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Abstract 
 
In the context of water shortages, rapidly escalating electricity tariffs and increasing strain on 
farmers to remain profitable, deficit irrigation strategies have become increasingly more 
attractive. Deficit irrigation strategies aim at reducing water applications in order to reduce 
water and electricity costs. The hypothesis is that reductions in costs and gains in irrigation 
efficiency would offset the loss in revenue from yield penalties due to water stress. In 
addition, water savings could potentially be used to increase the area under irrigation and 
further increase the benefit. In this study, a computer-based decision support framework was 
used to assess a number of deficit irrigation strategies for the Heatonville area in KwaZulu-
Natal. It was assumed that a semi-permanent sprinkler irrigation system, capable of applying 
48 mm in a 10-day cycle was in use. Hence, to simulate a realistic and implementable 
scenario, deficit strategies that made use of the ‘existing hardware’ were developed, 
simulated and assessed. Strategies included ‘fixed cycle’ irrigation versus optimally 
scheduled irrigation versus altering stand times to reduce and keep irrigation applications 
outside of costly electricity peak periods. The results indicate that the cost of yield loss was 
too great to be offset by cost savings from water and electricity tariffs. Deficit irrigation 
proved beneficial when water savings were used to increase the irrigated cane area, where 
additional land was available. Substantial increases in relative profits were realised when the 
irrigated cane area was increased. Potential to increase profits while using scarce resources 
conservatively was an encouraging outcome. 
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Background and Introduction 
 

In the past, irrigation design philosophy ensured that irrigation systems were designed to 
meet peak crop water requirements to maximise crop yields or limit crop stress (English and 
Rajah, 1996). This strategy, however, lent itself to excessive use of a limited water resource. 
As the value of a finite water resource and the cost of over-irrigation became known, efforts 
to irrigate more efficiently became abundant. Advancements in irrigation hardware and 
control systems led to improved design of irrigation systems, more effective management and 
ultimately more efficient use of water (Hoffman and Martin, 1993). Rapidly increasing 
populations and growth in other sectors such as urbanisation, industry and mining, however, 
increased the competition for water while also increasing the demand for food. As a result, 
the irrigation sector is continually under pressure to increase water productivity, i.e. grow 
more with less. 
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In addition, the global economic meltdown has increased the strain on farmers. Rising costs 
of fuels, fertilisers and other agrochemicals has resulted in a substantial impact on farm profit 
margins. Steep increases in electricity tariffs posed a significant threat to many farmers. In 
South Africa over the last three years, increases in electricity tariffs included: 
 
• 14.2% effective from 1 April 2008 
• 34.4% effective from 1 July 2008 
• 33.6% effective from 1 July 2009. 
 
At the time of this study, application for a further 45% tariff increase per annum for the next 
three years was submitted to the National Energy Regulator of South Africa (NERSA) 
(www.eskom.co.za/tariffs). Subsequently, a tariff increase of 25% per annum for the next 
three years was approved. 
 
These tariff increases could be crippling for many farmers with low profit margins (Jumman, 
2009). As a result, strategies to combat water shortages and steep input costs in order to 
increase profitability are needed, now more than ever before.  
 
A deficit irrigation strategy is one such option. In this study, computer models have been 
used to develop and assess three specific questions for a typical South African scenario. 
Although these questions were investigated using hypothetical scenarios, they were 
considered realistic and very relevant to the current sugarcane farming environment. 
 
• Question 1: Irrigation scheduling 

What are the benefits of irrigation scheduling? Stevens (2006) and Singels and Smith 
(2006) reported that adoption of scientific irrigation scheduling in South Africa was far 
below expectations. The computer-based tools and methodology used for this work 
allowed for rapid assessment of the benefits of irrigation scheduling. 

• Question 2: Off-peak pumping 
The second question related to taking advantage of off-peak pumping. Considering the 
rapidly rising electricity tariffs, shifting irrigation applications to outside of peak periods 
allows one to take advantage of the cheaper rates provided by the Ruraflex tariff option. 
This, however, also implies reduced water applications and potential crop stress. The 
question posed is, would the reduction in costs offset the consequential yield penalties 
from water stress? 

• Question 3: Water curtailment 
The third question relates to water allocation and irrigation capacities. Grower A has 100 
ha of land under irrigation with adequate water resources. In light of the water scarcity or 
in a drought year, the farm’s water allocation is cut so that only, say, 70 ha can be 
irrigated. Does the grower irrigate only the 70 ha while abandoning the remainder, or 
should the water allocation be spread over the 100 ha? 

 
All of the above questions are management orientated, and do not require any modification to 
the irrigation hardware. This step was considered important so as to ensure that only easily 
implementable, realistic and appropriate strategies were developed for a grower. Questions 2 
and 3 are potential applications of the concepts of deficit irrigation. Hence before proceeding, 
important background information pertaining to deficit irrigation is reviewed in the following 
section. 
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This was because the Ruraflex option provides many opportunities to limit irrigation to 
cheaper off-peak and standard periods. This will, however, impact on the total irrigation 
amount. 
 

Materials and Methods 
 

As discussed in the introduction, all strategies to be assessed made use of the same irrigation 
hardware. For this reason, a representative semi-permanent sprinkler irrigation system was 
designed for the Heatonville area. The site was assumed to have a 1.2 m deep sandy clay 
loam soil with a total available water content (TAW) of 114 mm. The irrigation system was 
designed to use a VYRSA 35 sprinkler with a 4.4 mm brass nozzle. The sprinklers were 
designed to operate on a 12-hour stand time, delivering 48 mm on a 10-day cycle. This was 
equivalent to a peak gross application of 4.8 mm/day. The pump power requirement was 
determined to be 25 kW and an ESKOM supply transformer of 50 kVA was assumed. These 
characteristics represented the maximum capability of the system. 
 
Potential irrigation management alternatives, relating to the specific research questions were 
then developed and assessed using computer-based modelling tools. The modelling tools 
consisted of the ZIMsched 2.0 (Lecler, 2003; Lecler, 2004) and Irriecon V2 (Armitage et al., 
2008) models. ZIMsched 2.0 is a water balance and crop yield prediction model and was used 
to simulate the seasonal water use and crop yields for the various irrigation strategies. 
Historical weather data obtained from the Pogela weather station in Heatonville was used in 
the model. The seasonal water use and crop yield, as predicted by ZIMsched 2.0 was then 
used in Irriecon V2, an economic analysis tool, to evaluate the performance of each strategy. 
The input costs and RV price used to configure the Irriecon V2 model are summarised in 
Table 2. 
 

Table 2. Summary of costs and recoverable value (RV) price 
used to configure the Irriecon V2 model. 

Description Value Units 
Water tariffs for Heatonville scheme* 4.50 c/m3 
Labour for irrigation 1.65 Hrs/1000m3 

Labour costs 7.38 R/hr 
RV costs 1583.12 R/ton 

      *http://www.dwa.gov.za/Projects/WARMS/Revenue/WRIReviewedTariffsIRRI.pdf 
 
In addition, simulations were run for 15 cropping seasons. The results presented in this paper 
are expressed as averages of the 15 years. Below is a description of the irrigation operating 
strategies that were assessed. 
 
Base strategy (control) 
 
It was assumed that this strategy already existed and was operating successfully. This strategy 
was considered to be a ‘base’ strategy and served as the benchmark against which other 
strategies could be compared. Following Stevens (2006) and Singels and Smith (2006), who 
concluded that adoption of scientific irrigation scheduling in South Africa was far below 
expectations, for the base strategy it was assumed that no irrigation scheduling was used. 
Instead, the base system was assumed to operate on a fixed winter and summer cycle with a 
simple rule for delaying irrigation when rainfall occurred. The base strategy worked as 
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follows. During the summer months when irrigation demand is high, the system was operated 
on a 12-hour stand time to deliver the peak application of 4.8 mm/day. In winter, however, 
when irrigation demand is low, the stand time was reduced to 8 hours while keeping the 
irrigation at two sets per day. In this way irrigation was reduced to 3.2 mm/day. 
 
The other strategies developed include: 
 
• Making use of irrigation scheduling (strategy A). 
• Reducing stand times so that irrigation applications occur outside of peak electricity 

periods (strategy B). 
• Reducing irrigation applications during periods when the sugarcane crop is not prone to 

yield loss from water stress (strategy C). 
 
These strategies are summarised in Table 3 and are described in more detail below. As shown 
in Table 3, most of the strategies were developed by simply modifying the stand time of 
sprinklers. 
 
Table 3. Summary of strategies developed to improve irrigation performance and profitability. 

Strategy Base A B C* 

Scheduling fixed winter & 
summer cycle irrigation applied at 50% of TAW 

Peak application associated 
with system strategy 

(mm/day) 

winter = 3.2  
summer = 4.8 4.8 3.2 4.8 & 3.2 deficit 

Application per cycle (mm) winter = 32 
summer = 48 48 32 off-peak = 32 

peak = 48 
Cycle length (days) 10 10 10 10 

Stand time (hours) winter = 8 
summer = 12 12 8 

 
8 (germination + tillering)  

12 (yield formation) 
 

No of sets/day 2 2 2 2 

*For strategy C, system operated on two 8-hour stand times per day during germination and tillering, and two 
12-hour stand times per day during the yield formation phase. 

 
Strategy A – Scheduled  
 
Strategy A simply included an irrigation scheduling regime to minimise crop stress and 
optimise the use of water. ZIMsched 2.0 was used to schedule irrigation optimally. An 
irrigation event was triggered when soil water depletion was at 50% of TAW, provided that 
the minimum cycle time had elapsed. 
 
Strategy B – Shifting electricity use  
 
In strategy B, the system was operated for only two 8-hour sets per day instead of two 12-
hour sets. This allowed for shifting the use of electricity into standard and off-peak hours. 
Considering the Ruraflex option in Figure 3 above, the first 8-hour set can take place during 
the standard period between 10:00 and 18:00. The second 8-hour set can run during the off-
peak period between 22:00 and 06:00. Positioning of sprinklers for the evening application 
would have to take place at 18:00 before the sun sets. Reducing the stand time, however, 
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reduced the system capacity to 3.2 mm/day. Note that Zimshed 2.0 was used to ensure 
accurate scheduling of irrigation applications. 
 
Strategy C – Sugarcane peak and off-peak demand periods 
 
Strategy C consisted of a combination of strategies A and B. As explained previously, for the 
sugarcane crop, water stress in the establishment and tillering phase did not impact 
significantly on final yields. Hence strategy C aimed to make use of strategy B during the 
establishment phase and the higher capacity strategy A in the vegetative and yield formation 
phases. In general, the sugarcane plant crop requires 30 days for emergence and a further 90 
days for tillering (FAO, 2009. Crop water information: Sugarcane: http://www.fao.org/nr/ 
water/cropinfo_sugarcane.html). Hence reduced irrigation can occur for 120 days from 
planting without significantly impacting on final yields. In addition, if the crop was planted in 
April, the low crop water requirements in the germination and tillering phase partially 
coincide with the high demand season for electricity, from June to August. Reduced 
applications and pumping costs during periods of elevated electricity costs will thus be of 
greater benefit. This is shown in Table 4. 
 

Table 4. Timeline illustrating strategy C during specific crop phases 
and expensive high energy demand periods. 

Apr May June July Aug Sep Oct Nov Dec Jan Feb March 
Emergence + tillering Canopy development + yield formation Maturation 

High demand season Low demand season 
3.2 mm/day strategy B 4.8 mm/day strategy A 

 
 
Hence, as shown in Table 4, it was decided that strategy B was used until the end of the high 
electricity demand period. The ZIMsched 2.0 model was configured to apply strategy B for 
the first 150 days, until the end of August, and strategy A for the remaining period until 
drying off. This translated into operating the system on two 8-hour sets for the first 150 days 
and then on two 12-hour sets for the remainder of the irrigating season. Note that, in strategy 
C, application of irrigation water is scheduled and, for this reason, strategy C is different from 
the base strategy. Specifying the period for emergence and tillering in calendar days is not 
ideal, since variation in climatic factors can alter the rate of crop development. The 120 
(calendar) days assumed in this example for emergence and tillering equated to a thermal 
time in the region of 1000 degree days for a base temperature of 10 degrees Celsius. This 
corroborated well with published figures (Singels et al., 2008; Olivier et al., 2009). Applying 
strategy B for the additional 30 days during the electricity high demand season in August, 
however, extends into the canopy development growth stage and could potentially result in 
stress. 
 
Figure 4 illustrates the anticipated performance of all the strategies. Since all strategies made 
use of the same hardware, the curves for all strategies crossed the Y-axis at the same point 
indicating a common capital expense. Similarly, strategies which were expected to apply 
higher volumes of water were expected to have higher operating costs and were therefore 
represented with steeper slopes. Strategy B, which reduced irrigation applications to within 
off-peak and standard hours, was expected to yield the biggest cost reduction and therefore 
the highest profits. 
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the irrigation and agronomic costs from the revenue from cane sales. Dryland margins were 
also simulated in order to quantify the benefit of converting dryland area into irrigated area 
with water savings. 
 

Table 6. Economic performance for each scenario expressed as 
an average of the 15 cropping seasons in units Rand per ha. 

Strategy 
Base A B C 

Dryland Fixed 
cycle 4.8 mm 3.2 mm 4.8 and 

3.2 mm 
Revenue   
Cane sales 24,563 25, 594 24,354 25,544 13,815 
Irrigation costs   
Mainline fixed costs1 981 981 981 981 0 
Mainline operating costs2 1,105 988 653 916 0 
Total mainline costs 2,086 1,969 1,634 1,897 0 
System costs   
System fixed costs3 115 115 115 115 0 
System variable costs4 624 522 425 506 0 
Total system costs 739 637 540 622 0 
Total irrigation costs 2,825 2,606 2,174 2,519 0 
Other direct costs   
Planting costs 943 943 943 943 943 
Ratooning costs 3,290 3,290 3,290 3,290 3,290 
Harvesting costs 1,554 1,619 1,541 1,616 874 
Haulage costs 4,228 4,405 4,192 4,397 2,378 
Total other direct costs 10,015 10,257 9,965 10,246 7,485 
Margin above specified costs 
(MASC) 11,723 12,730 12,215 12,780 6,330 

1 = Interest, depreciation and insurance on all underground pipes, the pumping system and electricity fixed 
costs. 

2 = Electricity variable costs plus repairs and maintenance (repairs and maintenance expressed as a percentage 
of fixed costs). 

3 = Interest and depreciation on sprinkler package only. 
4 = Water tariffs plus labour plus repairs and maintenance (repairs and maintenance expressed as a percentage 

of fixed costs). 
 
Thus, the answer to Question 2 is ‘no’. The cost saving from not applying the 147 mm of 
water does not make up for the loss in yield. As shown in Table 6, the margin above specified 
costs for strategy B was lower than that for strategy A. Although the operating costs for 
irrigation were much lower for strategy B, the loss of revenue due to the yield reduction was 
much greater.  
 
Irrigation costs 
 
As was anticipated, the mainline and system fixed costs were identical for all strategies. This 
was because all strategies made use of the same hardware. However, unlike the fixed costs, 
the operating/variable costs for each scenario varied. The mainline operating costs were 
dependent on the use of electricity while the system variable cost was a function of water 
tariffs. As expected, systems applying more water on a 12-hour stand time, incurred higher 
mainline operating and system variable costs. For example, the mainline operating costs for 
strategy A and strategy B were R988 and R653 per ha, respectively. This demonstrates the 
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small economic benefit of shifting electricity use to cheaper standard and off-peak hours. 
Similarly, the system operating costs for the base strategy and strategy A were R624 and 
R522 per ha, respectively. This demonstrated the impact of reduced water applications by 
scheduling irrigation and therefore reduced water tariffs. The cost of electricity was higher 
than the cost of water in this case study. 
 
Saving irrigation costs versus losing revenue from yield loss 
 
The impact of the irrigation costs appears to be smaller than revenue from yields. For 
example, when comparing strategies A and B, the water savings was 147 mm and the yield 
loss was 7 tons/ha. The difference in irrigation costs, from Table 6, amounts to R432 per ha. 
The difference in revenue from cane sales, however, amounts to R 1,240 per ha. This implies 
that the direct costs of water and electricity are considerably smaller in comparison to the 
revenue lost from yield reductions. At this stage it appears that applying a deficit strategy to 
conserve water and reduce costs, while incurring a yield loss, does not benefit the grower 
financially. The exception in this case was for strategy C, where water was held back at non-
critical growth stages. This resulted in water savings with minimal crop stress and therefore 
reasonably high yields and margins above specified costs. 
 
Opportunity cost of water 
 
The concept of deficit irrigation, however, cannot be ruled out. The value of a deficit strategy 
can be realised in the opportunity cost of water. In other words, increased profits can be 
realised where water savings from a deficit strategy are used to convert dryland cane into 
irrigated cane, assuming that land is available. This scenario can be related back to Question 
3, where water allocation on a 100 ha farm was reduced. In this case, implementing a deficit 
irrigation strategy and saving water on the 70 ha, would allow for the irrigation of additional 
area. This is demonstrated in Table 7.  
 
In Table 7, the irrigable area ratio is an indicator of the additional dryland area that can be 
irrigated with water savings. For example, in Table 5, the base strategy and strategy B on 
average used 937 and 636 mm per annum, respectively. Hence, for every hectare converted 
from the base strategy to strategy B, a water saving of 301 mm would be realised. An 
irrigable area ratio was then used to determine what dryland area could be converted with the 
water savings (Table 7). The MASC, including dryland margins, from Table 6 were carried 
through to Table 7. The irrigable area ratio was then applied to the MASC above dryland to 
determine the relative potential increase in MASC when dryland cane was converted to 
irrigated area with the water savings. 
 
Continuing with the previous example, for every hectare converted from the base strategy to 
strategy B, the 301 mm water savings could be used to irrigate an additional area of 0.47 ha. 
This translated into an increase in MASC by R2,786. Hence, strategy B has the ability to 
generate a relative increase in MASC to R15,001 compared to R11,723 for the base strategy. 
Similarly, the other strategies also possess the ability to generate increases in net margins 
ranging from 19.3% to 28% increase, as shown in Table 7. 
The irrigable area ratio indicates that the systems and strategies applying the smallest amount 
of water have the ability to benefit the most from irrigating the additional area. This 
corresponds to strategy B. This strategy saves more water and was therefore able to irrigate 
larger areas during water restricted periods, as shown by the relatively higher irrigable area 
ratios in Table 7. These systems therefore also realised the highest MASC totals after 
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factoring in the additional area that could be irrigated. In this particular exercise, for these 
circumstances, strategy B yielded the highest net margin after realising the opportunity cost 
of water. This was an interesting result considering that strategy B applied the lowest amount 
of water and therefore incurred the most stress and delivered the lowest yields. Not only did 
strategy B achieve higher profits, but it also possesses the potential to reduce the country’s 
electricity load during peak hours. Strategy B operated on two 8-hour stand times and 
therefore prevented pumping during peak periods, saving the grower in terms of electricity 
costs and potentially benefiting the country at a time when energy conservation is crucial. 
 

Table 7. Potential increase in net margins if dry land cane is irrigated with 
water savings from deficit strategies in units Rand per area under cane. 

Strategies Base A B C Dryland 
Fixed cycle 4.8 mm 3.2 mm 4.8 & 3.2 mm 

Margin above specified costs 
(MASC)  11,723 12,703 12,215 12,780 6,330 

MASC above dryland (R) 5,392 6,400 5,884 6,450 0 
Irrigable area ratio1 1 1.20 1.47 1.23 0 
Relative potential increase in 
MASC obtained by converting 
dryland cane area to irrigated cane 
area with water savings2 (R) 

0 1,261 2,786 1,507 0 

MASC totals after converting dry 
land area to irrigated with water 
savings (R) 

11,723 13,991 15,001 14,287 6,330 

Relative % increase in MASC 0% 19.3% 28.0% 21.9%  
1For example, the base strategy uses 937 mm so the irrigable area ratio is 937/937=1, whereas strategy B uses 
636 mm so the equivalent ratio is 937/636=1.47 (See Table 5 for average water use of each strategy).  

2The relative potential increase in MASC from converting dry land cane was determined as follows: 
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Summary, Discussion and Conclusions 
 
Answer to Question 1: Irrigation scheduling 
The benefits of irrigation scheduling have been demonstrated. Irrigation scheduling allows 
for reduction in unnecessary application of water, while optimising yields.  
 
Answer to Question 2: Off-peak pumping 
In this case study, reducing irrigation during peak periods resulted in cost savings, although 
these were insufficient to offset revenue lost from yield penalties. Thus, any potential saving 
strategy needs to be evaluated in terms of potential impacts on yields and revenue. 
 
Answer to Question 3: Water curtailment 
The opportunity cost of water was shown to justify the implementation of deficit strategies in 
this case study. The financial benefits of deficit strategies were only realised when the water 
saved from deficit irrigation was used to increase the irrigated cane area, for example, during 
water allocation curtailments. Hence, provided the opportunity cost of water is realised, 
deficit strategies can help conserve water and electricity while yielding higher overall profits. 
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The implementation of deficit strategies, due to the precise nature and narrow margins for 
error, would require precise irrigation scheduling and monitoring of the soil and/or crop 
responses. Monitoring tools will not only help to implement these strategies, but also assist in 
gauging the performance of such strategies. Proof of performance, through near real time 
monitoring, will likely be required to help instil confidence in growers. Furthermore, as the 
primary advisors to farmers, extension specialists could play a vital role in the 
implementation of deficit irrigation strategies. 
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