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Abstract 
Sugarcane is one of the important irrigated crops in Ethiopia and its produc-
tion is highly linked with its energy and water use. In this paper, identifica-
tions and quantifications of input and output, direct and indirect energy 
sources, and energy use of farm operations were carried out on 11 irrigation 
schemes of Awash River Basin. In order to grow 91.8 to 167.6 tons of cane, 
47.9 to 143.4 GJ/ha of total energy was used. Average total input energies of 
gravity, pump surface and sprinkler scheme categories to grow 109.8, 112.7 
and 136.3 ton/ha were 53.6, 68.9 and 129.2 GJ/ha, respectively. Around 90% 
and 74% total energies of gravity surface and sprinkler schemes were con-
sumed as direct and indirect energies, respectively. Irrigation found to be the 
most energy consuming operation constituting more than 50% input energy 
of all scheme categories. Energy efficiency of gravity schemes was 152% and 
300% higher than pump driven surface and sprinkler schemes. Energy se-
questrated in cane straws burned during harvesting found to be higher than 
fertilizer and pumping energy demands. Use of cane straws as manure and 
energy sources have the potential to substitute demands which in turn needs 
further investigations and analysis. 
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1. Introduction 

Agriculture is not only an energy user but also energy supplier in the form of 
bioenergy [1]. Continuous growth of world population, migration of the labor 
force, and development of new production techniques substantially increased 
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energy consumptions of crop production [2]. The new production technologies 
require a large quantity of inputs such as fertilizers, irrigation water, fuels, 
chemicals, electricity, etc. Application of these inputs demands more and more 
use of energy [3]. 

Agricultural water use and energy consumption are linked in which irrigation 
is commonly regarded as a primary consumer of on-farm energy and higher use 
of irrigation water which is in turn associated with higher energy input [4]. Sus-
tainable agricultural development depends on high resource use efficiency with 
the objective of increasing yields and decreasing costs of energy and water [5].  

The need to use water wisely has been realized in irrigation sector of Ethiopia. 
One way commonly suggested for improving efficiency is to replace surface sys-
tems with sprinkler and/or drip systems which are assumed to be more efficient 
[5] [6] [7]. Irrigation schemes in Awash basin of Ethiopia consumed around 3.2 
billion m3 with mean irrigation efficiency of 33.67% [8]. The recent development 
plan of Ethiopia has considered increasing area coverage of modern irrigation 
from 2% to 20% [9]. The use of sprinkler has been increasing and currently 
22,550 ha of sugarcane is irrigated from which 3820 ha is found in Awash River 
Basin [10]. 

Irrigation system upgrades have saved water in many countries while in others 
this has been at the expense of increased energy use [6] [7] particularly when 
pumping is required. Farm operators and professionals drive improvements in 
water use efficiencies but little attention was paid to its relationship with energy 
[6]. Comprehensive information on these issues needs to be generated. 

Energy consumptions in agricultural systems associated with all inputs have to 
be defined and quantified according to their energy intensities [2]. In fact, de-
terminations of energy consumed in crop production are very complex [11] but 
different methods are in use [12] [13] [14]. Energy analysis is one of analytical 
method that provides the information needed to base energy decisions and uses 
engineering methods [11] and is a tool to define the behavior of agricultural sys-
tems [2] [11] [15]. 

Results of energy analysis studies depend on set of assumptions and an inter-
national agreement on how to estimate energy input has been difficult to achieve, 
and lack of reliable data forces researchers to take values from other countries 
[2] [14]. Because of these and other, local results may not be representative for 
others [16]; it is difficult to compare one set of data with other published in dif-
ferent countries, and comparison and evaluation of results from past studies are 
also difficult [13] [14]. [17] identified a general methodology for performing an 
energy analysis which was further elaborated by [2]. The method has been used 
by [18] and was felt to be transparent and reliable, can be applied to a range of 
agricultural systems, geographical locations and more importantly, it allows a 
comparison between irrigation schemes and technologies. 

Substantial researches have been conducted on different crop production 
practices which suggested that energy consumptions are highly site specific [5]. 
For instance, total input and output energies for sugarcane production in Thail-
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and were 24.9 and 248.7 GJ/ha, respectively [19]. A study in Iran showed that 
total direct and indirect input energies to produce 93.5 ton/ha yield of sugarcane 
was 148.0 GJ/ha in plant cane farm [20]. [21] estimated the energy inputs to 
produce 100 ton/ha of irrigated sugarcane to be as high as 150 GJ/ha. According 
to [7], a high pressure sprinkler would require around 4.5 GJ per year. [22] re-
ported that annual energy requirement of sprinkler system (75% efficiency) from 
surface supply, from 50 m groundwater lift, and from 100 m groundwater were 
57.1, 110 and 162.6 GJ/ha, respectively. Results from a study on pressurized irri-
gation in Spain confirmed that in order to apply an average of 2589 m3/ha, 1000 
kWh energy is required [5] which is equivalent to 4.6 MJ/m3. Energy intensities 
of 0.91 and 0.59 MJ to produce one kilogram of plant cane and ratoons in the 
Philippines were reported [23] (Mendoza and Samson, 2004) which are lower 
than 1.6 MJ/kg found in Iran [20]. Energy ratio, energy productivity and net 
energy gain of 0.76, 0.63 kg/MJ and −35.8 GJ/ha, respectively for irrigated plant 
sugarcane were also reported by [20].  

There are still gaps in applying energy analysis of the irrigated agriculture. 
Apart from being site specific, most of the above studies were applied for a par-
ticular irrigation technology or performance parameter. A single local study so 
far reported was that of [24]. The study assessed energy use and WEF nexus of 
Wonji-Shoa, Metehara, and Finchaa sugar factories of Ethiopia. Despite its use-
fulness, the study was carried out at factory level without segregating different 
irrigation schemes and technologies existed in each factory and also did not 
quantify energy outputs obtained from byproducts. 

The main objective of this study was to undertake a comprehensive energy 
analysis within irrigated sugarcane production systems of Awash River Basin of 
Ethiopia. The specific objectives were to identify and quantify the farm inputs 
and operations within the production system of 11 irrigation schemes; to esti-
mate energies of each input, farm operation, direct, indirect energy sources to-
gether with output energies of the schemes; and then categorically to compare 
energy productivity, energy intensity, energy efficiency and net energy gain per-
formances of existing irrigation technologies.  

2. Materials and Methods 
2.1. Descriptions of the Study Area  

Awash river basin, one of the 12 river basins of Ethiopia, accounts 25% of na-
tional agricultural production; hosts more than 65% of total industries; is the 
second most populous basin next to Abay by inhabiting 18.6 million people; is 
fourth in area coverage with 114,123 km2; the seventh in annual runoff volume; 
and is the most intensively irrigated basin [25]. The basin lies between 7˚52'12" 
to 12˚08'24"N and 37˚56'24" to 43˚17'2"E. 

Around 2600 equipped surface, dragline and center pivot sprinklers, and drip 
system irrigation schemes covering around 0.2 million ha (almost 30% of the 
country) are functioning within the basin. Almost 97.5% area is irrigated with 
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surface methods while shares of sprinkler and drip systems are 1.6% and 0.92%. 
Almost 23% and 71% irrigated areas use motor pumps and diversion weirs, re-
spectively [26]. 

More than 50 crops are irrigated but sugarcane, maize, onion, cotton, orange 
and tomato are dominant covering almost 73% of total irrigated area. Sugarcane 
was selected for the study due to the following reasons; the crop covers more 
than 20% irrigated area of the basin [27]; its high energy and water consumption 
natures compared to other crops [3] [19] and the crop is among the highest 
energy producer of the world [19]. Moreover, the semi mechanized production 
systems of the sugar factories encompass different irrigation technologies, ener-
gy consuming farm operations and farm inputs.  

Wonji, Metehara and Kessem sugar factories are found within Awash River 
Basin (Figure 1). The studied 11 irrigation schemes listed Table 1 are parts of 
these sugar factories. Wonji sugar factory comprises Wonji main, Wake Tiyo, 
North Dodota and Wellenchiti Bofa schemes. Water source of these schemes is 
Awash River. Except Wonji pump scheme, the others use diversion weirs. Do-
dota center pivot and dragline schemes have common diversion weir called Do-
dota North while Wake-Tiyo pump dragline sprinkler use a separate weir. 

 

 
Figure 1. Map displaying locations of selected irrigation scheme of the sugar factories found in Awash basin. Irrigation 
schemes located at Wonji and Metehara are too close for the scale so geographical coordinates of the schemes are in-
cluded in the figure.  
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Table 1. Main characteristics of the selected sugarcane producing irrigation schemes. 

No Schemes Abbreviations Sugar factories Water Abstractions Field applications Categories 

1 Merti Gravity Surface MGS Metehara Diversion Furrow 

Gravity  
Surface 

2 Abadir Gravity Surface AGS Metehara Diversion Furrow 

3 Kessem Gravity Surface KGS Kessem Diversion Furrow 

4 Ulaga Gravity Dragline UGD Wonji Diversion Dragline 

5 Wellenchiti Gravity Surface WGS Wonji Diversion Furrow 

6 Wonji Pump Surface WPS Wonji Pumps Furrow 
Pump feed  

surface 
7 Abadir Pump Surface APS Metehara Pumps Furrow 

8 Kenifa Pump Surface KPS Metehara Pumps Furrow 

9 Wake Tiyo Pump Dragline WTPD Wonji Pumps Dragline 
Pump  

Sprinklers 
10 Dodota Pump Center pivot DPC Wonji Pumps Center pivot 

11 Dodota Pump Dragline DPD Wonji Pumps Dragline 

 
Plantation schemes of Metehara factory use two diversion weirs constructed 

on Awash River. Merti weir delivers water for Merti gravity surface scheme 
while Abadir weir is irrigating Abadir gravity scheme. Kenifa and Abadir pumps 
are situated along main canals of Merti and Abadir gravity schemes. 

Kessem sugar factory crushes sugarcane collected from schemes owned by the 
factory (2785 ha) and a private scheme (6000 ha). For the study, however, data 
collected from factory’s scheme (KGS) was considered which diverts water re-
leased from Kessem dam.  

Several electric and diesel driven irrigation pumps are operating at Wonji and 
Metehara plantations and main features of the major electric pumps are pre-
sented in Table 2. 

Table 3 presents data related to cropped, harvested and irrigated areas of the 
studied schemes. Cropped area refers to the area covered by sugarcane crop 
within a given production year. Harvested areas represent portion of cropped 
area which are harvested for sugar production.  

2.2. Farm Operations of Sugarcane Production 

All medium and large scale sugarcane plantations of the country are semi- 
mechanized irrigated farms and hence, every cultivation practices should syn-
chronize with annual operational plan of the factories; in our case Wonji, Mete-
hara and Kessem. The following descriptions were summarized based on field 
experiences substantiated with information collected from operation manuals of 
the factories. 

Except minor differences, the major and common farm practices irrigated su-
garcane can be grouped as seed cane growing, land development and prepara-
tion, planting and cultivation, and harvesting. The crop is propagated by vegeta-
tive means from cuttings of young canes previously planted. After preparing and 
planting of the seed materials, most of the operations are similar with growing of 
the main sugarcane crops. Nursery management is totally a manual operation. 
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Table 2. Main characteristics of irrigation pumps of some of the schemes. 

No Schemes Number of pumps Pressure heads, m Pump mean discharges, lit/sec Water sources 

1 WPS 8 7 450 Awash river 

2 APS 2 20 500 Main canal of AGS 

3 KPS 6 30 280 Main canal of MGS 

4 WTPD 3 45 210 Awash river 

5 DPC 3 53 290 Awash river 

6 DPD 6 74 290 Awash river 

(Sources: Own compilations from respective sugar factories). 
 
Table 3. Average cropped, harvested and irrigated areas of the schemes (Source; factories). 

No Schemes Cropped areas, ha Harvested areas, ha/year Irrigated areas, ha/year 

1 MGS 6102.8 3539.6 4717.5 

2 AGS 2485.4 1491.2 1921.2 

3 KGS 2785.0 1671.0 2367.3 

4 UGD 168.03 95.78 137.8 

5 WGS 975.60 556.1 799.9 

6 WPS 5630.0 3209.1 3378.0 

7 APS 493.00 295.8 381.1 

8 KPS 1265.0 759.0 974.1 

9 WTPD 624.4 355.9 512.1 

10 DPC 575.0 327.7 471.5 

11 DPD 1684.5 960.2 1381.3 

(Sources: Own compilations from data obtained from respective sugar factories). 
 

Matured seed canes will be planted on either old or new developed farm fields. 
Land development can be done in different modalities but all have more or less 
the same operations. For virgin lands, it is a one-time operation which covers 
clearing of trees and termite mounds, and land leveling. For other fields, after 
completing the cropping cycle removal of cane stable is needed so land prepara-
tion comprises uprooting, sub-soiling, ploughing, harrowing, and furrowing. Dif-
ferent tractors and implement models and sizes are used depending on soil type, 
topography, climate, irrigation system and etc. Number of tillage operations may 
differ and all the entire land preparation activities are diesel fuel based mechani-
cal operations.  

Planting, gap filling, moulding, weeding, chemical and fertilizer applications, 
ratoon reshaping, furrow corrections, irrigation, and cane pushing are common 
agronomic practices grouped under cultivation. Planting, gap filling, weeding, 
furrow correction and cane pushing are manual operations and moulding is done 
mechanically while chemical and fertilizer applications are semi-mechanized 
operations.  
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Diversion weirs and electric pumps are used to abstract the irrigation water 
from rivers or dams. The most common irrigation method is furrow system. 
Field irrigation are either manually (for surface methods) or semi-mechanically 
(sprinklers) operated. In dragline system, the sprinklers are moved from one 
field to the next between irrigation sets. Operators change the locations of sprin-
klers at predetermined order and irrigation intervals while center pivots sprin-
klers have electric driven self-rotating mechanisms. Night time irrigation is 
common for sprinklers. Furrow irrigation is carried out by a group of human 
labors mostly 3 to 5 field operators irrigating 25 to 75 ha during 8 hours of the 
day time. In both cases, numbers of labor depend on irrigation intervals. Mean 
irrigation interval for schemes at Wonji is within the range of 15 to 38 days. For 
Metehara and Kessem schemes, the irrigation intervals are around 25 and 15 
days, respectively. 

Chemical fertilizers and agrochemicals are used in varying amounts depend-
ing on recommended practices. Nitrogen (46% urea) and ferrous sulphate (Fe-
SO4) at Metehara, and urea at Wonji-Shoa and Kessem fields are applied. Ma-
nures or filter cake might also be used on selected fields. Weeds are controlled 
through hand weeding as well as mechanical spraying of chemicals. Harvesting 
is the last farm operation considered for the study in which cane burning and 
cutting are operated manually. 

2.3. Data Collection and Analysis 

Parts of the raw data required for the study were recorded for irrigation schemes 
as part of management operations and were collected from the sugar factories. 
Whenever possible historical data for some of the parameters were collected 
otherwise data for the 2019/20 irrigation season were used. Design documents of 
the sprinkler systems, raw data recorded by Awash River Basin Authority, farm 
operation manuals of sugar factories, and previous study reports were also used 
to supplement the data collection. Data were collected for 11 sugarcane produc-
ing schemes found in Wonji, Metehara and Kessem sugar factories. 

All collected data of farm inputs being used and output obtained were inserted 
into customized Excel spreadsheets and data analysis was done. Based on pres-
sure heads, the irrigation schemes were grouped into different categories and 
existences of significant differences among the scheme categories checked using 
linear ANOVA tests. Finally, based on mean values of selected indicators, com-
parisons among scheme categories were made [5] and results were discussed.  

2.4. Energy Analysis 
2.4.1. Identification of Farm Inputs, Outputs and Equivalent Energies 
Human labor, machinery, fuel, electricity, fertilizer, chemicals and irrigation 
water were considered as input sources for sugarcane production of irrigation 
schemes while harvested cane and straws were the outputs. 

The direct sources of energy are those which release the energy directly like 
human labor, electricity and diesel. Direct energies are the energy which released 
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directly from power sources for crop production [3]. Indirect energy sources are 
which do not release energy directly but release it by conversion processes like 
energy consumed in manufacturing, storage, distribution and related activities 
[3]. It refers to the energy used to produce equipment and other materials that 
are used on the farm and involved in all the processes in which the food indus-
try, transportation, and distribution take part should be added [2]. The major 
indirect energies are seed, fertilizers, chemicals, machineries, irrigation water, 
and so on [3]. 

The input and output values or the amounts of input and outputs were calcu-
lated per hectare and multiplied with their equivalent energies collected from li-
teratures. The values for equivalent energy of farm inputs and outputs are shown 
in Table 4. Overall energy equivalent includes heating value, production, pack-
aging, transportation, and application [2]. 

Identifying and quantifying of the inputs and outputs were followed by evalu-
ations of the associated input and total energies as well as source and operation 
wise energy consumptions of the irrigation schemes. Total energy output was 
considered as summation of main and by-products and can be calculated using 
Equation (1) as suggested by [19]. 

( ) ( )
( )

Total energy output MJ ha Yield, kg ha Energy equivalent

By product, kg ha Energy equivalent

= ∗

+ ∗
 (1) 

 
Table 4. Equivalent Energy values of various farm productions inputs and outputs. 

Input categories Units Equivalent Energies, MJ Sources 

Electricity kWh 11.93 [3] [18] [28] [29] 

Diesel lit 56.31 [3] [30] 

Human Labor hr 1.96 [20] [28] 

Irrigation water m3 0.84 [30] [31] 

Chemicals    

Pesticide lit 101.2 [30] 

Herbicide Kg 238 [32] 

Fungicide Kg 92 [32] 

Adjuvants lit 20 [2] 

Machinery    

Tractor hr 64.8 [3] [18] [20] 

Farm Implements hr 62.7 [3] [18] [20] [30] 

Fertilizers    

Nitrogen Kg 78.1 [2] [19] 

Iron sulphate Kg 17.4 [2] [19] 

Manure/Filter cake Kg 0.3 [18] 

Crops    

Sugarcane Kg 5.3 [3] 

Straw (leaves and tops) Kg 16.1 [3] [33] 
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2.4.2. Energy Use Performance Indicators 
Energy consumption must be normalized to allow comparison among different 
irrigation systems installed in different locations [12]. One way of normalizing is 
the use of indicators such as energy productivity, energy intensity, energy effi-
ciency and net energy gain.  

Energy productivity is the measure of the amount of a product obtained per 
unit of input energy and it is specific for each agricultural product, location, and 
time. To improve energy productivity, it is possible either to reduce the energy 
sequestered in the inputs or to increase the yield of product [2]. Energy Intensity 
is the reciprocal of energy productivity [20] and measures the amount of energy 
used to obtain a unit of product. It is widely used to evaluate energy perfor-
mance of production system of different configurations. Energy intensity can be 
used to compare projects within the same irrigation system, and to evaluate the 
efficiency and depreciation of equipment [12]. 

Energy use efficiency or ratio is defined as the ratio of total energy of output 
products and total sequestered energy in the production factors [2]. The expres-
sion is extensively used to measure the energy efficiency in agricultural and food 
systems [34] and the index allows us to know the influence of the inputs in ob-
taining product. If the output energy is greater than the input, the production 
system assures its subsistence [2]. Net energy gain or production is the differ-
ence between gross energy output produced and total energy required for ob-
taining it [2].  

Equations (2)-(5) were used to calculate energy productivity, energy intensity, 
energy use efficiency (ratio), and net energy gain, respectively [2] [20]. 

( ) ( )
( )

Productivity kg ha
Energy Productivity Kg MJ =

Energy inputs MJ ha
         (2) 

( ) ( )
( )

Energy Inputs MJ ha
Energy Intensity MJ Kg =

Productivity Kg ha
           (3) 

( )
( )

Energy output MJ ha
Energy Use Efficiency=

Energy inputs MJ ha
            (4) 

( ) ( )
( )

Net Energy Gain MJ ha =Energyoutput MJ ha

Energy Inputs MJ ha−
          (5) 

3. Results and Discussions 
3.1. Input Usages of Irrigation Schemes 

Identification and quantifications of all inputs and outputs were bounded within 
seed cane raising and harvesting of matured cane. Haulage operations even 
pulling of carts or trailers from harvest road to farms and from farms to harvest 
road were not considered. 

Seed cane, fertilizers, chemicals, irrigation water, tractors, farm implements, 
labor, electricity and fuel are identified inputs which are common in sugarcane 
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producing irrigation schemes of Ethiopia including schemes of Awash River Ba-
sin. Lists of the irrigation schemes and the inputs are indicated in Table 5. 

 
Table 5. Types of farm inputs and amounts used by the irrigation schemes. 

Input types Units MGS AGS KGS WGS UGD WPS APS KPS WTPD DPC DPD 

Seed cane             

Seed rate kg/ha 266.67 266.67 428.57 185.45 185.45 185.45 266.67 266.67 185.45 185.45 185.45 

Fertilizers             

Nitrogen  
(including  
seed cane) 

kg/ha 393.31 393.31 196.46 363.19 363.19 363.19 393.31 393.31 363.19 363.19 363.19 

Manure  
(including  
seed cane) 

kg/ha 3444.4 3444.4 3714.3 3309.1 3309.1 3309.1 3444.4 3444.4 3309.1 3309.1 3309.1 

Iron sulphate kg/ha 22.50 22.50 12.00 - - - 22.50 22.50 - - - 

Chemicals             

Herbicides kg/ha 9.38 9.38 6.00 15.58 15.58 15.58 9.38 9.38 15.58 15.58 15.58 

Adjuvants lit/ha 0.34 0.34 0.21 0.41 0.41 0.41 0.34 0.34 0.41 0.41 0.41 

Pesticides kg/ha 6.00 6.00 7.50 1.87 1.87 1.87 6.00 6.00 1.87 1.87 1.87 

Irrigation  
water 

m3/ha (1000) 30.93 31.03 30.82 38.51 25.97 17.21 17.38 16.65 14.05 12.05 13.85 

Tractors             

Tillage hrs/ha 16.95 16.95 16.29 16.48 16.48 16.48 16.95 16.95 16.48 16.48 16.48 

Cultivations hrs/ha 10.00 10.00 10.00 11.20 11.20 11.20 10.00 10.00 11.20 11.20 11.20 

Implements             

Tillage hrs/ha 21.00 21.00 21.00 21.00 21.00 21.00 21.00 21.00 21.00 21.00 21.00 

Cultivations hrs/ha 14.00 14.00 14.00 14.00 14.00 14.00 14.00 14.00 14.00 14.00 14.00 

Labor             

Seed cane hrs/ha 38.80 38.80 38.25 40.21 26.29 47.95 38.80 38.80 26.29 26.29 26.29 

Cultivation hrs/ha 388.04 388.04 382.50 402.13 262.93 479.47 388.04 388.04 262.93 262.93 262.93 

Harvesting hrs/ha 336.00 336.00 304.00 249.80 249.80 187.64 336.00 336.00 249.80 249.80 249.80 

Electricity             

Pumping kWh/ha - - - - - 357.27 2240.99 3856.31 5914.58 8195.98 8790.44 

Fuel             

Tillage lit/ha 30.19 30.19 41.25 30.68 20.10 39.27 30.19 30.19 20.10 20.10 20.10 

Cultivation lit/ha 32.90 32.90 37.23 46.53 31.88 46.53 32.90 32.90 31.88 31.88 31.88 

Energy outputs             

Cane yields ton/ha 134.03 148.64 126.30 167.62 112.60 91.83 126.59 119.92 111.13 109.19 109.19 

Straw (20%) ton/ha 26.81 29.73 25.26 33.52 22.52 18.37 25.32 23.98 22.23 21.84 21.84 
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All the listed schemes are part of Metehara, Wonji and Kessem sugar factories. 
MGS, AGS, APS and KPS schemes are owned by Metehara while KGS is owned 
by Kessem sugar factory. The rest are part of Wonji sugar factory. The first five 
schemes use diversion weirs while the rest uses electric pumps to abstract water 
from the sources.  

Although input types were similar, there were differences on the amounts be-
ing used due to differences of operation standards. The irrigation schemes use 
urea (46%) as nitrogen fertilizer for seed cane, plant cane and ratoon crops by 
applying 196 to 393 kg/ha. For seed cane growing, cultivations and harvesting 
operations, a total of 539 to 763 hours of human labor were used per hectare. 
However, tractor and implement hours were almost similar across the schemes 
(62 hours/ha). 

Diesel fuel is energy source for tillage and cultivation operations with mini-
mum and maximum consumption rates of 51.98 lit/ha in all sprinkler schemes 
and 85.8 lit/ha at WPS surface scheme. The difference is attributed to combina-
tion of soil types and irrigation technologies. Farm fields of WPS surface scheme 
is dominated by heavy clay soil while soils of sprinkler schemes are relatively 
light. Apart from that extra land preparation activities are carried out for surface 
irrigation schemes. 

Electric consumptions were within the range of 357 to 8790.4 kWh/ha. The 
maximum and minimum water users were WGS and DPC schemes by applying 
38.5 and 12.1 m3 per a hectare of cane field per year.  

In general, other than inputs which are related with irrigation technologies 
particularly pressure heads and water, the schemes had comparable consump-
tion rates. Moreover, applied water had direct relationship with pressure heads 
which reflected on electric consumptions of the schemes (Figure 2). WPS and 
DPC were the lowest and the highest electric consumers due to pumping the 
water to 7 m and 74 m, respectively which are the lowest and the highest pres-
sure heads. 

Best correlation (R2 = 0.98) was found between pressure head and electric 
energy consumption per hectare of sugarcane (Figure 2). Moreover, despite some 
variations, good correlation (R2 = 0.64) was found between pressure head and 
total amount of water applied. The relationship of pressure head and water ap-
plied of WGS scheme reduced the correlation and if removed the correlation will 
be 0.75. Hence, pressure head was the key driver for irrigation water and pump-
ing energy use.  

The first six (MGS, AGS, KGS, WGS and UGD) are gravity fed surface schemes 
but UGD is a dragline sprinkler. Based on energy source, the scheme was grouped 
with gravity surface schemes. The next three schemes (WPS, APS and KPS) are 
pump based surface schemes with operating pressure of 7, 20 and 30 m while 
WTPD, DPC and DPD are pump based sprinkler systems with operating pres-
sure of 45, 53 and 74 m, respectively. DPC is center pivot and the others two are 
draglines. 
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Figure 2. Relationships of water and electricity consumptions with pressure 
heads of the schemes. 

 
In order to assess existences of significant differences among the groups, the 

irrigation schemes were categorized as gravity surface, pump surface, and pump 
sprinklers. The variability between different technologies was tested using linear 
ANOVA based the values of water applied, land productivity, total input energy, 
energy productivity, and energy efficiency (Table 6).  

The tests results presented in Table 6 indicated that, except land productivity, 
the scheme categories exhibited significant differences (p < 0.05) on water ap-
plied, total energy, energy productivity and energy efficiency indicators which 
will be discussed later. 

3.2. Source-Wise Energy Consumptions 

The inputs used by the irrigation schemes were multiplied by respective equiva-
lent energies and the results are presented in Table 7. Total energies to grow 
91.83 to 167.62 tons of sugarcane were within the range of 47.88 to 143.41 GJ/ha. 
Amount of energy sequestrated in irrigation water varied from 10.12 to 32.35 
GJ/ha while pumping energies were 4.26 GJ/ha for WPS pump scheme and 
104.87 GJ/ha for DPD dragline scheme.  

Half of total input energy of MGS, AGS, KGS and WGS schemes was irriga-
tion water. Electric consumptions of DPD and WPS schemes were the highest 
and the smallest, respectively. Almost 73% of total energy of DPD scheme was 
electricity while water constituted only 8.1% of total input energy. 

According to [5], schemes with pumping energy consumption greater than 
1000 kWh/ha (11.93 GJ/ha) are classified as big energy consumers, 600 to 1000 
kWh/ha (7.2 to 11.93 GJ/ha) are medium consumers, and less than 600 kWh/ha 
(7.2 GJ/ha) are low consumers. Based on this classification, except WPS scheme, 
all are categorized under high energy consumers. 

Total input energy of WPS pump scheme was lower than even gravity surface 
schemes because of applying less water. The highest input energy of WGS was 
irrigation water due to applying of the highest volume. 

Average total input energies of gravity surface, pump surface and sprinkler 
schemes to grow 110, 113 and 136 ton/ha of sugarcane were 54, 69, and 129 GJ/ha, 
respectively (Figure 3). Irrigation water and fertilizer applied by gravity surface 
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schemes comprised 75% of total energy (49.3 and 25.25%, respectively). Howev-
er, 80% total input energy of pump schemes was the sum of electricity (37%), 
fertilizers (22%) and irrigation water (21%). Almost 71% (91 GJ/ha) total energy 
of sprinklers was obtained from electricity followed by fertilizers (11%) and wa-
ter (9%). 

Operating pressure has significant effect on total input energy of the pump 
schemes because large part of the total input energies of the schemes were ob-
tained from electricity. Total input energy increases as pumping head increases. 

 

 
Figure 3. Source wise mean input energy use of irrigation schemes categories, GJ/ha. 

 
Table 6. Results of ANOVA tests of scheme categories for selected indicators. 

Categories 
Number of 

schemes 

Mean values 

Water,  
1000*m3/ha 

Productivity,  
ton/ha 

Total energy,  
GJ/ha 

Energy productivity, 
kg/MJ 

Energy  
efficiency 

Gravity surface 5 31.85a 136.32a 53.57a 2.56a 21.84a 

Pump surface 3 17.08b 112.78a 68.94a 1.69b 14.41b 

Sprinklers 3 13.32c 109.84a 129.17b 0.86c 7.35c 

P-values  <0.05 0.076 0.0024 0.00033 <0.05 

*mean followed with the same superscript are not statistically different. 
 
Table 7. Source wise energy use of irrigation schemes and their outputs, GJ/ha. 

Energy sources Types MGS AGS KGS WGS UGD WPS APS KPS WTPD DPCP DPD 

Seed cane Indirect 1.41 1.41 2.27 0.98 0.98 0.98 1.41 1.41 0.98 0.98 0.98 

Fertilizers Indirect 15.57 15.57 8.39 14.05 14.05 14.05 15.57 15.57 14.05 14.05 14.05 

Chemicals Indirect 2.85 2.85 2.19 3.91 3.91 3.91 2.85 2.85 3.91 3.91 3.91 

Irrigation water Indirect 25.99 26.06 25.89 32.35 21.82 14.45 14.6 13.98 11.8 10.12 11.63 

Tractors, Implements Indirect 3.94 3.94 3.89 3.98 3.98 3.98 3.94 3.94 3.98 3.98 3.98 

Labor Direct 1.5 1.5 1.42 1.36 1.06 1.4 1.5 1.5 1.06 1.06 1.06 

Electricity Direct - - - - - 4.26 26.74 46.01 70.56 97.78 104.87 

Fuel Direct 3.55 3.55 4.42 4.35 2.93 4.83 3.55 3.55 2.93 2.93 2.93 

Total inputs  54.80 54.88 48.48 60.98 48.73 47.88 70.15 88.80 109.28 134.81 143.41 

Direct sources 5.05 5.05 5.84 5.70 3.98 10.49 31.78 51.05 74.54 101.76 108.85 

Indirect sources 49.75 49.83 42.64 55.28 44.74 37.38 38.36 37.75 34.73 33.05 34.56 
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On the other hand, energy sequestrated in irrigation water is inversely related 
with pumping heads. Sprinkler schemes had lowest energy of irrigation water 
but had highest electricity consumption (Figure 3). 

Contributions of labor and fuel as an input energies in sprinklers were the 
lowest due to minimum tillage operations and labor required compared to sur-
face schemes. Share of labor energy in sprinkler was below one percent of the 
total. Energies of tractors and implements were below five percent but uniform 
for all categories. 

3.3. Direct and Indirect Energy Sources 

Electricity, labor and fuel are direct energy sources and the rest are indirect energy 
sources. The proportions varied across scheme categories (Figure 4). Mean per-
centage of direct energy of sprinklers was 164% and 770% higher than mean of 
pump and gravity surface schemes, respectively. 

Water and fertilizers are the indirect energy sources contributing substantial 
share in gravity surface sugarcane schemes. For sprinklers, pumping electricity 
had significant share. Around 90 and 74% total energies of gravity surface and 
sprinkler schemes were consumed as direct and indirect energies, respectively. 
For pump surface schemes, indirect energy sources were 10% higher than direct 
energy sources. 

3.4. Operation-Wise Energy Consumptions 

Operations particularly related with land preparations are a one time activities to 
be undertaken after harvesting of the last ratoon so quantifying the energies as-
sociated with such operations were distributed over number of cuttings. Input 
energies from farm inputs are regrouped based on farm operations and results 
are presented in Table 8.  

Seed cane growing, land preparation or tillage, cultivation, irrigation and har-
vesting are major farm operation activities in the irrigated sugarcane of Ethiopia. 
Weeding, moulding, planting, fertilizer and chemical applications, irrigating, 
furrow correction, field cleaning, and so on activities are grouped under cultiva-
tion. The irrigation water and pumping of the water were grouped under irriga-
tion operation. Harvesting operation comprises labor intensive burning and 
cane cutting activities. 

 
Table 8. Operational energy consumption of irrigation schemes, GJ/ha. 

Operations MGS AGS KGS WGS UGD WPS APS KPS WTPD DPC DPD 

Seed cane growing 1.82 1.82 2.88 1.29 1.27 1.31 1.82 1.82 1.27 1.27 1.27 

Tillage 4.11 4.11 4.70 4.11 3.52 4.60 4.11 4.11 3.52 3.52 3.52 

Cultivation 22.22 22.22 14.42 22.74 21.64 22.89 22.22 22.22 21.64 21.64 21.64 

Irrigation 25.99 26.06 25.89 32.35 21.82 18.72 41.33 59.99 82.36 107.90 116.50 

Harvesting 0.66 0.66 0.60 0.49 0.49 0.37 0.66 0.66 0.49 0.49 0.49 
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Figure 4. Proportion of direct and indirect energy sources for scheme categories. 
 

The dominant energy consuming operations of all gravity surface schemes in-
cluding WPS (pump surface scheme) were irrigation and cultivation. Propor-
tionally, harvesting and seed cane growing operations of all schemes consumed 
very small energies. The total energy consumed by irrigation and cultivation op-
erations in KGS (gravity surface) and DPD (pump driven dragline sprinkler) 
schemes were 83% (40 GJ/ha) and 96% (138 GJ/ha) of total input energies. Ex-
cept KGS scheme, to cultivate one hectare of irrigated sugarcane, around 22 GJ 
of energy was required. 

Energy consumptions of the schemes for irrigation activities had considerable 
variation. Around 40% and 81% total energies of WPS and DPD schemes were 
sequestrated in irrigation water and pumping electricity. 

Irrigation is the most energy consuming operation which constituted about 
49%, 58% and 79.2% total input energy of gravity surface, pump surface and 
sprinkler schemes, respectively followed by cultivation (Figure 5).  

Manual burning and cutting of sugarcane are the only activities included in 
harvesting operation. Input energies of the operation were quantified based on 
working norms i.e. 0.030 - 0.035 ton/head/day for cutting and 8 ha/day/head for 
burning. Total harvesting time will depend on land productivity. Land produc-
tivities of pump schemes were lower than gravity schemes so as lowering input 
energy of human labor. 

3.5. Output Energies 

Harvested cane and associated straw at farm level were considered for the analy-
sis because of predefined boundary of the study. Factory byproducts such as ba-
gasse and molasses were not considered. Straw was estimated as 20% of cane 
yield (ton/ha). The cane and straw yields were multiplied by their equivalent 
energies and summed up (Table 9).  

Total output energy is directly related to land productivities. The highest and 
the lowest total output energies were that of WGS and WPS schemes, respec-
tively. Both schemes are part of Wonji sugar factory but there was 45% variation 
between them. 

Calorific or equivalent energy content of cane straw is three times higher than 
main product. Output energies obtained from the straws were almost 61% of 
energy obtained from the main products. Energies embedded in cane straw were 
340% (DPD sprinkler scheme) to 7000% (WPS pump scheme) higher than the 
respective pumping energy consumptions. 
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Table 9. Sources and quantities of output energies of irrigation schemes, GJ/ha. 

Output energies MGS AGS KGS WGS UGD WPS APS KPS WTPD DPC DPD 

Cane yield 710.4 787.8 669.4 888.4 596.8 486.7 670.9 635.5 588.9 578.7 578.7 

Cane straw 431.6 478.6 406.7 539.7 362.6 295.7 407.6 386.1 357.8 351.6 351.6 

Total outputs 1141.9 1266.4 1076.1 1428.1 959.3 782.4 1078.6 1021.7 946.8 930.3 930.3 

 

 
 

 
 

 
Figure 5. Energy consumption shares of farm operations. 

 
There was no significant difference on land productivity among the scheme 

categories; however, pumped sprinklers had 20% lower output energy than grav-
ity fed surface schemes (Figure 6). 

Practically, cane fields are burned before harvest to remove leaves and tops 
with equivalent energy ranging from 295.7 to 539.7 GJ/ha without any beneficial 
use for the schemes.  
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Figure 6. Output energies obtained from cane and straw of the three scheme categories, 
GJ/ha. 

3.6. Energy Productivity and Energy Intensity 

Energy productivity and specific energy are inversely related and Equation (2) 
and (3) were used. The highest energy productivity was obtained from WPS scheme 
while the lowest was from DPD scheme indicating that in order to produce one 
kilogram of cane, 3.2 times more input energy was used by DPD sprinkler than 
WGS surface scheme (Table 10). 

Despite the fact that total input energy of WGS schemes was the highest among 
gravity surface schemes, cane productivity of the scheme was much higher than 
others. On the other hand, pumping energy consumed by DPD scheme was more 
than double of WGS scheme. 

Energy productivity becomes lower and lower towards pump surface and sprink-
ler schemes and there is significant difference (p < 0.05) among scheme catego-
ries. In order to produce one kilogram of sugarcane, on average, 156 and 300% 
more energies were used by pump surface and sprinkler schemes, respectively, 
than gravity surface schemes (Figure 7). 

3.7. Energy Use Efficiency and Net Energy Gain 

The values of energy efficiency (Equation (4)) and net energy gains (Equation 
(5)) were determined based on the summation of cane and straw obtained yields 
from a hectare of land. Results of energy efficiency and net energy gain are pre-
sented in Table 11. 

The respective energy efficiency and net energy gain of WGS scheme were 361 
and 174% higher than that of DPD scheme. Energy efficiency value of DPC cen-
ter pivot was in between WTPD and DPD dragline sprinkler schemes. 

WGS gravity scheme had the highest land productivity (167 ton/ha) which 
yielded the highest energy efficiency and net energy gain. On the contrary, WPS 
scheme had the lowest net energy gain due to having lowest cane yield (92 
ton/ha).  

From ANOVA test, significant difference (p < 0.05) on energy efficiency was 
observed among scheme categories. Differences among the scheme categories 
are shown in Figure 8. 
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Table 10. Results of energy productivity and specific energy of irrigation schemes. 

 MGS AGS KGS WGS UGD WPS APS KPS WTPD DPC DPD 

Energy productivity, Kg/MJ 2.45 2.71 2.61 2.75 2.31 1.92 1.81 1.35 1.02 0.81 0.76 

Specific energy, MJ/kg 0.41 0.37 0.38 0.36 0.43 0.52 0.55 0.74 0.98 1.24 1.31 

 
Table 11. Results of energy use efficiency and net gain of sugarcane producing irrigation schemes. 

Indicators MGS AGS KGS WGS UGD WPS APS KPS WTPD DPC DPD 

Energy efficiency 20.8 23.1 22.2 23.4 19.7 16.3 15.4 11.5 8.7 6.9 6.5 

Net energy, GJ/ha 1087.1 1211.5 1027.6 1367.2 910.61 734.6 1008.4 932.9 837.6 795.5 786.9 

 

 
Figure 7. Graph of mean energy productivity and specific energy of scheme categories. 

 

 
Figure 8. Graph of mean energy ratio (left) and net energy gain (right) of scheme categories. 

 
Energy use efficiency of gravity schemes were 152% and 300% higher than 

pump surface and sprinkler schemes, respectively. This may be attributed to 
first, land productivity of gravity surface schemes were higher so as the quanti-
ties of output energy. Second, pumping energies of these gravity schemes was 
zero which significantly reduced total input energy.  

With the same reasons, net energy gain of pump sprinklers were almost 30 
and 10% lower than gravity surface and pump surface schemes, respectively.  

In general, the studied sugarcane producing irrigation schemes of Awash ba-
sin used similar farm inputs and had similar farm operations. Irrigation water 
and fertilizer were major energy sources of gravity fed surface schemes while 
pumping energy for sprinkler schemes. Electricity, fertilizers and irrigation wa-
ter had comparable contribution for pump driven surface schemes. 

Gravity surface schemes had much better performances in relation to all energy 
use indicators when compared to sprinkler schemes while pump driven surface 
schemes were in the middle. In order to produce the same amount of cane yields, 
the sprinklers are consuming 300% more energy than gravity surface schemes. 
Moreover, net energy gain of gravity surface scheme is 30% higher than the 
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sprinklers.  
Sprinkler schemes of the basin are excessively consuming the scares resource 

of the basin without providing the expected advantages. The reasons might be 
related with design of the schemes or management of farm operations. Whatever 
the reasons, which is beyond the scope of the paper, proper managements of 
farm inputs particularly fertilizer, pumping energy and irrigation water will have 
effects on performances of the schemes. For instance, improving irrigation effi-
ciency of pump driven schemes will reduce pumping energy consumptions. Re-
ducing water pumping heads and the amount of fertilizer being used might not 
be a short term remedy. However, significant improvement can be obtained 
through the use of cane straws as source of pumping energy, fuel energy and soil 
fertilizers.  

Trash farming conserves considerable amount of nitrogen in the soil. In Bra-
zil, gains in soil nitrogen equivalent to 54 kg/ha per year from unburned cane 
was reported. In Brazil, where trash farming is practiced, only 60 kg of nitrogen 
per ha was applied while 150 - 300 kg was used in most cane producing coun-
tries [33]. For a yield of 90 ton/ha, the nutrient in sugarcane tops and leaves is 
estimated to be 35.5 kg/ha of N, 7.4 kg/ha of phosphate (P2O5) and 128.3 kg/ha 
of K2O [20]. Research in Puerto Rico indicated that whole-plant harvesting could 
provide 25% more total biomass than that from traditional harvesting of stalks 
only. According to [2], burning of cane tops and straw practices remove an 
equivalent of 6 - 10 barrels of oil per hectare.  

Bagasse is used as source of electricity for sugar processing operations while 
pump driven irrigation schemes of the sugar factories are fully dependent on 
electricity of the national grid which is frequently interrupted. Shortages of im-
ported inorganic fertilizers and fossil fuels are also serious problems within the 
sugar industries. On the contrary, the energy embedded in straws burned on 
harvested fields were in excess of 230 up to 520 GJ/ha (or 3 up to 32 folds) high-
er than the sum of fertilizer, pumping electricity and machinery fuel consump-
tions of the irrigation schemes signifying the capacity of cane straws to substitute 
the imported fertilizers, fossil fuel and pumping energy demands of the schemes. 
Such interventions will guarantee sustainable development through resource use 
self-sufficiency or security.  

However, use of cane straws as energy source might affect the current produc-
tion systems as a whole; might alter the quality of factory sugar due to green 
harvesting; might affect communities who are dependent on cane straws as feed 
source of their livestock and energy source for cooking; might also demanded 
modification of some farm operations and/or introduction of new systems so the 
option should further be investigated and optimized.  

4. Conclusions 

Identification and quantification of input and output energy sources, direct and 
indirect energies, energy consumptions of farm operations and energy use per-
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formances of sugarcane producing schemes found in Awash River Basin of Ethi-
opia were carried out. Seed cane, fertilizers, chemicals, irrigation water, tractors 
and implements, labor, electricity for pumping and diesel fuel for machineries 
were identified as input energy sources. Seed cane growing, land preparation, 
cultivation, irrigation and harvesting were identified as energy consuming farm 
operations. 

Pumping energy, irrigation water and fertilizer found to the major input 
energy contributors in the production systems of each irrigation scheme. Despite 
applying less irrigation water, pumping energies of pump schemes increased due 
to increasing pumping pressures. 

Relationships between electric consumption against pressure head and water 
applied have been established in which electric energy found to be the major 
energy supplier of pump schemes. On the other hand, pumping energy restricted 
the volume of water to be applied. The relationship will provide preliminary in-
formation about energy consumptions while modernizing irrigation schemes.  

Based on pumping heads, the schemes were categorized into gravity surface, 
pump driven surface and sprinkler technologies and irrigation was the most 
energy consuming operation by utilizing 49%, 58% and 79.2% total energies of 
the respective scheme categories followed by cultivation. In order to produce 
one kilogram, 156% and 300% more energies were used by pump surface and 
sprinkler schemes, respectively than gravity schemes. Energy efficiency of gravi-
ty surface schemes was 152% and 300% higher than pump surface and sprinkler 
schemes. Due to lower input energy consumption and high land productivities, 
the values of energy productivities, energy efficiencies, net energy gains of gravi-
ty surface schemes found to be the highest. 

Energy lost in burned cane straws while harvesting was higher than fuel, ferti-
lizer and pumping energy demands of the schemes. Use of straws as manure 
and/or biofuel has the potential to substitute pumping energy demands which is 
supplied from the national grid as well as the imported inorganic fertilizer re-
quirements of the schemes which in turn needs in-depth analysis and investiga-
tions.  
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