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Research questions

• How large are conveyance losses within irrigation delivery systems 
(ditch companies and irrigation districts)?

• How much does lining and piping of canals and laterals reduce 
conveyance losses? 

• Is there evidence of endogeneity in the correlation between 
lining and conveyance losses?

• What is the water conservation potential of investments in 
conveyance infrastructure?
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• Off-farm water requires significant infrastructure: diversions, canals, 
ditches, turnouts, piping, etc…

• About 15% of all water is lost during conveyance (USDA-NASS 2020)

• Opportunity cost of conveyance losses are likely to grow as water 
scarcity increases (Reidmiller et al., 2019; Evan and Eisenman, 2021)

Conveyance of off-farm water





Source: USDA-NASS, 2018 Irrigation and Water Management Survey.

States included in this analysis



Why not line and pipe all conveyance?

• Less than half of conveyance is lined (Hrozencik et al. 2021)

• Lining/piping is costly. Piping can range from $629,000 to 
3,239,000 per mile (USDA-NRCS, 2020).

• In some cases, purchasing additional water rights may be less 
expensive than lining/piping

• $85,000 per acre-foot on the Colorado front range (2020)
• $2,500 per acre-foot in Arizona Mohave desert (2018)



Research has focused on the farmer who is applying 
water for irrigation

Farmers may respond to water scarcity by

• Improving on-farm irrigation water management such as 
automation and precision-applications (Koech and 
Langat, 2018)

• Improving on-farm irrigation infrastructure increases 
efficiency but may also increase use on the extensive 
margin (Pfeiffer and Lin, 2014)



Relatively little empirical work on the water delivery 
organization side

• Constrained by a lack of data (Wallander et al., 2022)

• Engineering estimates of effect of lining/piping conveyance on 
conveyance loss (Sultan et al., 2014; Taylor 2016)

• May lack external validity (i.e. site selection is not random)

• Umetsu and Chakravorty (1998) model investment decisions as a 
function of seepage and return flows

• Ward (2010) provides a comprehensive overview of the economic 
incentives and policy mechanisms determining irrigation 
infrastructure investments.



Empirical Approach



Endogeneity of conveyance loss and conveyance 
lining/piping 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐿𝐿𝐶𝐶𝐿𝐿𝐿𝐿𝑖𝑖 = 𝐺𝐺 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐿𝐿𝐿𝐿𝐶𝐶𝐶𝐶𝑑𝑑𝑖𝑖 ,𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑃𝑃𝐿𝐿𝑃𝑃𝐶𝐶𝑑𝑑𝑖𝑖 ,𝑋𝑋𝑖𝑖 (1) 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑈𝑈𝐶𝐶𝑈𝑈𝐿𝐿𝐶𝐶𝐶𝐶𝑑𝑑𝑖𝑖 , 𝐿𝐿𝐿𝐿𝐶𝐶𝐶𝐶𝑑𝑑𝑖𝑖 ,𝑃𝑃𝐿𝐿𝑃𝑃𝐶𝐶𝑑𝑑𝑖𝑖 = 𝐹𝐹 𝐸𝐸[𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐿𝐿𝐶𝐶𝐿𝐿𝐿𝐿𝑖𝑖],𝑍𝑍𝑖𝑖 ,𝑋𝑋𝑖𝑖 (2)

Where:
• 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐿𝐿𝐶𝐶𝐿𝐿𝐿𝐿𝑖𝑖 is water lost in conveyance as a share of total water conveyed
• 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐿𝐿𝐿𝐿𝐶𝐶𝐶𝐶𝑑𝑑𝑖𝑖 and 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑃𝑃𝐿𝐿𝑃𝑃𝐶𝐶𝑑𝑑𝑖𝑖 are the share of total conveyance
• 𝑍𝑍𝑖𝑖 is a set of explanatory variables that are orthogonal to 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐿𝐿𝐶𝐶𝐿𝐿𝐿𝐿𝑖𝑖
• 𝑋𝑋𝑖𝑖 is a set of exogenous explanatory variables



First stage

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑈𝑈𝐶𝐶𝑈𝑈𝐿𝐿𝐶𝐶𝐶𝐶𝑑𝑑𝑖𝑖 , 𝐿𝐿𝐿𝐿𝐶𝐶𝐶𝐶𝑑𝑑𝑖𝑖 ,𝑃𝑃𝐿𝐿𝑃𝑃𝐶𝐶𝑑𝑑𝑖𝑖 = 𝐹𝐹 𝜙𝜙𝑍𝑍𝑖𝑖 + 𝜌𝜌𝑋𝑋𝑖𝑖 + 𝜇𝜇𝑖𝑖

Where:
• 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑈𝑈𝐶𝐶𝑈𝑈𝐿𝐿𝐶𝐶𝐶𝐶𝑑𝑑𝑖𝑖 , 𝐿𝐿𝐿𝐿𝐶𝐶𝐶𝐶𝑑𝑑𝑖𝑖 ,𝑃𝑃𝐿𝐿𝑃𝑃𝐶𝐶𝑑𝑑𝑖𝑖 must sum to one.
• 𝑍𝑍𝑖𝑖 are a set of instruments (e.g. cost of lining/piping, need for 

groundwater recharge)
• 𝑋𝑋𝑖𝑖 is a set of exogenous explanatory variables (e.g. temperature, 

irrigable acres, phreatophytes) 

The first stage is a fractional multinomial model (Papke and Wooldridge 
1996)

• decisions to line/pipe/leave unlined are mutually exclusive



Second stage

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐿𝐿𝐶𝐶𝐿𝐿𝐿𝐿𝐶𝐶𝐿𝐿𝑖𝑖
= 𝐺𝐺�

�
𝛽𝛽0 + 𝛽𝛽1 × 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐿𝐿𝐿𝐿𝐶𝐶𝐶𝐶𝑑𝑑𝑖𝑖 + 𝛽𝛽2 × 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑃𝑃𝐿𝐿𝑃𝑃𝐶𝐶𝑑𝑑𝑖𝑖

+ 𝛾𝛾𝑋𝑋𝑖𝑖 + 𝜓𝜓1𝜈𝜈𝑙𝑙𝑖𝑖𝑙𝑙𝑙𝑙𝑙𝑙 + 𝜓𝜓2𝜈𝜈𝑝𝑝𝑖𝑖𝑝𝑝𝑙𝑙𝑙𝑙 + 𝜀𝜀_𝐿𝐿

where 𝜈𝜈𝑙𝑙𝑖𝑖𝑙𝑙𝑙𝑙𝑙𝑙 and 𝜈𝜈𝑝𝑝𝑖𝑖𝑝𝑝𝑙𝑙𝑙𝑙 are the residuals for 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐿𝐿𝐿𝐿𝐶𝐶𝐶𝐶𝑑𝑑𝑖𝑖 and 
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑃𝑃𝐿𝐿𝑃𝑃𝐶𝐶𝑑𝑑𝑖𝑖 from the first stage.

The second stage is a fractional response model estimated with a control 
function approach (Wooldridge 2015)

• Nonlinearity in responses in both stages



Data



2019 Survey of Irrigation Organizations

• Collected data representing 2,677 organizations involved in managing 
local water supplies

• 2,543 water delivery organizations
• 735 groundwater organizations

• 582 are both delivery and groundwater

• Asked respondents to report on total water supplies, conveyance 
losses, and lined, piped, and unimproved conveyance infrastructure



Conveyance losses

Note: Excludes zero-conveyance loss responses unless fully piped.
Source: USDA Economic Research Service analysis of 2019 SIO data.



Conveyance lining and piping

Note: Excludes zero-conveyance loss responses unless fully piped.
Source: USDA Economic Research Service analysis of 2019 SIO data.



Quintile means of conveyance loss vs. 
conveyance lined and piped

Note: Excludes zero-conveyance loss responses unless fully piped.
Source: USDA Economic Research Service analysis of 2019 SIO data.



Quintile means of conveyance loss vs. 
conveyance lined and conveyance piped

Note: Excludes zero-conveyance loss responses unless fully piped.
Source: USDA Economic Research Service analysis of 2019 SIO data.



Summary data: instruments

Source: USDA Economic Research Service analysis of 2019 SIO data.



Summary data: instruments

Source: USDA Economic Research Service analysis of 2019 SIO data.

Restricted set of IVs



Results



Regression estimates

Source: USDA Economic Research Service analysis of 2019 SIO data.
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Regression estimates

Source: USDA Economic Research Service analysis of 2019 SIO data.

Lined

Piped



Marginal Effect of Conveyance Piped

Source: USDA Economic Research Service analysis of 2019 SIO data.



What is the water conservation potential of piping?

We construct a “supply curve” of water conserved per unit cost

For each organization we:
• Estimate the reduction in losses from moving from current piping 

level to 100% piped using the marginal effect of piping (-0.158)
• Apply a per mile cost of conveyance piping (USDA-NRCS, 2020) to 

the conveyance to be piped

A cumulative cost of water conserved is obtained by ordering 
organizations by marginal cost of piping per acre-foot of water 



Supply Curve of Water Conserved by Piping

Per mile piping cost:
Low:     $629,000

Medium: $1,512,000
High: $3,239,000

Source: USDA Economic Research Service analysis of 2019 SIO data.



Conclusions

• At the mean, piping an additional ten percentage points of 
conveyance reduces conveyance losses by between one and two 
percentage points.

• Conveyance lining may also reduce conveyance losses, but 
estimated effects are imprecise. Accounting for the relationship 
between lining and piping is important.

• At a marginal cost between $8,000 and $43,000 per AF, about 2% 
of inflows (13% of all conveyance losses) would be conserved.
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Appendix



Regression Estimates

Source: USDA Economic Research Service analysis of 2019 SIO data.



Supply Curve of Water Conserved by Lining

Source: USDA Economic Research Service analysis of 2019 SIO data.



First Stage Results

Note: See working paper for full table.
Source: USDA Economic Research Service analysis of 2019 SIO data.



IV Tests

Source: USDA Economic Research Service analysis of 2019 SIO data.



Restricted IV Regression Estimates for Difference 
Samples

Samples Definitions:
• Loss > 0 includes those observations with conveyance losses greater than 0
• Loss ≥ 0 & C1 includes responses with zero conveyance loss and 100% conveyance piped
• Loss ≥ 0 & C2 includes responses with zero conveyance loss and at least 50% conveyance piped
• Loss ≥ 0 & C3 includes responses with zero conveyance loss and at least 50% conveyance lined or 

piped

Source: USDA Economic Research Service analysis of 2019 SIO data.



Full IV Regression Estimates for Different Samples

Samples Definitions:
• Loss > 0 includes those observations with conveyance losses greater than 0
• Loss ≥ 0 & C1 includes responses with zero conveyance loss and 100% conveyance piped
• Loss ≥ 0 & C2 includes responses with zero conveyance loss and at least 50% conveyance piped
• Loss ≥ 0 & C3 includes responses with zero conveyance loss and at least 50% conveyance lined or 

piped

Source: USDA Economic Research Service analysis of 2019 SIO data.



Sample Restrictions
Include survey responses from irrigation organizations that

• Are not engaged only in groundwater management

• Have some conveyance infrastructure (canals, ditches, pipes, etc…)

• Have less than one mile of conveyance per irrigable acre

• Have a share of conveyance loss between 0 and 75%, or are 100% 

piped

• Are in a state with at least five responses



2019 Survey of Irrigation Organizations

Source: 2019 Survey of Irrigation Organizations.



Summary data: Outcome and covariates of interest

Note: Excludes zero-conveyance loss responses unless fully piped.
Source: USDA Economic Research Service analysis of 2019 SIO data.



Marginal Effect of Conveyance Lined

Source: USDA Economic Research Service analysis of 2019 SIO data.
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