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Abstract

The agricultural sector of Pakistan consumep&@entof the country’s available fresh
water resources. With a population of 187 million and increasing at an agrowdh

rate of 1.57ercent the fresh water resources of the country will face severe stresses in
the coming years, affecting its food security. At the same time, therecéstainty
prevailing in the region about climate change, timing and intensitgimfall, flood and
drought events, coupled with glacial melt and unresolved issues pertaining to trans
boundary water resource management. Under these circumstances, investment in
agricultural practices that ensure crop productivity and water conseraaticritical to
Pakista’'s food security. Thistudy focuses on a subgion of Punjab in Pakistan,
where wheat is grown using flood irrigation. It examines whether an invesintent
watersaving irrigation options, such as canal lining, dredging, wsdeing irrigation
technologiesand on farm water storage are feasible options to improve profits of the
farmers. Irrigation in Pakistan is supplemented with low quality groundwaltéch at

times leads to very low yields per unit of water. By comparing the discounted cash
flows under each of these options, this study investigates the best investmsinhdeci

on the part of the farmer and policy makers. This study also looks at the benefis of cr
diversification and water marketdpo examine whether ése options would lead to
higher profitability hedging of riskand productivity in the study area. The economic
analysis is complementealith real options analysigand where applicable, sensitivity
analysis to determine the minimum yield incesasequired treak even.

Key words: Canal lining, desilting, dredging, sprinkler irrigation, water storage, net
present value, real options, water markets, crop diversification.
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Investment in Water -Saving Irrigation Options under
Uncertainties — A Comparative Analysis

Syeda Mariya Absar, Sabine Fuss and Wolf Heinrich Reuter

1 Introduction

This studybuilds on (Absar, 2009)which finds that the furthemewayyou are from the
head of a canal, distributary or watercoutse worse off you are in terms of crop
yields and profits. The results suggest thdiere canal water is availabléhe farm
inputs are conjunctively usday the farmerdut where canal wates not available,
groundvater is substituted and therns a subsequentlecrease in the use of all other
inputs. The farmers located at the head and middlEches use more canal water in
conjunction with the inputs to generate higher retuwisereashe farmers at th&ail-
endreaches rely more ogroundwaterand get lower returns. This magtherbe due to

the lower quality ofgroundwatef or the fact thain a deficit irrigation systerfarmers
tend to undeirrigate andput both crop quality and returra risk’. Currently the
farmers are paying an annual water tax of $1.56 per acre regardless of howaterch w
they obtain from the canal and what they decide to grow on their land. The farmers are
also faced with a much higher price of $13.90 per acre for extracting growendwa
which is of much lower quality than the canal water.

Nevertheless, taknd farmerswhether located at the primary, secondary or the tertiary
levelin amulti-tiered irrigation networkn Punjab, are a marginalized segment in terms
of water distributbn and availabilityThey have not voluntarily selected the location of
their farms nor are they flexible to move within the netwatke taitend farmers in our
sample are assumed to have access to the same resquices,knowledge and
possess the saskill set. The only factor affecting their yield is their locativis-a-vis

! Absar, M., Choice of Farm Inputs in Response to Uncertaigation Supplies in Pakistan, Master's
Thesis, Yale School of Forestry and Environmental Studies, 2009 (Mgrtuster preparation)

2 As determined by Latif (2000)ho made use of the same data set as this .shadif, M., 2007.
Spatial productivity along a canal irrigation system in Pakistan. tisiyand Drainage. 56: 5&&21.

3 Perry, C. J., and S. G. Narayanamurthy. 1998. Faresgonse to rationed and uncertain irrigation
supplies. Research Report 24. Colombo, Sri Lanka: International\Manhagement Institute.



the primary canalThat is why this study is focused on looking at investment in water
saving irrigation options under uncertainties by theaad farmersto identify possike
measures to adapt to prolonged water shortages. These options include lining of the
secondary canals, dredging of secondary canals, water saving irrigationldgeso
andonfarm water storag® augment current water deliveries.

The methodology used to study these options is the comparison of net present values
(NPV) of discounted cash flows under each option. Where applicable, real options
analysis and decision trees are used to study the impact of uncertainty on thef value
the options faced by tHarmers in multiperiod settings. To overcome the limitation of

the literature and the available data, sensitivity analysis is carried amatgze the
robustness of theesults.

In addition, this study explorabe benefits of diversificatiqrparticularly the use of
alternate cropsThisis done bydetermininga crop portfolio derived from a covariance
matrix based on the crop prices for each of the crops selected in a crop migtully
alsolooks at the applicability of water markets to #tedy area and the possibility for
trading of canal water within the system to shift it towards uses that yiel@rhigh
marginal returns.Furthermore,this study looks at the structural changes in the
management of the canal system to observe how theytdekduceunprecedented
water losses such as water th#ftough devolution of power.

The study is structured as follows. Section 2 describes the background and obpéctives
this study. Section 3 introduces the options that are under investigation and the pros and
cons of each of them as described in the literature. Section 4 delineates the tyeantitat
details of the methodology used to study each option. The study draws to a close with a
discussion and conclusion sectiosumming up the results and oeemendations
derived from within. Additional methodologies stuthg benefitof crop diversification
andderive a crop portfolio for the study aneaAppendix A Appendix Bdelineateshe

water market structure existing in Pakistan and also determines the equilibatem w
price for the canal water in the study ardppendix C elaborates how devolution of
power can help prevent water theft.

2 Study Background

This study is focused on a sub region of Punjab, located close to the eastern border of
Pakistan. This region is arid and highly dependent on irrigation water fort whea
cultivation. The primary data acquired for this study is from the command area of a
primary canal called th#&ain Branch lower canal (MBL) which branches from the
Bambanwala Ravi Bedia Depalpur (BRBD) link camdlich isalso a primary canal.

Six secondary canatgeselected along the MBliwo each at the head, middle and tail
reaches of the canal. Furtheine tertiary canalsare selectedthreeeach at the head,

2



middle and tail sections of each secondary ¢anaking a total of 54 watercourses. The
farm level datas collected from farms located at the head, middle andséaiionsof
each watercourseendering aotal of 486 farmer’s This cross sectional data comprises
of farm inputs such as fertilizer, pesticides, harvesting, threshing, labor hed ot
miscellaneous input expenses. The data also includes information on water éhrarges
both canal angroundwaér and the number of flood irrigatiorappliedfrom each type

of water source All the costs are in rupees normalized pereof land, but for this
study, they are converted to US$, using the exchange rate of 1US$/PKRsI8®&07.
wheat production is measured in mouhds

The data is complementdyy the results of an extensiVigerature review to determine
the advantages and disadvantages of each of the stumiestmentoptions. The
available literature looks at each thie options in great detailut there are very few
studiesthat quantitatively compare the feasibility of each of these options. Thig stud
also compiles and collects secondary data omnthestment costior each of the water
saving irrigation options, calculates tiNet Present ValueNPV) of their revaue
streams and converts thema@omparable forntdao help in decision making, both for
the farmer and the policy makers.

3 Qualitative Analysis of Options Available
to the Tail -End Farmers

This section explores several options available tot#ileend farmers either through
government intervention or as an investment option for the farmer, ndmilg:of the
secondary canals, dredging of secondary canals, water saving irrigatioonldgots
and onfarm water storage. This section also introduegser markets and trading,
water theft reduction through devolution of power and the benefits of diversificati
through thecultivationof alternate crops.

3.1 Lining of the Secondary Canals

Canal linirg in Pakistan involves a single brick lining plastered with 1.25cm of thick
cement applied on hand compacted earth to both the channel floor and the side walls of
a canal. Partial lining involves lining the lower third of a channel leavingpper two

*The primary data in this study was obtained from the Centre of Excellenidaier Resources
Engineering, University of Engineering and Technologghore, Pakistanand was collected by Dr.
Muhammad Latif and his graduate student Zakaria.

®In addition, thedata includes total expenses incurred, total income from farm produatid bi
products, and net revenues

® 1 mound = 40 kg



thirds unlined. As described earlier, there are three tiers to the irrigation system in
Punjab. The studies conducted by IWMI (International Water Managemeittitest
formerly known as the International Irrigation Management Instituteg lestablished

tha major differences in distribution equity prevail between the dischargbs &etd
andtail-ends. Experiments conducted in brick lining have focused on liningaikend

of the canal. Prior to any lining, desilting of the upper two thirds of the ehasn
carried out to improve the hydraulic conditions of the canal

3.1.1 Advantages of Canal Lining

There are benefits to lining of canals in some agricultural settings. Liningnafscis
promoted as a long term solution to seepage and conveyance. lhssaproves
hydraulic conveyance efficiency and reduces the contribution of canal water to
increased water table. Lining of canals stabilizes the canalsectisns that reslin
more manageable head discharge relationships. It may also reduce thenamge
inputs required on a recurrent basis. However, all these benefits raquimedepth
understanding of the existing levels of canal performance and signitiapital and
investment cosiither at the time of initial construction or when linisgetrofitted to
the original constructioh

3.1.2 Disadvantages of Canal Lining

With the lining of the canals the discharge into the secondary canaaseskvhich

can also be a result of extensive desilting and bank improvement in the ugpesref

the canal prior to lining. MurrayRust and Van deYelde (1993) have studied partial
lining of canals which reveals significant improvement in the delivery peaiocenratio

at thetail-end but no significant change in discharge after the lining was put in‘filace
After lining the lower third of the canals, when the canal discharge was at or above
design,the difference between the head and tail reaches was not significant but when
the canahead fell to 7680 percentof design discharge, the head end areas received
significantly more water. There is alscansiderable degresf unreliability associated

with the canal lining, if there is a degree of variation between daily dischargea o
period of several monthsn a given canal, the lining of canals will aggravate the

"Murray-Rust, D. H. & Vander Velde, E. J. (1994) Changes in hydraulic performance and comparative
costs of lining and desilting of secondary canals in Punjab, Pakigigatibon and Drainage Systems 8:
p. 137-158.

® Murray-Rust, D. H. &Vander Velde, E. J., (1993) Impacts of Physical and Managerial Intervermtion
Canal Performance in Pakistan: A Review of Five Years of Field ResearclesStiilnternational
Irrigation Management Institute (IIMI). Advancement in IIMI's Res&at®92.A Selection of Papers
Presented at the Internal Program Review (pp.172). Colombo, SriLanka: [IMI.

° Murray-Rust & Van der Velde (1994), op.cit., p. 140.

9 Murray-Rust & Van der Velde (1993), op.cit., p. 85.
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discharge variation, affecting reliability of water deliveriespecially when the canal
heads fall below the design leVel

Partially lined canal require desilting aftdwo tothree years of usage in order to allow
water to continue to thiil-endreaches. Lining does not solve the problem of inequity
created by sedimentation in the upper reaches of the canal. With periodic maintenance
of lined canals, their benefits méast up tofive years?. The material used to line the
canals varies from place to plaaedso does their functional life length. In the worst
ca®e scenario, if lining does natork for its intended period, th&il-end farmers
cultivate a reduced fracin of their holdings. Moreover, thail-endoutlets may need to

be shifted upstream causing a reduction in the command arezbimé® allocating

more money for relocatich

Lining can only be effective if the process is well controlled, managed amtamaid.
Bridges are built for cattle to cross over, cracks are periodicallg filleweed growth is
preventedand disturbances due to theft of bricks from the lined secéindgampering
with outlets during the construction phase apeevented. Canal lining cannot be
justified in terms of the value of water saved (capital cost involved in savingtitk if
charged at the rate of tlaianaand can only be justified if the water is priced at the
value paid by the farmers for groundwater use, if the life length of the lining e in t
order of 10 years or more and if the water savings in the canal are almercébtof

the design discharge Under these circumstances, thbiana rate would have to
greatly increase to repay the investment which imeypolitically impossible. In this
case lining would have to be a subsidy rather than an investment and would be
sustainable only if the lining conditions were significantly imprd¥ethis study will

look at investment in extensive canal lining i.e. the costs involved in brick lining the
entire stretch of a canal.

3.2 Dredging of the Canals

Dredging of the canal is done by two methods; major desitimgelective desilting.
Major desilting involves removing sediment from the canal and restoring its initial
design crossection to improve hydraulic conditions of the channel. In the upper half
the channel bulldozers and excavators are used while ifower half, desilting is
carried out by hand using locally available man pdiveSelective desilting is removal

of sediment only from those sections of the canal where the bed elevation is unduly

' Murray-Rust & Van der Velde (1994), ojit.c p. 145.

2 Murray-Rust & Van der Velde (1994), op.cit. p. 149.

13 Annual water charge collected by the government for the allocation of cateal wa
“Murray-Rust & Van der Velde (1994), op.cit. p. 149.

% ibid

%ibid.

" Murray-Rust & Van der Veld¢1994), op.cit., p.141
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high'®. This method is less costly and requires less labor inputs. Since petsiiemd
problems result from sediment accumulation in the head reaches of the cactilesel
desilting is largely carried out in this section.

3.2.1 Advantages

Only amodest amount of desilting isquired to greatly improviail-endconditions and
major desilting significantly helps in delivering the design discharge almost at the
designed water surface elevatibhdt is observed that before desilting, taé-ends are
largely dry whereas post desilting, ttaél-end conditions matchithoseof the head and
middle reaches. Als@ similar improvement is observed at the watercourse outlets with
respect to variability of discharges. Desilting also has a positive impact calitielity

of water deliveries to the farmers. Compared with other options desiltingegdhe
least fnancial and labor inputs.

3.2.2 Disadvantages

The economic life length of major desilting interventions is ufivio years. After this

time the benefits decline and have a much more limited impact on the economic
analysis. The benefits of selective desiltingyrtasst up tawo years. This short life span
makes it imperative to reinvest in desilting periodically to maintain the design
dischargé®.

3.3 Water Saving Irrigation Technologies

Pressurized irrigation systems have better uniformity and higher appiicticiency,
giving rise to higher crop yields. In Pakistan the yield per unit of watieisowest in

the world’. Experimental research on drip and sprinkler irrigation conducted so far in
Pakistan shows that these technologies not only ressigmficantwater savings on

the farm but also lead to higher crop yields as compared to surface arrigagthods.

The drip and sprinkler irrigation systems give satisfactory resutteidesert and hilly
terrains and can also be used with gravity flow systemsrendn hydraulic head is
available, reducing the initial co$tsThis study looks at two water saving irrigation
systems; drip irrigation and sprinkler irrigation. In this section, the rdadgas and
disadvantages of both systems are studied. Sprinkler irrigation is explored farther
Section 4 to determine whether investment in such a system would be feasible for the
study area because sprinkler systems are more relevant to wheat production.

®ibid,
¥ Murray-Rust & Van der Velde (1993), op.cit., p.93
2O Murray-Rust & Van der Velde (1994), op.cit., p. 149.
2L Alam, M. M., Bhutta, M. N. Azhar, A. H. (2003) Use and Limitations of Sprinklet Brip Irrigation
» Systems in Pakistan. Pakistan Engineering Congre$sAmitual Session Proceedings.
ibid.



3.3.1 Drip irrigation

A drip irrigation system uses a network of pigggling with small emitters to provide
water directly to the plant roots. The pipes can either be laid out on the soiesorrfac
buried. The system is usually designed to water crops at intervals accorthegieeds
of the crop being growh

3.3.2 Advantages

Drip irrigation needs high investment costs but they are compensated bysaateys

and an increase in production especially in those canals where surface water iseavailabl
for a few consecutive months. Drip irrigation may alleviate poveytypoostingyields

and thus incomend alsohaving the cebenefit of relucing theill effects of over
irrigation. Excess water or waterlogging affects soil aeration and hence plants @oots d
not grow properly. Waterlogging is often accompanied by salinity as logged soils
preventieachingof thesaltsimported by the irrigation water, afféay the pH of the

soil. New and ongoing irrigation projects can benefit greatly from the useatdr
saving technologies. Saline water can also be used in the drip irrigation sgsteen a
salt is accumulated only at the surface of teeghery of thavetting zone andoes not
affect the growth of the crop and maintains constant soil moisture in the roét zone

The water use efficiency is 995 percentas compared to only 480 percentin the
surface irrigation due to the partial wetting of the soluwge, maintained soil moisture
content, reduced surface evaporation, decreased runoff and controlled deep percolati
losses. Water productivity in project areaseaxpected to be enhanced by-B00
percentdue to better water management and productioctipeg. There are savings
terms oflabor,as labor is only required to start or stop the system. And due to the high
irrigation efficiency only littletime is required to supply the desired quantity of water
thus saving energy. Cropping intensignbeincreased for the existing commands and
new areas cabe brought under command for the new schéines

Drip irrigation works wellon poorsoils, prevents weed growth and reduces operational
costs associated with weed prevention like spraying of weedicidepesticides etc.
There is reduced loss of nutrients under drip irrigation due to localized plagement
fertilizer efficiency can be improved significantly. Also under drip irrigatioere is no

soil erosion nor is there any need for extensive soil preparation, thus cutting down on
labor and operational co$ts

2 Booher, L. J. (1974) Surface Irrigation. Agricultural Developmere? No. 95. FAO, Rome.
24 Alam et. al., op.cit., p. 88.
% ibid.


http://en.wikipedia.org/wiki/Soil_salinity_control
http://en.wikipedia.org/wiki/Sodium_chloride

3.3.3 Disadvantages

The rate of success for these irrigation systems has been low becthesewfcost of

canal water, lack of confidence amongst farmers to operate and maintain theses syst
high initial costs and lack of support services. Drip irrigation systems requiresexden
maintenance as the emitters can get clogged with time. The pipelines can leak or the
tubes can crack. The system needs to béegied from farm animals and -6erm
activiies and may require regular replacement and maintenance. The complex
equipment and maintenance requirements increase the initial investment costs and th
operational costs of this system and may not be an effective choice for the small to
medium sized farms. Highly skilled labor is required for designing thellaisia,
management and the operation of the sy§tem

3.3.4 Sprinkler irrigation

Sprinkler irrigation is a method of distributing water in pipes under pressure and
spraying it into the air so water falto the ground like natural rainfall. The costs of
three types of sprinkler systems are considered in this study; the-peoteraingun

and the linear move sprinkler systems, as they have recently been subsidized by the
government of Pakistan armdelocally manufactured or acquired in collaboration with

the private sectdt.

3.3.5 Advantages

As timing of water application is important for crop yields, sprinkler systema &tlo
timely irrigation of a few centimeters of water at critical crop growthegaghich can
double the yields. Most of the system components of sprinkler systems have been
successfully manufactured in Pakistan using locally available materials and
technologies. In areas where lalamd water costs are high due to labor intensive crops
and heavy reliance on groundwater for irrigatigprinklers can be the most economical
way to apply water and can be used in conjunction with a gravity flow system. The
same equipment can be used for multiple uses like irrigation, crop cooling, frasi,cont
spraying of pesticides and fertilizers etc. These systems have showrsavagss of up

to 57percentand an increase in productivity per unit of water of as much apei2ént

for wheat crop in Pakistah

2" Alam et. al., op.cit., p. 90.

% pakistan Agricultural Research Council (PARC), (2010) Water Qoamsen and Productivity
Enhancement through High Efficiency Irrigation Systems (Revised) sivynpf Food and Agriculture.
Islamabad: Planning Commission, Government of Pakistan.

29 Alam et al., op.cit., p. 90.



3.3.6 Disadvantages

Sprinkler irrigation systembave high initial investment costs in addition to operation
and maintenance expenditurén€Be systems also requsllled labor to maintain and
operate Therefore high training costs need to be incurred prior to the installation of this
systeni’.

3.4 On Farm Water Storage

With the surface irrigation system working at g€rcentwater efficiency, excess water

can be harnessed from the months with surplus water available and stored for months
with low water supply. Farms at times may receive even less thparé&ntof their
promised share of canal water tthriWater supply at the critical stages of crop growth

is essential for a good yield and at times availability of adequate supgayalf water is
uncertain. Application of water at the critical stages rpcgrowth affects the crop
yield. Adequate water supply at these critical stages can lead pem@déhtincrease in
yield®. Under such circumstangesxcess water from the canal, ground or rainfall can

be stored in oflarm storage reservoirs. According to the study conducted by Choudhry
et. al, (2000), surplus irrigation water occurs mostly during November through January
or from August through September and some regions of northern Punjab receive more
rain in the winter and summer months than the resheasgain water can be harvested

and stored.

An onfarm reservoir can be used in rded areas, in conjunction with a gravity flow
system or a pressurized irrigation system such as a sprinkler system. alleages
involved with this system includdentification of an ideal location for the reservoir in a
farm setting, for the farmers to agree on a method of sharing the wearnerttie
reservoir and the cost of construction and maintenance of the storage stfucture
According tothe Pakistan Agriculiral Research Council (PARC), the storage capacity
of a reservoir should be about 400 per hectarén asevenday rotation interval. Most
reservoirs are excavated to allow gravity flow from the canal. The needniiog |
depends on soil conditions. Inawly textured clay sojlgood compaction may be
sufficient. Percolation losses of up to 5 cm per day may be acceptable. If thiafanc
losses are higher, lining is required. There are different lining methods, #te lea
expensive lining is probably polyethylene (PE) liner covered with about 30 cm earth or
stone pitching with concrete grouting where stones are locally availablee Mo

%PARC, op.cit., p. 10.

%1 Choudhry, M. R., Igbal, M., Awan, M. N. (2000) Farmers Respém$earm Water Storage Reservoirs
to Supplement Irrigation at Watercourse Command. Pakistan JournAbradultural Resources.
Vol.16, No.1, p45-49.

*2ibid.

*ibid.

*ibid



expensive aregolypropyleneand geesynthetic liners that can be used in exposed
installations®.

3.5 Benefits of Crop Diversification

Crop diversification involves moving away from monoculture and growing a variety of
crops in a given season on a single land holding. Since product prices of each crop vary
in the market, the farmer would benefit if he has a mix of crops to sell at the end of the
season by hedging against any price fluctuations. Growing diversdesgatbles the
grower to stay in the marketplace longer and compensates for negative market price
fluctuations. Crop diversity extends seasons even further. A cropping system that
includes anual and perennial crops can extend employment to argead basisCrop
diversification isdiscussedurtherin AppendixA.

3.6 Water Markets and Trading

The timely delivery of surface irrigation water is crucial to crop yieldschvis why
farmers resorto extracting groundwater or practicing deficit irrigation in Pakistan. The
cost of extracting groundwater is ten times that of canal water. The catealisvshared
through time sharing which means that each farmer has to wait for his turn i djde t

his seasonal allocation which may or may not come at a critical period of §he cro
growth cycle. To solve this problem, many countries around the world engagéem wa
trading which involves establishing a water market, where demand and supply
determinethe equilibrium price for the canal water, at which it is traded to ensure its
most cost effective usage, i.e. where the marginal returns of each unit olisedeare
higher. This process is usually overseen by the local water utilities to ra&e s
transactions, allocations and water rights are traded fairly. In Pakistaesanpithere is

no formal water market, however, water does get traded amongst thesfamnaevery
informal fashion without the involvement of any government body or an overseeing
authority. The current trading practices in Pakistaneamainedin detail in Appendix

B, in addition to exploring the application of a water market and determining the
equilibrium price of the canal water for our study area.

4 Quantitative Assessment and  Uncertainty
Analysis of the Options
This section provides an overview of the methodology used to study the water saving

irrigation options discussed iSection3. The core methodology used to study and
compare investmesitn canal lining, desilting, sprider irrigation systems and earm

¥ PARC, op.cit., p. 16.
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water storage is the calculation of discounted cash flows for 25 (ersical lifetime

of a canal structure without requiring any major refurbishing) and comparingethe
Present Values (NPV) gfrofit streams for each of these options. A discount rate of 10
percent® is used throughout the analy¥isWhere applicable, real life examples are
illustrated using flow diagrams, decision trees and real options analysis.

4.1 Lining of the Secondary Canals

For thebrick lining of the canals, only the option of extensive lining is considéred
where two investment options are studied; tfi§ government is making the initial
investmentof lining the canaland the farmer isnly paying for the annuadperation

and maintenance of canals, g@jithe farmer is making the initial investmemidaalso
covering the operational and maintenance costs. Once lining is in place and if flow
variation exists in the system, there is gpé@centchance that the head discharge ef th
canal distributary would fall below the design level #imgltail-endfarmer will not get

an increase in yield artlere isa 60percentchance thathe head discharge would be at

or above design level leading to an observable increase if’yE@se prcentages are
translated from the literature whedsased on the fact that the discharge at head can be
either above or below the design level affecting discharge and yieldstatltheds of

the canal. If regular maintenance is undertaken, the chafde=ad discharge being
above the design level are higher than not, which is why a probability of 0.6 issused a
opposed to 0.5 for this analysi& sensitivity analysis is carried out to determine the
minimum percentage increase in yield required by thedaunder each option to break
even in terms of profits.

4.1.1 Methodology

To assess the feasibility of investmenteixtensive carldining, the NPV of the profit
stream for 25 years was calculated fbe two instances The cost of investing in
extensivelining is $1.02/acr® and the cost of maintaining the lining annually is
$2.02acre, which primarily involves major desilting of the canal. The life lenfta

% A large number of similar research uses a discount rate of 10 percent, ddereag-Rust, D. H. &
Van der Velde, E. J. (1994) Changes in hydraulic performance amgasative costs of lining and
desilting of secondary canals in Punjab, Pakistan. Irrigation ariddgeSystems 8: pp51

37 According toMurray-Rust& Van der Velde, the actual cost of capital is significantly more in Pakistan
therefore higher values of discount ratd 6percentand 20 percent can also be used.

% Extensive lining is considered because we would like to calculatenfumh it would cost to line the
entire length of the channel as opposed to partial lining which involvesy lomly the lower third of
the channel.

%9 Murray-Rust & Van der Velde, op. cit. pp. 144.

“°The investment and maintenance costs of lining and desilting were takeMénoay-Rust & Vander
Velde and adjusted for the dollar value today.
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canal lining isfive years?, this means that after every five years, the canal-ised
extensively and the same initial cost is incurred.

The profit for acrop-specific increase in yield is calculated by the following formula:

m=Yyx*x(R-C—Cy— Cy)

WhereY\y is the total units of yieldwhich is also a function of the water type used,
wheregroundwatertypically leads to lower yield increases than canal {4tBris the
revenue per unit of yield7s is fixed cost per unit of yield(, is the varable cost per
unit of yield andcC,, is water cost per unit of yield’he fixed costs comprise of land
preparation and other miscellaneous costs; variable costs include fartipesticides,
harvesting and labor costs. The water cost per unit yield is made up of the aastage
of the canal androundwaterused per uniyield. The fixed costs, variable costs and
water costs remain fixed throughout the analysis and are taken as the afettage
costs faced by the farmers located at the channel tail and watercourse taibsandtth
the channel head and watercourser&sbectively, in order to capture the difference in
cost between the farmers at the channel head and the channel tail. The profit is then
used to calculate thdPV of future profitsof a farmer if he decides to invest in canal
lining (NPV_) and compared ih the NPV of profits if there is no investment, or the
baseline NPVg). Giventhatthe probability that the lining doesx drop below design

is 0.6, the expected NPV of profits on extensive canal lining is given by:

Expected Profit= (0.6 * NPV, + 0.4 x NPVp)

If the discharge at the headd is above the design level, the-@il also receives
discharges at the design level and increases in yields are offaevender to find out

the minimum increase in yield required to render lining as a viable investment dption i
the farmer is paying the initial investment cost, a sensitivity analysiarised out
which reveals thaain increase inthe yield of at leastl2 percents required to break
even.The present value from lining (if it works) is denotedMyV,, which with an
expected 12 percent increase in yield B14514. This is slightly greater than the
baseline present value (i.e. without linindyPVg, of $239.24. However, if the

“I Murray-Rust & Van der Velde (1994), op.cit., p.148.
“2 _atif, op.cit., p. 510.

3 Murray-Rust & Van der Velde (1994), op.cit. pp.144
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government is making the initial investment in canal lining, then the farmer only
requires an increase in yield of 1 percent to g&iPd/| of $313.92 which is much
higher than th&PVg of $239.24. Comparing theRVs of investing lining either by

the farmer or the government suggests that lining would pay off only if the government
makes the initial investment of extensive canal lining and repeats everyefive tp
maintain the flow above design level.

X% NPV,

Lining works
7% $215.48
NPV =$244.14
p=0.6
9% $226.95

Baseline Revenug :
NPV, = $239.24 Drop below design 120 $244.14

20%  $289.99

t=1 t=2
Figure 1: Privateinvestment in canal lining: A Simple lllustration

If the farmer invests ihining, he would have to ensure a yield increase of at least 12
percent, given that the head is above the design level, in order to break even and above
12 percent in order to rai$es overall revenues. The diagram in Figure 1 illustrates the
profits of the farmer if he invests in a canal lining and also pays for the annual
maintenanceThe odds that the lining will improve crop yield and thaise revenues,

can be improved by spending on annual maintenance of the Cdinat.factors causing
variability in the channel flow are beyond the scope of this paper.

4.2 Desilting

For desilting of the secondary canals, only the option of major desilting is dstudie
Desilting is avery lucrative option if the initial investment is done by the government or
the farmer and the maintenance is covered by the farmer every year. Thenfakaer
higher profits in each case. Thaderlyingassumption here is that the farmer is getting
the same yield as the head end farmeesausealesilting will make the water delivery
more equitableeven selective desilting in the upper reaches of the canal has significant
beneficial impact on distribution equity at the-&ild™*.

“ Murray-Rust & Van der Velde (1993), op. cit., p. 85
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4.2.1 Methodology

To assess the viability of investment nmajor canaldesilting the net present values
(NPV) of the revenue stream for 25 years was calculatetvMoinstances (1) where

the government is making the initial investment and the farmenlispaying for tte
annual selective desilting of canaland (2) where the farmer is making the initial
investment ad also covering the operational and maintenance costs. The cost of
investing in major desilting is $3.Btre and the cost of annual maintenance is
$0.95/ace, which primarily involves selective desilting of the canal. The life lenfth
major canal desilting is 5 years provided that the canal is maintained anrhilly
means that after every five years the entire canal length is dredged and the same init
cost is incurret. According toVan der Velde & MurrayRust (1994) after major
desilting of the canakhe farmerwould getthe sameamount of water, and hence the
same yieldss thefarmers at thdnead enaf the canalas desilting will make the water
delivery more equitableThis increase in yield is calculated to be approximately 14
percent for the study area. The profit for a 14 percent increase in yieldusated by

the same formula as the one used for canal lining (see section 1.1.1).

If the farmer invests inmajor desilting by incurring both the initial cosend the
maintenance costs, theet present value of il profits (NPVp) is $456.07,which is
$216.83higher than theNPVg of $239.20. However, if the government makes the
initial investmentand the farmer only maintains lolping selective desilting annually,
the NPVp for the farmeris $472.46which is $233.22higher than theNPVg. Hence
investment in desilting, whether done entirely by the farmer or the governpagstoff
with higher profits in the long-run.

4.3 Sprinkler System

The initial cost of installing a sprinkler system is very high #rel taitend farmers

cannot afford to cover this cost on their own given their meager ear§mge2010

the Pakistanigovernmenias beerproviding a sibsidy*®, which covers approximately

90 percentof the initial investment cost and the farmer pays a fixed shadb&19 per

acre. Depending on whether the farmer chooses to install the Rain Gun, Center Pivot or
the Linear Move sprinkler system, 20 percent of the cost is covered by the provincial
government while the rest is paid by the federal goverrthefite initial investment

costs vary from 865.49per acre for the ratgun sprinkler system to6$8.25per acre

for the center pivot or the linear move sprinkler systérssimplify, the average of the

two cost figures, $523.68 per acre, was used to calculate the NPV of the revenue stream

4> Murray-Rust & Van der Velde (1994), op. cit. p. 148
“PARC., op.cit., p. 13.
“Tibid.
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for 25 years, if the farmer invests in a sprinkler system. For the sake of csonpé#ne
case wheré¢here is no subsidy is also considenstiere the farmer has to pay the entire
initial cost of investing in a sprinkler system. In the latter case, the farrmeo Ipay an
average cost of3B1.81per acre.

4.3.1 Methodology

To evaluatethe feasibility of inveging in a sprinkler irrigation systepthe net present
values (NPV) of the revenue stream fdwo instances (1) where the government
provides a subsidyand the farmeronly pays $58.19 per acre in addition to the
operational and maintenance costs, g@)l where the farmemmakes the initial
investment ad coversthe operational and maintenance costs. The annual maintenance
cost of investingn a sprinkler system is $6$135' ($65 is used in the analysis). The

life length of sprinkler system is taken to be 25 years. Since the experimegal afs
sprinkler systems in Pakistan have led to increase in yields of up to 125 feraent
proportionate increase in yield is calculated the study area with an investment in a
sprinkler system. The profit for a 125 percent increase in yield is calculated bgme
formula used for canal lining (see section 1.1.1). It is also assumed that deringial

year, the farmer only incurs the investment cost and from the second year séostart
spend on maintenance. In the instance where the government is providing a subsidy, the
farmer should expect a NPV of $459.15 which is $219.91 more than the baseline NPV
of $239.24 and therefore a very lucrative investment. However, if a subsidy is not in
place and the farmer has to incur the entire investment cosi8df8i per acre, he
would experience a loss of $16.87 at the end of the 25 year period. Therefore,
investment in a sprinkler systedoes pay off due to much higher yields but is worth
investing in only if a generous subsidy or financial assistance is aeditatile farmer.

4.3.2 Real Options Analysis of Investing in a Sprinkler System

Real Optionsis the study of decision making under unamty. This section studies
investment decisions made at twsatetepoints intime to show how the irreversibility

of an investment decision impacts the decision to invest. This section uses the
illustrative method adopted by Dixit and Pindyck (1994) to show thewrreversibility

of a decision made in one period creates an opportunity cost of investing when the
future value of the project is uncertain, and how this cost can be accounted for in
making the investment decision, through a real life exathple

“8Scherer, T (2010) Selecting a Sprinklgigation System. North Dakota State University, Extension
Service. Fargo, North Dakota.

49 Alam et. al., op.cit., p. 90.

*Dixit, A. K., & Pindyck, R. S., (1994) Investment Under Uncertairf®yinceton University Press:
Princeton, New Jersey.
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0.5 : ,
NPVs, = $431.83 S.p””k'ebr V_gth
Baseline Revenue high subsidy

PV =$239.24 . ,
B 0.5 NPVS]_ — $40014 Sprlnkler Wlth
low subsidy

NPVp = $412.85 Desilting
=1 t=2

Figure 2: Real Options Analysis: Sprinkler Example

Prior to 2010, the government had offered a much lower subsidy where the farmer was
paying a fixed share of $104.74 per acre (as compared to $58.19 per acre in 2010),
while the governmercovered the rest of the investment cdstdemonstrate a farmer’s
decision to invest facing uncertainty about the size of the subsidy the government is
going to provide in a given year, an uncertainty analysis is carried ogtrasihoptions
analysis.The farmer's decision to invest is studied irtwap-period model where in
period 1 the farmer is faced with a smaller subsidy and there is a 5@tperaace that

the government will increase the subsidy. Given that the government mmagyonot
increasehe subsidy, in period 1, the farmer is faced with a decision to either invest into
a sprinkler system or to desilt. At the same time, he is also flexible to wait till period 2
to invest in a sprinkler system, i.e. he has the opportunity to find outtimditvel of

the subsidy will be and then to invest onlyhié higher subsidy materialize3he costs

of waiting are the profits forgone from not having the sprinkler system in tbte fir
period. Real Options Analysis compares these costs to the benefits frognab& to

make a better informed decision at a later point in time.

The farmer’s decision in each period is contingent upon his expectdits from
investing either in desilting or a sprinkler system. The initial cost of desilting.% $3

per a&re and the subsidized cost of investing in a sprinkler system in period one is
$104.74 per acre whereas in period two it might get reduced to $58.19 per acre. If the
farmer waits to get information about the subsidy being provided in period two before
he invests in the sprinkler system, he allows himself the flexibtlitynot make the
investment if the subsidy is not introduced. With reference to Fi@)réhe farmer is

faced with two options(l1) to invest in desilting where hisetrevenue stream wibe

NPVp = $412.85 and?2) to investin a sprinkler system where there i$@ percent
chance that the lower subsidy is granted gmed\NPV equals NP¥; = $400.14 In 50
percent of the cases, the subsidy will be higher and he willNR¥fs, = $431.83.In

period one, between investing in desilting and a sprinkler system, the morevéucra
choice is the sprinkler system because the expected profits would be $415.99
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(0.5 (NPVg; + NPVg,)) compared with theNPVp = $412.85% A farmer’s expected
profits for period one is given by the following equation:

Period 1: Expected net revenues without flexibility = 0.5 (NPVs; + NPVg,) = $415.99

Note that despite the higher expected profits, the farmer will end up with lowés prof
than withdesilting with a probability of 5@ercent In period two when he has more
information about the subsidy which iiscreased by the governmetihe decision is
reduced to a choice between sprinkler indgdcentof the cases (namely where the
subsidy is higher) and desilting in the otherggdcent of the&easesso the expectedet
revenuesn period twofor the farmer is given by:

Period 2: Expected net revenues with flexibility = 0.5(NPVp) + 0.5 (NPVg,) =
$422.34

The value of waitingalso rderred to as value of flexibility or option valu&r the

farmer is the difference between the expected net revewibs flexibility (i.e.
investment can be postponed to period 2 to make a better informed decision) and the
expectednet revenuesvithout flexibility (i.e. where the farmer cannot wait for more
information) which is equal t§6.35acre This means that the farmer would be better

off waiting till period two to invest in a sprinkler system only in the case where the
subsidy is higher.

4.4 On-farm Water Storage

The investment it onfarm water storage is complicated because there are several
different types of reservoitbat the farmers can invest inith varying investment costs

and life lengthsBut for the sake of making trenalysissimple, we have only studied

the investment costs for a reservoir that is excavated and lined to allow diawity

from canalsto being stored to augment water supply. The initial cost of such a reservoir
is $653.252 but there is a subsidy in place like in theeca$ the sprinkler system,
which allows the farmer to pay only a fraction of the investment cost; $57.94 thahil
government pays the rest of the investment amount of $595.34. The reservoir is usually
shared amongst a group of farmers and the total cost would be divided amongst all
shareholders depending on how they agree to split the cost, but for the sake of
simplicity, in this analysis it is assumed that a sinfiepresentative) armer is
investing. The life length of a reservoir is assumed to bee2sywith a polyethylene

(PE) lining, because if it is installed properly, it does not require periodic enaimte.

*1 Note thatacting is optimal in any case, as the resulting expected NPVs always exceed PVB.
*2PARC, op.cit., p. 36
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PE lining costs much less than the polypropylene anesgeihetic liners and lasts for
at least 15 years without giving way to seepage

4.4.1 Methodology

The methodology used &valuatethe viability of investng in an onrfarm water storage

is the net present valu¢slPV) of the revenue stream for 25 years, whias calculated

for two instances (1) the government is providing a subsidgd tle farmer isonly
paying$57.91 per acre with negligible operational and maintenance costs as they will
be split amongst farmers sharing the resenand(2) where the farmer is making the
initial investment ad paying the entire sum of $595.34. The life length of the reservoir
is taken to be 25 years. The expected increase in yield depends on whether tke storag
reservoir is used in conjunction with a sprinkler irrigation system where thetedpec
increase in yield may be as high as a 100 percent or ththconventional flood
irrigation system where up tosix percent increase is observédThe profit for asix
percent or 100 percent increase in yield is calculated by the same fasudad for

canal lining (see section 1.1.1). In this case only the initial investment costsslered

and since maintenance is negligible, it is ignored for the 25 year period.

4.4.2 On-Farm Water Storage in conjunction with a Sprinkler System

In the case ofsing the reservoir in conjunction with a sprinkler system, and for the case
where the government is providing a subsidy, the farmer should expé&tP\d of
$990.32which is ¥51.08higher than the baseline NPV of $239.24 and therefore a very
lucrative investment even if minimal routine maintenance expenses are incurred.
Moreover, if a subsidy is not in place and the farmer has to incur the entire investment
cost of $595.34 per acre, he would still get a net returrb@1 $4at the end of the 25

year period Therefore, investment in an-6&rm water storage system, in conjunction
with a sprinkler system, does pay off due to very high expected yields andtis wor
investing in even without a generous subsidy from the government.

4.4.3 On-Farm Water Storage in conjunction with Flood Irrigation

In the instance where the farmer is using the reservoir to fill the gaps for the
conventional flood irrigation, the net expected profit with a subsidg@8£7 which is
$69.03higher than the baseline. Howevier case of nsubsidy, the farmer would incur

a loss of $80.30,as the expected yields are not high enough to cover the high costs of
investment. Threfore, sprinkler systesrusedin conjunction with surface irrigation

3 ThandaveswaraB. S. (2011)Lining the Canals Indian Institute of Technology Madras. Course
Material for Hydraulics, Civil EngineeringRetrieved from: http://nptel.iitm.ac.in/courses/IFT
MADRAS/Hydraulics/pdfs/Unit22/22_1.pdf

>4 Choudhry et. al., op.cit., p. 45.
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systemseed to be subsidized by the government in order to be profitable in the long
run.

4.5 Comparison of Options

The investment costs per acre for each option and where a subsidy is in place are
enumerated in Table 1. For each option, the net present values of the revemug strea
for 25 years are alsduktrated for comparison. The investment costs of extensive lining
are very high compared with major desilting and profits are contingent upon the flow of
canal water being abovbe design level at the head reaches. There is no real evidence
in the literature that canal lining helps in water saving§tudies do show that more
equity and canal performance issues occur at the head reaches of a canal and that is
where operational improvements are recommentedieverthe juryis still out on
whether linng is effective if performednly at the upper sections of a canal or the entire
length of the canals there is a still a great need fiata collection andesearch in this

area Canal lining however, does provide an effective datum for maintenanciiesti

by establishing the correct cressction of the canals which is much more difficult in
unlined canalsvan der Velde and MurralRust (1993)uggest that before rushing into

any intervention, a clear understanding of the canal performance is defased on

which effective management strategies need to be adoptethl operations greatly
influence canal performance in a lined or unlined canal.

Extensive Major Desilting  Sprinkler Irrigation Water Storage
Lining (wheat)
Cost ($/acre) 61.02 3.57 >23.68 o
ost ($/acre . . i '
With subsidy 58.19  ith subsidy
57.91
Life Length
(years) 5 5 25 25
O&M cost
($/acre) 2.02 0.95 65 0-10 percent
Increase in undefined 14 103 -125 6-100
yield (percent)
With Flood
Irrigation
(f 308.27
456.07 (farmer . .
NPVs of Net : Without subsidy
Revenues ($) 21424'14 4 IRTEETE) FSELL (180.3)
ercen i '
Baseline NPV = g( pp: 0.6) ?g;?()z\fel?nment \(/\1/gh8071;t Y With Sprinkler
239.23 ; ' System:
invests)
990.32
Without subsidy
501.74

Table 1: Investment Costs and Net Present Values of Each Option Compared
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Desilting in comparison with lining has much lower initial costs and more significant
benefits in terms of equitable water delivery at theaaif® and the longerm revenues

of tail-end famers.The profits from investing in desilting are guaranteed whether the
governmentmakes the initialinvestnent or the farmerincurs the initial costand
whether major or selective desilting is performed.

Sprinkler irrigation has very high investmerdsts which are paid off by very high

yields and revenues in the long run and also provides the farmer with the figxibilit
moving away from monoculture. Howeyemvestment is only possible if the
government provides high subsidies to the farmer oikerthe farmer may face huge
losses.

Investment in an ofarm water storage system is expensive but has numerous benefits
such as increase in yields and revenues whether used in conjunction with flood or
sprinkler irrigation system. One system can bemefite than one farmer provided that

the government subsidizes the initial investment and the farmers using thairese
share the operational and maintenance costs.

%5 Murray-Rust & Van der Velde (1993), op.cit. 5.
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5 Discussion & Conclusion

The aim of this studiasbeento explore a number afptions to improve the economic
conditions of the taiend farmersand to make use of the available water in the most
efficient way possibleThis study is a step towards helping the-¢@itl farmers to
understand how far they can improve their cond#idy investing in alternative
solutions on their own assumitigat farmers have the necessary knowledge, market access
and liberty to grow what they want &lso assists the policy makers in deciding which
projects to subsidize and what policies to puplace to help the tagnd farmers in the
long-run.

It is recommended to the farmers that some interventions, such as canal desdting,
affordable and can be implemented on immediate bases to significantly impeove t
canals’ hydraulic conditions and to bring the channel to flow up to the design levels so
that in the short run, the farmers can get their promised seasonal watati@le This
intervention can be initiated through the farmer organizations and, where required,
complemented with canahing to maintain the canal cross-sections.

To further improve the yields and productivity of the -emld farmers, the study
suggests investing in new irrigation technologies particularly sprinklgatiion system
and if possible complementing with an on farm storage system to further autpment t
water supply and allow flexibility in the timing of irrigation. The study showas these
interventions lead to significantly high future yields and revenue strddéomgever, for
that to occur, substantial financial support from the government is criticadowtit
which the investment is too risky, especially in sprinkler irrigation anthon water
storage systems.

In the long run, improvements in the systemic level are possible and for that ttye poli
makersare recommended to make some adjustments in the management structure of the
canal system. The irrigation management transfer has been a success stonjy Nead

it empowered the farmer by creating farmer organizations but has alsdeddpor
reduced weer theft incidents in the secondary can@édse Appendix C) Similar
interventions and structural changes can allow water markets to existeardlme the
informal trading practiced amongst the farmers in Pakistan. With an existing
government body, sticas the area water boards overseeing transactions and acting like
a clearing house, the equilibrium price determined by the market can bectmal.op
Information about water suppliers can be made common knowledge by the authorities
and the transaction sts can be minimized.

Further improvement in farmer revenues can be obtained through crop diviosifica
and where risks are high for the farmers, the government should intervenaviming
subsidized input resources such as capital for more capital intensive crops and other
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agriculture extension servicasd information to allow farmers to make more informed
decisions when choosing a crop portfolio.

Further research can explore these options in more detail when more datactedoll

The option of water trading can be expanded to include groundwater markets and
trading between districts and watersheds. The crop portfolios can be analgeedye
collecting the cost data for each crop type and subtracting it from the poices t
determine their respeug profits before calculating an optimal crop portfolio. Also,
more information is required on how farmers use their land holding currently in order t
make more precise recommendations.

Future work can also delve into various nelivections, such as, loolg at the
possibility of diverting tadend farms to notrrigation agricultural uses and allowing
more canal water to be used by the head and middle farihestsould also entail
comparisons of water productivity within the Indus Basin Irrigating 8y$IBIS) with
that of other regions using similar irrigation techniques to identify the fabirgd
low water productivity in the IBIS. Furthermore, future research work caxteaded
to include hydrological studies at the macro level such as the ingbasystemic
changes on the river basin, particularly the impact on groundwater rechargdovisser f
evaporation and availability of water in the basin as a whole. The use of hydrological
modeling to look at the water balance of the Indus River baginysing surface,
subsurface and water quality and climate data would be very useful.
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Appendix

A Benefits of Crop Diversification

Wheat is one of the cash crops for thbi*® season in Pakistan. The farmers for which
the datahas been collectecare growing wheat as their primary source of income.
Moving towardsmore efficient irrigation technologies can provide themerwith the
flexibility of moving away from monoculture and growing a variety of crops in a given
seasonThis section explores the option of growing crops in addition to wheat to allow
for risk hedging against crop price volatilitgnd other interventions affecting farmer
revenues Expected prices and the associated covariance magme e@alculated to
determine the crop portfalithat minimizes rislkgiven a minimum required profir
maximizes profits given a maximum allowed level of ri¥ke crops selectefbr this
analysis are wheat, pul$éslentils’® and maize as these are the most commonly
cultivated cropin the area for theabi season.
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900 -
= \aize
800 -
Pulses, nes
700 -
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Figure 3: Producer pricesfor selected crops™

* There are two crqgng seasons in Pakistan; Rabi (winter) and Kharif (summer).

" pulsesare leguminous crops yielding from onetteelve grains or seeds of variable size, shape and
color.

%8 Lentils are is an ediblpulse grown for itslensshapedsealsthatgrow inpods usually with two seeds
in each.

*¥The graph in Figur8 is generated from time series data retrieved from FAO Sda#@base.
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The producer priceper tonfor each cropovertwo decadesre retrieved from FAO
STAT to generate the graph given in Fig@rdhis graph shows that for the past twenty
years, the prices of wheat and maize have resdaionstantvith very little variability,
while those of lentils and pulses have fluctuated considerably dimengnid90s but
have stabilized after 2002. The constant wheat pacesiue to price control by the
government or setting of wheat quetahich fixes a certain wheat output for a given
area or regiorf®. To measure the volatility of the crop prices and éffect of this
volatility on the expected returns, the data is used to calculate a covariance frihgix o
profits from producing one ton af givencrop.

Methodology

The calculations in this section assume input costs to be the same across all crops
although the preparation and harvesting/processing of lentils and pulsegivelyela
more labor and capital intensive than that of wheat. Therefore, only prices pdr ton o
each crop are used terive the results of thignalysis. The expected profit level may

be slightly lower in reality, but not so low that it would impact the composition of the
optimal portfolio. In order to calculate the portfolio variance for eachese cropshe

changs in prices wvere calculatedfor each year Thena regression was performed
saving the residualslhese residuals were used to calculiie covarianceariance-

matrix, providing information forthe minimization of the portfolio varianges?,
subject to a minimum required expectpdrtfolio profit 7, using the following
formula:

N N
”}Enaé =22 X X0

i=1 j=1

st.E[z,] = Z X, Elz]1> 7,

where X; is the weight of cropin the portfolio.The variance of crop pricés used here to
measure the variability of a farmepsofit from crop diversificatioft"

Lentils Maize Pulses Wheat
Lentils 9525.542714 885.887953 -2838.89489 488.2940712
Maize 885.8879532 430.444231 548.0120858 201.027232
Pulses -2838.89489 548.012086 14257.08545 -107.058166
Wheat 488.2940712 201.027232 -107.058166 192.3135555

Table 2: Covariance matrix of the cropsin US$/ton

® Dorosh, P., Salam, A. (2006) Wheat Markatsl Price Stabilization in Pakistan: An Analysis of Policy
Options. Pakistan Institute of Development Economics. PIDE WgiRapers 2006:5.

®1Ross, S. A., Westerfield, R. W., Jaffe, J. (1999) Return and Risk: &p#aEAssetPricing Model
(CAPM). InCorporate Finance5th Edition USA: Irwin McGrawHill.
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Using the variance as the risk measure ancepected profits, we minimize the risk
subject to a minimum constraint on expected préfits this way, the optimal crop
portfolio is determinedor different minimum levels of expected revefijes shown
below.

100% -
90% -
80% -
70% -
M pulses
60% - _
maize
50% -
M lentils
40% -
0% B wheat
4 -

20% -

10% -
Required
Revenue

0% -

low medium high

Figure 4: Crop Portfolio

Figure 4 illustrates that e farmer should grow a mix of wheat and pulses with
significantly more wheat than puls#she wishesto lower his risk and in turn accept
lower profits. However, if he wishes to increase his profits he should grow a mix of
pulses and lentils but at a much higher risk originating from the hpyloer volatility of
these crops

Caveats

Although crop diversification allows forisk hedging against crop price volatility and
otherfactorsaffecting farmer revenues and provides many benefits to the farmer from
growing a variety of crops if an alternate irrigation system is in places Hrercertain
caveats to this analysis. First of all the datao§#te farm input data, used tinis stdy,

only looks at wheat yields of the farmers and does not record the yieldiieation of
other crops on thiefarm holdings Secondy, the farmers may be focusing on wheat due

%2 Similarly, one can maximize expected profits subject to a maximum awrisin risk (variance) that is
considered to be acceptable.

% Analogous to a portfolio consisting of financial assets, requaimigher minimum return will imply
that the investor has to accept a higher level of risk as well.
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to lack of market indicators and other information that is not readayladle to the
farmers to allow them to fully benefit from crop diversificatidie third caveat ithat

there ara@nformal institutions existingn the rural society, like feudalisnthat dictate

how tenant farmers should pay their land lords. At tirhesgayment is mada-kind,

like bags of wheatather than castwhich can influence what a tenafatrmergrows on

his rented landFurthermore, what the analysis is missing is the comparison of yields
from each type of crop obtained from a given measure of land. From a recent interview
of a farmer,the lead authodiscovered that although lentils and pulses may be priced
much higher than wheat in the market, the yields of lentils are less than hailf tha
wheat in a given season and require longer labor hours in the-fietthtrary to
common wisdom - which is why farmers prefer wheat over other cfbyesefore more

data needs to be collected on the input costs for each crop so that the profits per ton of
growing each crop can be used to calculate phienal portfolio.

Even though the analysis is rather simple, it serves its purpose of demonstrating the
merits of diversification, the opportunity that is opened up by improved irrigation
practices such as installing a sprinkler system. The results sothext of the caveats

also point to another conclusion, namely that if smallelad farmers are part of a
feudal system and without access to markets, then welfare gains are sifllepbgs
passing the recommendation to shift away from monocultures to landlords.
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B Improve d Timing of Water D elivery through
Water Trading and Markets

Water is a crucial input for agricultural productivity but itsufficient and untimely
delivery limits the farmersuseof other inputs, resulting in lower yields. Currently the
farmers are paying an annual water tax of $1.56 per acre regardless of how aterch w
they obtain from the canal and what they decide to grow on their land. The farmers are
also faced with a much higher price of $13.90 per acre for extragtmgndwater
which is of much lower quality than the canal water. According to the data, on average
each farmer irrigates his land with four complete irrigations in a season, where
irrigation unit consists of approximately threereinchesof watef®. The cost of one
additional irrigationunit depends on whether the water is extracted from the canal or the
ground. To allow for trading of canal water within the irrigation system, sogtiad
quality water can be distributed more equitably and more ptively across the
channel, anarketbased system with a focus on an appropriate water pricing system is
the solution explored in this section as an optiorcope withwater shortageand high

water costst the tadendof the canal

Informal Canal and Ground water Trading in Pakistan

Pakistan’s irrigation system is a gravity flow system, designed in a wag\tme water

to as many users and to cover as much area as possible. The water supply is not
organizedaccording to the crop water requirements igutather designed for deficit
irrigation that assumes a low cropping interiSitgf about 6680 percent to make
irrigation reasonablproductive With timg more and more arabland has beeadded

to the irrigation systemsothe cropping intensitiehave increasedip to 150 percent,
rendering the supply of canahter inadequaté The water is channeled from the rivers

by barrages onto the main canals where the water is supplied continuously up until i
reaches the outlets of the watercourses (terteargl). From rere onwards the ater is
supplied in anethod calledVarabandi®’ Warabandi is @otationalmethodof equitable
allocation of water where water turns éiseed according to a time roster, specifying a
day, time and duration of supply to each irrigator. The warabandi provides a continuous
flow of waterfor flood irrigationin which one complete cycle of rotation generally lasts

% sahibzada, S. A., (2002) Pricing Irrigation water in Pakistan: Aaiu&tion of Available OptionsThe
Pakistan Development Revig#l:3, pp. 209241

65 Cropping Intensity £Total Cropped AreaTotal Cultivated Arep

%6 | atif, op.cit., p. 510.

®”Bandaragoda, D. J. (199Bsign and practice of water allocation rules: Lessons from warabandi in
Pakistan’s Punjab Research Report 17. Colombo, Sri Lanka: rim&onal Irrigation Management
Institute p. 2.
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sevendays. The duration of supply for each farmer is proportional to the size of the
farmer’s landholding to be irrigated within the pautar watercourse command af&a.

In response to the rigid allocation scheme and the unreliability of achiet deliveries
compounded by siltm and illegal breaching of can&isfarmers have developed an
informal system of watetradingsuch agotation of turnsvhere farmers alternate their
water turns to improve equitWater turns are amped together anased jointly by two

or three farmers- this happens usually when all three belong to the same family.
Substitution of turngs common when the landholding is small and the time share is
short. The farmer gives his turn to a nearby large landowner and after twoeoiutime

the large landowner compensates with sufficient water supply to irrigatenthre plot

of the small land owner. Exchange of tursborrowing or lending of water turns is
prevalent amongst farmers looking to increase the flexibility of water wupiphilarly,
trading d turnsor informal buying and selling of canal water turalsotakes place to
meet the crop requiremefts

Groundwater markets in Pakistan have also emerged over the past few decddes due
rapid growth in private tubewells. These markets are charzeddry monopoly power,
barriers to entry and extreme spatial fragmentation. Barriers to eiseyl@cause one

must own landabovean aquifer before boring a tube well and incur high installation
costs. Seepage losses from conveying groundwater over unlined canals severely
impedes competition. Sincgroundwater markets and tenancy are interlinked, a
monopolistic tubewell owner charge@ lower price (marginal cost/ extraction cost) to

his own share tenants than he does to other cultivators simply because he shares their
output. However, the monopoly pricing of groundwater leads to informal exchange of
canal water since canal water is free at the margin whereas groundwater isvexjpens
extract. Farmers resort to tubewells only in times of peak water demandgdirnisesy

borrow canal water turns from tubewell owners and their tenants as duriagthiesl

periods the owners and their tenants are obtaining more groundwater than other users.
This loan is paid back during periods of slack water demand whamdwateris

seldom used. These canal water transactions are carried -&intdih However,
personal interviews suggest otherwisé&/ater prices for trading allocations are
determined between the trading farmers based on proximity and ease fef tnatiout

the involvement of any intervening bqdglthough area water boards do exist and
oversee canal water tax collection and sedseater allocations. This informal water

price determination lacks a whole market analysis and so the determined price may b

®®ibid.

% Bandaragoda, D. J., Rehman, S. (1995) Warakiarakistan's Canal Irrigation SystemsVNidening
Gap between Theory and Practice. Colombo, Sri Lanka: Internationalibmigdanagement Institute.

O Bandaragoda. op.cit. pp.19

" Jacoby, H. G., Murgai, R., Rehman, S. U. (2001) Monopoly Power andbbi&in in Fragmented
Markets: The Case of Groundwater. International Water Managementtindtiainore.
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sub-optimal as farmers do not have all the information about the farmers willing to trade
in the whole market.

According to Jacopet. al. (2001due to the presence of a parallel canal water market,
more canal water is diverted to farmers facing higher mpolmiic groundwater prices.

In theory, the difference in cropields between tubewell owners/ tenants and other
buyers is not as large as would otherwise be if only groundwater was beliedtra

The equilibrium price of water for the study area

To assess the impact of formal trading on trading volumes and price, the equilibr
price of water for the study area is determined in this seclio®.equilibrium price of
water is the price at whidihhe demandor water is satisfied by the supgynd br profit-
maximizing farmers an engagement in trading could be an opportunity to increase thei
profits. This equilibrium price is calculated by first determining the profit functions
dependent on the number of canal water irrigatiointhe head, middle antil-end
farmers along a channdtor this purposeaverage number of canal water irrigations
and the correspondirgyerage net revenues of each set of farmeruseds givenin

the data set, where farm level cross sectiona das been compiled based on primary
and secondary data collection methotlse analysis focuses on canal water because
water is the constraining factor input in this study and the canal water supplgifen
season is taken to be fixéd

The nondinear profit function for the farmers ithen derived by fitting a logarithmic
function to the data points and is giveynthe followinggeneralequation:

m=Cy+CIn(w-x) + x(pc - pg)

Wherew is the average water supply to each farmer atendocationx is the number

of irrigations the farmer is willing to giveip (if x is positive) or absorb (if x is
negative) p. is thetraded price per irrigation of canal water gnds the fixed price for
one irrigation of groundwatertaken to be approximately $13.90 per &treThe
groundvater price is not allowed to fluctuate in the profit function, only the cost of
extractinggroundwateis accounted forC, is the intercept, denoting the profit made by
one farmer in the hypotheticease that he gives up all his irrigation units and the price

ibid.

3 Absar, M. (2009)Choice of Farm Inputs in Response to Uncertain Irrigation Suppli¢akistan
(Working Paper) Master’s Thesis, Yale SchobForestry and Environmental Studies.

" The total number of irrigations for a season are 4 or 5; the irrigation deficivéser! by groundwater
irrigations.
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of groundwateris equal to the traded price of canal water, @nds the coefficient
showing the influence of the number of irrigations a farmer gets on his profits.

Thethree profit functiongor head, middle anthil-endfarmers are:

p, = Co + CyIn (W - xp) + XpDc = PgXn
Ty, = Co + CpIn (W — X)) + XD PgXm

Ty = Co + Cyln (We - x¢) + XD - DgXt

Wherem;, is the profit of farmers at the head of the channgl,at the middle and the
m, at thetail-end and x, , x,,, and x; are the quantities of water traded at the head,
middle tailend respectively. The ternx,p. means that the quantity of canahter
traded is multiplied by the price of canal water ang, is the term subtracting the
quantity of groundwater multiplies by the costgsbundwaterfrom the equationThe

log function reflects the property of decreasing marginal benefitsigdtion, i.e. one
more irrigation will eventually lead to lower revenue gains than the previous one.

Channel Head Channel Middle Channel Tail

Average Net Revenue

(US$) 56.21 49.66 34.35
Canal Irrigations

2.54 2.023 0.50
Tubewell Irrigations

1.71 211 3.50
Total Irrigations

4.25 4.14 4.00

Table 3: Average net revenue and aver age number of irrigations ($/acr e/season) for each location.

Using the average canal irrigatioinem Table 3 forw or the average water supplied to
farmers in their respective locatiorms)d using the values 8601.3and1714.6from the
logarithmic functionfor €, and C, respectively where CO is the intercept, i.e. if the
logarithmic term equals zero, then the farmer will earn cO and the maiket qf water
multiplied by the amount of watesold, and US$13.90 forp,, the price of water is

determined at which water is traded toxnaize profits for each location respectively.

For a given channdb be in equilibrium, the negative sum of water given up by the
head and middle end farmesisould beequal to the total amount of water received by
the tail-endfarmersor that the sum odll traded quantities must equal zefte price
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inherent at the point of the intersection efuilibrium supply (x, + x,,) with
equilibrium demand %,) gives us the equilibrium price of trading water across the
channel for farmers willingp trade inorder to maximize profits.

Pc (US$) Xp Xm Supply = (xp, + Xp,) Demand = x;

25.50 0.9 0.3 1.2 1.2

Table 4: Quantities of water demanded and supplied at equilibrium

At a priceof US$ 25.50, the demand for irrigation water equals the sufpthis price,
the head farmers would sell 0.9 irrigatipmgile the middle end farmers would de
0.3, combined, these would equal thregations demanded by thail-endfarmers. The
equilibrium priceof canal water is substally higher tian the price fogroundwater
which captures the fact thaanal water is of better quality and siggantly influences
the farmers’ profits. This example illustrates thegrgone is gaining from trade and
there are increases total welfarefrom higher profits i.e. it is #aretoimprovement
As expectedthe tail-endfarmers are gaining the modthe equilibriumprice of canal
water is almost twice that which farmers are willing to pay for groundw@t®$13.90)
which makes tding canal water far more lucrative and also gives an incentive to the
farmers to use the canal water in a more efficient manner.

50
45 Traded Equilibrium price = $25.50
Irrigations USS$1 = PKRs.86.68
40
35
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Figure5: Equilibrium pricefor trading water to maximize profits

At the equilibrium price, therofits for each location and the sum of net revenue across
the channel are given in Table 5.

31



us (%) (LY | T, Total ™
With trading 49.14 43.20 25.37 117.71
Without trading 47.30 42.86 15.15 105.30

Table 5: Net revenueswith and without trading of canal water

The market if left to determine the price of water would determine a price th& wou
allow the farmers to maximize their profits and make more efficient use ef.wat

Equating Profits across all reaches of  the Channel

To illustrate the case in which the government equitably distributes the wategstmo
the farmers such that all farmers get the same net reWAfaleave equated the profits
of all farmers across head, middle and tail sections to see whalt agigtribution of
water would look like in terms of the net revenues.

Price (US$) Xh Xm Xt Ty, Ty T, Total

0 0.4 0.18 -0.58 38.37 38.53 38.41 115.31

Table 6: Quantitiestraded to equate profitsacrossall farmers.

At a price equal t@ero, the net revenues at head, middle and tail are the same at
US$38. The sum of all profits is equal to US$115Mich is less than the sum of
profits when the water market is in equilibrium but gtilis is higher than the profit
currently earned by the farmers when no formal water trading is takawg [fkee
Table5). This showsthat even under a centralist system, the farmers will be much
better off.

The above empirical and economic analysis shows lilea¢ s vast potential for water
markets inPunjab, Pakistan. Water trading in Pakistan can be carriedhouigh
formal markets overseen by water utilities or the exiting Area Water Boaktf8gA
that are responsible for providing seasonal water allocations and colleatingl avater
tax. Currently the AWBs are financially salfifficient entities at the canal command
levels with functions similar to a utilitgompany. Theyare alsoresponsible for the
irrigation and drainage management of the main capstem, including bulk water
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supplies to the head of the distributariésTheir mandate can be modified to
incorporate collecting appropriate data in the water market and adminiswatanal
water trading amongst farmers based on their water entittsmaend seasonal
allocations and to serve as a clearing house between trading farmers. ThecAkVBs
also provide information about water supply and pricing to the Farmer Organizations
make the process more streamlined and effective.

S Punjab Irrigation and Drainage Authority (2011) General Social and BtonGondition of Area
Water Boards. Retrieved fromttp://pida.punjab.gov.pk
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C Water Theft Reduction through Devolution of Power

The Runjab Irrigation and Drainage Authority (PIDA) has planned to create a -multi
tiered system for transfer and decentralization of management and community
participation as part of the irrigation institutional refornrogmam of the Provincial
Irrigation Department(PID). The multiple tiers include PIDA, Area Water Board
(AWB), farmer organizationHO) and the famers. The FQOis an elected body of
farmers that represemfiarmers at the minor/ distributaries level and fsam interface
between the farmers and all the upper tiers. The functions of FOs includ¢apand
management of the irrigation and drainage infrastructure, equitable distmilofitvater

in their designated areas of representation and collectiahiahafrom the farmers. A
percentage of the dues collected is kept by the FOs to cover their operaticsfal cost

The Irrigation Management Transf¢iMT) is an institutional policy reform proposed

by the World Bank and initiated by the government of Pakistan in the ¥80g. This

reform model was formalized under the PIDA Acts in 1997 and officially implesdent

in April, 2000. Under this model a thréier irrigation structure and drainage
managerant system was devised with PIDs responsible for prowinde water
distribution, system maintenance and development, and sales of water beyond amounts
contracted with the AWBSs. As the operating public utilitye AWBs were to provide

bulk water to the FOs, through formal volume based contracts. An AWB roughly
covered an area of a million hectares and also traded water with other uliligeEOs

supply water to the irrigators and are responsible for the operation and maintenance of
secondary irrigation canals and to levy and collect water charges to be paid to the
AWBSs. In practice, the reforms ensure greater farmer representatitre isystem
management although the contractual arrangements between the FOs and AWBs are
onesided and top downvhere the FOs are accountable to the AWBS the PIDs. The

PIDs retain the power to cancel any contracts between the FOs and the AWBs and
declare some canal commands exempted from water payments

The implementation ahe IMT has had some positive impacts on the irrigation system.
Equity in water distribution in a shared system means that a proportionate andré&ir sha
of irrigation water is provided to all stakeholders regardless of their locatog al
distributary In the currenirrigation system some outlets are drawing more than their
authorized share at the cost of the fair share of some other outlets in the system. |
pretransfer period the outlets were drawings5 percentmore water than their due
shareand there was a very high variation in water supply to the outlets. This means that

® Punjab Irrigation and Drainage Authority (2007) Scheme for Trandfémigation Management
Farmers Organizations in Punjab.

""Hassan, M. U. (2009) Th€onception, Design and Implementation of IMT in Pakistan’s Pumjab:
Public Policy ReflectionSAWAS, 1 (2): 132142.
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the pretransfer period saw highly inequitable distribution of water. There was poor
management and outlets (feeding the watercourses) were tamygretmmediately

after the management transfer to the farmers, a gradual improvement in equity was
observed. Also, there was a marked improvement in the variability of supplies to the
outlets as compared to the correspondingtianesfer period. Latif and Pomee (2003)
attribue this improvement to patrolling, correction of faulty outlets, absence of theft
incidents, regular desiltation of the canals and proper repair and maintesfattnee
control points under the FO managemdgfore the IMT took place in 2000, water
theft incidents were very common. The FOs put in extra efforts to remove the water
theft incidents from the upper lined reaches of the tributaries but they had no power
beyond the canal head regulator and could only intervene below this point at the
secondary antertiarycanal leves’®.

8 Latif, M., & Pomee, M. S. (2003) Impacts of institutional reformsiroigated agriculture in Pakistan.
Irrigation and Drainage Systesri7, 195212, p. 201.
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