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I Introduction

The restoration of the ecological health and water quality of a river, lake, estuary, bay, or coastal
area suffering from multiple sources of nutrient pollution nearly always requires a
comprehensive management strategy. A holistic watershed approach that addresses all of the
causes of the degradation is needed. The strategy must:

 Establish comprehensive water quality and pollutant loading monitoring programs;
 Identify all sources of harmful pollution;
 Quantify pollutant loads by source, sector, and location;
 Enable the development, calibration, and verification of watershed and water quality

models;
 Assess the impacts of pollutant loads from all sources and sectors;
 Establish maximum allowable pollution loads to the water body for each important

pollutant (a pollution budget or watershed cap);
 Develop and evaluate alternatives for reducing pollution loads; and
 Allocate allowable pollutant loads to sectors, regions, and sources.

All sources and sectors must be included in this analysis and accounted for under the loading
caps. Otherwise, the caps would be meaningless. This does not mean however, that all sources
must be assigned load reductions, they just have to be accounted for in the cap. As an example,
runoff from forested lands frequently contributes nutrient loads to water bodies, albeit small ones,
and they should be accounted for in the allocations. But it would make little sense to try and
require load reductions from forested land.

Holistic watershed caps should be established and all sources and sectors should be included in
the cap and assigned allocations. The sectors and sources can include wastewater effluent,
untreated sewage, trash and garbage, urban runoff, direct and indirect industrial discharges,
agriculture, atmospheric deposition, septic systems, phosphate detergents, marine vessels, and
possibly other sources.

The allocation of allowable loads is not simply an ad hoc mathematical exercise, but rather a
complex set of policy decisions on how to the distribute the cost of restoration to different
sources. The role of science in the process is to identify the sources and loads and to determine if
different control actions are equivalent, i.e. produce the same water-quality response and have
the same degree of uncertainty. Following this comes the hard work of integrating all of the
technical, social, and economic factors in the setting of the allocations and assigning
responsibilities for controlling pollutant discharges.
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Pollution Reduction Opportunity Analysis

A major challenge arises when decisions must be made about the assignment of pollution-
reduction responsibilities. Such decision-making becomes a political process at this point, one
requiring decisions by policy makers and elected officials who are not well-versed in the science
involved. A PROA is useful for two major reasons: it can help decision-makers better understand
the biophysical links between changes in land-use, development and industrial activities, and the
environment. And it also serves as a decision-support tool that can help identify the solutions that
provide the greatest pollution reduction analyses at the lowest cost and for preparing policy
recommendations on water quality restoration efforts.

The Pollution Reduction Opportunity Analysis (PROA) concept was developed by the World
Resources Institute (WRI), in conjunction with Tsinghua University in Beijing, China. A PROA
takes a holistic approach to watershed restoration through the following analytical steps:

1. All sources of the pollutant of concern are identified;
2. Pollutant loadings from each source and/or sector are estimated;
3. Methods of reducing the discharged loads from each source and/or sector are identified;
4. The load reduction potential of each source/sector is identified;
5. The cost of achieving load reductions for each source/sector is estimated on a per mass

unit basis (cost per kg per year); and
6. The results are graphed in a manner that clearly shows the reduction potential and cost

effectiveness for each method and sector.

An example of a PROA is shown in Figure 1. It was developed by WRI to analyze options for
reducing total nitrogen discharges to Chao Lake from Lujiang County in the city of Hefei in
Anhui Province, China. Results are graphed for all available reduction methods, color-coded by
sector, and arranged from lowest to highest cost per ton for the reduction (the vertical axis). Each
bar represents an method of reducing the discharged annual load. The horizontal axis units are
tons per year and the width of each bar indicates the estimated total reduction potential for that
method. Preliminary conclusions about what sources and/or sectors have the greatest potential
for reductions as well as cost-effectiveness can quickly and easily be drawn.

Figure 1 Total Nitrogen PROA for Lujiang County Discharge to Chao Lake, China
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Some interesting results from the PROA are worth noting. Lujiang County is largely agricultural,
hence most of the reduction potential is found in that sector. The agricultural reduction methods
are by far the most cost-effective ones. Some of the agricultural methods even have negative
costs, for example, reducing fertilizer application rates. Upgrading wastewater treatment plants
has far less potential and is less cost-effective.

A PROA graph can be a powerful communication tool. It can present the conclusion of the
analysis in a simple and compelling way that is easily understandable by decision-makers, local
governments and other stakeholders. A PROA should make it easier to reach consensus on a path
forward.

II. Using the PROA Results

The PROA graph is a bar chart that clearly indicates two very important things, especially in the
early stages of a watershed restoration effort. It reveals at a glance what the most cost-effective
technologies for reducing pollution loads are, as well as the magnitude of the potential reductions
that each could produce.

The Lujiang County total nitrogen PROA illustrates this. It allows several important conclusions
to be immediately drawn:
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 The largest potential TN load reductions are in the agriculture sector.
 The lowest cost load reductions are also in the agricultural sector;
 Some agricultural measures have negative costs, i.e. they would save farmers money;
 The measure with the most reduction potential, switching crops to aquatic vegetables

such as lotus root, also has the lowest cost;
 Constructed wetlands have the second largest reduction potential but the highest unit

costs of the agriculture options;
 Upgrading existing municipal wastewater treatment plants to reduce TN discharges has

very little reduction potential but very high unit costs; and
 Building industrial wastewater treatment plants has low reduction potential but extremely

high unit costs.

Conclusions such as these however, should not lead directly to policy decisions, especially in the
early stages of the restoration effort. Identification of the most cost-effective alternatives by the
PROA must then be followed by a more comprehensive evaluation. The PROA looks only at
cost and reduction potential and not at other factors that would be critical to a sound decision
about which ones to implement. These factors include such things as social impacts, indirect
economic impacts, unintended environmental impacts, and implementability. Looking at the
Lujiang County PROA again, the most promising alternative of changing crops to aquatic
vegetables could potentially face some severe obstacles to its implementation, possibly including:

 Economic impact on farmers;
 Land and water requirements;
 Increased labor requirements for harvesting in the face of short labor supply in rural areas;

and
 Farmer willingness to make the change.

All of the promising alternatives must be further evaluated in this manner.

III Refinement and Evolution of the PROA

A PROA should be considered the first step of might be a lengthy process for selecting actions to
undertake. Its value in the early stages lies in pointing the restoration effort in the most
promising directions. As the effort grows, matures, and comes closer to a preferred action plan,
the PROA should change as well.

Refinement and evolution of the PROA is necessary and beneficial for the following reasons.

Initial Lack of Data—A lack of data specific to the watershed will almost always be a major
concern in the early stages of a watershed restoration effort. It is likely that some of the desired
data, including water quality data; sources, locations, and magnitudes of pollutants being
discharged; and the cost of remedial actions, will not be available or even exist. Because of this,
restoration efforts usually begin with establishment of water quality and pollutant loading
monitoring programs. It takes time to identify all of the sources and quantify pollutant loads by
source, sector, and location.
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A PROA uses the best data that is available at the time it is created. It is likely that the first
iteration of a PROA will rely heavily on literature and proxy values. Over time, the monitoring
and data collections efforts will allow the replacement of the proxy and literature values with
local data.

A reference database is provided along with the PROA model. It contains data on nutrient
control technologies in use internationally, their efficiencies in reducing total nitrogen and total
phosphorus discharges, capital costs, and operations and maintenance costs. Sectors covered are
domestic and industrial wastewater, septics, urban stormwater, and agriculture. The data should
be considered as literature values that can be replaced in the PROA over time as local data
becomes available.

Initial Lack of Analytical Tools—Adequate analytical tools to assess the water body and its
responses to pollutant loads are not likely to exist at the onset of the program. Pollutant loading
and water quality response models are needed to support watershed management decisions, and
the models cannot be developed without sufficient data from water quality and pollutant loading
monitoring programs. As data is collected, scientific understanding of the watershed, pollutant
loads and delivery factors, and water quality responses will steadily grow over time. The time
frame for this process will likely be measured in years. Improvements in analytical tools could
very likely result in changes to the PROA.

Available Alternatives Might Change—Some of the initial promising alternatives might not
survive the follow-on analysis of implementability, and social, indirect economic, unintended
environmental impacts. Also, new alternatives might emerge that can be added to the PROA.

The initial PROA should be is a very high-level, whole watershed analysis. As the restoration
program progresses and comes closer to a preferred action plan, it may be useful undertake
additional PROAs at the sub-watershed level. Identifying the most cost-effective measures in
each sub-watershed could greatly increase

IV. Detailed Outline for Developing a PROA

Developing a PROA involves three overall steps: collecting and inputting necessary data and/or
assumptions, performing calculations for pollutant load reductions and unit costs, and presenting
the results in graphical form.

Following is a detailed list of actions needed to develop a PROA, initially applying it, and
refining and improving it as additional data and information becomes available, and as lessons
are learned.

A. Collect Data

To produce a nutrient PROA, data on nitrogen and phosphorus discharges by the following
sectors are needed if they contribute loads to the water body:
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 Sewage Collection;
 Wastewater treatment / Sludge Management;
 Urban stormwater;
 Direct industrial discharges;
 Agriculture;
 Aquaculture;
 Septic systems; and
 Atmospheric deposition;
 Septic systems.

Data needs by sector may include:
 Current annual discharged or runoff loads;
 Current treatment technologies and performance levels;
 Planned infrastructure and technology improvements;
 Load reductions expected from planned improvements;
 Other possible infrastructure and technology improvements or actions (e.g. policy

changes) that could result in load reductions;
 Estimated unit costs for these reductions (e.g. 20 year life-cycle cost per kg of annual

load reduction); and

Once contributing sectors have been identified, data is needed on the individual sources in the
sectors. Aggregate data is preferred (such as the aggregate phosphorus load discharged by all of
the municipal wastewater treatment plants in the watershed). If aggregate data is not available,
data must be collected on all individual sources and then aggregated. Data needed on individual
discharges can include

 Wastewater volumes discharged;
 Nitrogen and phosphorus effluent concentrations; and
 Location of discharges.

A database can be created for the collected data on nutrient sources and loads.

B. Inventory Current Pollution Control and Treatment Methods

Data should be collected on all sources that have the ability or potential to reduce of control their
discharges. This includes both point sources, such as wastewater treatment plants and factories,
and nonpoint sources such as agriculture. Desired data includes

 Treatment processes;
 Influent and effluent nutrient loads;
 Treatment efficiencies;
 Nutrient discharge limits;
 Agricultural Best Management Practices; and
 Nutrient reduction costs (capital and operating).
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C. Use PROA Model to Evaluate Cost-effectiveness of Available Methodologies to Reduce
Nutrient Discharges

Once the necessary data (or proxy data) have been gathered, it is entered into the PROA
spreadsheet and the model automatically calculates the potential pollutant load reduction that
each technology could produce and the annualized cost per kilogram of the reduction.

The results are put into the form of a bar chart cost-curve, using either Excel’s graphing tools or
Think-Cell, a commercial software program.

V. Creating a PROA—Step-by-Step Guidance

A PROA is an Excel spreadsheet model. Creating a PROA involves the following steps.

Step 1. Select Sources of Nutrient Pollution

Select the sources of nutrient pollution in the watershed by left-clicking in a check-box as shown
in Figure 2. This will enter a check mark in the box. The check boxes do not affect anything else
in the model; the purpose is merely to create a record of sources.

Figure 2 Selecting Nutrient Pollution Sources

Step 2. Select Technologies and Best Management Practices

The PROA model has a tab for each of the source categories shown on the Sources tab—
Domestic Wastewater, Industrial Wastewater, Urban Stormwater, Agriculture and Aquaculture,
and Other. Appropriate technologies and best management practices (BMPs)for each category
can be selected from the reference data base or other sources and added to the appropriate tab.
Following is step-by-step guidance for each tab.
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A. Domestic Wastewater Tab

Step 1) Enter selected technologies for domestic wastewater column in A and their nitrogen and
phosphorus removal efficiencies, if known, in columns B and C as shown in Figure 3. The cells
in these columns are formatted for percentage, so enter the efficiencies as whole numbers (e.g.
40 and 25).

All columns in the model that require user input are identified by a lighter fill color for the
column heading, as well as a small red triangle in the upper right-hand corner. Rolling the mouse
cursor over the cell with a triangle brings up a comment indicating what data should be entered
in the column. Clicking SHOW ALL COMMENTS on the COMMENTS section of the Excel
REVIEW menu will show all comments in the tab.

Figure 3

Step 2) Enter current or design flow in column D and expected influent and desired effluent
nitrogen and phosphorus concentrations in columns E and F, as shown in Figure 4. Note that
nitrogen and phosphorus costs are entered on separate rows. This is because all of the data in the
reference database for upgrading wastewater treatment plants for nutrient removal has been
reported this way. Data for new wastewater treatment plants is usually in the form of total capital
cost, operation and maintenance cost, and nitrogen and phosphorus removal efficiencies. In this
case, two rows are also used and the capital and O&M costs split between the two. Without more
specific information about plant design, a 50-50 split should be assumed.
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Once the current or design flows have been entered, annual nutrient load reductions are
automatically calculated in columns I and J. See Figure 4.

Figure 4

Step 3) Enter cost data.

There are three methods for entering cost data. The appropriate methods will depend on the
nature of the cost data available.

Case 1—If the data is in the form of initial capital cost, useful life, and annual operations &
maintenance costs, enter this data in Columns L, M, and P. If only capital cost per cubic meter is
available, enter it in column K. Column L will then calculate the total capital cost. If total capital
cost is already known, it can be entered in column L, overwriting the formula.

Case 2—If the data is already in the form of total annualized cost, enter it in Column Q,
overriding the cell formulas.

Case 3—If the data is in the form of total annualized cost per kg of nitrogen or phosphorus
reduction, enter it in Columns R and S, overriding the cell formulas.

Enter the interest or discount rate to be used in the analysis in cell M3

Figure 4
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The cost calculations are performed as follows.

The total annualized cost is identical to equivalent annual cost (EAC). EAC is the total annual
cost of constructing, operating and maintaining a facility over its useful lifespan. EAC’s are
usually used to explore the cost-effectiveness of alternatives with different costs and lifespans.

The EAC is equal to net present value (NPV) divided by an annuity factor, A(t,r). The annuity
factor and EAC are calculated as follow:

Eq. 1 A(t,r) = (1 - (1 / (1 + r) ^ t)) / r

Eq. 2 EAC = (Initial Capital Cost/A(t,r)) + Annual Operation & Maintenance Cost

t = lifespan in years, r = interest or discount rate

The annualized unit costs for nitrogen and phosphorus reductions are calculated by

Eq. 3 Unit Cost = EAC/nitrogen load reduction
Unit Cost = EAC/phosphorus load reduction

B. Industrial Wastewater Tab

The industrial wastewater tab is identical to the domestic wastewater tab. The treatment
technologies are the same for both. However, industrial wastewater could have much higher
concentrations of nitrogen and phosphorus, and higher capital and operating costs than those of
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the municipal WWTPs. There currently is no data on industrial costs in the reference database. If
proxy data is needed, it is suggested that the municipal costs in the database be used, but
increased by 20 percent.

C. Urban Stormwater Tab

Step 1) Enter selected Best Management Practices for urban stormwater in column A and their
nitrogen and phosphorus removal efficiencies, if known, in columns B and C, as shown in Figure
5. The cells are formatted for percentage so enter the efficiencies as whole numbers.

Figure 6

Step 2) Enter current estimated stormwater nitrogen and phosphorus loads in columns D and E.
The input is in this form because it reflects all of the data in the reference database for
stormwater BMPs. Once the efficiencies have been entered, annual nutrient load reductions are
automatically calculated in columns F and G. See Figure 7.

Figure 7
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Step 3) Enter cost data.

As with domestic wastewater, there are three methods for entering cost data. The appropriate
methods will depend on the nature of the cost data available. All of the stormwater data in the
reference database is in the form for case 3.

Case 1—If the data is in the form of initial capital cost, useful life, and annual operations &
maintenance costs, enter this data in Columns H, I, and L.

Case 2—If the data already is in the form of total annualized cost, enter it in Column M,
overriding the cell formulas.

Case 3—If the data is in the form of total annualized cost per kg of nitrogen or phosphorus
reduction, enter it data in Columns N and O, overriding the cell formulas.

Enter the interest or discount rate to be used in the analysis in cell M3

Once the cost data is entered, the unit cost calculations are identical to those for the domestic
wastewater tab. Since only case 3 data is available, the unit costs are entered directly into
columns.

Figure 8
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D. Agriculture Tab

Step 1) Enter selected technologies for agriculture in column A and their nitrogen and
phosphorus removal efficiencies, if known, in columns B and C, as shown in Figure 9.
The cells are formatted for percentage so enter the efficiencies as whole numbers (e.g. 40 and 25).

Figure 9
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Step 2) Enter fertilizer data and calculate load reduction potential. There are two options for
entering nitrogen and phosphorus fertilizer; the selection of which to use depends on the type of
data available. If data on annual fertilizer nutrient application rates and losses are available, enter
the data in columns D, E, F, and G. If the nutrient losses are known, enter the data in columns H
and I. Columns J and K automatically select the correct input columns and calculate the load
reduction potentials.

Figure 10

Step 4) Enter cost data

There are three options for entering cost data, the appropriate option will depend on the nature
of the cost data available:

Case 1—The data is in the form of initial capital cost, annual operations & maintenance costs,
and useful life, then enter this data in Columns L, M, and P.

Case 2—If the data already is in the form of total annualized cost, enter it in Column Q,
overriding the cell formulas.

Case 3—If the data is in the form of total annualized cost per kg of nitrogen or phosphorus, enter
the data in Columns R and S, overriding the cell formulas.

As with stormwater, data in the reference database is largely in the form for case 3.

Once the data has been entered, the PROA calculates annualized unit costs The cost calculations
are the same as on the domestic wastewater tab.

Figure 11
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E. Data Visualization

The last step in creating a PROA is to visualize the otherwise abstruse cost-effectiveness analysis,
presenting the result in a simple, straightforward manner that can be easily understood.

The two axes of a cost curve show the available pollution control measures, their nutrient
reduction potentials and annualized costs, as shown in Figure 12.

Figure 12 An Illustrative Nitrogen Cost Curve
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Generating the cost curve—There are two recommended tools for creating the cost curves, a
commercial software package called Think-cell and Excels graphing tools.

Using Think-cell—While there are many professional visualization tools available for economic
graphs, Think-cell stands out for its efficiency, ease of use, quality and compatibility with the
Microsoft Office suites.

Think-cell offers many economics chart types and graphical elements that are not included in
Microsoft Excel. All the decorations – labels, connectors, arrows, and the like – are automated
and placed precisely where they belong. The downside is its relatively high cost. The annual
license fee for a single user is US$247.5. A 30-day free trial version is available to download at
its official website.

Developing a cost curve with Think-cell is easy. After ensuring that Think-cell is properly
installed, and Microsoft Excel and PowerPoint are working, follow the following three simple
steps.

Step 1)—Create a new data sheet in the PROA model. Once abatement potential and annualized
costs have all been calculated, copy and paste the results to the following template (Table 1).
Options should be listed in order of least-cost to most-cost.

Reduction Potential
(ton TN per year)

Reduction cost
(USD per ton)

Estimated
cost to
reduce 1
ton of TN

Annual TN reduction
potential in a given year

by a given action

Bars are sorted by
increasing reduction cost

https://server.think-cell.com/portal/en/trial.srf
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Table 1 Cost curve data template

Option
1

Option
2

Option
3

Option
4

Option
5 ……

Reduction potential
(ton/year)
Unit reduction cost
(USD/ton)

Step 2)—Select the data and click CHARTS under the INSERT tab. Then choose “Mekko Bar
(Unit Axis)”.

Figure 13. Selecting Cost Curve in Think-cell

Step 3—Microsoft PowerPoint will be automatically activated. A rectangle will appear with the
mouse pointer, indicating where the graph will be inserted on the slide. Just click the left mouse
button to place it with the default width and height.

Figure 14. Creating the Cost Curve in PowerPoint
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The cost curve will be developed automatically. Adjust the size, add labels and legend as needed.

Figure 15 Illustrative Cost Curve
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Using Excel—A cost curve is presented by a Mekko chart, which is essentially a two-
dimensional stacked column chart. In addition to the varying segment heights of a regular
stacked chart, a Mekko chart also has varying column widths. Column widths are scaled such
that the total width matches the desired chart width. Since the Mekko chart is not available in
Excel, the solution is to arrange the data in a format that can use Excel’s standard clustered
column chart to manually achieve a similar result. The process for doing so is as follows.

Step 1) Create a table showing the options, reduction potentials, and unit costs, as shown in
Figure 16 Rows 3-10. Row 7 is used if it is necessary to round the reduction potential to avoid
having an excessively large number of rows in the template section, shown in gray in Figure 16.
(For example, if the cumulative load reduction were 1,247 tons per year and no rounding was
done, the HCF would probably be 1 and 1,247 rows would be required for the data in the
template. Rounding only marginally affects the width of the bars in the graph and the unrounded
Row 6 values are shown on the X axis.

The model automatically calculates the HFC and uses it to populate the first column in the
template section.

Figure 16



21

Step 2) Enter unit cost data. The unit costs of each option are then entered in the template section.
Option 1’s rounded reduction potential is 30 tons/yr, so its unit cost of $2.60 is entered in the
first three rows of the data range under Option 1, rows 17-19. Option 2’s unit cost of 3.30 is
entered in rows 20-27 and so on until the total cumulative reduction potential of 190 tons is
reached on row 35. Entering the data in this manner serves to establish the correct bar width for
each option.

Step 3) Select the appropriate data range in the template (Cell range B15 to G35 in this example)
and select the standard Stacked Column chart type (the first to left button under “2-D Column”)
as shown in Figure 17.

Figure 17.
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Excel will treat each row in the selected data range as a separate bar, generating this
this chart:

Figure 18



23

Step 4) Format the Graph

Right-click any bar in the graph and select “Format Data Series”. Set Series Overlap to 100%
and Gap Width to 0%. In this way, columns representing the same option will be combined so
that they appear as a single bar with the correct width.

Figure 19

Figure 20



24

Right-click on Chart Title and select what elements to include in the chart. Left-clicking on the
triangle to the right of each option brings up a submenu for that option. It is recommended that
the Primary Horizontal Axis not be selected because Excel would use bar numbers (1 through 17
in this example) instead of the desired values. Each chart element can then be edited or moved as
desired.

Figure 21

Figure 22

Finally, insert text boxes to show the reduction potential for each bar.



25

Figure 23

Step 5) Modifying the data. If changes are made to data values in the selected range, Excel will
automatically adjust the bar widths and heights but the data values in the text boxes would have
to be manually changed. If the data range is changed, the data must be reselected. Right-click on
any bar in the graph, left-click on “Select Data“ and select the new range. Then edit the text
boxes to show the new values.

The PROA chart is complete.

Figure 24
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