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Abstract 

Water is a scarce resource but it requires for growth of crops. Sugarcane is used for sugar for 

human consumption and also important for bio-ethanol production. Water footprint (WF) is an 

indicator that expresses the amount of freshwater embodied in each ton of crop produce. The 

main problem facing Ethiopia will be water scarcity if water resource is not managed properly. 

In line with this, study is focused on the importance of water management for sustainable 

bioenergy production and the competition for water resource between water for food and water 

for energy. Therefore, this study aims to assess the green, blue and grey water footprint of 

sugarcane and bioethanol production in the Fincha and Metehara estate farms. Basically, the 

value of WF may vary based on type of crop, climate, soil characteristics, and production 

volumes or consumption methods. All those data are available for this investigation was 

collected from secondary data. These are climatic data (monthly average minimal and 

maximum temperature, humidity, wind speed and sunshine length), meteorological data 

(monthly average rainfall data), CROPWAT 8.0 model, nitrogen fertilizer application rates and 

sugarcane yield. Differences in WF sugarcane are mainly caused by crop water requirements 

and yields. Applying Penman-Monteith method for water investigation, the sugarcane water 

requirements (SWR) of 2021.1mm/growing period in Fincha and 3605.4mm/growing period in 

Metehara farm were obtained. Similarly, in Fincha estate farms, the sugarcane WF of 188.01 

m3/t which composed of 67.45m3/t green, 113.42m3/t blue and 7.14m3/t grey was recorded 

whereas the sugarcane WF of 239.11m3/t which consist of the green 29.42m3/t, blue 204.13m3/t 

and 5.56m3/t grey in Metehara estate farms was found. Hence, irrigation (blue WF) is the major 

concerning area to manage the water. The WF values are on the range of global average WF 

which is between 120 and 410m3/t this indicates that the WF values are optimum and the result 

of the study is effective. The WF of bioethanol in Fincha estate farm was 2067.62L/L whereas 

1441.54L/L in Metehara farm estate. Therefore, those values of WF of sugarcane indicated that 

they produce ample zone to improve WF of crops for sugar and bioethanol water use more 

efficiently and decrease the impact of fossil fuel on climate change.  
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1. INTRODUCTION 

1.1 Background 

According to statistics, the agricultural sector accounts for 70% of the global freshwater 

appropriation while the industrial sector is responsible for 22% of the worldwide 

freshwater utilization, allowing only 8% of freshwater resources for domestic use (Eirini 

et al., 2016). The water footprint (WF) concept was introduced by Professor A.Y. 

Hoekstra in the year 2002 which is an indicator of freshwater use that looks not only at 

direct water use of a consumer or producer, but also at the indirect water use. Therefore, 

it gives a great insight into how and where water is used in the supply chain and helps to 

form a proper basis for decision-making (Boer, 2014).  

The WF is a geographically explicit indicator that shows the volumes of water use, water 

pollution and allocations. Similarly, the water footprint is the most widespread and up-to 

date indicator used to assess water use and consumption associated to a product, activity 

or watershed (María et.al. 2018). Particularly, the WF of a product is defined as the total 

volume of freshwater consumed and polluted either directly or indirectly across the 

product’s entire supply chain (Hoekstra, 2008). WF has three components such as the 

green, blue and grey. The green water footprint refers to the rainwater consumed, the blue 

water footprint refers to the volume of surface and groundwater consumed or evaporated 

as a result of the production of a good and the grey water footprint of a product refers to 

the volume of freshwater that is required to assimilate the load of pollutants based on 

existing ambient water quality standards (Mekonnen and Hoekstra, 2010). The growing 

of energy consumption in the world and the depletion of fossil fuel reserves has 

encouraged the researches and development on renewable and sustainable energy 

resources. Bioethanol is one of major role in renewable energy for transport. 

Accordingly, water scarcity and climate change became significant issues for creating a 

stable sustainability strategy (Tapanee et al., 2015).  

Therefore, the ultimate goal of WF is to investigate the sustainability of freshwater use 

and to develop proper water management practices in different water consuming sectors. 

Generally, a WF is a more comprehensive and multidimensional indicator of freshwater 
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consumption and pollution of a product within given geographical and temporal 

boundaries than the traditional measures of water withdrawal (Jemal, 2017). 

1.2 Statement of the Problem 

It is well known that irrigation projects can have several adverse environmental impacts 

that may threaten the sustainable production of agricultural goods. The Agricultural 

sector is important and interested in Ethiopia since it contributes 44% to Ethiopia’s GDP, 

employs 80% of the labor force, and provides a livelihood to 85% of the total populations 

(Ruffeis et al., 2008). The Ethiopian government has given special attention to the 

development of sugarcane farms and sugar industry. The government is expanding 

sugarcane plantations and bioethanol production with the vision to become the leader of 

sugar and bioethanol production in Africa. Moreover, the tendency toward the utilization 

of bioethanol for transportation has been recently increased in Ethiopia to meet the 

shortage of petroleum fuel and to mitigate climate change and global warming. The 

promotion of bioethanol production is sharply increasing water use in Ethiopia, where 

agriculture is the backbone of the economy and water management is poor (Jemal, 2017). 

Sugarcane plantations and bioethanol industries in Ethiopia including Fincha and 

Metehara bioethanol distillery both are located in the semi-arid areas. For growing 

sugarcane which requires a large amount of water and water is limited resource in the 

areas and the amount of rainfall and irrigation water used on both Fincha and Metehara 

plantation farm for sugarcane production and the factory water requirement has not been 

investigate with a new technology/idea as water footprint by considering environmental 

sustainability. Ethiopia has an experiencing drought mainly in the semi-arid areas due to 

in decreasing in agricultural yields; this reducing is mainly because of inadequacy of 

water. As a result, sugarcane production also doesn’t satisfy the demand of the people. 

The inadequacy of water means to imbalance the supplied water and water requirement 

of sugarcane estate farms of Fincha and Metehara sugar factories. Therefore, due to this 

challenge the investigation should be necessary by applying water footprint to check the 

supply water and water requirement of the sugarcane factories. In line with challenge, this 

study focused on the searching of the favorable production condition on water 

consumption and impact assessment. Therefore, the aim of this study is to quantify the 
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green, blue and grey water footprint of crop production by using a CROPWAT 8.0 model 

that takes into account local climate and soil conditions and calculates the crop water 

requirements, actual crop water use and yields and finally the green, blue and grey water 

footprint at grid level. In addition, it attempts the water footprint comparison in different 

water basins in which the Fincha sugar plantation is located in the Blue Nile Basin 

whereas Metehara sugar estate is located in the Awash Basin. 

1.3 Objective of the Study 

1.3.1 General Objective 

The aim of this study is to quantify the water footprint of sugarcane estate farms of the 

different water basins in which the Fincha is in the Nile basin whereas the Metehara 

sugarcane cane estate farm is in the Awash basin. 

1.3.2 Specific Objective 

 To compute sugarcane water requirement under Fincha and Metehara sugarcane 

estate farm.  

 To determine the water footprint of sugarcane for both factories 

 To determine water footprint of bioethanol production based on molasses 

byproduct. 

1.4 Scope of the Study 

Scope of this study is covered the WF of three stages of bioethanol production along 

production chain. These include the WF of sugarcane cultivation, molasses process in 

sugar industry and bioethanol production in the distillery. Furthermore, the WF of the 

input or output materials for molasses and bioethanol production such sugarcane and 

molasses were incorporated in the study. 

1.5 Limitation of Study Area 

This study is conduct to assess the water footprint of three stages of bioethanol 

production along production chain in Fincha and Metehara sugarcane factories. These are 

sugarcane cultivation, sugar production and bioethanol production in distillery. And also, 

only nitrogen fertilizer is considered for assessing grey WF, and the indirect water 

consumption and pollution of the input materials were not considered along the supply 
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chain from plantation of sugarcane to bioethanol harvesting time at the gate of the 

factory. 

1.6 Research Questions 

The following questions are needs to be raised and answered in detail to satisfy the 

specific objectives of the investigation. 

 What is the significance to study water footprint? 

 What does the impact of the crop water requirement and irrigation requirement 

on local water resources? 

 Does the WF determination can identify how much water consumes and polluted 

in both farms? 

1.7 Organization of the Thesis 

This thesis paper consists of five chapters. Chapter one consists the overall background 

which deals about the importance of water footprint in different crop type especially in 

sugarcane estate farm, statement of the problem, general and specific objectives, scope of 

the study, limitation of the study area, research questions and organization of the thesis. 

Chapter two deals about literature review which includes about sugarcane industry in 

Ethiopia, water footprint, CROPWAT model and bio-ethanol by review of other similar 

paper works. Chapter three includes materials and methods part which give emphasis 

what type of data collected and methods used to investigate the problem. Chapter four 

consists about result and discussion which gets the output and discus on it. Chapter five is 

deals about conclusion and recommendation based on outputs/results.  

 

 

 

 

 



 
 

5 
 

2. LITERATURE REVIEW 

2.1 Global Freshwater Availability 

Nowadays, global resources are diminishing at an alarming rate particularly freshwater in 

terms of quantity and quality. Freshwater is the most valuable resources for the existence 

of humanity and well function of ecosystem which termed as oil of 21st
 century. A key 

characteristic of the world’s freshwater resources is uneven distribution in time and 

space. Unsustainable development pathways and governance failures have generated 

immense pressures on water resources, affecting its quality and availability, and in turn 

compromising its ability to generate social and economic benefits (Jemal, 2017). 

The agricultural sector is a major freshwater consumer and around 70% of the world’s 

freshwater withdrawal is for irrigation. Although irrigated agriculture constitutes only 

20% of the total cultivated land, it contributes around 40% of the total food produced 

worldwide because irrigation can help increase yields of most crops. Demand for fresh 

water has been increasing continuously with growing world population and economic 

development. Its anticipated water withdrawal, especially for agriculture, will increase by 

50% in developing countries by 2025 and 18% in developed countries (Gheewala et al, 

2014) 

2.2 Sugar Industry in Ethiopia 

Sugar cane is a tropical plant which belongs to the grass family. The growth period of 

sugar cane is 12 months on average. Brazil is the largest producer of sugar cane, covering 

29% of yearly total global sugar cane production. Sugar cane in Brazil is used for both 

sugar and ethanol production. In India sugar cane is mainly used for the production of 

sugar (Scholten, 2009). Sugar cane is a perennial crop growing in tropical climates. Over 

the period 1998–2007, Brazil produced 30% of the global sugar cane, India 21%, China 

7%, and Thailand and Pakistan 4% each (Gerbens-Leenes and Hoekstra, 2012).   
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Figure 2. 1 : Percentage of global sugar cane production (Source: Scholten, 2009) 

Sugarcane industry generates lot of labor and many essential products, such as sugar, 

ethanol and bagasse. Sugarcane has a global importance, contributing to 29% of the total 

world crop production (Gerbens-Leenes and Hoekstra, 2012).  

The history of sugar industry of Ethiopia dates back to 1950's with the establishment of 

the first modern sugar factory and sugarcane plantation at Wonji-Shoa. In June 1951, the 

Ethiopian government signed an agreement with the Dutch company Handoles Vereening 

Amsterdam for the establishment of sugarcane plantation and factory at Wonji-Shoa. 

After the establishment of Wonji Sugar Factory, in 1962 Shoa Sugar Factory was 

established. The two factories are located in the rift valley, Oromia region, in East Central 

Ethiopia, about 107 km South East of Addis Ababa at an elevation of 1540 m above sea 

level. Latter, two sugar estates namely Metahara and Finchaa were established in 1965 

and 1998, respectively. The total area of production became 23,000 hectares. These three 

sugar factories were used to produce 300,000 tons of sugar per year. However, this 

amount could not even satisfy the growing domestic sugar demand. On other hand, in 

spite of the potential of country for sugarcane cultivation, the area coverage of sugarcane 

was only limited to few thousands of hectares. Therefore, the government of Ethiopia 

gave considerable attention to the development of sugar industry subsector with 

establishment of new sugar factories with large tract of sugarcane plantation and crashing 

capacity (Alena and Sahu, 2013) 
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During the five years of GTP I, the number of functional factories have been raised up 

and accordingly, the sugar corporation has six sugar factories (Wonji-Shoa, Metahara, 

Finchaa, Tendaho, Kessem, and Arjo-Didessa) and nine sugar development projects at 

Wolkayit (1-2), Tana Beles (1-3), and Kuraz (1-5). These new sugar projects were 

planned to have more sugar factories with bioethanol production. Furthermore, co-

generation facilities thereby enhance the production of more tons of sugar and co-

products per year not only to satisfy for local demand but also to fetch foreign currency 

from export of sugar. When all the expansion projects and new sugar development 

projects are completed, the corporation will have a potential of producing 5 million tons 

of sugar and 248.851 million liters of bioethanol per year and 430,000 hectares under 

sugarcane cultivation (Francom and Counselor, 2015). 

In GTP II, wide ranges of activities are expected and being carried out to finalize the 

works of the already started sugar development projects. These include the sugar 

development projects at different stages of construction levels like Tendaho Phases, Omo 

Kuraz 1, 2, 3 & 4, Tana Beles 1 and 2 as well as Welkayit sugar factories. These 

extensive works are expected to increase annual sugar production in the country. At the 

end GTP II, the sugar production is expected to satisfy the domestic demand of sugar and 

the bioethanol production which to contribute for transportation sector to mitigate climate 

change and minimize the shortage of the imported fossil fuels. Sugar and bioethanol 

production will be expanded so as to support the supply of energy and others key 

economic activities. Generally, the contribution of the all sugar industries to overall 

economic development of the country will be expected to increase many folds. Finally, it 

has planned to export sugar for global market to get hard currency (Jemal, 2017). 

2.3 Factors Affecting Evapotranspiration 

i. Weather parameters 

The principal weather parameters affecting evapotranspiration are radiation, air 

temperature, humidity and wind speed. Several procedures have been developed to assess 

the evaporation rate from these parameters. The evaporation power of the atmosphere is 

expressed by the reference crop evapotranspiration (ET0). The ET0 represents the 

evapotranspiration from a standardized vegetated surface (Allen et al, 1998). 
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ii. Crop factors  

The crop type, variety and development stage should be considered when assessing the 

evapotranspiration from crops grown in large, well-managed fields. Differences in 

resistance to transpiration, crop height, crop roughness, reflection, ground cover and crop 

rooting characteristics result in different ET levels in different types of crops under 

identical environmental conditions. Crop evapotranspiration under standard conditions 

(ETc) refers to the evaporating demand from crops that are grown in large fields under 

optimum soil water, excellent management and environmental conditions, and achieve 

full production under the given climatic conditions (Allen et al, 1998). 

iii. Management and environmental conditions 

Factors such as soil salinity, poor land fertility limited application of fertilizers, the 

presence of hard or impenetrable soil horizons, the absence of control of diseases and 

pests and poor soil management may limit the crop development and reduce the 

evapotranspiration. Other factors to be considered when assessing ET are ground cover, 

plant density and the soil water content. The effect of soil water content on ET is 

conditioned primarily by the magnitude of the water deficit and the type of soil. On the 

other hand, too much water will result in waterlogging which might damage the root and 

limit root water uptake by inhibiting respiration (Allen et al, 1998). 

2.4 Crop Growth Stages 

a. Initial stage 

The initial stage runs from planting date to approximately 10% ground cover. The length 

of the initial period is highly dependent on the crop, the crop variety, the planting date 

and the climate. The end of the initial period is determined as the time when 

approximately 10% of the ground surface is covered by green vegetation (Allen et al, 

1998). 

b. Crop development stage 

The crop development stage runs from 10% ground cover to effective full cover. 

Effective full cover for many crops occurs at the initiation of flowering. For row crops 

where rows commonly interlock leaves such as beans, sugar beets, potatoes and corn 
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effective cover can be defined as the time when some leaves of plants in adjacent rows 

begin to intermingle so that soil shading becomes nearly complete, or when plants reach 

nearly full size if no intermingling occurs. For some crops, especially those taller than 0.5 

m, the average fraction of the ground surface covered by vegetation (fc) at the start of 

effective full cover is about 0.7 - 0.8 (Allen et al, 1998). 

c. Mid-season stage 

The mid-season stage runs from effective full cover to the start of maturity. The start of 

maturity is often indicated by the beginning of the ageing, yellowing or senescence of 

leaves, leaf drop, or the browning of fruit to the degree that the crop evapotranspiration is 

reduced relative to the reference ETo. The mid-season stage is the longest stage for 

perennials and for many annuals, but it may be relatively short for vegetable crops that 

are harvested fresh for their green vegetation. At the mid-season stage the Kc reaches its 

maximum value. The value for Kc (Kc mid) is relatively constant for most growing and 

cultural conditions. Deviation of the Kc mid from the reference value '1' is primarily due 

to differences in crop height and resistance between the grass reference surface and the 

agricultural crop and weather conditions (Allen et al, 1998). 

d. Late season stage  

The late season stage runs from the start of maturity to harvest. The calculation for Kc 

and ETc is presumed to end when the crop is harvested, dries out naturally, reaches full 

senescence, or experiences leaf drop. For some perennial vegetation in frost-free 

climates, cops may grow year round so that the date of termination may be taken as the 

same as the date of ‘planting’ (Allen et al, 1998). 
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Figure 2. 2: Typical ranges expected in Kc for the four growth stages (Allen et. al, 1998) 

2.5 CROPWAT Model  

Allen et al., (1998) define and describe CROPWAT model is a software program for the 

computation of crop water demand and irrigation programming. Moreover, the software 

provides options for the design of diverse water supply scenarios and the computation of 

a number of water supplies for several crop patterns. The program is subdivided into in 

eight distinct modules, five of which are for data enter and three for computations. The 

entry to the modules is through menu in the tool bar or alternatively using the navigation 

bar at the left-hand side of the main view. The data entry modules include climate, rain, 

crop type (dry crop or rice), Soil and Crop pattern. The computation modules are CWR, 

schedules and scheme, for the calculation of crop water requirement, irrigation schedule 

and scheme supply, respectively. Despite the fact that the physical determination of crop-

water requirements (CWR), irrigation schedules and depths, is complicated and time-

consuming, they remain vital to irrigation water management and planning. The 

introduction of computer models has made it easier and possible to schedule irrigation 

and supply the exact amounts of water required by crops at every physiological stage in 

their growth cycle (Yeshi, 2018) 
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Figure 2. 3: Overview of Cropwat Model 

2.6 Factors Affect Sugarcane Water Requirement 

2.6.1 Fertilizer application 

When applied to growing an agricultural crop such as sugarcane, the calculation of the 

grey component of the total footprint requires that the following quantities be determined: 

chemical (fertilizer) application rate, crop yield, fertilizer leaching fraction, maximum 

allowed pollutant concentration in natural water bodies and natural pollutant     

concentration in the water body in which pollution is rejected. A large part of this data is 

usually not available; hence, researchers seem to proceed with a series of crude 

assumptions and report grey water footprint figures (Laspidou, 2013). 

The amount of chemicals applied to the field can be measured, but the fraction of applied 

chemicals that is not used and reaches the ground and surface water is hard to measure. 

Therefore, it is common practice to estimate the fraction of applied chemicals that enter 

the water system. The pollutants generally consist of different types of fertilizers such as 

Nitrogen (N), Phosphorus (P), pesticides and insecticides. The variability in the grey WF 

across crops and space is mainly due to differences in pollutant application (kg/ha) and 

crop yield (ton/ha) (Boer, 2014). 
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2.6.2 Wind Speed and Relative Humidity 

The average daily wind speed is measured in meters per second (m/s) at 2m above the 

ground level is required. It is important to verify the height at which wind speed is 

measured, as wind speeds measured at different heights above the soil surface differ. The 

evapotranspiration demand is high in hot weather due to the dryness of the air and the 

amount of energy available as direct solar radiation and latent heat. Under these 

circumstances, much water vapor can be stored in the air while wind may promote the 

transport of water allowing more water vapor to be taken up. On the other hand, under 

humid weather conditions, the high humidity of the air and the presence of clouds cause 

the evapotranspiration rate to be lower. For humid conditions, the wind can only replace 

saturated air with slightly less saturated air and remove heat energy. Consequently, the 

wind speed affects the evapotranspiration rate to a far lesser extent than under arid 

conditions where small variations in wind speed may result in larger variations in the 

evapotranspiration rate (Allen et al, 1998). 

2.6.3 Plant Depth 

The methods presented on ET crop assume soil water in ample supply. After irrigation or 

rain, the soil water content will be reduced primarily by evapotranspiration. As the soil 

dries, the rate of water transmitted through the soil will reduce. When at some stage the 

rate of flow falls below the rate needed to meet ET crop, ET crop will fall below its 

predicted level. The effect of soil water content on evapotranspiration varies with crop 

and is conditioned primarily by type of soils and water holding characteristics, crop 

rooting characteristics and meteorological factors determining the level of transpiration. 

With moderate evaporative conditions whereby ET crop does not exceed 5 mm/day, for 

most field crops ET crop is likely to be little affected at soil water tensions up to one 

atmosphere (Zotarelli et al, 2015). 

2.6.4 Sunshine/ Solar radiation 

The evapotranspiration process is determined by the amount of energy available to 

vaporize water. Solar radiation is the largest energy source and is able to change large 

quantities of liquid water into water vapor. The potential amount of radiation that can 

reach the evaporating surface is determined by its location and time of the year. Due to 
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differences in the position of the sun, the potential radiation differs at various latitudes 

and in different seasons. The actual solar radiation reaching the evaporating surface 

depends on the turbidity of the atmosphere and the presence of clouds which reflect and 

absorb major parts of the radiation. When assessing the effect of solar radiation on 

evapotranspiration, it is very clear that not all available energy is used to vaporize water 

since part of it can be used to heat up the atmosphere and the soil profile (Zotarelli et al, 

2015). 

2.6.5 Irrigation Development  

Most of the irrigation schemes in Awash-Basin have good reputation in irrigation 

efficiency which varies from 30 to 55%. In the early 50’s the Koka Dam was built in the 

basin, which served for hydro - electrical generation and irrigation development in the 

downstream. Soon after the first sugar factory was established in the basin. Large-scale 

irrigated farming is common on the floodplain. State farms control some 80% of the 

irrigated area and smallholder farmers farm the remaining 20%. Of the state farm area 

92% is grown with cotton, 3% with bananas and 5% with cereals and vegetables. 

Table 2. 1: Existing and potential large scale irrigation in Awash River Basin 

 

Source: Fiona Flintan and Imeru Tamrat, 2002. 

2.6.6 Management and Environmental condition 

Factors such as soil salinity, poor land fertility, and limited application of fertilizers, the 

presence of hard or impenetrable soil horizons, the absence of control of diseases and 

pests and poor soil management may limit the crop development and reduce the 

evapotranspiration. Other factors to be considered when assessing ET are ground cover, 

plant density and the soil water content. The effect of soil water content on ET is 

conditioned primarily by the magnitude of the water deficit and the type of soil. On the 

other hand, too much water will result in waterlogging which might damage the root and 

limit root water uptake by inhibiting respiration (Allen et.al, 1998). 
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2.6.7 Conveyance Losses 

Take place from barrage to the field (outlet). So design should be according to 

requirement of water plus losses. Major loss of water in an irrigation channel is due to 

absorption, seepage or percolation and evaporation. In earthen channels losses due to 

seepage are much more than the losses due to evaporation (Haseeb, 2017). The 

absorption losses depend upon following: 

i. Type of soil: in sandy soil water percolates easily so water required is more. While 

in clayey soils water requirement is less. 

ii. Subsoil water 

iii. Age of canal 

iv. Amount of Silt carried by canal 

v. Wetted perimeter 

2.7 Water Footprint 

The definition of a water footprint is, as Hoekstra et al. (2011) state: ‘The water footprint 

of a product is the volume of freshwater used to produce the product, measured over the 

full supply chain. It is a multidimensional indicator, showing water consumption volumes 

by source and polluted volumes by type of pollution’ (Hoekstra et al., 2011). This 

concept will unravel the hidden link between consumption and water use (Boer, 2014). 

The concept of WF has introduced by Hoekstra in 2002, which used as an indicator of 

freshwater use that looks at both direct and indirect water use of a consumer or producer. 

WF is an indicator of water use throughout the life cycle of a product or service (Jemal, 

2017). The concern of water scarcity and deteriorating of water quality are the major 

driving force for WF development. The basic principle behind the WF to assess water use 

along supply chains, sustainability of water use, efficiency of water utilization and 

equitability of water allocation (Hoekstra, 2016). According to Gerbens-Leenes and 

Hoekstra (2012), the weighted global average WF of sugarcane is 209m3/t, ranging 

between 120m3/t and 410m3/t. 

WF is general name given for water assessment tool that consists of the three components 

such as green, blue and grey water which helps to understand the pressure human 

activities put on the global freshwater resources (Mekonnen, 2011). Footprint families are 
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essential tool particularly WF is vital for environmental impacts identification due to the 

pressure of human activities for production and consumption of natural resources. The 

application of WF can solve water consumption conflict between food and energy by 

indicating whether the amount of rainwater is sufficient for the need of plants with the 

proper allocation of irrigation for agriculture (Jemal, 2017). 

Peru, Egypt, Colombia and Guatemala all report high yields resulting in low WFs, while 

China benefits from a low average CWR. Mexico and Brazil have favorable CWRs and 

yields above average, resulting in relatively small WFs. Cuba and Pakistan report low 

yields, resulting in a relatively large WF. Peru, Egypt, Australia, India and Pakistan have 

a large blue WF and depend almost completely on irrigation. In general, the grey WF 

contributes only to a small extent to the total WF. Figure below shows the total WF for 

sugar cane within the nineteen main producing countries. Brazil and India are the largest 

producers and have a large national WF for unprocessed sugar cane. Brazil requires 

82Bm3 of water to produce sugar cane, India 73Bm3 and Pakistan 23Bm3. The WF of 

sugarcane produced in Brazil, the world’s largest producer, is 1285m3/ton; the global 

average is 1500m3/ton (Gerbens-Leenes and Hoekstra, 2009). 

Figure 2. 4: The total water footprint for sugar cane within the main producing countries 

                   (Source: Gerbens-Leenes and Hoekstra, 2009) 
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Below figure shows the green, blue and grey WF of cane sugar per unit of sugar for the 

selected countries. The total WF of cane sugar varies between 875m3/ton in Peru and 

3340m3/ton in Cuba. The application of nitrogen for crops differs among countries, but 

does not result in large differences of the grey WF. The contribution of the grey to the 

total WF varies between 4% and 11% (Gerbens-Leenes and Hoekstra, 2009).   

Figure 2. 5: The green, blue and grey water footprint of cane sugar per unit of sugar for 

the main sugar cane producing countries (Source: Gerbens-Leenes and Hoekstra, 2009)  

2.8 Bio-ethanol 

Bio-ethanol is a liquid biofuel. Industry produces 95% of the bio-ethanol by fermenting 

sugar and starch (carbohydrates), mainly from sugar cane, beet and maize (Gerbens-

Leenes and Hoekstra, 2012). Ethanol (C2H5OH) is the most used liquid bio-fuel, 

currently accounting for 86% of total liquid bio-fuel production. Of all ethanol produced, 

about 25% of global ethanol production is used for alcoholic beverages or for industrial 

purposes. The other 75% is fuel for transportation (World watch Institute, 2007).  

Molasses is the only raw material used for production of ethanol in Ethiopia. Feed 

molasses contains about 50% of the total sugar. Generally, the ethanol plant consists of 

four major processing steps, viz., molasses treatment, fermentation, distillation and 
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molecular sieve dehydration (Ephrata and Shabbir, 2019). Most ethanol (95%) is 

produced by fermentation of carbohydrates derived from agricultural crops, the 

remainder is synthetic ethanol. Both products are chemical identical. Another difference 

in ethanol that can be made is its purity. Anhydrous ethanol is at least 99% pure while 

hydrous ethanol contains some water and has a purity of 96%. Since gasoline and water 

do not mix, only anhydrous ethanol is suitable for blending. Hydrous ethanol is used as 

100% gasoline substitute for cars with adapted engines (Scholten, 2009).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. 6: Schematic of the overall system of sugar and bioethanol production 

                   (Source: Jorrat, et.al, 2018) 
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3. MATERIALS AND METHODS 

3.1 Description of the Study Area 

Finchaa sugar factory is located in western part of Ethiopia, at 353 km from Addis Ababa 

in Oromia regional state in Abay Chomen Woreda, Horro Guduru Wollega Zone. 

Geographically the study area is situated within 9°30′23′′ to 10°01′05′′ North and from 

37°30′30′′ to 38°51′59′′ East at 1350 to 1600 m above sea level. The area is enclosed with 

in four Woredas; Jarte Jardega, Abay Chomen, Guduru and Hababo Guduru (Alemayehu, 

2017). The area characterized by average annual rainfall of 1280 mm with a mean 

minimum and maximum temperature of 14.5 °C and 30.6 °C, respectively. Moisture 

demand of the crop is supplemented by sprinkler irrigation (Abiy et al, 2016).  

Metehara sugarcane estate is located 190 km southeast of Addis Ababa near Metehara 

town in Fentale Woreda, Oromia region, East Central Ethiopia between 08°35’N and 

08°54’N latitude and 39°40’E and 39°55’E longitude and 947m.a.s.l (Afework, 2009). 

The mean annual temperature at Metehara is 26.8°C. 

 

 Figure 3. 1: Study Area of the Project: Metehara on the left and Fincha on right sides  

                   (Source: Jemal, 2017 and Ruffeis et al., 2008) 
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 Topography  

Altitude of the study area is on the ranges between 1350 m to 1600 m for Fincha farm 

and 947m.a.s.l for Metehara. Most of the area around 80% in Fincha estate farm can be 

described as a wide rolling plateau is within the altitude range between 2200 m and 2400 

m. About 51% of the watershed is flat (0 to 3% slope steepness), which is mainly under 

water reservoir and swamp. The gently sloping (3 to 8% slope steepness) to sloping (8 to 

15% slope steepness) area covers about 34%, steep (15 to 30% slope steepness) to very 

steep (> 30% slope steepness) covers about 15% of the watershed area (Taye, 2016). 

Similarly, the topography of Metehara estate farm is mostly flat and rolling terrain type.  

 Climate  

The climate of Ethiopia is mainly controlled by seasonal migration of Inter-tropical 

convergence zone (ITCZ) and its associated atmospheric circulation but the topography 

has also an effect on the local climate. The traditional climate classification of the 

country is based on altitude and temperature shows the presence of five climatic zones 

namely: Wurch (cold climate at more than 3000 m altitude), Dega (temperate like 

climate-highland with 2500-3000 m altitude), Woina Dega (warm 1500-2500 m altitude), 

Kola (hot and arid type, less than 1500 m in altitude), and Bereha (hot and hyper-arid 

type) climate (NMSA, 2001). According to this classification, Fincha sugarcane estate 

farm falls in Woina-Dega climate whereas Metehara sugarcane estate rarm falls in Kola. 

3.2 Materials 

 Data Collection 

All data those are available for this investigation was secondary data. The input climate 

data is used for estimating the reference crop evapotranspiration (ET0) and effective 

rainfall (Peff) in CROPWAT using the Climate/ET0 module. Required station profile data 

includes station name, latitude, longitude and altitude. Required climatic data for monthly 

ET0 calculation includes monthly average minimal temperature (oC), maximum 

temperature (oC), humidity (%), wind speed (km/day) and sunshine length (hours). The 

precipitation data (PR) was implemented to calculate Peff in CROPWAT using the Rain 

module. 12 years (2008 to 2019) monthly average climatic and meteorological data’s was 
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collected for this analysis. Both the climatic and meteorological data has collected from 

Ethiopian National Meteorological Agency (ENMA). 

 

Sugarcane growing seasons (calendar), nitrogen fertilizer application rates (kg/ha) and 

sugarcane yield (ton/ha) have obtained from Ethiopian Sugarcane Industry Corporation. 

Sugarcane coefficients (Kc) value was taken from FAO (2007 and 2014). The data was 

used for initial, development, mid-season and late season of sugarcane growing stages. 

3.3 CROPWAT Model 

The model used to do the water footprint assessments is the CROPWAT 8.0 model. The 

model is developed by the Land and Water Development Division (LWDD) of FAO. It is 

a model for the determination of CWRs and IRs based on soil, climate and crop data 

(FAO, 2013). The CROPWAT model offers two options to calculate the crop 

evapotranspiration (ET). The first option is the ‘crop water requirement option’ (CWR 

option). This option calculates the ET under ‘ideal growth conditions’, which means that 

adequate soil water maintained by rainfall and/or irrigation so it does not limit plant 

growth or crop yield. The second option is the ‘irrigation schedule option’. The irrigation 

schedule option does not work with the concept of effective precipitation as the CWR 

option. It includes a soil water balance to keep track of the soil moisture over time. 

Therefore, the model needs input data on soil. This option is recommended by Hoekstra 

et al. (2011) to apply whenever possible, because it is more precise. The applicability of 

this option depends on whether required data is available (Boer, 2014). In this study, the 

CWR option will be used which have three modules for input data: the climate/ETo 

module, the rainfall module and the crop module. 

3.4 Determine Sugarcane Water Requirement  

Crop water requirement is the total amount and the way in which a crop requires water 

from the time it is sow to harvest. Sugarcane needs a certain amount of water to grow. 

The volume of water necessary for sugarcane to grow is called the sugarcane water 

requirement (SWR, mm). Each type of crop has its certain level of CWR varied spatially 

and temporally. Two factors influence the value of the SWR that are the crop coefficient 

(Kc or Ksug.) and the reference crop evapotranspiration (ET0, mm). These factors 

influenced by climate variations such as temperature, sunshine, wind speed and humidity. 



 
 

21 
 

The SWR calculated by ET0 multiplied by the Kc. The SWR is equal to the actual crop 

evapotranspiration (ETc, mm), assuming there are no water limitations to crop growth, so 

that the crop water requirements are fully met. 

                  ETc = Kc * ET0 [mm]……………………………………eqn. 1 

                  ETc = SWR ………………………...……………………eqn. 2 

           Where, SWR = Sugarcane Water Requirement 

                        Kc is the sugarcane coefficient,  

                        ET0 is the reference evapotranspiration (mm/day) and  

                        ETc is sugarcane evapotranspiration  

Kc value of sugarcane was taken from FAO sugarcane standard values 

(Allen et.   al., 1998) 

3.4.1 Determination of Reference Evapotranspiration (ET0) 

The term evapotranspiration (ET) is commonly used to describe two processes of water 

loss from land surface to atmosphere, evaporation and transpiration. Evaporation is the 

process where liquid water is converted to water vapor (vaporization) and removed from 

the source (such that soil surface, wet vegetation, pavement, water bodies, etc).  

Transpiration consists of the vaporization of liquid water within a plant and subsequent 

loss of water as vapor through leaf stomata (Lincoln et al., 2018). Although several 

methods exist to determine ET0, the Penman-Monteith (PM) method, mostly 

recommended as the appropriate combination method to determine ET0 from climatic 

data. Consequently, in this study, ET0 has computed by Fincha and Metehara weather 

station data such as maximum and minimum air temperature (°C), wind speed (m/s), 

relative humidity (%) and sunshine duration (hours). By using CROPWAT version 8 

Model the calculation of ET0 (mm/day) will be done in addition to FAO Penman-

Monteith Method, (Jemal, 2017). 
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Where, ET0 = the reference evapotranspiration [mmday-1],  

             Rn = the net radiation at the crop surface [MJm-2day-1],   

             G = the soil heat flux density [MJm-2day-1],  

             T = mean daily air temperature at 2m height [°C],  

             U2 = the wind speed at 2m height [ms-1],  

             es = the saturation vapor pressure [kPa],  

             ea = the actual vapor pressure [kPa],  

              = the slope vapor pressure curve [kPa°C-1] and  

              = the psychometric constant [kPa°C-1]. 

The necessary data to do this are standard climatological records of solar radiation 

(sunshine), air temperature, humidity and wind speed. The climatic data used for the 

calculations has collected from Ethiopian meteorological agency. As ET0 is sensitive to 

wind speed (U2), it has measured at the weather station in m/s. The slope of saturation 

vapor pressure curve (Δ) will be determined by using (Jemal, 2017) 
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Where T is the daily average temperature between Tmax and Tmin 

        (PaoC-1) = 0.665 * 103 P 

Where P is the atmospheric pressure 
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        Where, Z = elevation above sea level (m) 
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Actual vapor pressure (ea) can be obtained assuming that the dew point temperature 

(Tdew) is near the daily Tmin. Then it has estimated using this equation: 
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…………………….eqn. 6
 

 Mean saturation vapor pressure derived from air temperature (es) 

As saturation vapor pressure is related to air temperature, it can be calculated from the air 

temperature. The relationship is expressed by (Lincoln et al., 2018): 
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Where, e (T) = saturation vapor pressure at the air temperature T, kPa  

            T = air temperature, ºC. 

Therefore, the mean saturation vapor pressure is calculated as the mean between the 

saturation vapor pressure at both the daily maximum and minimum air temperatures. 
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Where, Tmax = maximum daily air temperature, ºC;  

            Tmin = minimum daily air temperature, ºC. 

The mean saturation vapor pressure for a day, week, decade or month should be 

computed as the mean between the saturation vapor pressure at the mean daily maximum 

and minimum air temperatures for that period: 
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 Soil heat flux (G) 

Complex models are available to describe soil heat flux. Because soil heat flux is small 

compared to net radiation, particularly when the surface is covered by vegetation and 

calculation time steps are 24 hours or longer, a simple calculation procedure is presented 

here for long time steps, based on the idea that the soil temperature follows air 

temperature (Jemal, 2017): 
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Where, G = soil heat flux [MJ m-2 day-1],    

            Cs = soil heat capacity [MJ m-3 °C-1], 

            Ti = air temperature at time i [°C],    

            Ti-1 = air temperature at time i-1 [°C], 

Δt is length of time interval [day] and  

Δz is effective soil depth [m]. 

3.4.2 Calculation of Effective Rainfall 

12 years (2008 - 2019) rainfall data has used in CROPWAT 8 models to estimate 

effective rainfall (Reff). CROPWAT 8 model under rain module suggest the probability to 

use the following methods to calculate the effective rainfall: 

1. Fixed percentage: Fixed percentage method usually used 80% rainfall which 

indicated that about 20% of rainfall can be lost in the form of runoff or infiltration 

without utilization for crop growth in the field. This method is highly recommendable 

for monthly low rainfall data and preferable for observed rainfall less or equal to 100 

mm/month. This fixed percentage method calculated by  

                  Reff = fixed % R ……………………………………………..eqn. 12 

     Where, R is the rainfall collected from meteorological station. 

2. Dependable rainfall (FAO/AGLW formula): Based on an analysis carried out for 

different arid and sub-humid climates, an empirical formula was developed in the 
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Water Service of FAO to estimate dependable rainfall, the combined effect of depen-

dable rainfall (80% probability of exceedance) and estimated losses due to Runoff 

(RO) and Deep Percolation (DP). This formula may be used for design purposes 

where 80% probability of exceedance is required. Dependable rain method results in 

higher amount of water to be delivered from source to command area through canal 

and the duty used for design of canal is higher. Consequently, sufficient water to be 

supplied to crop on the command area even though the cost of canal construction is 

expected to be high as compared to USDA SC method (Andualem and Keneni, 2020). 

Calculation according to:   

               Monthly step:   

                            Peff = 0.6 * P - 10 for Pmonth <= 70 mm…………………eqn. 13 

                            Peff = 0.8 * P - 24 for Pmonth > 70 mm……………..……eqn. 14 

3. Empirical formula: Same formula as for Dependable rainfall but with the possibility 

to change the parameters, which may be determined from an analysis of local climatic 

records: 

         Monthly step:   

                       Peff = a * Pmonth - b for Pmonth <= z mm ………………….eqn. 15 

                       Peff = c * Pmonth - d for Pmonth > z mm …………..……….eqn. 16 

4. USDA Soil Conservation Service: Formula developed by USCS, where effective 

rainfall can be calculated according to:   

       Monthly step:   

              Peff = Pmonth * (125 - 0.2 * Pmonth) / 125 for Pmonth <= 250 mm……….eqn. 17 

              Peff = 125 + 0.1 * Pmonth for Pmonth > 250 mm ………………………..eqn. 18 

5. Rainfall not considered in irrigation calculations (Effective rainfall = 0): 

Choosing this option makes CROPWAT ignore rainfall data during the calculations 

of irrigation requirements. 
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Therefore, fixed percentage method of effective rainfall (Reff) calculation were used for 

Metehara estate farm due to rainfall less than 100 mm/month but dependable rainfall 

method is used for Fincha estate farm because monthly rainfall greater than 70mm and 

preferable for wet/highland areas. 

   P eff = 0.8 * P - 24 for Pmonth > 70 mm …………………………………..eqn. 19 

Cropping Pattern: A survey has better necessary in the study area to assess the crops 

grown under irrigation but the present cropping pattern data was taken from Ethiopian 

Sugarcane Corporation. 

Soil type: the following data are collected from the soil survey and FAO irrigation and 

drainage paper 33 such that total available soil moisture, maximum rooting depth, initial 

soil moisture depletion (%) of total available moisture. Total Available Soil Moisture 

Content (TAM), defined as the difference in soil moisture content between field capacity 

and wilting point. It represents the ultimate amount of water available to the crop and 

depends on texture, structure and organic matter content of the soil, expressed in mm/m 

(Smith M., 1992).  

The study area soil type is sandy loam and for this type of soil the following input data 

were collected and inserted in the soil module of model to calculate the initial available 

soil moisture in mm/meter unit for the study area. For sandy loam the total available soil 

moisture (FC- WP) 120 mm/m was determined for the study area referring TAM (mm/m) 

of Martin Smith for different soil texture on table.  

Table 3. 1: TAM (mm/m) 
 

 

 

Source: CROPWAT by Smith M., 1992 

Initial Moisture Depletion (% TAM), indicating the dryness of the soil at the start of the 

growing season. Default value of 0 % represents a fully wetted soil profile, 100 % is a 

soil at wilting point. 

Soil Texture Coarse Sandy Loamy Clayey 

TAM (mm/m) 60 100 140 180 
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The root depth of each crop and crop variety, crop coefficient (Kc), field irrigation 

methods, allowable depletion levels, critical depletion fraction (p) and length of 

individuals crop growth stages cropping module requires crop data over the different 

development stages: initial, development, mid and late stages were taken from FAO 

irrigation and drainage paper 56 (Allen et al., 1998) and FAO irrigation and drainage 

paper 33. Table 3.1 show that the summary of the total growing period, initial soil 

moisture critical depletion level, Kc value, and root depth for major crops grown in the 

area. 

Table 3. 2: Crop parameter 

Crop Type Sugarcane 

 

Kc 

Kc, initial 0.4 

Kc, mid 1.25 

Kc, end 0.75 

Max. Crop Height (m) 3 

 

 

Stage (days) 

Initial 50 

Development 70 

Mid 220 

Late 140 

Maximum Root Depth (m) 1.2 – 2.0 

Depletion Fraction (for ET = 5mm/day), p 0.65 

Seasonal Yield Responses, Ky 1.2 

Source: FAO 1933 and 1956 

3.5 Determination of Sugarcane Water Footprint 

There are three major components of sugarcane water footprint they are green, blue and 

gray sugarcane water footprint. 
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i. Green crop (sugarcane)  water use 

The green component of crop water use (CWUgreen, m
3 ha-1) is the volume of green water 

that is used by the crop for evapotranspiration. Green water is defined as water from 

rainfall. The CWUgreen is calculated by accumulating the daily green evapotranspiration 

(ETgreen, mm day-1) over the complete growth period. The factor 10 is included to 

convert the water depths in mm into water volumes per land surface in m3 ha-1. The 

summation is carried out in the time step of 10 days over the length of the complete 

growth period of a crop. 
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………….….eqn. 20
 

The ETgreen is either the ETc or the effective precipitation (Peff). If the Peff is larger than 

the crop water requirement, the ETgreen will be equal to the value of the ETc, because a 

crop uses as much water as possible, but never uses more than required for optimal 

growth. If the Peff is smaller than the ETc, the ETgreen will be the total Peff. 

             ETgreen = min (ETc, Peff) [length/time]……………….……..eqn. 21 

The calculation of the effective rainfall (Peff) is carried out by CROPWAT using the 

actual rainfall (Pact). 
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The WF process, green is calculated by dividing the green crop water use (CWUgreen, 

m3 ha-1) by the crop yield (Y, ton ha-1)
 

                   
)/(, massvolume

Y

CWU
WF green

greenproc 
……………….…..eqn. 22 

ii. Blue crop water use 

The blue component of crop water use (CWUblue, m3 ha-1) is the volume of irrigation 

water required for crop growth and is calculated in a similar way as the green crop water 

use. Blue water use includes surface and ground water. 



 
 

29 
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………………….eqn. 23
 

The ETblue, also known as the irrigation requirement (IR), is calculated by taking the 

difference between the ETc and the Peff. If the Peff is larger than the ETc, the ETblue is 

zero, therefore no irrigation is required. If the crop water requirement is not fully met by 

Peff then the ETblue is the difference between these two values. 

             ETblue = max (0, ETc - Peff) [length/time]…………………….………eqn. 24 

The WFproc,blue is calculated as the blue crop water use divided by the Y.      

                 
 

)/(, massvolume
Y

CWU
WF blue

blueproc 
……………………..eqn. 25 

iii. Gray water use 

The WF grey (m3/t) is normally calculated by multiplying the chemical application (such 

that fertilizers, pesticides, etc.) rate per hectare (application rate, kg/ ha) with the 

leaching-run-off fraction () divided by the maximum acceptable concentration (Cmax) 

minus the natural concentration for pollutant considered and then dividing by the crop 

yield (Y, t/ha).The grey WF will be calculated by using the effect of nitrogen fertilizer on 

water pollution as indicated by (Jemal, 2017) 
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Where,  is the leaching runoff fraction  

            AR is the chemical application rate to the field per hectare (kg/ha),  

            Cmax is the maximum acceptable concentration (kg/m3), and  

Cnat is the natural concentration for the pollutant considered (kg/m3)  

 

 



 
 

30 
 

iv. Water footprint of crop (sugarcane) production 

The water footprint of crop production refers to the volume of water consumed to grow 

the amount of crop production for a certain period. The total water footprint of a crop 

(WF, m3 yr-1) related to production is the sum of the green (WFgreen, m3 yr-1), blue 

(WFblue, m
3 yr-1) and grey (WFgray, m

3 yr-1) water footprint components (Boer, 2014).     

     WF crop, sugarcane = WFgreen + WFblue + WFgray [volume/time]……………eqn. 27 

According to Gerbens-Leenes and Hoekstra (2012), the weighted global average WF of 

sugarcane is 209m3/t, ranging between 120m3/t and 410m3/t. 

3.6 Determination of Molasses Water Footprint 

Molasses is the remaining sweet liquid which obtained by extractor process from cane 

juice not forming crystalline sugar and mostly sold to local distilleries as well as to 

farmers in the area to be used as animal feed. The products and byproducts of sugar 

factory are bagasse, filter cake, sugar and molasses whereas the input material considered 

was sugarcane. In the mills (molasses generation), the first process starts with cleaning 

and washing then reducing the size of cane by using hammer mill machine. The stepwise 

accumulative approach will be used in the analysis that is the generic way of calculating 

the WF of molasses. This approach included each process of the sugarcane in the sugar 

factory that needed to transform sugarcane into molasses (Gerbens-leenes and Hoekstra, 

2012). Hence, the WF of molasses is by 
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Where, WFprod is the WF of the product (molasses), (m3/t) 

             WFproc is the WF of process, (m3/t)  

             fp [p] is the product fraction of molasses,  

             fv [p] is the value fraction of molasses,  

 WFprod (i) is the WF of the input matter (sugarcane) and  

 The product (p) is the molasses, m3/t, (Scholten, 2009). 
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The production fraction fp [p, i] is defined as the ratio of the product mass (molasses, kg) 

to the aggregated mass of the crop (sugarcane, kg). The product fraction of an output 

product molasses which processed from input sugarcane has determined using 

          )(

)(
),(

iw

pw
ipf p 

 ………………………………..……………………..eqn. 29 

Where; fp [p, i] is the product fraction of molasses,  

            w (i) is the mass of input (sugarcane in kg) and  

            w (p) is the mass of product (molasses in kg). 

The value fraction of an output product fv (p), monetary unit/ unit mass of product is 

defined as the ratio of the market value of the product to the aggregated market value of 

all the outputs (p = 1 to z) obtained from the inputs (sugarcane) (Chooyok et al., 2013). 

This relation was indicated using: 
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                    Where, fv (p) is the value fraction of molasses and 

                                 Price (p) refers to the price of product (p) (monetary unit/mass) and  

                                W (p) is the mass of the products. 

The denominator has summed over the z output products of molasses, filter cake, bagasse 

and sugar. 

3.7 Estimation of Bioethanol Water Footprint 

The WFs of sugar and bio-ethanol are a function of crop WFs, product and value 

fractions and process water use. Molasses is the only raw material used for production of 

ethanol in Ethiopia. Generally, the ethanol plant consists of four major processing steps 

such as molasses treatment, fermentation, distillation and molecular sieve dehydration. 

The WF of bioethanol (L/L) has determined from the WF of the sugarcane molasses. In 

this study, the input material has molasses and the product (p) had the bioethanol whereas 

the spent wash will be the by-product. The amount of process water will be used to 
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convert molasses into bioethanol distillery will also added into the WF. Bioethanol WF 

estimation will be calculate using (Jemal, 2017) 

        

),(
],[

)(
)()( ipf

ipf

iWF
pWFpWF v

y

i
p

prod

procprod 












 

……………….eqn. 31

 

Where, WFprod (p) = the WF of the product (bioethanol), (m3/t);  

             WFproc (p) = the WF of process, (m3/t);  

             fp[p, i] = the product fraction of bioethanol;  

             fv[p] = the value fraction of product (bioethanol) and  

             WFprod [i] = the WF of input material (molasses), (m3/t). 

3.8 Statistical Data Analysis 

The data that will generate statically analyzed based on the objective of the study 

descriptive statistic (Excel and one way ANOVA) and correlations are used for data 

analysis. Descriptive statistics is used to analyze the meteorological, evapotranspiration, 

effective rainfall, CWR (SWR) and others. The statistical analysis will performed at 95% 

confidence interval. Correlation analysis also used for determine the relationship of two 

or more parameters to ±1. The closeness to ±1 shows the probability of linear relationship 

between the variables. So, it describes both the strength and the direction of linear 

association between the variables.  
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4. RESULTS AND DISCUSSION 

4.1 Sugarcane Water Requirement Analysis 

4.1.1 Meteorological data 

Weather conditions dictate the amount of energy available for evaporation and therefore 

play acrucial role in determining ET0. In 12 years’ time, the monthly minimum average 

temperatures ranged from 12.6 - 17.4°C and 10.5 - 22.5°C, and the maximum average 

temperatures ranged from 26.5 - 34.3°C and 27.9 - 38.3°C for both Fincha and Metehara 

respectivelly. This temperature was high that can enhance the evapo transpiration and 

SWR. This indicated that a direct association between temperature and CWR. 

Evaporation increases because higher amount of energy available to convert liquid water 

to water vapor and the transpiration process is also increased because in warmer 

temperatures plants open up their stomata and release more water vapor. Transpiration  

rates increased by 20% when temperatures rise from 28 – 33 °C and by 30% from 28 - 35 

°C (Allen et. al, 1998). 

Humid air decreases evapotranspiration and therefore also SWR. This is the only input 

parameter in this study that suppressed the CWR of sugarcane and the WF of bioethanol. 

Wind speed was another factor that was considered as an input and ranged from 0.1 – 1.2 

m/s for Fincha and 0.9 – 8.9 m/s for Metehara. The role of wind speed in evapo-

transpiration is to transport heat and serve to accelerate evaporation by enhancing 

turbulent transfer of water vapor from moist crops to the dry atmosphere. Similarly, the 

monthly average sunshine ranged from 8.3 hrs for Metehara and 7.7 hrs for Fincha in the 

range of 12 years for both factories. This showed that longer time of sunshine was 

observed which encourages evapotranspiration of the study area. Solar radiation is the 

largest energy source and capable of changing large quantities of liquid water into water 

vapour. Increasing sunshine hours positively is associated with evapotranspiration and 

enhanced the sugarcane WF. 

4.1.2 Reference evapotranspiration 

Metahara historical climatic data for 2008 - 2019, including monthly minimum and 

maximum temperatures, relative humidity, sunshine and wind speed were used to 
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compute ETo. Hence, the Mean annual ETo value for Metehara and Fincha are ranged 

from 4.71 – 33 7.98 mm/day and 3.22 – 4.70 mm/day respectively. The average value of 

the ETo over the study period was 6.17 mm/day and 4.01 mm/day for both Metehra and 

Fincha respectively. The fluctuation in ETo value is resulted from the variations of 

climate data which in turn affects the crop evapotranspiration and the WF. Normally ETo 

value depends on the climatic condition. Hence, the variation of ETo was clearly 

indicated the influence of the climate variability on SWR. However, this variation of ETo 

was not statistically significant (p > 0.05). A similar result of sugarcane ETo was reported 

which varied from 3.66 - 6.42 mm/day and used for SWR determination (Saravanan & 

Saravanan 2014). Generally, as the value of ETo become increased which implies the 

increasing of CWR is expected.  

Figure 4. 1: The ETo variations over the study period with its average value 

From the above graph, the ET0 of Metehara is greater than Fincha because of high 

amount of temprature and wind speed value this is due to the Metehara estate farm is 

located in semi-arid and tropical area rather than Fincha. 
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Figure 4. 2: Determination of ET0 using Penman-Monteith method in Fincha farm 

4.1.3 Rainfall analysis 

In order to calculate SWR, the contribution of rainfall was investigated. The actual 

rainfall and Reff results were presented in Figure 4.3 and 4.4. The calculation of Reff is 

to identify the amount of water losses due to runoff or percolation from the actual 

rainfall. The rainfall values were ranged from 313.2 - 667mm/year in Metehara and 1050 

- 1460.9mm/year in Fincha over the study periods. This amount of rainfall is low 

especially in Metehara for SWR and clearly indicated the importance of irrigation 

requirement under the study conditions. Furthermore, ANOVA was performed for the 

variation of annual rainfall over this period which showed statistically insignificant result 

at p > 0.05 was observed.  
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Figure 4. 3: Metahara annual and effective rainfall over the study period the 2008 – 2019 

 

 

Figure 4. 4: Fincha annual and effective rainfall over the study period the 2008 – 2019 
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4.1.4 Sugarcane Evapotranspiration 

In this study, the growing period of sugarcane started in December and extended for 16 

months (480 days) until harvest. The growth stages for sugarcane were divided into four, 

with 50, 70, 220 and 140 days classified as the planting (initial), development, mid and 

late stages respectively for virgin sugar cane in tropical region (Appendix 1). Even 

though variations of Kc values were basically depending on many factories such as the 

ETo, crop types and the soil nature, the globally FAO average Kc values of sugarcane are 

0.4, 1.25 and 0.75 at the initial, mid and the late stages, respectively. The value of 

maximum rooting depth is the range between 1.2 – 2 but use the minimum value because 

it is used for irrigation scheduling, depletion factor (ET = 5mm/day) was 0.65 and 

seasonal yield response functions factor was 1.2 (Allen et. al, 1998). Generally, ETc 

accounts for variations in weather and offers a measure of the evaporative demand of the 

atmosphere whereas the kc accounts for the difference between ETc and ET. The kc takes 

into account the relationship between atmosphere, crop physiology, and agricultural 

practices. Even for single crop variety, the crop coefficient value varies according to the 

conditions of the climate and crop stages. 

 

Figure 4. 5: Sugarcane growing stage for both sugarcane estate farms 
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From CROPWAT model, the average values of SWR, Peff and IR are 2021.1, 824.3 and 

1386mm/growing period for Fincha farm whereas 3605.4, 455.4 and 3160mm/growing 

period for Metehara sugarcane estate farm respectively. These high differences of water 

requirement are happen due climate data. The variation in ETc all over the season is 

normal due to the changes climatic conditions parameters. The consequence of elongated 

growing season of the crop/sugarcane is the large SWR value. In addition, the results 

from this work are indicated that irrigation water is highly consumed rather than rainfall 

for cultivation of sugarcane in both sugarcane industries. The major factors for ET of 

sugarcane are temperature and solar radiation which are directly proportional to ETs. 

The values of SWR in this work are above than the global average value which indicated 

that the importance of water management interventions in the study areas. According 

Jemal, (2017) 3459.2 mm/growth period of SWR in Metehara estate farm was reported 

but in this study 3605.4 mm/growth period for the same study area this is happen due to 

increasing of recorded period which is directly increasing of climatic date of the recent 

data. The greater values water requirements of sugarcane in both Fincha and Metahara 

indicates that they need improvement of water resources management practices. By 

applying ANOVA (SPSS tool) determine the mean, standard deviation, median, error, etc 

of SWR on both industries. In this work, the null hypothesis was rejected at p < 0.05 such 

that P = 2.53E-5 in Finch and P = 2.61E-5 in Metehara, and the alternative hypothesis was 

accepted for both Fincha and Metehara because there was a statistically significant 

difference among SWR means. It can be concluded that the independent variables 

(growing period) influence the response variable (SWR) but it doesn’t identify the 

specific growing season which is different from the other seasons. 

 

4.2 Sugarcane Water Footprint Analysis 

4.2.1 Green Water Footprint 

The green water used for the values for crop evapotranspiration and crop water 

requirement are identical, crop water requirement refers to the amount of water that needs 

to be supplied, while crop evapotranspiration refers to the amount of water that is lost 

through evapotranspiration. The average sugarcane green water is calculated by 
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For Fincha Sugarcane Industry:  

                       ETgreen, Fincha = min (2021.1, 824.3) 

                       ETgreen, Fincha = 824.3mm/season 

                       SWUgreen, Fincha = 10 * 824.3mm/season = 8243m3/ha 

For Metehara Sugarcane Industry:  

                       ETgreen, Metehara = min (3605.4, 455.4) 

                       ETgreen, Metehara = 455.4mm/season 

                       SWUgreen, Metehara = 10 * 455.4mm/season = 4554m3/ha 

The sugarcane yield over the 12 years were ranged from 97 – 146.4 t/ha and 118.4 - 

193.4 t/ha but the average yield was 122.2 t/ha and 154.8 t/ha for Fincha and Metehara 

respectively (attached in appendix 5). Sugarcane yield in Ethiopia are good which were 

meaningfully reduced the amount of SWF and also WF of Ethanol. However, this yield 

might be attributing to the fertile soil and climatic conditions for sugarcane growing in 

the tropical region.  

WF for Fincha Sugarcane Industry:  

                 
tmWF greenproc /45.67

2.122

8243 3
, 

 

WF for Metehara Sugarcane Industry:  

                  
tmWF greenproc /42.29

8.154

4554 3
, 

 

The values of the green SWF of green are lesser and minor influences to the total SWF. 

And also, the SWF green value are much lower than other studies conducted in other 

place for example SWF of green to produce bioethanol was 146m3/t (Kongboon and 

Sampattagul, 2012). This indicated that abundant of the WF of sugarcane in both 

industries particularly highly pass on the irrigation water. 

4.2.2 Blue Water Footprint 

The average IWR values were 1386 mm/season and 3160 mm/season for both Fincha and 

Metehara respectively obtained from Cropwat software. The blue component of WF can 

be determined as: 
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 For Fincha Sugarcane Industry:  

                   ETblue = max (0, IR) [length/time] 

                   ETblue = max (0, 1386)  

                   ETblue = 1386 

                  
 


p

d blueblue areavolumeETSWU
lg

1
]/[*10  

                   SWU blue = 10 * 1386 = 13860 m3/ha
  

                   
)/(, massvolume

Y

SWU
WF blue

blueproc 
 

                   
tmWF blueproc /42.113

2.122

13860 3
, 

 

                   WF, blue = 113.42 m3/t
 

 For Metehara Sugarcane Industry:  

                      ETblue = max (0, IR) [length/time] 

                      ETblue = max (0, 3160)  

                      ETblue = 3160 

                     
 


p

d blueblue areavolumeETSWU
lg

1
]/[*10

 

                      SWU blue = 10 * 3160 = 31600 m3/ha 

                       
sm

Y

SWU
WF blue

blueproc /13.204
8.154

31600 3
, 

 

                        WF, blue = 204.13m3/t
 

The value of blue WF are large in both factories this shows that abundant of water for 

SWR come from IR and also it depends majorly on irrigation.  

4.2.3 Grey water footprint 

For grey WF calculation, the nitrogen leaching runoff fraction is assumed to be 10% 

(Kongboon and Sampattagul, 2014). The maximum recommendable standard of WHO 
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for nitrogen is 50mg/L which was measured as NO3-N (WHO, 2011). Hence, the 

maximum acceptable concentration for nitrate in fairly clean fresh surface water 

resources used in this study is 0.05kg/m3 but zero value was considered for concentration 

of nitrate in natural water bodies (Fachinelli and Pereira, 2015b). The rate of urea 

fertilizer applied in the study areas are varied now a day the sugarcane farm is using urea 

fertilizer. Usually, the urea fertilizer was applied at a rate of 436kg/ha for Fincha and 430 

kg/ha for Metehara farms (Ephrata and Shabbir, 2019). Then, the average amount of the 

fertilizer per hectare were determined by using 

 In Fincha farm: 

            

ha
kg

hectar

Fertilizer
436  

The grey WF will be determined by using the effect of nitrogen fertilizer on water 

pollution as below 

t
m
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tonemWFgrey

3

3
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                                     WFgrey = 7.14m3/t 

 In Metehara farm: 

          

ha
kg

hectar

Fertiler 430  

The grey WF will be determined by using the effect of nitrogen fertilizer on water 

pollution as below 

t
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t
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tonemWF grey

3
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3 56.5

005.0

1
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8.154

430*1.0
)/( 






































  

                                     WFgrey = 5.56 m3/t 

The WFgrey of the study 5.56 m3/t and 7.14 m3/t are too small which contribute to 

increase the amount of the sugarcane production in both industries but only nitrate 

pollution effect consideration. Additionally, the influence of this element to total the WF 
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of sugarcane for both farms is indeed minor. Usually, the proportion of the WFgrey 

varies between 4% and 11% of the total WF (Scholten, 2009). The influences of the 

WFgrey to the total WF of the Fincha sugarcane is 3.8% (
81.187

100*14.7 ) which is in the 

interval between 4% – 11% whereas 2.3% (
11.239

100*56.5 ) in Metahara and 3.8% in Fincha 

are very minor or under the limit. The main limitation for determination of grey WF was 

only considered pollution rate of nitrogen. In both sugarcane farm estate, the application 

of fertilizers and pesticides are very common to grow sugarcane and some part of them 

are usually left by runoff and contributes to the grey WF. But others like nutrients, 

pesticides or herbicides can create a more problem to the environment than the nitrogen 

fertilizer alone because of the cumulative effects and degradability problem (Jemal, 

2017). 

4.2.4 Sugarcane Total Water Footprint 

The components of the sugarcane WF are green, blue and grey were 67.45m3/t (35.9%), 

113.42m3/t (60.2%) and 7.14m3/t (3.8 %) for Fincha and 29.42 m3/t (12.3%), 204.13 m3/t 

(85.4%) and 5.56 m3/t (2.3%) for Metehara, respectively.  

 For Fincha farm  

                   WF sugarcane = WFgreen + WFblue + WFgray [volume/time] 

                   WF sugarcane = 67.45 m3/t + 113.42m3/t + 7.14 m3/t  

                   WF sugarcane = 188.01m3/t   

 For Metehara farm 

                    WF sugarcane = WFgreen + WFblue + WFgray [volume/time] 

                    WF sugarcane = 29.42 m3/t + 204.13 m3/t + 5.56 m3/t  

                    WF sugarcane = 239.11 m3/t  

From the above WF result on both farms it was understood that the contributions of rain 

water for WF green were less and the WR is mostly come from the IR. So irrigation is the 

major concerning area to manage the water. The value of grey water was too much low 
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compare with that of other values and which implies that the contributions of sugarcane 

farm for water pollution are very small due to considering the nitrogen fertilizer only. 

The global average of WF of sugarcane was 209m3/t and the range between 120 and 410 

m3/t was reported (Chooyok et al., 2013). The study conducted in Thailand showed that 

WF of sugarcane was 226m3/t which consists of green (146 m3/t), blue (31m3/t) and grey 

WF (49m3/t) (Kongboon and Sampattagul, 2012). In different way, under different water 

management practices in Brazil, lower values of sugarcane WF (201m3/t) which 

consisted of the green, blue and grey water of 145, 38 and 18 m3/t was recorded, 

respectively; (Scarpare et al., 2015). There is also the difference of WF of sugarcane in 

rain harvested (151m3/t) and irrigation harvested (142m3/t) was reported (Fachinelli and 

Pereira, 2015b). In this work, the assessed sugarcane WF for both farms 188.01m3/t in 

Fincha and 239.11m3/t in Metehara are between on the range from 120 – 410m3/t global 

WF values. This indicates that the WF values are optimum and the result of the study is 

very good.  

4.3 Bio-ethanol Water Footprint Analysis 

Before determining bioethanol WF first it should be known molasses water footprint.  

a. Determine Molasses WF in Fincha Farm 

The average value of sugarcane, molasses production and fraction of molasses ( Pf ) in 

Metehara farm are 9929536.4ql, 362821.5ql and 0.036 respectively as shown in appendix 

6, (1quintal = 0.1tonne). On average 1tonne of sugarcane processed in the factory 

generated sugar 108.5kg, bagasse 280.6kg, filter cake 14.8kg and molasses 36.5kg. 

 The rate application of fertilizer were 436kg/ha but the value of filter cake was 

determined based on its value as fertilizer so 14.8t/ha filter cake were used to treat 

the farm land. 

 The current average value of fertilizer in our country is 1350birr for 1Quintal, so 

the price of fertilizer per tone is 

                Per total fertilizer (14.8tonne) = 
habirr

kg

birrhakg
/5886

100

1350*/436
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           The price of filter cake = 
hatonne

habirr

/8.14

/5886
= 397.703 birr/tonne = 0.398birr/kg 

 Bagasse were determined based on the produced electricity amount, so  

- 1tonne (1000kg) bagasse is generating 0.2 kWh of electricity (Jemal, 2017). 

The energy production of bagasse in boiler is in between 360 & 510kWh per ton bagasse 

(Gerbens-leenes & Hoekstra, 2012). Current price of electricity tariff for business in our 

country is 0.816birr/kh (https://www.globalpetrolprices.com/Ethiopia/electricity-prices).                             

            Bagasse = 0.2kWh/1000kg = 0.0002kWh/kg, but 1kWh = 0.816birr/kWh, then 

            Bagasse = 0.0002 * 0.816 birr/kg = 0.0001632birr/kg 

The average price of 1quintal (100kg) of white sugar is 1250birr over the study period. 

Which is 1250birr/100kg = 12.5birr/kg.      

The recent price of sugarcane molasses was 232birr/100kg or 2.32birr/kg (Jemal, 2017). 

The value fraction of molasses was determined by  
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                                      )(Mfv = 0.0585 

Process water for sugarcane varies in between 1 and 21m3/t (Gerbens-leenes and 

Hoekstra, 2012). Therefore, use the average value about 10m3/t of process water for 

determination of WF prod, molasses. The WF of molasses is determined by the equation 

   
t

mt
m

t
mmolassesWFprod
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                )(molassesWFprod = 306.1m3/t 
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The average WF of molasses was 306.1m3/t which composed of the green 109.89m3/t 

(35.9 %), blue of 184.27m3/t (60.2 %) and the grey 11.63m3/t (3.8 %) components. 

b. Determine Molasses WF in Metehara Farm 

The average value of sugarcane, molasses production and fraction of molasses ( Pf ) in 

Metehara farm are 9934397.8ql, 330036.78ql and 0.033 respectively as shown in 

appendix 7, (1quintal = 0.1tonne). On average 1tonne of sugarcane processed in the 

factory generated sugar 99kg, bagasse 295.5kg, filter cake 28.5kg and molasses 32.78kg. 

 The rate application of fertilizer were 430kg/ha but the value of filter cake was 

determined based on its value as fertilizer so 28.5t/ha filter cake were used to treat 

the farm land. 

 The current average value of fertilizer in our country is 1350birr for 1Quintal, so 

the price of fertilizer per tone is 

                Per total fertilizer (28.5tonne) = 
habirr

kg

birrhakg
/5805

100

1350*/430
  

                 The price of filter cake = 
hatonne

habirr

/5.28

/5805
= 203.68 birr/tonne  

                                                       = 0.204birr/kg 

The value fraction of molasses was determined by  
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Process water for sugarcane varies in between 1 and 21m3/t (Gerbens-leenes and 

Hoekstra, 2012). Therefore, use the average value about 10m3/t of process water for 

determination of WFprod, molasses. The WF of molasses is determined by the equation 

               

   
t

mt
m

t
mmolassesWFprod

3

3

3
35.43506.0*

033.0

11.239
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                )(molassesWFprod = 435.35m3/t 

The average WF of molasses was 435.35m3/t which composed of the green 53.55m3/t 

(12.3%), blue of 371.79m3/t (85.4%) and the grey 10.01m3/t (2.3%) components. 

c. Determine Bio-ethanol WF in both Fincha and Metehara farms  

The amount of bio-ethanol, process water and spent wash from 1tonne of molasses are 

determined and attached in Appendix 8 and 9 for both farms. Spent wash is the waste 

water that generated by distillery factory and often used as fertilizer which reduced the 

consumption of the fertilizer by 25% (Jemal, 2017). The average estimated cost of total 

fertilizer for sugarcane cultivation in our country is 2500 Birr/ha. 

So, spent wash = 25% fertilizer = 0.25 * 2500birr/ha = 625 birr/ha 

 In Fincha Farm Estate 

The amount of the spent wash (S.W) per ton of the sugarcane is 

                     assestonneofmol

ugarcanelassespersamountofmontwashAverageSpe

1

*


                                 

                      t
m

kg
t

kg
m

3

3

1442.0
1000

5.36*95.3
  

Sugarcane yield = 122.2t/ha

 

Amount of the spent wash applied per hectare of sugarcane farm is 

                = 0.144m3/t * 122.2t/ha = 17.57m3/ha 

Cost of fertilizer reduced related to the amount of spent wash consumed/ hectare is 
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                = 625birr/17.57m3  

                = 35.57birr/m3 

Table 4. 1: Ethanol and Sugarcane data of Fincha 

Years Ethanol (L) Cane (t.) E/C 

2012 6794000 867014 7.84 

2013 7620500 950221 8.02 

2014 11678000 1145272 10.2 

2015 10999000 1324488.3 8.3 

2016 7163000 1096218.1 6.53 

2017 9625620 1237033 7.78 

2018 8217400 918632.2 8.95 

2019 6800000 877484 7.75 

Average 8612190 1052045.3 8.19 

From above table 8.19L of bioethanol were produced from a molasses originating from 1t 

of sugarcane. The estimated average current price of bioethanol is 18birr/litter. So the 

value fraction of bioethanole is 

   )/(Pr*)()/(Pr*)(.

)/(Pr*)(
33 LBirriceLBmBirricemWS

LBirriceLB
fv


  

966.0
)18*19.8()57.35*144.0(

18*19.8

3
3






L
BirrL

m
Birrm

L
BirrL

fv  

        fv  = 0.966 

The product fraction value is 

113.0
3950

71.35023950

)(Pr

)()(Pr








L

LL

Locesswater

LSpentwashLocesswater
fp

, Where 3.95m3 = 3950L 

         fp  = 0.113 

 



 
 

48 
 

The WF of bioethanol were determined by 

t
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113.0
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But use 0.789Kg/L (0.789 t/m3) to change the unit from m3/t to L/L, such that 0.789Kg/L 

means density of bioethanol, then  

WF(Bioethanol) = (2620.56m3/t) * (0.789t/m3) = 2067.62 L/L 

Which is the boethanol WF of Fincha is composed of 742.28 L/L green, 1244.71 L/L 

blue and 78.57 L/L grey.  

 In Metehara Farm Estate 

The amount of the spent wash per ton of the sugarcane is  

                      t
m

kg
t

kg
m

3

3

145.0
1000

78.32*41.4


, where 4.41m3 is average process water
 

Sugarcane yield = 154.8t/ha

 

Amount of the spent wash applied per hectare of sugarcane farm is           

                = 0.145m3/t * 154.8t/ha = 22.45m3/ha 

Cost of fertilizer reduced related to the amount of spent wash consumed/ hectare is 

                = 625birr/22.45m3 = 27.84birr/m3 

Table 4. 2: Ethanol and Sugarcane data of Metehara 

Years Ethanol (L) Cane (t.) E/C 

2012 7658000 953009.5 8.035597 

2013 7063000 901931.3 7.830973 

2014 7767000 1155549.9 6.721475 

2015 8806000 1104203 7.974983 

2016 4524000 787060 5.747973 

2017 2744400 878782.4 3.122957 

2018 2206240 751238.7 2.936803 

2019 3485674 903687.1 3.857169 

Average 5531789.25 929432.7375 5.778491 
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From above table 5.8L of bioethanol were produced from a molasses originating from 1t 

of sugarcane. The estimated average current price of bioethanol is 18birr/litter. So the 

value fraction of bioethanole is 

963.0
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The WF of bioethanol were determined by 
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But use 0.789Kg/L (0.789 t/m3) to change the unit from m3/t to L/L, such that 0.789Kg/L 

means density of bioethanol, then  

WF(Bioethanol) = (1827.04m3/t) * (0.789t/m3) = 1441.54 L/L 

Which is the boethanol WF of Metehara is composed of 177.01L/L green, 1231.08 L/L 

blue and 33.16 L/L grey.  

Generally, the result (2067.62 L/L in Fincha and 1441.54 L/L in Metehara) shows that 

good value of bioethanol WF compared with that of Peru (1670 L/L) (Gerbens-Leenes & 

Hoekstra 2009) and it implies highly affect the local water resource but the value in 

Metehara 1441.54 L/L is less compared with that of Jemal’s result which is 1907.74 L/L 

due to reducing of sugarcane, sugar and molasses production in recent years which is 

from 2016 to 2019. 
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5. CONCLUSION AND RECOMMENDATIONS 

5.1 Conclusion 

This study provided information about the WF in the sugarcane production sector of two 

large-scale sugar producing factories in Ethiopia such that Fincha and Metehara in the 

year from 2008 - 2019. The green, blue and grey WF was estimated by applying and 

adapting the methodology proposed by Hoekstra. The sugarcane water requirement is 

2021.1 mm/growing period and 3605.4mm/growing period, and average yield production 

are 122.2 t/ha and 154.8 t/ha for both Fincha and Metehara respectively. Global SWR 

varied between 1233 and 2082 mm/cropping season and the sugarcane yields varied 

between 31 t/ha and 119 t/ha so the values of SWR and average yield production for both 

farms are higher value than the global average this shows that the values are directly an 

impact for fluctuation of WF of sugarcane. 

 

The average WF of sugarcane for both industries are 188.01m3/t in Fincha and 

239.11m3/t in Metehara which are in between on the average global WF values the values 

directly an impact for environmental sustainability majorly related to climatic factor, 

improve crop yield and water resource management. The blue WF of SC is the dominant 

one (60.2% in Fincha and 85.4% in Metehara) among other types of WF whereas the 

grey WF is smallest value which is insignificant effect on both farms i.e 3.8% in Fincha 

and 2.3% in Metehara. Therefore, according to WF concept Fincha estate farm is highly 

recommended and preferable for preservation of water and improve environmental 

sustainability because the SWF value in Fincha is less than the SWF value in Metehara. 

In addition, the average WF of bioethanol in Fincha farm estate is 2067.62 L/L were 

obtained which composed of the green (742.28 L/L), blue (1244.71 L/L) and grey (78.57 

L/L) whereas the average WF of bioethanol in Metehara farm estate is 1441.54 L/L were 

obtained which components of green (170.01 L/L), blue (1231.08 L/L) and grey (33.16 

L/L. As bioenergy is promoted to decrease the impact of fossil fuel on climate change, it 

will also bring non-sustainable water resource and raise confliction between water for 

food and water for energy. Generally, those values of WF of sugarcane indicated that 

they produce abundant to improve WF of crops for sugar and bio-ethanol, and use water 

more efficiently. 
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5.2 Recommendation 

 Further study is necessary to improve the WF of sugarcane and bioethanol 

production for both industries specifically and as well as in other industries in our 

country in general.  

 The application of urea does not produce a significant effect on the grey WF 

therefore attention should be need on other fertilizer especially on the herbicides. 
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7. APPENDIX 

Appendix 1: Lengths of crop development stages for various planting periods and 

climatic regions (days), (Allen et. al, 1998) 

 

 

 



 
 

57 
 

Appendix 2: Single (time-averaged) crop coefficients, Kc, and mean maximum plant 

heights for non-stressed (Allen et. al, 1998) 
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Appendix 3: Ranges of maximum effective rooting depth (Zr), and soil water depletion 

fraction for no stress (p), for common crops (Allen et. al, 1998) 

 

 

Appendix 4: Seasonal yield response functions (Allen et. al, 1998) 
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Appendix 5: The sugarcane production of Metahara and Fincha 

Year Metehara 

Production (t/ha) 

Fincha 

Production (t/ha) 

2008 160.2 130.0 

2009 159.4 136.9 

2010 160.5 136.0 

2011 173.6 124.5 

2012 193.4 133.5 

2013 182.3 146.4 

2014 168.2 118.3 

2015 135.6 114.8 

2016 118.4 111.3 

2017 115.5 107.2 

2018 129.7 97.0 

2019 160.2 110.0 

Average 154.8 122.2 

 

Appendix 6: Determination of value fractions of the Molasses, for Fincha farm 

Years 
Sugarcane 
(Sc), Qt 

Sugar 
(S), Qt 

Bagasse 
(B), Qt 

Filter 
Cake (Fc), 

Qt 

Molasses 
(M), Qt 

S/Sc B/Sc Fc/Sc M/Sc 

2008 7795487 883674 2249702 171978 255730 0.1134 0.2886 0.0221 0.0328 

2009 8727309 1018904 2523860 212303 284790 0.1167 0.2892 0.0243 0.0326 

2010 9579334 1105596 2593827 161007 313066 0.1154 0.2708 0.0168 0.0327 

2011 8779409 987231 2473181 166279 302775 0.1124 0.2817 0.0189 0.0345 

2012 8779410 1016040 2668706 147960 315300 0.1157 0.3040 0.0169 0.0359 

2013 9502210 1117320 2855089 170570 332577.4 0.1176 0.3005 0.0180 0.0350 

2014 11452720 1288370.3 3326955 114555 400845.2 0.1125 0.2905 0.0100 0.0350 

2015 13244883 1389071.7 3825818 90337 551460 0.1049 0.2889 0.0068 0.0416 

2016 10962180.6 1100895 3167740 88690 423580 0.1004 0.2890 0.0081 0.0386 

2017 12370331.6 1315017.9 3504296 104420 361525 0.1063 0.2833 0.0084 0.0292 

2018 9186322 864384 2196874 109660 392283 0.0941 0.2391 0.0119 0.0427 

2019 8774840 810560 2123374 137841 419926 0.0924 0.2420 0.0157 0.0479 

Average 9929536.4 1074755.3 2792451.9 139633.3 362821.5 0.1085 0.2806 0.0148 0.0365 

Kg/t of Sugarcane     108.5 280.6 14.8 36.5 
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Appendix 7: Determination of value fractions of the Molasses, for Metehara farm 

Years 
Sugarcane 
(Sc), Qt 

Sugar 
(S), Qt 

Bagasse 
(B), Qt 

Filter 
Cake (Fc), 

Qt 

Molasses 
(M), Qt 

S/Sc B/Sc Fc/Sc M/Sc 

2008 11304513 1,302,661 3210388 386137 410822 0.1152 0.2840 0.03416 0.03634 

2009 12010111 1,301,804 3460642 376335 424820 0.1084 0.2881 0.03133 0.03537 

2010 11765040 1,200,349 3932880 396410 393290 0.1020 0.3343 0.03369 0.03543 

2011 9880397 1,019,623 2720078 232439 326890 0.1032 0.2753 0.02353 0.03308 

2012 9530095 931,399 2840053 201401 309670 0.0977 0.2980 0.02113 0.03249 

2013 9019313 797,983 3242984 336580 315676 0.0885 0.3596 0.03732 0.03500 

2014 11555499 1,149,000 3544087 349731 404442 0.0994 0.3067 0.03027 0.03500 

2015 11042030 1,110,515 3128629 258948 380011 0.1006 0.2833 0.02345 0.03441 

2016 7870600 688,984 2196887 212504 238066 0.0875 0.2791 0.02700 0.03025 

2017 8787824 823,833 2458964 227895 470031 0.0937 0.2798 0.02593 0.05349 

2018 7410480 681,374 2095367 209641 256462.8 0.0919 0.2828 0.02829 0.03461 

2019 9036871 896,572 2486735 235867 244520 0.0992 0.2752 0.02610 0.02706 

Average 9934397.8 992008.1 2943141.17 285324 330036.78 0.0990 0.2955 0.02852 0.03278 

Kg/t of Sugarcane     99.0 295.5 28.52 32.78 

 

Appendix 8: Products and amount of process water consumed in bioethanol distillery, 

Fincha farm estate 

Years Molasses (t) Bio-ethanol (L) Process Water (m3) Spent Wash (L) 

2012 1 215.48 3.92 3642.5 

2013 1 229.13 3.76 3471.7 

2014 1 291.33 3.68 3733.8 

2015 1 199.45 3.85 4029.8 

2016 1 169.11 3.93 3706.0 

2017 1 266.25 4.02 3311.6 

2018 1 209.48 4.14 3152.9 

2019 1 191.99 4.31 2973.4 

Average 1 221.53 3.95 3502.71 
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Appendix 9: Products and amount of process water consumed in bioethanol distillery for 

Metehara farm estate 

Years Molasses (t) Bio-ethanol (L) Process Water (m3) Spent Wash (L) 

2012 1 284.53 4.12 3244.46 

2013 1 279.26 3.80 5528.69 

2014 1 240.73 3.61 2874.02 

2015 1 250.12 4.32 2831.51 

2016 1 233.17 4.90 2399.44 

2017 1 259.74 4.74 3108.00 

2018 1 261.35 5.03 4352.60 

2019 1 249.98 4.76 2965.37 

Average 1 257.36 4.41 3413.01 

 

 

Appendix 10: Meteorological/Climate data in Fincha Estate Farm 

 

 Rainfall (mm)  

 

 

 

 

 

Years 
Month 

Jan. Feb. March April May June July  August Sept. Oct. Nov. Dec. 

2008 0.0 0.0 0.0 55.1 174.8 161.9 477.6 280.8 170.5 58.3 76.2 5.7 

2009 0.1 11.7 14.7 43.1 16.6 200.8 304.2 431.6 98.1 137.7 0.0 4.1 

2010 3.5 2.9 0.0 23.4 180.2 66.7 486.9 360.0 156.0 27.0 8.2 0.0 

2011 9.5 0.0 48.6 46.3 196.9 23.8 238.9 203.5 253.3 0.0 66.9 0.0 

2012 0.0 0.0 21.8 4.2 29.0 143.6 315.6 337.5 370.3 17.5 0.0 0.0 

2013 0.0 0.0 2.6 13.4 157.3 301.5 310.0 363.6 128.4 111.5 43.0 0.0 

2014 0.0 1.4 43.9 59.3 296.8 145.5 265.1 263.3 153.1 173.2 7.6 3.9 

2015 0.0 0.0 22.3 0.0 210.9 160.4 215.9 199 153.1 3.6 69.4 15.4 

2016 0.0 2.7 20.9 53.5 255.7 153.4 298.2 163.5 172.6 87.6 0.0 0.0 

2017 0.0 12.1 17.7 49.0 191.6 116.8 340.9 324.9 270.5 102 15.7 0.0 

2018 0.0 7.8 7.5 21.4 92.8 184.5 385.1 208 174.6 46.8 33.0 0.0 

2019 0.0 4.0 26 73.9 87.6 259.4 215.7 199.5 216.1 43.6 85.5 6.3 
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 Maximum Temperature (0C)  

 

 

 Minimum Temperature (0C)  

 

 

 

Years 
Months 

Jan. Feb. March April May June July  August Sept. Oct Nov. Dec. 

2008 32.9 33.4 35.2 33.0 30.4 29.0 26.9 26.1 28.2 29.7 29.3 30.9 

2009 32.2 33.5 34.6 34.5 34.3 32.1 26.3 27.2 28.8 29.5 31.5 31.2 

2010 32.2 33.8 34.3 34.4 31.9 30.4 27.3 26.1 28.2 30.5 30.7 30.4 

2011 30.9 33.2 32.1 33.9 31.3 28.8 27.2 26.4 28 30.6 30.4 31.1 

2012 32.3 34 34.5 34.6 34.4 31.1 37.7 26.3 27.9 30.4 30.5 30.5 

2013 32.1 33.2 35.5 35 32 28.4 25.3 25.6 28.1 28.9 30.6 30.1 

2014 32.5 33.4 34.5 34.1 31.8 30.6 28.8 26.9 27.2 28 30.7 32 

2015 32.0 33.7 34.7 36.0 31.5 29.1 28.3 27.3 28.6 31.5 31.0 31.5 

2016 32.5 34.6 35.1 34.1 29.5 29.1 26.9 26.7 28.4 29.6 30.7 31.2 

2017 32.7 30.7 31.9 34.1 30.6 30.2 26.9 26.6 27.9 29.6 30.7 31.5 

2018 32.0 33.6 34.1 33.4 33.3 28.3 26.4 26.4 28.6 29.0 29.9 32 

2019 33.2 34.4 34.6 33.9 33.4 28.8 26.8 26.2 27.5 29.9 30.4 31.1 

Years 
Month 

Jan. Feb. March April May June July  August Sept. Oct. Nov. Dec. 

2008 12.3 14.4 16.1 16.8 16.6 16.7 16.2 16.2 15.8 14.8 13.9 13.1 

2009 13.7 16.1 17.0 17.9 17.6 17.1 16.6 16.6 16.0 14.8 12.5 14.3 

2010 14.0 16.5 17.4 18.9 18.3 17.0 16.1 16.0 15.5 14.2 13.3 12.4 

2011 13.0 12.1 14.1 15.6 15.5 14.9 14.1 14.3 13.8 11.6 12.0 10.4 

2012 10.3 11.0 13.6 15.3 15.5 14.8 14.5 13.7 14.7 12.0 12.4 12.8 

2013 12.2 13.7 16.0 15.9 15.8 15.8 16.0 15.6 15.7 14.6 13.5 10.8 

2014 13 13.9 15.8 15.8 15.7 15.8 15.4 15.2 15.2 14.4 13.8 12.7 

2015 12.9 14.8 16.5 18.7 18.0 17.1 16.5 12.2 13.7 15.2 15.1 14.6 

2016 14.0 14.7 17.0 19.2 17.6 16.9 16.7 16.3 15.5 15..2 12.6 11.7 

2017 10.6 16.1 18.2 18.2 17.8 17.3 16.7 16.7 16.5 15.8 13.8 11.9 

2018 12.9 16.1 16.4 17.0 18.2 16.9 16.3 16.6 15.1 15.1 14.2 14.3 

2019 12.1 15.9 18.5 19.2 18.1 17.4 16.8 16.6 16.5 15.5 16.0 13.9 
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 Mean Wind Speed (m/s)  

Years 
Months 

Jan. Feb. March April May June July  August Sept. Oct. Nov. Dec. 

2008 0.1 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 

2009 0.0 0.0 0.0 0.1 0.2 0.2 0.1 0.1 0.1 0.1 0.0 0.0 

2010 0.0 0.1 0.1 0.1 0.0 0.2 0.0 0.0 0.0 0.0 0.0 0.1 

2011 0.1 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

2012 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

2013 0.0 0.0 0.0 0.0 0.0 0.4 0.5 0.4 0.5 0.5 0.7 0.8 

2014 0.7 0.6 0.5 0.5 0.3 0.4 0.3 0.3 0.4 0.3 0.3 0.3 

2015 0.3 0.4 0.5 0.3 0.5 0.6 0.5 0.9 0.8 0.4 0.3 0.6 

2016 0.8 0.8 0.4 0.8 0.6 0.6 0.5 0.5 0.6 0.6 1.0 1.1 

2017 1.1 0.9 1.0 0.9 0.8 0.7 0.6 0.5 0.5 0.7 0.6 0.5 

2018 0.8 0.8 0.9 0.8 0.8 1.1 0.6 0.6 0.7 0.8 0.8 1.2 

2019 1.0 0.9 0.7 0.7 0.7 0.6 0.5 0.5 0.6 0.8 0.6 0.6 

 

 

 Relative Humidity (%)  

 

 

 

 

Years 
Months 

Jan. Feb. March April May June July  August Sept. Oct. Nov. Dec. 

2008 46.0 42.0 36.0 55.5 71.0 75.5 80.0 81.0 78.0 68.0 70.0 64.0 

2009 56.5 53.0 52.0 55.0 52.0 68.0 82.5 82.5 78.0 73.5 63.5 63.0 

2010 56.0 54.0 50.0 56.0 70.5 73.5 81.0 82.5 79.0 71.0 67.0 58.0 

2011 63.5 50.0 62.0 58.5 67.5 74.5 81.0 82.5 78.5 67.0 67.5 60.0 

2012 52.0 39.0 48.0 48.5 55.5 68.5 82.0 81.0 81.0 70.5 71.5 70.5 

2013 65.5 61.5 45.5 48.0 66.5 76.5 78.5 80.5 73.6 65.6 62.7 52.1 

2014 47.0 42.0 50.0 54.0 67.0 68.0 73.5 75.5 74.0 72.0 66.5 63.5 

2015 62.0 64.0 65.5 68.0 72.5 76.0 77.4 79.3 77.0 66.3 66.4 64.4 

2016 59.7 54.1 54.4 56.3 74.4 75.6 80.4 80.1 75.9 70.7 59.3 52.9 

2017 47.0 57.0 41.4 56.5 71.2 73.0 79.8 80.7 79.1 73.9 66.1 59.3 

2018 57.0 53.0 47.1 52.6 60.0 75.9 79.9 79.1 73.1 69.5 68.9 59.6 

2019 48.2 51.0 54.8 60.8 63.0 75.3 79.2 81.3 79.1 71.3 71.8 65.9 
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 Sunshine (hr)  

 

Years 
Months 

Jan. Feb. March April May June July  August Sept. Oct. Nov. Dec. 

2008 8.7 9.2 9.5 7.9 8.1 7.6 5.7 4.7 7.7 8.8 8.2 9.2 

2009 9.1 9.1 9.1 7.9 8.0 4.6 1.5 3.6 7.1 8.9 8.3 6.7 

2010 9.0 6.7 7.3 6.8 7.0 6.7 3.9 2.5 6.4 9.0 8.3 7.8 

2011 8.7 9.8 7.7 9.5 7.5 3.3 2.3 3.9 7.0 10.6 9.9 2.3 

2012 9.5 9.9 8.4 9.1 9.7 5.8 5.6 7.0 8.5 10.5 10.2 10.2 

2013 10.2 9.9 9.1 9.4 8.5 7.4 4.3 3.4 7.1 8.2 8.8 9.2 

2014 8.4 8.6 9.0 8.4 8.1 8.9 5.1 4.9 7.2 7.7 10.6 8.9 

2015 8.9 8.7 9.7 9.2 8.2 7.3 7.2 4.9 7.5 9.4 8.8 7.9 

2016 8.8 8.3 8.0 8.6 8.6 6.6 3.5 3.8 7.4 9.7 8.7 9.2 

2017 9.5 8.0 11.6 8.4 9.1 7.4 4.1 4.2 6.9 8.9 8.5 8.7 

2018 9.2 8.5 9.2 7.8 7.4 7.1 5.4 4.0 7.8 9.7 8.9 7.9 

2019 8.9 8.1 8.8 8.0 7.6 6.9 4.9 3.4 7.1 9.5 9.1 7.7 

 

Appendix 11: Meteorological/Climate data in Metehara Estate Farm 

 
 Maximum Temperature (0C)  

 

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

2007 31.8 33.9 35.3 32.6 37.4 34.6 33.6 27.9 32.9 30.8 31.9 28.2 

2008 32.4 32.0 36.1 33.4 36.0 33.5 32.8 28.7 34.7 31.3 30.2 27.9 

2009 31.2 34.0 36.5 33.6 37.9 36.2 34.8 30.3 36.1 30.5 33.5 28.4 

2010 31.9 32.5 33.0 33.4 35.8 34.9 33.4 29.1 33.7 32.2 33.2 28.6 

2011 32.8 34.7 34.3 34.7 36.6 34.9 35.0 29.7 33.1 31.2 32.8 28.5 

2012 32.5 33.8 36.1 33.9 37.4 34.9 32.8 28.5 33.7 30.8 33.6 28.8 

2013 31.5 32.8 36.2 34.3 37.3 33.6 32.1 28.9 33.8 30.4 32.3 27.9 

2014 32.0 33.4 35.3 33.7 36.5 35.4 35.9 30.7 34.0 29.0 33.0 28.5 

2015 31.4 35.1 36.9 34.5 36.7 34.6 36.5 31.9 35.2 32.6 33.6 28.9 

2016 32.2 34.8 38.3 36.1 35.3 36.4 32.1 33.5 34.6 35.3 32.5 31.8 

2017 31.3 32.7 37.0 33.1 36.1 34.9 33.4 28.6 32.7 29.8 30.9 27.7 

2018 31.6 33.4 35.8 33.6 36.4 33.7 34.2 29.1 33.1 30.2 31.6 28.6 

2019 31.9 33.7 36.4 32.9 36 34.1 33.8 27.8 33.3 30.5 32.3 29.2 
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 Minimum Temperature (0C)  

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

2007 16.8 17.9 17.4 19.4 21.7 22.5 20.7 19.6 20.3 15.6 14.7 10.5 

2008 14.1 14.9 13.3 18.9 20.2 21.4 20.0 19.8 20.3 16.6 13.8 11.0 

2009 13.5 16.0 17.9 19.4 19.4 21.0 20.9 20.3 20.0 17.5 14.0 18.1 

2010 15.2 18.3 18.0 20.5 21.6 22.5 20.9 20.5 19.7 15.9 14.7 12.1 

2011 14.6 15.9 16.3 20.6 20.8 21.3 20.2 20.0 20.4 14.7 16.9 11.5 

2012 13.2 14.5 16.2 20.7 19.3 22.2 19.8 19.6 19.9 14.5 14.3 13.8 

2013 14.0 16.5 19.6 20.4 21.5 22.2 19.6 20.4 18.7 16.6 15.5 11.0 

2014 14.6 18.3 18.4 19.7 20.5 20.9 21.4 20.4 19.9 16.3 15.3 11.6 

2015 12.4 14.5 18.2 17.7 20.9 22.4 22.3 21.0 20.5 19.2 17.2 16.8 

2016 18.0 17.4 22.2 21.4 20.5 21.9 20.8 21.1 21.0 16.4 15.1 12.4 

2017 12.7 15.5 14.8 19.4 19.6 20.8 19.7 20.7 20.4 15.8 14.4 11.3 

2018 13.5 14.9 15.3 19.5 19.8 21.3 20.1 19.8 20.1 14.9 14.7 12.4 

2019 14.1 15.3 13.9 18.1 19.7 20.7 20.2 21.1 20.8 15.5 15.0 12.2 

 

 

 Mean Wind Speed (m/s)  

 

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

2007 2.4 1.7 1.9 1.6 2.1 3.6 3.4 2.7 2.5 1.4 2.0 2.1 

2008 1.9 3.0 2.0 2.3 1.5 2.5 3.6 2.3 1.4 1.0 1.0 1.6 

2009 1.0 0.9 2.0 1.8 3.3 7.9 5.6 5.7 6.3 7.3 7.4 7.0 

2010 8.3 6.0 6.0 6.0 6.4 8.5 8.2 7.0 5.3 7.7 6.9 6.2 

2011 7.3 8.4 8.9 8.5 7.9 7.6 7.7 6.7 5.3 2.3 2.2 2.3 

2012 2.3 2.3 2.4 1.8 2.1 2.6 2.7 1.8 1.6 1.8 1.5 1.9 

2013 1.7 2.3 2.7 3.5 1.3 1.9 1.8 1.1 1.5 1.4 1.7 6.9 

2014 6.3 4.1 3.9 3.7 3.7 4.9 5.4 4.3 3.2 3.5 3.9 4.2 

2015 1.5 1.5 1.5 1.2 1.0 1.7 1.7 1.4 1.0 1.0 0.9 1.2 

2016 4.4 4.2 6.4 3.8 3.7 5.0 6.4 4.4 3.3 4.4 4.0 3.3 

2017 3.8 1.9 3.6 2.2 1.1 2.3 3.5 2.9 1.8 1.2 2.5 2.6 

2018 2.1 4.6 2.9 2.7 2.9 3.4 2.7 3.2 2.9 2.0 1.8 3.4 

2019 4.2 5.1 3.4 3.3 4.1 2.9 3.6 2.8 3.1 2.4 2.1 2.3 
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 Relative Humidity (%)  

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

2007 59.0 57.5 56.0 58.0 51.5 49.0 55.5 61.5 59.5 57.5 58.0 60.0 

2008 60.0 55.5 54.5 54.0 55.0 49.5 57.5 65.5 77.0 76.0 75.5 68.5 

2009 69.0 67.5 67.0 68.0 60.0 70.5 73.0 67.0 57.0 56.5 57.5 60.0 

2010 55.5 58.7 60.5 56.5 52.7 39.9 54.1 58.6 58.0 49.0 51.5 54.5 

2011 55.5 47.5 48.5 45.6 49.0 44.0 47.5 57.5 58.0 55.5 61.5 60.0 

2012 63.5 58.0 52.5 55.5 49.5 48.5 62.0 66.5 61.0 24.0 56.0 67.0 

2013 72.8 67.0 65.4 72.4 64.3 72.0 76.5 72.6 75.7 67.5 73.9 71.9 

2014 57.8 57.1 60.0 54.5 55.5 45.2 55.8 60.8 61.0 61.6 53.4 51.0 

2015 52.9 43.7 38.9 49.3 51.3 54.8 34.1 56.4 55.7 43.3 51.3 54.6 

2016 57.1 52.2 46.4 57.4 59.4 52.8 60.8 61.9 65.5 31.0 34.0 48.8 

2017 56.0 54.7 51.9 52.0 50.8 47.8 61.7 62.8 64.1 44.7 46.8 50.5 

2018 58.6 56.1 57.8 56.4 53.6 54.7 57.3 60.4 62.5 55.8 50.9 57.6 

2019 59.5 61.4 55.2 60.7 56.8 50.1 63.4 58.8 61.7 43.9 51.7 61.9 

 

 

 Sunshine (hr)  

 

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

2007 8.5 10.0 9.6 8.7 8.3 8.1 7.2 5.9 7.2 9.3 8.6 10.2 

2008 8.3 8.6 10.0 8.9 8.0 8.9 7.5 6.8 7.8 8.6 8.4 10.2 

2009 9.0 10.3 7.8 9.2 9.1 7.9 7.2 7.9 8.7 8.7 7.7 10.2 

2010 9.2 6.2 7.4 7.1 7.3 8.1 6.6 6.2 7.3 9.4 8.6 9.1 

2011 10.0 9.7 9.1 9.4 7.6 7.8 6.8 6.3 7.4 9.7 8.1 9.3 

2012 9.6 10.0 9.7 7.9 8.2 6.8 7.2 5.9 7.5 8.9 9.8 10.1 

2013 9.1 8.4 7.2 7.5 8.2 8.1 6.1 5.5 1.5 8.0 7.6 10.0 

2014 2.9 9.3 8.3 9.1 8.0 7.1 7.4 6.6 1.1 8.3 8.7 9.9 

2015 9.8 10.5 9.6 8.8 7.4 8.2 9.6 7.9 8.6 8.8 8.2 9.0 

2016 7.9 5.9 8.4 7.2 12.0 7.9 7.1 7.6 7.3 9.1 8.4 8.8 

2017 8.2 6.7 7.3 8.1 7.9 7.7 7.3 6.9 6.7 7.6 7.5 8.6 

2018 9.4 7.7 9.1 7.6 8.8 8.0 6.7 6.2 6.4 8.1 7.9 9.2 

2019 7.9 8.4 7.7 9.2 7.4 7.5 7.8 7.2 5.1 8.5 8.2 9.4 

 


