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Executive Summary 
Three utilities in the Research Triangle region of North Carolina, Orange Water and 

Sewer Authority, the City of Durham, and the Town of Cary, have responded to increased 
concerns over drought management by formalizing their water conservation plans and 
developing agreements to facilitate inter-utility water transfers.  Both transfers and conservation 
measures offer the utilities greater flexibility when developing future water supply plans, an 
important factor given uncertainty over hydrologic conditions (e.g., climate change) and 
population growth, but they also have unintended financial consequences.  Drought-related 
conservation measures typically involve restrictions on some types of usage (e.g., irrigation) that 
lower revenues from volumetric water sales, while transfers purchased from neighboring utilities 
lead to increased costs.  These variations in revenues and costs occur at unpredictable intervals, 
and can lead to budget shortfalls that leave utilities financially vulnerable.  In this work, these 
vulnerabilities are quantified using a model that incorporates knowledge of (i) the hydrologic 
behavior of water supply systems; (ii) the conditions that trigger a utility’s conservation 
measures or water transfers, and; (iii) estimates of the changes in revenues/costs brought about 
by conservation/transfers.  This multi-utility, multi-reservoir model is then used to evaluate two 
methods of mitigating variability in revenues/costs, including: (a) drought surcharges, imposed 
under specified (drought) conditions, and; (b) contingency funds that buildup via annual 
contributions.  Both of these approaches can be used to compensate utilities when revenues 
decline, and each has its strengths and weaknesses. 

Analysis suggests that the three utilities in the Research Triangle are exposed to different 
levels of financial risk.  Given its current supply and demand projections, there is relatively little 
risk of OWASA needing to enact water use restrictions between now and 2020, and its existing 
program of drought surcharges should mitigate most of the revenue shortfalls when conservation 
measures (e.g., use restrictions) are imposed.  Transfers are also infrequent under the inter-utility 
agreement investigated, but may lead to increased costs in some severe droughts beyond the year 
2020.  Also investigated are situations in which water transfers are used preemptively as a means 
of forestalling or eliminating usage restrictions, thereby establishing a tradeoff between transfer-
related cost increases and conservation-related revenue losses.  In this case, however, increased 
costs from transfers typically outweigh the reduction in revenue losses, primarily because the 
capacity to transfer water is not nearly large enough to overcome the deficit in reservoir inflow 
that accumulates during drought.  Overall, OWASA’s revenue losses and/or cost increases are 
predicted to be relatively infrequent and manageable through at least 2020, with significant 
(>$0.1 million) variability in revenues/costs occurring in only about 1% of simulated years. 

Revenue shortfalls from water use restrictions are more frequent for Cary, and have the 
potential to reach nearly $3.0 million (MM) by 2020.  Although Cary has plans to use water use 
restrictions to increase the future reliability of its own allocation from Jordan Lake, Cary also has 
the ability to mitigate a significant portion of these losses by charging a fee for the treatment and 
transfer of water to Durham and OWASA (water that is allocated to Durham and OWASA, but 
which they cannot currently access directly).  The portion of lost revenue that can be recovered 
via charges for water transfers decreases over time, however, as water use restrictions become 
more frequent and severe, while at the same time, Cary’s growing internal demand leaves less 
additional treatment capacity available for transfers.   

Durham is the utility most vulnerable to the financial impacts of water use restrictions 
and transfers.  Durham has a significant (>33%) chance of enacting water use restrictions in the 
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near-term, and the revenue losses caused by these restrictions can total 4-8% of the annual 
volumetric revenue.  Receiving water transfers from Cary can add significant costs and 
exacerbate the financial exposure faced by Durham, particularly when agreements are structured 
such that transfers are purchased before water use restrictions are put in place.  While transfers 
do have the capacity to reduce the frequency and duration of water use restrictions, offsetting a 
portion of the resulting revenue losses, their costs typically far outweigh the additional revenues.  
Drought surcharges offer Durham the chance to recover some of the lost revenue from usage 
restrictions, but they would need to be applied broadly across the customer base to have any 
financial effect (targeted surcharges involving only industrial/commercial customers or high 
volume users are largely ineffective).  Setting up a contingency fund would allow Durham to 
deal with the annual financial vulnerability of these temporary management techniques, but in 
order to mitigate the worst-case scenario events, large funds would have to be maintained, 
possibly over a number of years.  
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Introduction 

The demands of a growing population, continued economic development, and a 
burgeoning awareness of the importance of environmental flows have begun to increase 
competition for water even in areas historically unaffected by water stress (Gleick, 2000). The 
traditional response to growing water demand in many of these areas involves the addition of 
new water sources designed to meet demand even under the most extreme conditions.  This 
approach requires the maintenance of large volumes of capacity, a significant portion of which is 
used only during the most severe droughts (Falkenmark et al., 1989).  However, attractive sites 
for new water supply projects are becoming more scarce (Postel, 2000) and, when available, are 
subject to high costs and lengthy regulatory approval processes (Scudder, 2005).  As a result, 
water utilities increasingly rely on temporary measures like water transfers or use restrictions 
during periods of drought to reduce the permanent capacity required to meet reliability 
objectives. Three utilities in the Triangle region of North Carolina, Orange Water and Sewer 
Authority (OWASA), the City of Durham, and the Town of Cary, have responded to increased 
water scarcity by formalizing their individual water use restriction plans and developing 
agreements to increase access to Jordan Lake water allocations for Durham and OWASA 
through municipal water transfers from Cary. 

While these strategies represent a prudent use of limited resources, in many cases they 
also have unintended, but important, financial consequences. Decreased water consumption 
poses a problem for many water utilities because a large portion of their revenues often comes 
directly from the volumetric sale of water.  Given that many utilities set prices with the goal of 
returning revenue at levels roughly in line with their costs, which remain largely unaffected by 
changes in water consumption (Tiger, 2000), reductions in volumetric water sales can leave them 
financially vulnerable during prolonged droughts.  Purchasing water transfers from other 
municipalities allows utilities to avoid reductions in revenue, but the additional costs of transfers 
have a similar effect on utility finances.  This exposure to either temporary reductions in revenue 
or temporary increases in cost present a disincentive to utilities considering the implementation 
of water use restrictions and transfers, which otherwise act as an valuable water management 
tool.  Consequently, there may be a useful role for financial tools such as drought surcharges or 
self-insurance through contingency funds to provide drought-related compensatory payments 
during periods of unexpected costs or revenue shortfalls.  This would allow utilities to make 
greater use of demand management approaches without compromising financial stability.  

This report aims to provide OWASA, Durham, and Cary with a quantitative assessment 
of the financial effects of an integrated plan for using water use restrictions and transfers during 
periods of drought.  The ability to purchase water transfers can have an effect on the need for 
water use restrictions, and the financial implications of this offset are explored.  The cost and 
effectiveness of efforts to mitigate these effects using drought surcharges and contingency funds 
are also calculated.  Toward that end, hydrologic and financial data from each utility are used 
within a model that quantifies the utility’s financial risks under a set of defined temporary water 
management policies.  Water scarcity, driven by population growth, has led many Triangle water 
utilities to explore new approaches for meeting future demands, including demand management 
and greater integration between the various water sources in the region through transfers.  The 
ability to quantify and mitigate the financial impact of these policies will be important in 
determining their long-term applicability in the region. 
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Methods 
Creating a predictive financial risk model requires knowledge of a utility’s water supply 

profile and how it translates into relevant financial measures.  Demand profiles, pricing 
structures, and billing information from Durham, OWASA, and Cary were incorporated with a 
multi-reservoir simulation, developed in previous work  (Palmer and Characklis, 2009),  
representing the supply systems of Durham and OWASA and their connections to Jordan Lake 
via a water treatment plant operated by Cary.  Drought surcharges and contingency funds are 
then applied to this model in an attempt to hedge the financial risk arising from water use 
restrictions or transfers purchases during droughts. 

Hydrologic Model 
The city of Durham operates two reservoirs with 6.35 billion gallons of storage capacity, 

and OWASA stores 3.6 billion gallons of water among three separate reservoirs.  Using 
historical inflows, withdrawals, releases, and evaporative data, Durham’s reservoir system was 
modeled and then validated against historical reservoir behavior using various metrics, including 
the Nash-Sutcliffe efficiency, percent bias, and the root mean square error observations standard 
deviations ratio (Palmer and Characklis, 2009).  The model also includes infrastructure 
connecting the two utilities with one another and the neighboring town of Cary.  Separate 
interconnections run between OWASA and Durham and Durham and Cary, with capacities for 
each assumed to be 7 MGD and 11 MGD, respectively.  The pipelines connect to the Cary water 
treatment plant, which is modeled with a capacity of 40 MGD until 2016, when the treatment 
plant is expected to expand to 56 MGD.  The treatment plant is modeled to meet all demand 
from Cary before any water can be transferred to either Durham or OWASA, including a 5 MGD 
buffer to account for uncertainties in real-time water demand.  A capacity peaking factor of 0.85 
is also used to account for daily peaking as daily capacity parameters are adapted to be modeled 
with a weekly timestep. 

The hydrologic model was then expanded to include the use of synthetic reservoir inflow 
records to allow for the analysis of a broader range of hydrologic scenarios, and a more detailed 
set of actuarial estimates.  In this case, synthetic streamflows are generated using a modified 
Fractional Gaussian Noise approach, labeled as the “Autocorrelated Bootstrap” method (Kirsch 
2010; Kirsch and Characklis, in review) which reproduces standard statistical moments, as well 
as variations in the seasonal autocorrelation observed in the historical record of inflows to 
reservoirs operated by both Durham and OWASA.   This approach is used to generate 50,000 
unique 16-year synthetic streamflow records representing the period 2010-2025, which are then 
used in Monte Carlo simulations to evaluate the performance of different financial risk 
mitigation strategies.  As is often the case, community water demand shows evidence of being 
inversely correlated with streamflow, especially during the summer months (Mitchell et al., 
2001), so streamflow and demand were linked via monthly joint probability density functions 
(PDFs) derived from the historical demand record (corrected for annual growth) and the 
corresponding historical streamflow data.  Two joint PDFs were used to account for changes in 
this correlation over the course of the year, one for the irrigation season, April through October, 
and another representing the wetter months of November through March. 

Jordan Lake is a reservoir managed for a wide range of activities, including flood control, 
recreation, environmental maintenance, and water supply.  Competing interests make it difficult 
to model, and a complete hydrologic model of Jordan Lake is outside the scope of this project.  
However, previous analyses performed with a comprehensive model of Jordan Lake have shown 
that none of the transfer scenarios considered in this study are limited by Jordan Lake capacity.  
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Constraints on water transfers are limited to treatment capacity at Cary’s water treatment plant 
and conveyance capacities between Cary and Durham as well as Durham and OWASA. Cary’s 
treatment plant is assumed to service all water demand from its own customers before treating 
any water for transfers.   

Cary, however, uses its Jordan Lake allocation as the primary source for municipal water 
supply, potentially requiring the imposition of water use restrictions on Cary’s domestic 
customers to maintain the reliability of their allocation.  While Jordan Lake was not included in 
the combined financial/hydrologic simulation, limited Jordan Lake model output for the year 
2020 was obtained from the Town of Cary.  This output uses historical streamflow levels to 
determine the frequency and severity of water use restrictions under predicted future demand 
profiles.  Restrictions are implemented based on Cary’s current allocation of Jordan Lake water, 
and billing information can be used to determine the predicted lost revenue from these 
restrictions.  Although the historical streamflow record limits the hydrologic conditions which 
can be used to evaluate the potential for water use restrictions in Cary, these results provide 
useful data to estimate the frequency and magnitude of potential revenue shortfalls. 

Water Use Restrictions 
Durham, OWASA, and Cary all employ multiple stages of water restrictions that increase 

limitations on use as drought conditions worsen.  All three utilities trigger and release water use 
restrictions based on reservoir storage levels, but these levels change over the course of the year 
to better reflect seasonal water use and streamflow patterns. Although these decisions have been 
made on an ad hoc basis in the past, recently enacted North Carolina SL 2008-143, known 
commonly as the Drought Management Act, requires utilities to publish and adhere to their 
individual water use restriction triggers.  Once the reservoir storage triggers listed in each 
utility’s respective Water Shortage Response Plans have been passed, water use restrictions are 
implemented in the model, applying the appropriate reductions to each utility’s consumer water 
demand. 

Reductions in total water use progressively increase as water use restrictions become 
more severe (higher restriction stage).  Each utility has its own estimates for use reductions 
during each stage of restrictions as described in their respective Water Shortage Response Plans.  
Cary and Durham have separate reduction estimations for the irrigation and non-irrigation 
seasons to take into account for changing water use patterns over the course of the year, while 
OWASA reduction estimations remain constant year-round.  These reductions in water use are 
applied to every week in which reservoir levels trigger water use restrictions, and the difference 
between the expected (i.e. unrestricted) water demand and consumption levels under restrictions 
serves as a basis for estimating utility revenue losses. 
 Water Transfers 
 Durham and OWASA make water transfer purchase decisions using risk-based-triggers.  
At a given reservoir storage and week of the year, the probability that the reservoir will fall 
below 20% over a 12 month period can be calculated to determine the reservoir risk-of-failure.  
In this model, risk-of-failure (ROF) calculations are made using synthetic streamflow records 
and future demand predictions.  Synthetic streamflow records can be expanded to any size, 
allowing for greater resolution than is typically achieved using historical records, and future 
demand levels allow for the risk calculations to be updated as water demand grows and reservoir 
storage becomes more stressed.  The model is analyzed under two scenarios using transfer 
thresholds considered by water utility officials to be ‘reasonable’ In the more conservative 
scenario, utilities request water transfers as soon as their individual ROF exceeds 2%, typically 
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occurring before water use restrictions are in place.  An alternative scenario is considered where 
utilities wait until their ROF exceeds 10%, after water use restrictions have been enacted. 

Durham and OWASA will request a transfer volume equal to the volume of water 
required to increase storage levels above the desired ROF (either 2 or 10%).  However, these 
requests are subject to treatment and conveyance capacity constraints.  All the water delivered to 
either Durham or OWASA must first be treated at Cary’s water treatment plant, and Cary’s 
domestic demand must be met before water can be treated for transfer.  When OWASA and 
Durham both request transfers in excess of the treatment capacity, they share the available 
capacity based on their relative risk of failure, such that 

        (1) 

Where i = index of purchasing utilities, i = 1, 2; Ai = allocated water to utility i; 
T= excess capacity from Cary WTP (40 MGD – Cary daily consumption); and Ri 
= Risk of failure for utility i 

 
It is important to note that water can still be transferred from Cary to OWASA or Durham even 
when Cary is under water use restrictions.  Cary implements restrictions based on the status of its 
own allocation, regardless of the total water supply in Jordan Lake.  In fact, during periods of 
water use restrictions, Cary will have the capacity to transfer more water to Durham and 
OWASA as decreased domestic consumption will free up treatment plant capacity for transfers.  
However, this ‘additional’ treatment plant capacity is not accounted for in this study because 
Cary water use restrictions are not accounted for in the integrated model.  It is likely that periods 
of water use restrictions for Cary are highly correlated with weeks in which Durham or OWASA 
request transfers, causing transfer volumes calculated in this study to potentially be understated. 

Water transfers received by Durham and OWASA are also constrained by the 
conveyance capacity of the interconnections between the utilities.  Transfer water to both 
Durham and OWASA must first go from Cary’s water treatment plant to Durham (11 MGD 
capacity).  OWASA transfer water must then be transferred to OWASA via connections with 
Durham (7 MGD capacity).  Volumetric water transfer prices have set by utilities to be 
‘reasonable’ values.  Cary charges both utilities $3 per thousand gallons transferred from its 
treatment plant, and Durham charges OWASA an additional $0.50 per thousand gallons of water 
that must be transported from Durham to OWASA.  When OWASA and Durham both request 
transfers in excess of the shared connection between Cary and Durham, they share the 11 MGD 
capacity based on their relative risk of failure, such that 

        (2) 

Where C = conveyance capacity of shared connections between Durham and Cary 
(11MGD) 

  
Utility Revenues 

 Durham, OWASA, and Cary all receive a significant portion of their revenue from the 
volumetric sale of water.  Each utility uses an increasing block tariff to set volumetric water rates 
for at least a portion of its customers.  Under an increasing block tariff, the unit price of water 
increases as the volume of water consumption goes up.  A specific water price is designated for 
each ‘block’ of water use.  Durham applies an increasing block tariff on all of its customers, 
dividing use into five different rate classes.  Cary uses a four tiered increasing block tariff on its 
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single family customers as well as separate rate classes for non-residential, multifamily, and 
irrigation uses.  Users that are not subject to increasing block tariffs are given a monthly water 
budget and assessed a penalty fee on uses that exceed that rate.  OWASA uses a similar 
structure, applying a five-tiered increasing block tariff on residential customers, a seasonal rate 
on non-residential customers and a constant volumetric rate on irrigation-only connections.  To 
avoid having to independently meter sewer use, all three utilities link constant volumetric sewer 
charges to water use.  Average water prices are calculated using weighted averages of the price 
of each rate class.  The average water price changes during periods of restrictions, as water 
conservation changes the distribution of water use by tier and the water prices for some rate 
classes change when subjected to drought pricing.  Average monthly usage distributions among 
the rate classes were calculated using billing data from January 2008 to December 2010 provided 
by individual utilities.  In some cases, data from before 2008 was available, but was not used due 
to significant changes to utility rate structures.  Because of the small sample size of the data, 
average volumetric prices are used as deterministic values and not subjected to any uncertainty 
within the model.  

Lost revenue due to water use restrictions is assessed considering both tiered water rates 
and sewer rates, such that 
     (3) 

Where s = stage of water use restrictions (1,2,3,4); tier = volumetric rate block 
(determined by individual use volume); type = classification of water use (residential, 
commercial, industrial, irrigation); LR= weekly lost revenue ($); d = weekly water 
demand for a given class and volumetric rate block of water use (MG);  P= volumetric 
price of unrestricted water use ($/MG); and k = fraction of total use estimated in a given 
stage of water use restrictions from each class of use in each tier of restrictions. 

 
Revenue losses are calculated for each week in which reservoir storage drops below the 
prescribed thresholds, causing restrictions to occur.  Transfer costs can be calculated using a 
constant rate of $3 per thousand gallons for Durham and $3.50 per thousand gallons (Kgal) for 
OWASA ($3/Kgal to Cary, $0.5/Kgal ‘wheeling fee’ to Durham).   Given annual budgeting 
cycles, water utilities are generally concerned with the effect extreme weather will have on 
annual revenue, so weekly revenue losses and transfer costs are aggregated to yearly values. 
Multiple Monte Carlo simulations return a distribution of annual revenue losses which reflect the 
financial risk that utilities face from water use restrictions. 
 Financial Hedging 
 Conditions triggering the implementation of water use restrictions or purchase of 
transfers occur at unpredictable intervals, making the subsequent revenue losses difficult for 
utilities from a planning perspective.  However, growing demand combined with the decreasing 
frequency of new water supply construction suggest these conditions and the financial instability 
which they bring may occur more commonly in the future. Recognizing this, some utilities have 
already begun to employ measures such as drought surcharges and contingency funds as a means 
of ensuring financial stability.  These financial tools can help to mitigate the effects of 
intermittent revenue losses or additional costs through the provision of drought-related 
compensatory payments. 

During periods when water use restrictions are in place, utilities can increase prices to 
compensate for lost revenue while also providing incentives for their customers to conserve.  The 
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combination of restrictions and higher prices, however, tends to be unpopular with consumers 
(Tiger 2009), and utility managers often find the implementation of substantial drought 
surcharges (>50%) to be politically challenging.  OWASA currently employs drought surcharges 
on certain customer classes during periods of water use restrictions, but Durham and Cary do 
not.  In this work, a 30% surcharge is applied to all customers in Durham and Cary in an attempt 
to mitigate some of the revenue shortfalls from reduced water use.   Alternate surcharge schemes 
are also applied to Durham, including both a 20% and 30% surcharge applied to: (i) all 
commercial, industrial, and irrigation use,  and; (ii) only the highest usage tier (i.e. any customer 
using more than 11,000 gal/month).  In all cases, the reduced consumption resulting from both 
usage restrictions and higher prices is considered. 

Through annual contributions to a contingency fund, a utility can accumulate resources 
during years without water use restrictions and use them to compensate for revenue losses or 
transfer costs during years in which restrictions are imposed.  The constant payments to such a 
fund are attractive to utilities from a budgetary perspective, but the variability of drought still 
creates certain challenges.  A contingency fund could theoretically provide protection against 
any potential financial effect, but maintaining a fund large enough to compensate for the impacts 
of multiple droughts over a period of several years, or an extended multi-year drought, would 
require annual contributions far in excess of the expected value of revenue shortfalls or transfer 
costs.  Another practical limitation is the challenge of preserving these funds for their intended 
use, particularly when they remain unused for lengthy periods (and have therefore grown 
relatively large), as they can be appropriated by cash-strapped municipal governments for other 
purposes.  Other concerns involve rate-payer perception and bond covenants that limit the 
accumulation of funds for anything other than capital improvements. 

When determining the appropriate size for such a fund, utilities must balance the level of 
their contributions, the potential growth of the fund over time (due to both contributions and 
interest on unused funds, assumed to grow at 5% annually), and the degree of financial 
protection provided against revenue losses.  Here, contingency funds are evaluated on the basis 
of their effectiveness in limiting the probability of revenue losses greater than some specified 
percentage of total revenues.  Third party insurance contracts can also be used to limit water 
utilities financial exposure to drought.  Contracts can be designed to provide water utilities with 
payments when streamflow metrics reach certain thresholds, allowing for insurance payments to 
be correlated with periods of water use restrictions causing revenue shortfalls.   
Results 
 Water Use Restrictions 

Results indicate a 35% probability of Durham implementing water use restrictions at 
some point during the year 2015, growing to 44% by 2025.  The varying length and severity of 
these restrictions translates into revenue losses that range from small to quite substantial (Figure 
1).  For example, while the expected losses in 2015 are only $0.7 million (MM), there is a 5% 
chance of losses greater than $2.8 million, and a 1% chance they will grow to at least $4.8MM.  
By 2025, expected revenue shortfalls are estimated to be $1.2MM, but there is a 5% risk of 
annual losses growing to $4.5MM and 1% risk they could reach $7.4MM.  Average total 
volumetric revenue for the Durham Department of Water Management is predicted to be 
$84.7MM in 2015 and $95.4MM in 2025, indicating a reasonable possibility of unplanned 
revenue shortfalls between 4 and 8.5% of the total. 
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Figure 1:  Frequency and magnitude of annual revenue losses from water use restrictions in 
Durham, 2015. 

   
Water use restrictions are implemented much less frequently by OWASA.  There is an 

insignificant (<0.1%) chance of restrictions occurring in 2015, growing to just over 2% by 2025.  
When water use restrictions do occur, drought surcharges implemented by OWASA keep 
revenue shortfalls to a minimum.  No annual revenue shortfall recorded in 50,000 simulations 
exceeded $0.8MM, and the expected revenue shortfall in 2025 is less than $0.1MM.  

Drought Surcharges 
To assess the potential for similar drought surcharges to mitigate revenue shortfalls in 

Durham, two separate groups of water users, representing (i) commercial, irrigation, and 
industrial use, and (ii) only the highest volumetric usage tier (>11,000 gal/month), are assessed 
drought surcharges of 20 and 30% (Figure 2).  A third scenario, where a 30% surcharge is 
applied to all water customers, is also examined.  Significant reductions in revenue shortfalls are 
seen when surcharges are applied to the customer base as a whole, but when they are targeted at 
groups (i) and (ii), these reductions almost completely disappear.  The targeted groups, mostly 
high-volume water users, have relatively high price elasticity of demand, causing reduced 
consumption as prices rise, counteracting the revenue boosting impacts of the surcharge.  
Applying a 20% surcharge to only the highest volumetric usage tier actually increases average 
shortfalls by 12% in 2015, from $0.7MM to $0.8MM.  Increasing this surcharge to 30% 
increases expected shortfalls by 23% to $0.9MM.  Using surcharges of 20% and 30% on all 
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commercial, irrigation, and industrial use decreases expected shortfalls by 11% and 16%, 
respectively, to $0.65 and $0.6MM.  The effects of drought surcharges on the more extreme 
scenarios are smaller. In 2015, there is a 1% probability of revenue losses above $4.6MM when 
using a 20% drought surcharge on commercial, irrigation, and industrial use, only a 4% 
reduction from the scenario without drought surcharges.  Using a 30% surcharge, there is a 1% 
chance of revenue losses above $4.4MM, a 7% decrease from the no-surcharge scenario.   

 

 
Figure 2: Risk of revenue losses with and without drought surcharges in Durham, 2015 

 
Further reductions in expected revenue shortfalls can be achieved by expanding the 

number of users who are subject to surcharges.  By applying a 30% surcharge to all user types, 
Durham can reduce expected revenue shortfalls by 51% to $0.4MM.  However, there is still a 
1% probability of revenue shortfalls exceeding $3.1MM, a value that is only reduced 35% 
compared to shortfalls experience without surcharges.  A constant surcharge rate is less effective 
at compensating for the extreme events because larger revenue shortfalls involve droughts that 
last longer and require steeper reductions in consumption. When reductions in consumption are 
steeper, less revenue can be raised by assessing surcharges.  The largest revenue shortfalls are 
mitigated by OWSA using surcharges that increase as restrictions become more severe.   

Jordan Lake model output also allows for an analysis of the potential for water use 
restrictions to be implemented in Cary.  Water use restrictions (including Water Advisory, when 
restrictions are recommended but not required) have a 79% chance of occurring (59 of 75 annual 
streamflow records) using 2020 demand projections.  However, a majority of these water use 
restrictions are short periods resulting in small weekly reductions in use.  No simulation 
exceeded $3.0MM in revenue losses and 79% of the simulations resulted in revenue losses under 
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$0.5MM (Figure 3).  By applying a 20% drought surcharge to all uses in weeks with water use 
restrictions (excluding Water Advisory), revenue shortfalls from water use restrictions only 
occur in 18% of simulations and do not exceed $1.1MM (Figure 3). 

 

 
Figure 3:  Frequency and magnitude of annual revenue losses due to water use restrictions with 
and without drought surcharges in Cary, 2020 

 
Water Transfers 
Cary also has the opportunity to mitigate revenue shortfalls from water use restrictions 

through the sale of water transfers to Durham and Cary.  While the timing of results from the 
Jordan Lake model output cannot be linked to the timing of results from the Durham/OWASA 
hydrologic simulations, it is likely that transfer purchases will be highly correlated with the more 
severe periods of Cary water use restrictions.  The degree to which revenues from the sale of 
water transfers will mitigate revenue shortfalls from restrictions depends on when Durham and 
OWASA begin to purchase transfers (Figure 4).  If Durham and OWASA purchase transfers 
after water use restrictions are in place, corresponding to a 10% ROF transfer threshold, Cary’s 
expected transfer revenues are expected to be less than $0.1MM in the year 2020 (after 
expansion of the treatment plant to 56 MGD), compared to $0.6MM in expected revenue losses 
from restrictions.  However, transfers are concentrated into only slightly more than 2% of the 
simulations, and when they occur, Cary generates an average of $0.9MM in transfer revenues.  
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This allows them to mitigate a large portion of their worst-case revenue shortfalls with transfer 
revenues, particularly when they are paired with a 20% drought surcharge (Figure 4).  
 

 
Figure 4: Risk of revenue losses with and without surcharges and potential revenue from water 
transfer sales in Cary, 2020 
 
 
When transfers are purchased before restrictions are put in place by Durham and OWASA (2% 
ROF transfer threshold), Cary’s transfer revenues become very similar in frequency and 
magnitude to their revenue shortfalls from restrictions.  Transfers occur in 68% of the 
simulations (compared to a 79% chance of water use restrictions), and generate an expected 
annual revenue of $0.7MM, slightly higher than the expected revenue shortfalls from water use 
restrictions ($0.6MM).  The largest annual transfer revenues observed also correspond to the 
worst-case scenarios for revenue losses from water use restrictions. 
 Only a small portion of these water transfers are purchased by OWASA.  When transfers 
are purchased before restrictions are put in place, at a 2% ROF threshold, transfers become much 
more common.  In 2015, there is a 2% chance of transfers being purchased, increasing to 7% in 
2025.  While the expected costs stay below $0.1MM in all scenarios, 1% of costs are greater than 
$0.3MM in 2015, and in 2025, there is a 5% chance of costs exceeding $0.2MM and a 1% 
chance they will be greater than $1.0MM (Figure 5).  When a 10% ROF threshold is used, there 
is less than a 0.1% probability of OWASA purchasing transfers in 2015, growing to 1.5% by 
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2025.  The expected transfer costs are less than $0.1MM in 2025, but the expected transfer costs 
in years when transfers are purchased is $0.5MM.  Combined with the restrictions that occur in 
these years, total costs are still expected to be less than $0.1MM, but there is a 1% chance of 
costs exceeding $0.4MM.   
 

 
Figure 5:  Risk of net losses from revenue shortfalls caused by water use restrictions and transfer 
costs in OWASA, 2015 and 2025 
 

A majority of the water transfers sold by Cary are purchased by Durham.  There is a 1% 
probability Durham will purchase transfers in 2015 using a 10% ROF threshold, increasing to 
4% by 2025.  While the expected value of transfer costs remains less than $0.1MM, the average 
annual cost of transfers in years in which they are purchased is $0.4MM in 2015 and $0.9MM in 
2025.  In 2025, there is a 1% probability Durham transfer costs will exceed $1.3MM.  Transfers 
become much more common when they are purchased before water use restrictions are put in 
place using a 2% ROF threshold.  In 2015, the expected transfer costs are $0.6MM, growing to 
$0.8MM by 2025.  Transfer costs have a 5% probability of exceeding $1.8MM and a 1% 
probability of exceeding $2.5MM in 2015.  By 2025, these values grow to $2.4MM and 
$3.4MM, respectively. Some water use restrictions can be avoided by acquiring transfers before 
they are put in place, but the expected cost of these transfers is higher than the resulting 
reductions in revenue shortfalls.  In 2015, expected revenue shortfalls from restrictions are 
reduced from $0.7MM to $0.6MM when transfers are purchased before the implementation of 
restrictions, but transfer costs cause Durham’s net expected losses (revenue shortfalls and 
transfer costs) to increase to $1.2MM (Figure 6).  In 2025, revenue shortfalls are similarly 
reduced from $1.2MM to $1.1MM, but transfer costs increase net losses to $1.9MM.  The worst 
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case scenarios are similarly affected, with a 5% and 1% chance of net losses reaching $4.1MM 
and $6.3MM, respectively, in 2015 and $6.4MM and $9.7MM in 2025.  The combination of 
revenue shortfalls from water use restrictions and transfers costs has a reasonable probability, 
particularly in Durham, of reaching levels that could be very disruptive in the annual budgetary 
cycle. 

 

 
Figure 6:  Risk of net losses from revenue shortfalls caused by water use restrictions and transfer 
costs in Durham, 2015 and 2025 

 
 
Contingency Funds 

Contingency funds can be used to self-insure against the revenue losses from water use 
restrictions and costs of transfers in Durham.  A tradeoff exists between the effectiveness of a 
contingency fund, the size of the annual contribution, and how large the fund may grow over 
time.  In this case, tolerance levels for revenue losses are established to facilitate comparisons, 
and the benchmark used here is a fund that would ensure a 95% chance of net losses remaining 
below 1% of total volumetric revenue. If no transfers are purchased by Durham, a fund meeting 
this benchmark requires an annual contribution of $0.7MM, resulting in an average fund size of 
$2.8MM by 2015.   Beyond the 95% threshold, however, there is a risk of revenue shortfalls 
growing quite large, and with a fund this size there is a 1% probability of revenue shortfalls 
exceeding $2.4MM.  There is also a 13% chance that the contingency fund would remain unused 
in the six years from 2010-2015, resulting in a $5.2MM accumulation of funds.  
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Figure 7:  Risk of net losses from revenue shortfalls caused by water use restrictions and costs 
of transfers and annual payments to a contingency fund in Durham, 2015 
 

If Durham were to purchase water transfers after water use restrictions are put in place, 
the annual contribution required to ensure a 95% chance of net losses under 1% of total revenue 
rises to $0.8MM, increasing the expected contingency fund size to $2.9MM.  When transfers are 
purchased before water use restrictions are put in place, transfer costs increase and the annual 
contribution required to maintain the same benchmark (95% chance of revenue losses remaining 
below 1% of total revenue) rises to $1.4MM.  This raises the expected size of the contingency 
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fund to $3.9MM in 2015, but decreases the chance that the contingency fund will remain unused 
over the period 2010-2015 to less than 1%.   While the contingency fund still maintains a 95% 
probability that revenue losses will be less than 1% of total annual revenue, there is a 1% chance 
of net losses exceeding $2.7MM.  Applying this contingency fund in tandem with a 20% drought 
surcharge on all commercial, industrial, and irrigation uses reduces the fund’s required annual 
contribution by 12% to $1.2MM and its expected size to $3.4MM (Figure 7).  Durham’s 
Department of Water Management operates as part of the larger city government of Durham, and 
it would be difficult to set aside sums of money this large for such specific uses.  
 

 
Figure 8:  Comparison of the risk of net losses due to revenue shortfalls caused by water use 
restrictions and transfer costs and the mitigation costs across various mitigation approaches in 
Durham, 2015. 
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 Revenue shortfalls from water use restrictions and costs from transfers are difficult to 
predict and can present utilities with significant tail-end financial risk.  However, water use 
restrictions have proven to be a valuable tool in the past, and water transfers between Durham, 
OWASA, and Cary will almost certainly be a part of long-term water supply plans.  Neither 
drought surcharges nor contingency funds can mitigate all potential net losses and they both 
provide utilities with benefits and drawbacks.  Drought surcharges are valuable to utilities 
because they provide additional revenue during the time when water sales are reduced.  
However, they can be politically unpopular, limiting their application to water users who are 
most likely to cut back use when faced with price increases.  The more these customers cut back 
their use, the less effective drought surcharges become as a mitigation tool.  Self-insurance 
through a contingency fund allows a utility more control over how much money is available for 
mitigation during periods of water use restrictions.  However, because this money has to be set 
aside beforehand, self-insurance requires utilities to make tradeoffs between the acceptable levels 
of revenue shortfalls and the growth of their contingency fund over time.  Preparing for worst 
case revenue shortfalls can cause the contingency fund size to grow to unsustainable levels.  
Utilities must make a decision on how much they will rely on transfers and water restrictions and 
what actions they will take to mitigate the potential financial effects, not only based on expected 
losses, but also taking into account the worst case scenarios that can arise from especially severe 
droughts (Figure 8). 
Conclusions 

Reconciling growing water demand with a decreased rate of supply development will 
require water managers to take advantage of a variety of management strategies to maintain the 
reliability of their water sources.  Temporary water management techniques involving water use 
restrictions and transfers are likely to figure prominently in these plans.  However, the resulting 
financial effects present a disincentive to utilities considering the implementation of these 
policies. In order for utility managers to rely on temporary water management techniques as a 
long-term water supply solution, the frequency and severity of the potential for revenue losses 
and transfer costs must be quantified.   

Durham, Cary, and OWASA are all exposed to different levels of financial risk due to 
these temporary management techniques.  There is relatively little risk of OWASA needing to 
enact water use restrictions, and drought surcharges mitigate most of the revenue shortfalls when 
restrictions do occur.  When water transfers are purchased before use restrictions in an effort to 
reduce their use, the frequency and magnitude of net losses (revenue shortfalls from water use 
restrictions and the costs of transfers) increases.  The additional transfer costs greatly outweigh 
the additional revenue acquired by avoiding water use restrictions.  However, these losses remain 
relatively infrequent and OWASA only is exposed to substantial net losses in the worst 1% of 
scenarios.  

Revenue shortfalls from water use restrictions are more frequent for Cary, and they have 
the potential to grow quite large, especially as overall demand grows through time.  Although 
Cary has plans to use water use restrictions to increase the future reliability of its own Jordan 
Lake allocations, they also have the ability to mitigate a significant portion of these losses by 
charging a fee for the treatment and transfer of water allocated to Durham and OWASA.  The 
portion of lost revenue that can be recovered with water transfer revenue decreases over time, as 
water use restrictions become more frequent and severe and growing demand leaves less 
additional water treatment capacity available for water transfers.   
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Durham is the utility most vulnerable to financial risk from water use restrictions and 
transfers.  Durham has a significant (> 33%) chance of enacting water use restrictions, and the 
revenue losses caused by these restrictions can total 4-8% of the annual volumetric revenue.  
Water transfers add significant costs that can exacerbate the financial exposure faced by Durham, 
particularly when transfers are purchased before water use restrictions are put in place.  While 
these transfers do have the capacity to offset some of the revenue losses from water use 
restrictions, their costs typically outweigh the resulting additional revenues.  Drought surcharges 
offer Durham the chance to recover some of the lost revenue from water use restrictions, but they 
would have to be applied to a broad section of the customer base to have any financial effect.  
Using a contingency fund would allow Durham to deal with the annual financial vulnerability of 
these temporary management techniques, but in order to mitigate the worst-case scenario events, 
large funds would have to be maintained, possibly over a number of years.   

While water use restrictions and transfers represent a useful water supply management 
tool in the face of growing demand and hydrologic uncertainty, they have the potential to 
introduce a great deal of financial uncertainty. With more accurate estimations of the financial 
effects of these temporary water management measures, water managers will be able to take 
proactive steps to reduce the potential for financial disruption.  The information contained in this 
report will allow for an expanded role of water use restrictions and water transfers without 
sacrificing financial stability. 
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Appendix 1 
 
List of abbreviations and symbols with definers 
 
Kgal – thousand gallons 
 
MGD – million gallons per day 
 
MM – Million  
 
N(0,1) – standard normal distribution 
 
OWASA – Orange Water and Sewer Authority 
 
PDF – probability density function 
 
ROF – risk of failure 
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Technical Appendix A 
 Synthetic Streamflow Generation 

Synthetic streamflow records are used in this paper to analyze the hydrologic model 
under conditions outside of the observed historical record.  To develop these synthetic records, 
an 82-year historical record is used.  The historical streamflows are arranged in a matrix Y, with 
82 rows and 52 columns, so that Yi,j represents the jth week of the ith year of the historical 
record.  These values are lognormally distributed, so that (i) taking the natural logarithm, (ii) 
subtracting weekly means from each value, and (iii) dividing each value by the weekly standard 
deviation leaves a matrix, W, with an N(0,1) distribution and autocorrelation.   

     (1) 

From this ‘whitened’ data, a correlation matrix is created using the pairwise linear correlation 
coefficient between each pair of columns.  This creates a 52x52 symmetrical matrix A such that 
Ai,j represents the correlation of column i in matrix W with column j in matrix W. 

Next, an uncorrelated matrix X is created by randomly sampling W such that each value 
in the column Xj is filled randomly with replacement from the column Wj.  X can be created with 
as many rows as years of synthetic data required.  This effectively creates an uncorrelated, 
normalized matrix with upper and lower bounds equal to the upper and lower bounds observed in 
the historical record.  Using cholesky decomposition, this correlation matrix can be decomposed 
into the product of matrix Q, and its transpose, QT.  Q is an upper triangular matrix (QT is 
subsequently a lower triangular matrix).  

         (2) 
 Q can be used to give the uncorrelated matrix X the same autocorrelation as the historical 
record. 

           (3) 
However, matrix Z only contains data that is correlated over the course of one year.  Multi-year 
synthetic records will have a discontinuity where weeks from the beginning of one 52 week 
period are not correlated with weeks from the ending of the previous 52 week period. To create 
correlated synthetic records that span longer than one year, we can repeat the above process 
using a matrix W with columns j that begin on the 27th week of each year, not the first.  This 
matrix contains information about the correlation between the beginning of calendar years and 
the ending of the previous year.  This allows for the creation of a second correlated synthetic 
streamflow matrix, Z’, that contains correlations from weeks 27-52 of one year to weeks 1-26 of 
the subsequent year.  By using the final 26 columns of Z’ as the first 26 columns of the final 
matrix ZC and the final 26 columns of ZC, matrix ZC can be created with as many continuously 
correlated weeks of streamflow data as possible.   
 Statistical moments can be reapplied to ZC to return actual streamflow values, such that a 
final synthetic streamflow matrix S can be created: 

       (4) 
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Technical Appendix B 
 Coupling of water demand to streamflow 

Historical water demand has risen steadily as a function of population growth and 
development in the area, but it also has intra-year variation.  Water use peaks in the summertime 
and is lowest during the winter.  To make predictions about water use in the future, utility 
managers estimate population growth and are able to predict the growth of average weekly water 
demand.  However, demand is also expected to continue the seasonal variation observed in the 
18-year historical record of Durham water consumption.  To recreate this, historical demand 
values are divided by the total annual demand for each year of the historical record, creating 
demand matrix D, a record showing the weekly fraction of annual water use for each year in the 
18-year record such that Di,j is the fraction of the annual demand in year i that occurred during 
week j of that year.  A matrix Y with an N(0,1) distribution can be created by subtracting the 
weekly means from each value and subsequently dividing by the weekly standard deviation such 
that 

      (1) 

 These ‘whitened’ demand values are inversely correlated with weekly streamflow values.  
This correlation changes over the course of the year suggesting a strong dependence on the 
prevalence of outdoor water use.  Thus, we couple streamflow and consumer water demand 
using two PDFs, one for the irrigation season and one for the non-irrigation season.  The PDFs 
take ‘whitened’ streamflow values calculated using (1) from Appendix A and output a 
‘whitened’ demand value.  The ‘whitened’ demand values are then multiplied by the appropriate 
weekly standard deviation, and the appropriate weekly mean is added to the subsequent value, 
leaving a synthetic demand fraction showing the fraction of the annual water demand that occurs 
in the given week.  This value is then multiplied by the predicted annual water demand for the 
given simulation year, creating an actual weekly water demand value. 
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