2.1.6 Using Structural Stormwater Controls in Series
2.1.6.1 Stormwater Treatment Trains
The minimum stormwater management standards are an integrated planning and design approach whose
components work together to limit the adverse impacts of urban development on downstream waters and riparian
areas. This approach is sometimes called a stormwater “treatment train.” When considered comprehensively,
a treatment train consists of all the design concepts and nonstructural and structural controls that work to attain
water quality and quantity goals. This is illustrated in Figure 2.1.6-1.
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Figure 2.1.6-1 Generalized Stormwater Treatment Train

Runoff and Load Generation – The initial part of the “train” is located at the source of runoff and pollutant load
generation, and consists of a stormwater management site design and pollution prevention practices that reduce
runoff and stormwater pollutants from the source.
Pretreatment – The next step in the treatment train consists of pretreatment measures. These measures typically
do not provide sufficient pollutant removal to meet the Primary TSS reduction goal, but do provide calculable
water quality benefits that may be applied towards meeting the WQv treatment requirement. These measures
include:




The use of stormwater site design practices and site design credits to reduce the water quality volume
(WQv)
Structural controls that achieve less than the Primary TSS removal rate, but provide pretreatment
Pretreatment facilities such as sediment forebays

Primary Treatment and/or Quantity Control – The last step is primary water quality treatment and/or quantity
(streambank protection and/or flood control) control. This is achieved through the use of either a structural
control to achieve both water quality and quantity benefits or a structural control to achieve water quality benefits
only.

2.1.6.2 Use of Multiple Structural Controls in Series
Many combinations of structural controls in series may exist for a site. Figure 2.1.6-2 provides a number of
hypothetical examples of how the integrated Design Approach may be addressed by using structural stormwater
controls.
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*P - Primary Control and S -Secondary Control Limited Application. Figure
2.1.6-2 Examples of Structural Controls Used in Series
Referring to Figure 2.1.6-2 by line letter:
A. Two structural controls achieving Primary TSS removal each, stormwater ponds and stormwater wetlands,
can be used to meet all of the requirements of the Stormwater Management Design Approach in a single
facility.
B. The other structural controls achieving Primary TSS removal each (bioretention, sand filters, infiltration trench
and enhanced swale) are typically used in combination with detention controls to meet the Stormwater
Management Design Approach. The detention facilities are located downstream from the water quality
controls either on-site or combined into a regional or neighborhood facility.
C. Line C indicates the condition where an environmentally sensitive large lot subdivision has been developed
that can be designed so as to waive the water quality treatment requirement altogether. However, detention
controls may still be required for downstream streambank protection and flood control.
D. Where a structural control does not meet the Primary TSS removal criteria, another downstream structural
control must be added. For example, urban hotspot land may be fit or retrofit with devices adjacent to parking
or service areas designed to remove petroleum hydrocarbons. These devices may also serve as
pretreatment devices removing the coarser fraction of sediment. One or more downstream structural controls
are then used to meet the full Primary TSS removal goal, and well as water quantity control.
E. In line E, site design credits have been employed to reduce partially the water quality volume requirement. In

this case, for a smaller site, a well designed and tested structural control provides limited TSS removal while
a dry detention pond handles the flooding criteria. For this location, direct discharge to a large stream and
local downstream floodplain management practices have eliminated the need for streambank protection and
flood control storage on site.
The combinations of structural stormwater controls are limited only by the need to employ measures of proven
effectiveness and meet local regulatory and physical site requirements. Figures 2.1.6-3 through 2.1.6-5 illustrate
the application of the treatment train concept for: a moderate density residential neighborhood, a small
commercial site, and a large shopping mall site.
In Figure 2.1.6-3 rooftop runoff drains over grassed yards to backyard grass channels. Runoff from front yards
and driveways reaches roadside grass channels. Finally, all stormwater flows to a extended detention micropool
stormwater pond.

Figure 2.1.6-3 Example Treatment Train – Residential Subdivision (Adapted from: NIPC, 2000)

A gas station and convenience store is depicted in Figure 2.1.6-4. In this case, the decision was made to intercept
hydrocarbons and oils using a commercial gravity (oil-grit) separator located on the site prior to draining to
perimeter sand filter for removal of finer particles and TSS. No stormwater control for streambank protection is
required as the system drains to the municipal storm drain pipe system. Flood control is provided by a regional
stormwater control downstream.

Figure 2.1.6-5 shows an example treatment train for a commercial shopping center. In this case, runoff from
rooftops and parking lots drains to depressed parking lot islands, perimeter grass channels, and bioretention
areas. Slotted curbs are used at the entrances to these swales to better distribute the flow and to settle out the
very coarse particles at the parking lot edge for sweepers to remove. Runoff is then conveyed to an extended
detention wet pond for additional pollutant removal and streambank protection. Flood control is provided through
parking lot detention.

Figure 2.1.6-4 Example Treatment Train
– Small Commercial Site
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2.1.6.3 Calculation of Pollutant Removal for Structural Controls in Series
For two or more structural stormwater controls used in combination, it is often important to have an estimate of
the pollutant removal efficiency of the treatment train. Pollutant removal rates for structural controls in series are

not additive. For pollutants in particulate form, the actual removal rate (expressed in terms of percentage of
pollution removed) varies directly with the pollution concentration and sediment size distribution of runoff entering
a facility.
For example, a stormwater pond facility will have a much higher pollutant removal percentage for very turbid
runoff than for clearer water. When two stormwater ponds are placed in series, the second pond will treat an
incoming particulate pollutant load very different from the first pond. The upstream pond captures the easily
removed larger sediment sizes, passing on an outflow with a lower concentration of TSS but with a higher
proportion of finer particle sizes. Hence, the removal capability of the second pond for TSS is considerably less
than the first pond. Recent findings suggest that the second pond in series can provide as little as half the
removal efficiency of the upstream pond.
To estimate the pollutant removal rate of structural controls in series, a method is used in which the removal
efficiency of a downstream structural control is reduced to account for the pollutant removal of the upstream
control(s). The following steps are used to determine the pollutant removal:








For each drainage area, list the structural controls in order, upstream to downstream, along with their
expected average pollutant removal rates from Table 2.1.2-1 for the pollutants of concern.
For any structural control with a Primary TSS removal rate located downstream from another control
that has an equivalent TSS removal rate, the designer should use 50% of the normal pollutant removal
rate for the second control in series. For any structural control with a Primary TSS removal rate
located downstream from a control that cannot achieve the Primary TSS reduction goal, the designer
should use 75% of the normal pollutant removal rate for the second control in series.
For example, if a structural control has a Primary TSS removal rate, then a 35% to 40% TSS removal
rate would be assumed for this control if it were placed downstream from another equivalent control in
the treatment train (0.5 x 70% to 80%). If it were placed downstream from a structural control that
cannot achieve the Primary TSS reduction goal, a 52.5% to 60% TSS removal rate would be assumed
(0.75 x 70% to 80%). Use this rule with caution depending on the actual pollutant of concern and
make allowance for differences among structural control pollutant removal rates for different pollutants.
Actual data from similar situations should be used to temper or override this rule of thumb where
available.
For cases where a structural control which cannot achieve a Primary TSS removal rate is sited
upstream from a structural control which can achieve the 70% to 80% removal in the treatment train,
the downstream structural control is given full credit for removal of pollutants.
Apply the following equation for calculation of approximate total accumulated pollution removal for
controls in series:

Final Pollutant Removal = (Total load * Control1 removal rate) + (Remaining load * Control2 removal
rate) + … for other Controls in series.

Example
TSS is the pollutant of concern and a commercial device is inserted that has a 20%
sediment removal rate. A stormwater pond is designed at the site outlet. A second stormwater
pond is located downstream from the first one in series. What is the total TSS
removal rate? The following information is given:
Control 1 (Commercial Device) = 20% TSS removal
Control 2 (Stormwater Pond 1) = 80% TSS removal (use 1.0 x design removal rate)
Control 3 (Stormwater Pond 2) = 40% TSS removal (use 0.5 x design removal rate)
Then applying the controls in order and working in terms of “units” of TSS starting at 100
units:
For Control 1: 100 units of TSS * 20% removal rate = 20 units removed 100 units - 20 units
removed = 80 units of TSS remaining 3
For Control 2: 80 units of TSS * 80% removal rate = 64 units removed 80 units - 64 units
removed = 16 units of TSS remaining
For Control 3: 16 units of TSS * 40% removal rate = 6 units removed 16 units - 6 units removed
= 10 units TSS remaining
For the treatment train in total = 100 units TSS – 10 units TSS remaining = 90% removal

2.1.6.4 Routing with WQv Removed
When off-line structural controls such as bioretention areas, sand filters and infiltration trenches capture and
remove the water quality volume (WQv), downstream structural controls do not have to account for this volume
during design. That is, the WQv may be subtracted from the total volume that would otherwise need to be routed
through the downstream structural controls.
From a calculation standpoint this would amount to removing the initial WQ v from the beginning of the runoff
hydrograph – thus creating a “notch” in the runoff hydrograph. Since most commercially available hydrologic
modeling packages cannot handle this type of action, the following method to adjust “CN” values has been
created to facilitate removal from the runoff hydrograph of approximately the WQv:




Enter the horizontal axis on Figure 2.1.6-6 with the impervious percentage of the watershed and read
upward to the predominant soil type (interpolation between curves is permitted)
Read left to the factor
Multiply the curve number for the sub-watershed that includes the water quality basin by this factor –
this provides a smaller curve number

The difference in curve number will generate a runoff hydrograph that has a volume less than the original volume
by an amount approximately equal to the WQv. This method should be used only for bioretention areas, filter
facilities, and infiltration trenches where the drawdown time is ≥ 24 hours.

Figure 2.1.6-6 Curve Number Adjustment Factor

Example
A site design employs an infiltration trench for the WQv and has a curve number of 72, is B type soil, and has
an impervious percentage of 60%, the factor from Figure 2.1.6-6 is 0.93. The curve number to be used in
calculation of a runoff hydrograph for the quantity controls would be: (72*0.93) = 67.

