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• Significant barriers to successful trading.  We focus on two:
– Uncertainties associated with modeling the watershed system 
– Thin markets (too few participants)

• Thin market problem:  Hoag and Hughes-Popp (1997); 
Woodward (2003); King and Kuch (2003); Ribaudo and 
Nickerson (2009); Nguyen et al. (2013)

– Watershed scale may lead to small pool of willing and able agricultural 
producers and point sources

– If agricultural sources dominate point sources, demand for offsets will be 
small and not lead to significant reduction in nonpoint source pollution 
(Stephenson and Shabman 2011)

• Know more participants make a market function better
– E.g., prices less volatile, transaction costs smaller (Rostek and Weretka

2008)
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• Can we address the thin market problem through non-traditional 
participants?  

• By understanding sources of nutrients and who benefits from 
improved water quality, we can take a more holistic approach to 
water quality trading

– Supply:  septic systems, stormwater drainage
– Demand: drinking water treatment plant, environmental groups, 

recreationists

• If market structure set up, fewer transaction costs for non-
traditional participants (as opposed to bilateral negotiation or 
payments for ecosystem services)

– Information needs for understanding cost savings or incentives (e.g., how to 
translate changes in nutrients into what matters) may be different for non-
traditional participants
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• Sources of total phosphorus (TP) to lake: Source A 
and B

• TP leads to turbidity in lake and drinking water 
treatment plant (DWTP) must treat turbidity

• Current turbidity level costs $X/million gallons to 
treat

• Other users of lake:  Homeowners, Recreationists
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• Source A uses BMPs at cost $C, reduces TP and 
turbidity in lake

• Change in treatment costs due to BMPs:  $X-$Y

• If $C<$X-$Y, then incentive to purchase TP abatement
• If $C>$X-$Y, then no incentive

• Analyses for other sources, pollutants, lake users 5
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• Concerns about water quality and drinking water safety
– Toledo, OH, residents told not to drink water due to toxins from HABs in 

Lake Erie
– Des Moines Water Works suit seeks to make agricultural drainage districts 

address nitrate problems

• Municipalities and DWTPs may need to look for cost savings to 
meet standards as treatment costs rise

– Costs and benefits of better watershed management 

• Understanding how costs change with source water quality 
changes identifies tradeoffs 

– Can provide evidence whether it is less expensive to invest in natural 
infrastructure than pay for treatment on site

– Important knowledge gap for municipalities and DWTPs (Gartner et al. 
2013)
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General approach for DWTPs

1. Link changes in source water quality to changes in treatment 
costs

2. Understand how source water quality is impacted by changes 
in watershed load reductions (through land use change).  
– Requires connecting watershed variables affected by land use to variables 

governing costs of drinking water treatment process (e.g., turbidity or TOC).  
When treatment variables differ from watershed variables (pollutants traded 
in markets), this translation needs to be made. 

3. Estimate costs of the land use change (BMPs) that leads to the 
watershed load reductions.

7
Drinking Water Plant Intake Structure on Lake Harsha



8

Framework



Case Study

• Bob McEwen Water Treatment Plant, Batavia, OH
– Clermont County Water Resources Dept. (operator logs, paper records, invoices)
– US Army Corps. (reservoir characteristics)
– Time series: 1826 daily observations, 2007-2011
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Time Series Results

• Cost of treating turbid water depends on current turbidity and 
water previously treated

• 1% decrease in TURB(≈0.11NTUs) leads to an immediate 
decrease of 0.02% in TC/1000 gal. with another 0.1% decrease 
over future time.  Total effect is 0.11%.

• Approximately $0.09 decrease in costs per million gallons 
immediately and another $0.53/MG into future days.

• 1% decrease in turbidity, leads to $1120 annual decrease in 
treatment costs
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Link water quality to load 
reductions

• How does TP load impact turbidity in source (raw) water?
– Chose TP load because its affinity for natural clay particles and its link to 

harmful algal blooms
– Ideal: Link daily nutrient/sediment results to daily turbidity (TURB)
– TP load is weekly measurement of daily grab sample

• Time series analysis (polynomial distributed lag model)
– TURB=f(TPLOAD, GCPOOL, SPR, CY09, CY10)

• 1% reduction in TPLOAD (≈10.74 lbs/day) leads to 0.15% 
decrease in turbidity over the long-run (5 weeks)

– $168 in treatment cost savings from 1% annual reduction in TP load
– Cost to control 10.74 lbs/day for a year using TP credits=$11763--$105867 

(price/lb=$3―$27;   10.74*365*price)
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Conclusions

• We propose non-traditional participants to deal with thin markets
– Must estimate incentives for purchasing abatement:  knowledge gap

• Benefits to using existing water quality trading program rather 
than bilateral negotiation or payments for ecosystem services

• Study revealed no incentive to purchase TP abatement, but 
there is benefit for reducing turbidity and TP from source water

– DWTPs with other treatment processes/locations may have incentives
– May need to pool non-traditional participants to justify purchases

• Data limitations:
– DWTP over treats due to uncertainties in lake ecology/water quality; hides 

the impact
– DWTP not concerned about algae prior to 2010 except for taste and odor, 

but disinfection byproducts and toxins now important (change incentive)
– Not having right data for modeling can obscure understanding of incentives
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Future Research

• Analyze incentives for other non-traditional participants: 
– Homeowners, recreationists, septic systems, MS4s

• Estimating benefits from additional nutrient reductions may 
increase incentive 

– E.g., controlling nitrogen may also reduce phosphorus and harmful algal 
blooms

• Unintended consequences?

• Will free riding be a problem?

13



Acknowledgments

• US EPA:
– Hale Thurston
– Michael Elovitz

• CB&I:
– Kelly Birkenhauer
– Srinivas Panguluri
– Balaji Ramakrishnan
– Amr Safwat

• Clermont County Water Resources Department:
– Eric Heiser
– Tim Neyer

• Disclaimer:  The views expressed in this presentation are those of the authors and do not 
necessarily represent the views or policies of the U.S. EPA. 14



References

• Gartner, T., J. Mulligan, R. Schmidt, and J. Gunn (2013), Natural Infrastructure: Investing in 
Forested Landscapes for Source Water Protection in the United States, World Resources 
Institute, Washington, DC.

• Hoag, D., J. Hughes-Popp (1997), Theory and practice of pollution credit trading in water 
quality management. Review of Agricultural Economics,19, 252-262.

• King, D. and P. Kuch (2003), Will nutrient credit trading ever work? An assessment of supply 
and demand problems and institutional obstacles, Environmental Law Reporter, May 2003.

• Nguyen, N., J. Shortle, P. Reed, and T. Nguyen (2013), Water quality trading with 
asymmetric information, uncertainty and transaction costs: A stochastic agent-based 
simulation, Resource and Energy Economics, 35, 60-90.

• Ribaudo, M. and C. Nickerson (2009), Agriculture and Water Quality Trading: Exploring the 
Possibilities, Journal of Soil and Water Conservation, 64, 1-7.

• Rostek, M. and M. Weretka (2008), Thin markets. The New Palgrave Dictionary of 
Economics. Second Edition. Eds. S. Durlauf and L. Blume. Online. 25 August 2015. 
<http://www.dictionaryofeconomics.com/article?id=pde2008_T000249>

• Stephenson, K., L. Shabman (2011), Rhetoric and reality of water quality trading and the 
potential for market-like reform, Journal of the American Water Resources Association, 47, 
15-28.

• Woodward, R. (2003), Lessons about effluent trading from a single trade, Review of 
Agricultural Economics, 25, 235-245.

15



Supplementary Material

16



Error Correction Model (ECM)

• Long-run and short-run effects
– Changes in one independent variable can have immediate effect on 

treatment costs, a long-run effect, or both

• Single-equation ECM using Bårdsen transformation
• Proper procedures to ensure data had right characteristics
• R2: 0.61, standard problems with error term (serial correlation, 

heteroskedasticity, normality)
– Addressed problems in model (GARCH, asymptotic standard errors)
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Summary Statistics

Variable Mean
Std 
Dev Minimum Maximum

FINAL DW produced (MGD) 4.95 1.69 0.53 10.12
POOL Pool elevation (ft) 731.73 5.61 722.96 777.35
GCPOOL Pool minus guide curve 0.72 5.45 -6.86 44.35
pH 7.43 0.23 5.3 9.90
TURB Turbidity (NTUs) 11.42 9.62 0.60 131.00
RAWTOC Raw water TOC (mg/L) 6.10 0.82 4.10 8.30
TOTALCOST/1000 Total costs per 1000 gal 0.55 0.10 0.37 2.66

ChemCost/1000 Chem cost per 1000 gal 0.23 0.07 0.09 0.84
PumpCost/1000 Pump cost per 1000 gal 0.23 0.05 0.13 1.14
GACCost/1000 GAC cost per 1000 gal 0.10 0.02 0.04 0.67
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Cost per 1000 gallons of finished flow 
(Aug 2012$)
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Weekly Grab Samples:  TP load and 
Turbidity
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ECM equation and PDL equation
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Variable ECM/
GARCH(1,1)ψ

Intercept -0.17
(-1.14)

Δln COSTt-1 -0.40***
(-12.42)

Δln COSTt-2 -0.39***
(-10.87)

Δln COSTt-3 -0.33***
(-9.90)

Δln COSTt-4 -0.25***
(-7.42)

Δln COSTt-5 -0.21***
(-6.51)

Δln COSTt-6 -0.17***
(-5.82)

ln COSTt-7 -0.07***
(-3.45)

Δln FINALt -0.39***
(-10.26)

ln FINALt-1 -0.02*
(-1.84)

ΔGCPOOLt 0.00
(0.15)

GCPOOLt-1 -0.001***
(-3.15)

Δln TURBt 0.02***
(3.04)

ln TURB t-1 0.007***
(2.66)

Δln  pH -0.01
(-0.16)

ln pH t-1 -0.00
(-0.04)

Δln RAWTOCt -0.04
(-1.18)

ln RAWTOCt-1 0.01
(0.51)

ΔTOCDUMt 0.00
(0.28)

TOCDUMt-1 0.01*
(1.94)

ΔTEMDUMt 0.02**
(2.15)

TEMDUMt-1 0.01
(1.62)

Δ PROCESSt 0.86***
(12.53)

PROCESSt-1 0.42***
(5.86)

SPRSUMt-1 0.01**
(2.32)

CY2007t-1 0.02*
(1.71)

CY2008t-1 0.01**
(2.05)

CY2009t-1 0.03***
(3.05)

CY2010t-1 0.01**
(2.10)

ARCH0 0.002***
(4.38)

ARCH1 0.47***
(3.38)

GARCH1 0.17
(1.50)

N 1819
R2 0.610

Log-likelihood 2651.59
AIC -5239.17

Jarque-Bera
Normality Test

1572.44***

Engle’s LM χ2(7) 11.31
Portmanteau Q χ2(7) 11.55

LB(6)a

(p-Value)
8.62

(0.19)
LB(12)a

(p-Value)
14.96
(0.24)

Δ represents first differences. Value of t-statistics in parentheses for parameter estimates.    
***,**, and * denote significance at 1%, 5%, and 10% respectively.   ψAsymptotic standard 
errors that are valid under nonnormality based on Bollerslev and Wooldridge (1992). aLjung-
Box (LB) statistics and associated p-Values up to 6 and 12 lags for null hypothesis that 
residuals are white noise.

Error Correction Model adjusted for serial correlation and ARCH 
effects



***, **, and * denote significance at 1%, 5%, and 10% respectively.  
aTest lags 1-7 are not significant at 5% level for any of the tests.

***, **, and * denote significance at 1%, 5%, and 10% respectively.  Long-
run effect of total phosphorus load on turbidity is approximately 0.15% when 
using the means of turbidity and total phosphorus load and significant lags. 

Polynomial Distributed Lag Regression Results for Source Water 
Protection Calculations (TURB, dependent variable)

Variable Estimate 
(t-statistic) 

Intercept 6.96*** 
(4.59) 

GCPOOL 0.18** 
(2.55) 

SPR 3.58*** 
(2.93) 

CY09 -1.31 
(-0.65) 

CY10 -0.33 
(-0.18) 

TPLOAD**0 0.0005*** 
(4.03) 

TPLOAD**1 
 

0.00005 
(0.66) 

TPLOAD**2 -0.0002*** 
(-2.96) 

AR1 -0.71*** 
(-11.84) 

  
  
  
  

N 151 
Total R2 0.79 

Durbin-Watson (7)a 2.03 
Engle’s LM χ2(7)a 5.16 

Portmanteau Q χ2(7)a 5.63 
  

Variable (Lag) Estimate
(t-statistic)

TPLOAD (0) 0.00008
(1.20)

TPLOAD (1) 0.00022***
(3.44)

TPLOAD (2) 0.00030***
(4.11)

TPLOAD (3) 0.00031***
(4.31)

TPLOAD (4) 0.00026***
(4.06)

TPLOAD (5) 0.00014**
(2.04)


