Calorific
Value -NCV- (also Lower Heating Value -LHV-). The GCV is the total amount of
energy released for unit of mass of solids biofuels burned in the presence of oxygen and
under specific conditions, it is usually measured by using a Calorimetric Bomb.
Whereas the NCV is the value of energy obtained during the combustion of the biofuel
under conditions of constant volume and presence of water, which will remain as a
water vapor (British Standard Institution, 2010). As reported by Rosillo-Calle et al.
(2015) the GCV is always higher than the NCV, since the latter includes the energy to
vaporize the water contained in the fuel and the energy to form water from hydrogen

contained in the hydrocarbon molecules, and its vaporization.

2.1.7.3. Ash content

As per the British Standard definition, the ash is the “solid mineral residue obtained
from a complete fuel combustion”. Therefore, when the ash content of a fuel is high, it
will have a lower calorific value. The content of ash plays an important role during the

combustion of the solid biomass, since its high ash content causes problems with
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combustion automatization, maintenance of the stove (for both industrial and small-
scale heat production), and inhalable particle emissions (Obernberger et al., 2006).

The ash chemical composition of the solid biofuels includes Al, Ca, Cl, Fe, K, Mg, P,
Na, S, Mn, Si, and Ti which are related with different environmental and technical
issues such as emissions of fine particles, low ash fusion temperatures, increment of
deposit formation, agglomeration, slagging, corrosion, and abrasion (Vassilev et al.,
2017). The ash content in most of the coals (up to 40% depending on the type) is
significantly higher than the ash content in biomass (0.2-0.5% for wood, 0.23% for
sawdust, 4.7% for shea meal) (Kalembkiewicz & Chmielarz, 2011). Although, the ash is
considered as an industrial waste it can be used as fertilizer due to its content of K, Ca,
and S; additionally, it is used for different industries such as building and landscaping

(Platace & Adamovics, 2017).

2.1.7.4. Elemental and chemical analysis

The goal of the elemental analysis is to calculate the proportions of the elements carbon
(C), hydrogen (H), nitrogen (N), sulfur (S), and oxygen (O) in the organic solid
biofuels. For example, during the combustion of biofuels, C and H are oxidized by
exothermic reactions producing H20 and CO2 emissions (Valantinavicius & Vonodas,
2012), which is one of the main reasons to measure these values is to determine the
precise air for combustion (stoichiometric air) (Perea et al., 2018). Moreover, the
elements of Sulfur (S), Chlorine (Cl), Fluorine (F), and Potassium (K) are linked to
corrosion in the chamber, whereas the elements of Nitrogen (N), Fluorine (F),

Phosphorus (P), and heavy metals are linked to emissions (Stolarski, 2008).
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Table 5. Effects of physical and chemical properties in the combustion of biomass.

Properties Effects
Storage durability
Dry-matter losses

Moisture content

Low NCV
Self-ignition
= Bulk density Fuel logistics (storage, transport, handling) costs
I - —
2 Ash content Dust, [:_Ja_Artlc_Ie em_lssmns
£ Ash utilization/disposal costs
Determines fuel feeding system
Particle dimension and Det.errnines cor_’nbustion technology
. T Drying praperties
size distribution )
Dust formation
Operational safety during fuel conveying
Carbon, C GCV (positive)
Hydrogen, H GCV (positive)
Oxygen, O GCV (negative)
Chlorine, Cl Corrosion
Nitrogen, N MOx, N2O, HCN emissions
Sulphur, 5 SOx emissions, corrosion
Fluor, F HF eml.ssmns
Corrosion
Corrosion (heat exchangers, superheaters)
Potassium, K Lowering of ash melting temperatures
= Aerosol formation
E Ash utilization (plant nutrient)
g Corrosion (heat exchangers, superheaters)

Sodium, Na Lowering ash melting temperatures

Aerosol formation

Increase of ash melting temperature

Ash utilization (plant nutrient)

Increase of ash melting temperature

Ash utilization (plant nutrient)

Increase in ash meting point

Ash utilization (plant nutrient)

Emissions of pollutants

Heavy metals Ash utilization and disposal issues
Aerosol formation

Source: (Mendoza 2016)

Magnesium, Mg

Calcium, Ca

Phosphorus, P
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3.1.

OBJECTIVES

Main objective

The main purpose of the Thesis is to evaluate the energy potential and fuel-energy

properties of coconut husks as well as to investigate the optimal way of conversion into

biofuel.

3.2

Specific objectives

In order to fulfil the main objective, several specific objectives were formulated:

Calculation of the potential yield of Coconut husks: a case study of
Ghana.

Laboratory determination of the chemical, physical and mechanical
properties of the biofuels made from coconut husks and comparison with
other materials and standards.

Calculation of the energy potential based on the yield of coconut husks
and net calorific value.

Comparison the loose/initial husks as an energy source vs torrefied

biofuel.
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4. MATERIALS AND METHODS

4.1. Material

Raw material (Coconut Husk) for analysis was obtained directly from Ghana. They
were picked up from undesignated coconut waste dumping sites in the La Nkwantanang
District in Accra, Ghana. Figure 19 shows the district on a map for better visualization.
Coconut husks are dumped in undesignated sites by vendors who sell the coconut fruits

on the streets. Some of them are also disposed of by individuals and households.

S

p - *

20 10 ] 20 Kilometers
B BN S
Figure 18. Map of Greater Accra Region Showing the various districts

Source: (Wiki Maps)
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Figure 19. La Nkwatantanang -Madina Municipal District

Source: (lanmma.gov.gh/data-maps/)

The scientific experiments took place in the laboratory of Biofuel Center at the
Research Institute of Agricultural Engineering, laboratory of Biofuel in the Faculty of
Tropical Agriscience and Laboratory of Biomass characterization, Faculty of

Engineering, Czech University of Life Sciences Prague.
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4.2, Analytical sample preparation

Samples were homogenized, divided, dried and ground according to ISO 14780:2017
before they were analyzed. Grinding of sample was done using the laboratory mill
(model Foss Cyclotec 1093, Foss, Denmark) and a screen with diameter of 0.5mm and

FTA mill 9FQ-40°C.

4.3. Determination of physical and chemical properties of

coconut husk

4.3.1. Moisture content

The moisture content of the coconut husk was determined and calculated according to
Standard EN ISO 18134-3(2015): Solid biofuel- Determination of moisture content-
Oven dry method. For the identification of moisture content, the oven used was
MEMMERT (Model UFE 500), and for weighting the samples, the digital laboratory
weighing scale KERN (Model ABJ 120-4NM) was used. The oven was heated up to
105° C together with empty containers. After a constant temperature was achieved in
the oven, the containers were moved out and cooled in a desiccator with desiccant for
about 15 minutes till it reached room temperature. The empty containers were then
weighed and recorded. The samples were then placed in the weighted containers and
weighed together, dried in the oven for about 3 hours at 105 °C until the weight was
constant in mass. After the whole drying process, the containers filled with the samples
were then taken out, cooled in the desiccator, and then reweighed. The following
formula was used for the calculation of the moisture content.

(1)

— wx 100%
(m2-m1)

where:

W - moisture content, %.

m;- mass of empty crucible, g.

m2- mass of empty crucible with sample before drying, g.

m3-mass of crucible with sample after drying, g.
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.‘ _1f' — e 3
Figure 20. MEMMERT drying oven (Model UFE 500) with coconut husk

samples.

Source: (Author 2023)

4.3.2. Calorific value

The experiment was conducted strictly under the standard EN 14918 (2009): Solid
Biofuels-Determination of gross calorific value and net calorific value. The calorimeter
LAGET MS-10A (LAGET Ltd., Prague, Czech Republic) was used. Dried and weighed
sample was wrapped in a combustion paper and then put in a crucible which has an
ignition wire placed between the electrodes. This was then covered with a high-pressure
vessel bomb, to fill it up with oxygen to a pressure of 3.0 & 2 MPa. The vessel bomb
filled with oxygen, containing the weighted sample and combustion paper was inserted
into the calorimeter can, to start the full combustion of the sample. The calorimeter
shows a jump of temperature which is used to calculate the Gross Calorific Value by the

following equation:
2

_ Ex O—(Mign X Qign+ Mcp X Qcp)
Qv,gr =

ms
where:

Qv,gr—gross calorific value of a biofuel sample, J- g -1
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€ —heat capacity of a calorimeter, 9,099 J/°C.
6 —temperature rise, °C.

mign—mass of the ignition wire, g.

Qign—calorific value of the ignition wire, 6,000 J/g.
mcb—mass of a combustion paper, g.

Qcb—calorific value of a combustion paper, 16,279 J/g.

ms—mass of a tested sample, g.

yoteminolsd
AOI-2M

Figure 21. Picture showing MS-10A calorimeter.

Source: (Author 2023)
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Figure 22. High Pressure Vessel Bomb

Source: (Author, 2023)

Subsequently, the Net calorific value was also calculated by using the following
equation and converted to Megajoule per kilogram (MJ/kg) to keep consistency with

previous similar studies made.

3)

Q=Qv, gr —24.42x(M+8.94xH)

where:

Q—net calorific value, J-g -1

Qv, gr—gross calorific value of a biofuel sample, J-g -1

€ —heat capacity of a calorimeter, 9,099 J/°C.

24.42— coefficient corresponding to 1% of the water from the sample at 25°C.

M—moisture content in the sample, %.

8.94——coefficient for the conversion of hydrogen to the water.

H—hydrogen content in the sample, %.
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4.3.3. Ash content determination

The ash content of the sample was determined using ISO 18122:2015 by calcination at
550 °C in a muffle furnace (Thermolyne 30400, ThermoScientific, USA).

Figure 23. Dry samples tested in muffle furnace.

Source: (Author, 2023)

The equation below was then used to calculate the ash content.

“)

A=Y 100

(m2-m1)

where:
A —ash content on a dry basis, %.
ml—mass of an empty dish, g.
m2—mass of dish with a sample, g.
m3—mass of dish with ash, g.
4.3.4. Carbon, Hydrogen, Nitrogen and Sulphur Determination

C, H, N was determined by elemental analysis (Leco TruSpec- macro sample CHN

elemental analyser) following the ISO 16948:2015 standard. The machine was calibrated
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before three replicates of 0.1-gram dried tested samples wrapped in aluminum foil were
placed into the equipment and combusted into simple compounds. The final compounds
were analyzed using the infrared detectors and thermal conductivity at temperatures around
1050°C in the presence of 100 percent Oxygen. The results from the equipment were
calculated by mass %. Following that, the oxygen mass percentages were calculated using

the following equation:

)

0 (%) =100 — (C (%) + H (%) + N (%) + S (%) + Ash (%))

where:

O (%)—mass percentages of oxygen, %.
C (%)— mass percentages of carbon, %.

H (%)— mass percentages of hydrogen, %.

N (%)— mass percentages of nitrogen, %.

S (%)— mass percentages of Sulphur, %.

Ash (%)— mass percentages of ash content, %.
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Figure 24. Picture of Leco TruSpec- macro sample CHN elemental analyzer)

Source: (Author,2023)

4.3.5. Estimation of energy required for husk disintegration-

Compression Test

A universal compression testing machine (ZDM 50, Czech Republic) of a maximum
load capacity of 500 kN was used for the compression test at a speed of 5 mm/min. The
samples were loaded in both x and y orientations as shown in Figures 29 and 30

respectively.
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Figure 25. Compression test of coconut sample (a) loaded at y-orientation, and (b)
sample with a crack after the test.

Source: (Author ,2023)

Figure 26. Compression test of coconut sample (a) loaded at x-orientation, and (b)
sample showing partly plastic deformation.

Source: (Author,2023)

The deformation energy is characterized by the area under the force-deformation
curve (Gupta and Das 2000; Herak et al., 2015) which can be calculated using
equation (6).

(6)
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n=i—-1

Epr = Z [(@) “(ngr — xn)]

n=0

where:
Epr is the deformation energy (Joules or J), F,,.; + FE, are the compressive force (N)
and x,,; — X, are the deformation (m), n is the number of data points and i is the

number of sections in which the axis deformation is divided.

4.3.6. Stoichiometry calculation

The combustion properties of coconut shell/husk were determined from the relationship
provided by Malatak & Bradna (2017). The theoretical amount of oxygen for perfect

combustion was determined based on equation (7)

c H S 0
02,min - Vm(OZ) (M(C) + M(H) T M(S) + M(Oz)) )

where:

The theoretical amount of dry air Lmin was calculated using equation (8)

_ 02,min
Lmin = 20 0y ¥ 100 ®)

where: Cam(O2) = 21% vol. — volumetric concentration of oxygen in air.

The theoretical amount of dry flue gasses Vi mn Was determined using equation (9)

__ Vin(COy) Vin(50;) Vin(N3) Catm(N32) )
I/}g,min = M0 xC + MG) xS+ M(N,) x N +—100 XLmin  (9)

Where: Cy¢m (N,) — N2 concentration in the air (75.474%vol.)
The volumetric amounts of combustion products, CO2, H20, N2, SO2, and O2 were
calculated using equation (10) to (14)

Vi (CO Carm(CO
v(CO,) = ﬁx C+ By (10)
_ Vm(H:0) Vm (H20)
v(H,0) = M) xH+ M0) X w (11
__ Vimn(N3) ) Catm(N2)
N = g SN Ozmin X 0 (12)
M(C)
vSOZ = m (13)
Vo, = 02,minx(n - 1) (14)

where: W — Moisture content in the fuel, (%wt).
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4.3.7. Production of coconut based biochar-Torrefaction

For the purpose of the research, the ground coconut husk samples were modified by
torrefaction. Torrefaction is generally known to be able to produce a superior fuel
compared to original biomass, by increasing the net calorific value and decreasing the
oxygen content. (Tamelova et al. 2018). A programmable weighing furnace LECO TGA

701, see in Fig 31 was used at a rate of 10°C.min™1

up to a defined temperature which
was maintained for 60 minutes. The predefined temperature was set, and then empty
crucibles were loaded into the carousel. The machine then closes and automatically
weighs the empty crucibles. The samples were loaded into empty crucibles after
weighing and then placed in the carousel again and then torrefaction started, the results

were then calculated and displayed on a computer screen connected to the machine.

Figure 27. Picture showing weighing furnace LECO TGA 701.

Source: (Author ,2023)

The samples were torrefied to 5 different temperatures as seen in table 6 below.
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Table 6. List of samples and torrefied temperature

Sample Description Final Temperature
CHO Original coconut husk sample -
CH250 Torrefied coconut husk sample 250°C
CH300 Torrefied coconut husk sample 300°C
CH350 Torrefied coconut husk sample 350°C
CH450 Torrefied coconut husk sample 450°C
CHS50 Torrefied coconut husk sample 550°C
4.3.8. Determination of biochar (torrefied coconut husk) energy
properties.

For the determination of the biochar energy properties, main parameters like calorific
value (net and gross, dry basis and as received), ash content, and contents of C, H, N
were determined according to the measuring methodology described above (the chapters

4.3.1,43.2,43.3,4.3.4).

4.3.9. Calculation of total energy yield (E YA)

The maximum theoretical energy yield /potential of agricultural was calculated using

the recommended equation developed by Akhmedov et al (Akhmedov, et al.,2019):
(15)

EYA=WTxNCV,TJ
where:

WT — total yearly quantity of coconut husk waste, t.

NCV — net calorific value of coconut biomass, J g'l.
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S. RESULTS AND DISCUSSION

As stated in the methodology, the moisture content test was done according to the
Standard EN ISO 18134-3(2015): Solid biofuel- Determination of moisture content-
Oven dry method.

The moisture content of coconut husk sample was 8.9% (Table 7). The moisture content
of the coconut husk meets the strict moisture content requirements on wood biofuels
and standards for non woody pellets and briquettes too. The moisture content of a
quality solid fuel (category <’A’’) should not exceed 12% for pellets and briquettes. (EN
ISO 17255-6: 2014). Raw materials with high moisture content have a negative effect
on the final properties of solid biofuels such as the calorific value (Ivanova et al. 2014).
The moisture content is one of the main factors used to determine the Net Calorific

Value and this is directly related to the burning or combustion potential of the material.

Table 7. Energy properties of coconut husk

Sample W% A% CH% H@ NP S% Cl(% O0(% GCV NCV
wb) db) db) db) db) db) db) db) MJ/kg)  (MJ/kg)

CH 8.90 4.60  49.00 5.50 0.51 0.06 1.20 39.13 18.74 17.32
CH 250C 1.09 6.12  56.73 5.35 0.78 0.06 1.20  29.76 21.73 20.53
CH300C 1.57 8.39 66.27 4.64 1.07 0.06 1.20 18.39 25.44 24.39
CH 350C 1.42 10.06  70.60 3.97 0.99 0.06 1.20 13.11 26.15 25.25
CHA450C 3.11 11.93  75.30 3.15 0.94 0.06 1.20 7.43 28.22 27.45
CH 550C 2.22 13.24  80.13 2.50 0.99 0.06 1.20 1.89 29.14 28.54

The calorific value of the biofuels is what ultimately decides how valuable biomass is
for energy-related purposes. The Gross Calorific Value was determined using the
procedures described in the section 4.3.2. The Net Calorific Value was calculated using
the formula (3) described in section 4.3.2. The results are shown in Table 7. The overall
moisture content of the coconut husk samples corresponds to the requirement of non

woody solid biofuels and even woody solid biofuels.
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The material can be categorized as "A" class for both pellets and briquettes
(respectively) in accordance with EN ISO 17225 (2014) sections 6 and 7 because the
measured Net Calorific Value is greater than 14.5 MJ/kg.

Ash content must be less than 6% for grade "A" products and 10% for grade "B"
products, according to the BS EN ISO 17225 (2014) sections 6 and 7. It is therefore
clear that the ash content of the coconut husk is well below the limits to be classified as
grade “’A’’ solid biofuel. The ash content is also one of the most important factors for a
solid biofuel as the amount of ash can affect the operation of a combustion device as
well as the time required for ash removal because it influences the formation of deposits

in boilers (Kamperidou et al., 2017).

Nitrogen content complies with EN ISO 17225 (2014), which requires a nitrogen level
of less than 1.5% for grade "A" non woody biomass. The Sulphur content also complies
with EN ISO 17225 (2014), which requires a Sulphur level less or equal to 0.2% for
grade "A." classification. Nitrogen and Sulphur concentration in biofuels is one of the
required criteria since nitrogen and Sulphur has a direct impact on the creation of
hazardous nitrogen oxides (NOx) and Sulphur Oxides (SOx) during fuel combustion

(Erisman et al. 2010; Ivanova et al. 2014).

The specified standard does not contain the concentration of carbon and hydrogen;
however, both were measured to understand the results and the NCV calculation. The
amount of carbon has a positive link with GCV; therefore, a larger carbon content
relates to a higher calorific value, explaining why GCV is higher in traditional energy

sources (fossil fuels) when compared to biomass sources (Ferndndez et al., 2012).

5.1. Moisture Content

The result obtained was compared with the energy properties of other biomass. Figure
29 shows a clear comparison of moisture content between materials that are most often

used for energy purposes.
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Figure 28. Comparison of moisture content with different raw material sources

Sources: (Author 2023; Higuera 2019; Spilacek et al, 2014; Brunerova et al,2017;
Akhemedov et al.2017; Muzikant & Havrland 2010)

5.2. Calorific Value

The results as compared to other materials used as energy source also show that coconut
husks samples have suitable Gross and Net calorific value to be used as energy source.
See figure 30 below to show Net and Gross Calorific values of coconut husk being

compared with other materials suitable for energy purposes.
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Figure 29. Comparison of the GCV and NCV of coconut husk samples with

different raw material sources

Sources: (Author 2023; Higuera 2019; Bradna et al. 2016; Spinelli et al. 2012;

Cosereanu et al. 2015)

5.3. Ash content

In comparison with other raw materials for biofuels, the ash content of coconut husks is

significantly lower.
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Figure 30. Comparison of Ash content of coconut husk and different raw materials

samples.

Sources (Author 2023; Higuera 2019; Muzikant & Havrland 2010; Spilacek et al 2014;
Brunerova et al,2017; Maj G, 2018)

54. Carbon, Hydrogen, Nitrogen and Sulphur determination

Coconut husk has a relatively high carbon content when compared to other biomass
sources (see Figure 32) which makes it a suitable biomass source for energy.
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Figure 31. Comparison of Carbon and Hydrogen Content of coconut husk

sample with other biomass sources

Sources: (Author 2023; Spilacek et al., 2014; Brunerova et al., 2017; Maj, 2018)
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Figure 32. Comparison of Nitrogen and Sulphur Content of coconut husk sample with

selected biomass sources.

Sources: (Author 2023; Spilacek et al., 2014; Brunerova et al., 2017; Maj, 2018)

5.5. Estimation of energy required for husk disintegration-

Compression test.

Two coconut husk samples that were picked up without grinding were loaded in the x
and y orientations,

Compression tests was done to determine the energy involved in crashing the whole
husks. the sample at the X orientation recorded 7.24 J while the sample at the Y
orientation recorded 795.99 J which means that the energy demand is affected by the

loading orientation of the sample.
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Figure 33. Force-deformation curve of coconut husk sample at a minimum force

showing the area under the curve which is the energy.
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Figure 34. Force-deformation curve of coconut husk sample at a a maximum

force showing the area under the curve which is the energy

The results clearly showed that a lot of energy will be needed to compress the original

coconut husks therefore there will not be the need of briquettes and pellets.

5.6. Stoichiometric result

The theoretical combustion emission of coconut hut husk was measured, and the result
is presented in Table 8.
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Table 8.Theoretical combustion emissions

Samples Ohisain Lo, Yiwn Vo VHL YA vir
(ike’) (mhke') (mke') (wlhe') (wke') (mike')  (m'ke!)

Coconut husk/shell 244 11.57 9,94 {191 0.72 944 267
Tomefied Coconut shell, 250°C 247 11.77 10.25 .06 .61 82 172
Tormefied Coconut shell, 300°C 241 11.4% 10.20 125 0.54 981 265
Tormrefied Coconut shell, 350°C 23 1098 9,89 1.3 0.46 936 254
Tormefied Coconut shell, 430°C 217 10.32 9,46 140 .39 B.ED 238
Tormrefied Coconut shell, 550°C 207 9.86 9,19 |49 0.31 E4Y 223

Ozmin — Theoretical amount of oxygen for perfect combustion, (m’.kg™); Lmin— Theoretical amount of air for perfect
combustion, (m>.kg™); Vigmin — Theoretical volumetric amount of dry flue gas, (m’.kg™); vcoz— Volumetric amount of
COy, (m’.kg™); vizo— Volumetric amount of H>O; vn2— Volumetric amount of No, (m’.kg™); vo2— Volumetric amount
of 0z, (m’.kg™).

Emission of CO> was found to increase with decreasing torrefaction temperature
(Table 8). Untorrefied coconut shell has the least CO> emission as compared to the
torrefaction temperature. Water vapour and N> emissions were discovered to be
higher on coconut husk that were torrefied at least temperaturre and lower on those
that were torrefied at higher temperature. Unlike water vapour, emission of
untorrefied coconut husk which is higher that of the torrefied ones, the N> emission of
the biomas is between 300°C to 350°C torrefaction temperature of the torrefied
samples. Inverse relationship was noticed between COz and N2 emission of the

torrefied coconut husk.

5.7. Determination of biochar (torrefied coconut husk

samples) energy properties.

The coconut husk samples were torrefied in set temperatures and the average of
results can be seen in the table 12 below. The main components of the orginial
coconut husk sample are carbon (49%) and oxygen (39.13%). The moisture content
measured was 8.90% and the ash content measured was 4.6%. The net calorific value
of the original coconut husk sample was 17.32 MJ/kg. When torrefied at 250°C,the
original moisture content which was 8.9% decreased to only 1.09% but the ash
content increased from 4.60% in the original coconut husk sample to 6.12 %. It is
established that there is an increase in ash content with an increase in torrefied
temperature. The carbon content also increases with increasing temperature thereby

affecting the Net calorific Value also the same way. However there is also an increase
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in the moisure content as the temperature of torrefaction increases. Coconut Husk
sample that was torrefied at 300°C can be selected as the most suitable for energy
purposes as it has quite low moisture content and an average ash content (8.39%),
which puts it in the category ‘B’ of specification of biofuel products, according to the
BS EN ISO 17225 (2014) sections 6 and 7.The Net Calorific Value of the Coconut
Husk sample torrefied at 300°C was measured to be 24.39 MJ/kg.

Wood, which is a typical biomass used for fuel has low calorific value of 9-12 MJ/kg
and Coal which is a common fossil fuel used to produce energy has approximately
23-28 MJ/kg of Net Calorific Value which is similar to coconut husk sample torrefied
at 300°C.

Table 9. Energy properties of initial and torrefied coconut husk

Sample W A% C(% H N(@% S(% Cl O GCV NCV
(% db) db) (% db) db) (% db) (MJ/kg) (MJ/kg)
wb) db) db)

CH 890 460 49.00 550 051 0.06 120 39.13 18.74 17.32
CH 250C 1.09 6.2 5673 535 0.78 0.06 120 29.76  21.73 20.53
CH300C 1.57 839 6627 464 107 006 120 1839 2544 24.39
CH 350C 142 1006 70.60 397 099 0.06 120 13.11 26.15 25.25
CHA450C 311 1193 7530 3.15 094 0.06 120 743 28.22 27.45
CHS550C 222 1324 80.13 250 099 006 120 1.89 29.14 28.54

W-moisture content (%), A-Ash content (%), C-Carbon content (%), H-Hydrogen
content (%), N-Nitrogen content (%), S-Sulphur content (%). CL-Chlorine content (%),
0-Oxygen content (%), GCV-Gross calorific value (MJ/kg), NCV-Net calorific value
(MJ/kg)

5.8. Calculation of total energy yield

The calculation of the Total energy yield is very important in this research. As per the
formula 15 in the section 4.3.9, the net calorific value of the original coconut husk
sample is 17.32 MJ/kg. According to a study by The Coconut Waste Project (2021), the
selected district where the samples were picked up produces an average of 17.73954
tonnes of coconut husks daily. The result of the calculation is presented in table 13

below.
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Table 10. Total amount of waste and total energy yield

Total Amount of waste (t/y) Total Energy Yield (TJ)

Coconut Husk Waste 6,474.9321 112,145.82

Source: (Author,2013)
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6. CONCLUSIONS

Generation of waste from production of agricultural commodities can be an important
source of bioenergy. They could help reduce the dependency on conventional fuels by
the re usage of their waste.

The results show that it is possible to use coconut husks for energy purposes.
The moisture content was determined to be 8.9%, Net Calorific value was 17.32 MJ/kg,
Ash content,8.9% and Nitrogen and Sulphur, 0.51% and 0.06% respectively. The
amount of carbon and hydrogen were also measured as 49% and 5.5%.
The coconut husk can be used for this purpose in the raw from as it met all the given
standards. When compared to other biomass already being used for this purpose it was
also seen to have similar properties. However, there is no need to compress and crush
the shells to be used as briquettes and pellets since a lot of energy will be used for this,
instead torrefaction of the coconut husks is rather recommended as this will require less
energy input and rather improves the properties of the coconut husks to be used as
biofuels. It is important in future that extensive research is done to understand the

energy demand for coconut husks samples under the compression tests.
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Appendix 1: Calculations of moisture contents of biochar

samples
Sample/Temp. | Mass of Empty Mass of Mass of Moisture Average
(°C) dish + lid (g) | dish+lid+sample | dish+lid+sample | content (%) moisture
before drying after drying (g) (%)
(8)

250 26.0871 27.832 27.8141 1.025846753 | 1.093949373
26.1626 27.3516 27.3384 1.110176619
25.5064 26.7195 26.7056 1.145824747

300 25.6444 28.0641 28.0318 1.334876224 | 1.571860889
25.1987 26.3156 26.2971 1.656370311
25.4287 26.2986 26.2836 1.724336131

450 25.0853 26.4697 26.4287 2.9615718 3.107235957
25.5824 26.6257 26.5908 3.345154797
26.27 27.872 27.8237 3.014981273

350 26.2422 27.4522 27.4347 1.446280992 | 1.415189915
27.3111 28.4838 28.4679 1.355845485
25.8063 26.9494 26.9329 1.443443268

550 33.0617 34.7199 34.6829 2.231335183 | 2.221997764
25.9621 27.6543 27.6179 2.151045976
27.7446 29.1853 29.1524 2.283612133
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Appendix 2: Calculations of Ash contents of biochars samples

Sample/Temp. | Mass of Mass of Mass of Moisture content | Ash Average
(°C) crucible (g) crucible+sample ash+crucible (g) (%) content Ash
(& (%) content
(%)
250 21.6237 22.7464 21.6969 0 6.52 6.12
20.7111 21.7292 20.7694 0 5.73
300 22.7114 23.7423 22.7979 0 8.39 8.39
22.9588 24.003 23.0463 0 8.38
350 26.084 27.1341 26.1899 0 10.08 10.06
17.1097 17.9054 17.1896 0 10.04
450 21.6777 22.7227 21.8028 0 11.97 11.93
17.7071 18.3485 17.7833 0 11.88
550 18.4761 19.5471 18.6183 0 13.28 13.24
18.0705 19.1161 18.2086 0 13.21
CH 18.4886 19.5839 18.4969 7.152025896 0.82 0.83
20.3539 21.4008 20.3621 7.192575406 0.84
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Appendix 3: Experimental force deformation curve of
coconut husk sample at y orientation.
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Appendix 4: Experimental force deformation curve of
coconut husk sample at x orientation
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Appendix 5: Calculations of Gross Calorific values of
biochars samples

Sample/Te | Repetit | Mass | Mass of | Mass | Correcte | GCV | GCV | Resul
mp. ion of an a of a d J/g) (MJ/ t
igniti | combust | biofu | temperat kg) GCV
on ion bag el ure rise mJ/
wire (g2) sam kg)
(g) ple
(g
Avera
ge
GCV
250 1 0.008 | 0.0625 | 0.176 | 0.53913 | 21703. | 21.70 | 21.73
(Dried) 5 8 09
2 0.008 | 0.0612 | 0.176 | 0.53518 | 21702. | 21.70
6 1 03
3 0.000 | 0.0458 | 016l | 046398 21186, | 2119
1 5 23
4 0.008 | 0.0606 | 0.153 | 0.48061 | 21780. | 21.78
3 2 44
300 1 0.008 | 0.0618 | 0.152| 0.5441 | 25519. | 25.52 | 25.44
(Dried) 4 6 81
2 0.008 | 0.0606 | 0.126 | 0.46769 | 25403. | 25.40
4 7 35
3 0.008 | 0.0437 |0.175| 0.57491 | 25411. | 25.41
3 9 68
450 1 0.008 | 0.0626 | 0.147 | 0.57569 | 28194. | 28.19 | 28.22
(Dried) 2 9 31
2 0.008 | 0.0621 | 0147 | 056824 27961, | 27.96
2 16
3 0.008 | 0.0626 | 0.186 | 0.69792 | 28287. | 28.29
8 6 83
4 0.008 | 0.0629 | 0.176 | 0.66346 | 28169. | 28.17
7 1 64
5 0008 | 00455 | 0188 | 065166 | 27276 | 2728
3 4 86
350 1 0.008 | 0.0441 | 0.167 | 0.56373 | 26102. | 26.10 | 26.15
(Dried) 3 1 19
2 0.008 | 0.0437 | 0131 | 04702 26787. | 26.79
3 3 19
3 0.008 | 0.0433 | 044 | 051045 27004, | 27.00

VI




5 89
0.008 | 0.0458 | 0.131 | 0.46539 | 26208. | 26.21
4 2 88
0.009 | 0.0451 | 0.147 | 0.51148 | 26151. | 26.15
1 8 38
550 0.008 | 0.0427 | 0.149 | 0.56125 | 29211. | 29.21 | 29.14
(Dried) 4 3 66
0.008 | 0.0431 | 0.146 | 0.55279 | 29116. | 29.12
5 9 48
0.008 | 0.0443 | 0.134| 0.5146 | 29102. | 29.10
3 4 57

VII




