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Phosphorus and Onsite Wastewater Systems

Phosphorus and the  
environment: 
The back story

hosphorus is an 
essential nutrient 
for sustaining all 
life and is pres-
ent in every cell 

in every living organism. It 
is an indispensable part of 
the important, but generally 
underappreciated, adenosine 
triphosphate molecule, which 
stores energy and releases it 
as needed for cellular activ-
ity. Phosphorus is also a key 
component in the structure 
of DNA. In vertebrates phos-
phorus is found in teeth 
and bones. It is one of the 
major nutrients necessary for 
healthy plant growth, where it 
plays key roles in photosyn-
thesis and a variety of other 
functions such as healthy root 
development and seed forma-
tion.  
 
Because of its high chemical 
reactivity, phosphorus is rare-
ly found in its elemental state 

In the previous Pipeline we discussed the role of nitrogen in onsite wastewater systems, its effect 
on the environment, and how to reduce nitrogen discharges. In this issue of Pipeline we discuss 
phosphorus, the other major nutrient of concern found in residential wastewater, and what hap-
pens to phosphorus in the environment and in onsite wastewater systems. Phosphorus has not 
generally been considered to be a major problem for onsite systems. However, because of the 
site-specific nature of onsite wastewater treatment, in some cases it does create problems. This 
Pipeline discusses situations where and why it may be a problem and what the options are for 
controlling phosphorus. 

P
of phosphorus occurs both in 
terrestrial and aquatic envi-
ronments—animals consume 
plants containing phosphorus 
and excrete wastes containing 
phosphorus that then becomes 
available for use by other 
plants, animals, and microbes.  
 
Ultimately, phosphorus ends 
up in the oceans where, after 

more biological 

in nature. Phosphorus atoms 
frequently combine with three 
oxygen atoms to form a com-
posite phosphate ion with a 
negative three charge. The 
phosphate ion can then com-
bine with other atoms and 
molecules to form a variety of 
compounds. We often use the 
terms phosphorus and phos-
phate interchangeably but a 
phosphorus atom is a part of 
the phosphate ion.  
 
As with carbon and nitrogen, 
phosphorus has a natural 
cycle in the environment. It 
is present in rocks and in 
the soil. As rocks weather, 
phosphorus is released 
that becomes available 
for incorporation into soil 
and for uptake by plants. 
Phosphorus in soil that 
is not taken up by plants 
is subject to erosion by 
both wind and rain, and 
eventually finds its way 
into streams and rivers 
in a dissolved form or as 
components of suspended 
sediment. Consider-
able biological recycling 



Phosphorus and Onsite Wastewater Systems

PIPELINE – Summer 2013; Vol. 24, No. 1          National Environmental Services Center (800) 624-8301 or (304) 293-4191

2

the phosphorus cycle is much, 
much slower than either the 
carbon or the nitrogen cycle. 
This is at least partly because 
phosphorus does not 
naturally exist in a 
gaseous state to any 
significant extent. As 
a result there is no 
atmospheric cycling 
of phosphorus 
between the terrestrial 
and marine environ-
ments as there is with 
carbon and nitrogen.             
 
The key role of 
phosphorus in 
enhancing plant 
growth was scientifi-
cally verified less than 
200 years ago. Before that 
farmers, without knowing 
exactly how or why it helped, 
had learned to add substances 
that contained phosphorus to 
croplands. Historically these 
were mainly animal manures, 
plant residues, or human 
waste products. Within the last 
100 years, however, the min-
ing of phosphate-bearing rock 
deposits that are then indus-
trially processed has been the 
main source of agricultural 
phosphorus fertilizers. About 
80 to 90 percent of the mined 
phosphate rock is made into 
fertilizer with the remainder 
being used in food and bev-
erages, detergents, indus-
trial processes, and animal 
feeds. The availability of mass 
amounts of phosphate fertil-
izer contributed to the “Green 
Revolution” that dramatically 
increased global food produc-
tion, in turn allowing global 
population to increase from 
about 1.6 billion people in 
1900 to more than seven bil-
lion people today. 
 
However, because phosphate 
rock deposits are formed only 
over long geologic time peri-
ods, from the human perspec-
tive, phosphorus is a finite 
resource that is being rapidly 
consumed. Accelerated min-
ing and consumption of phos-
phate rock have essentially 
turned the phosphorus cycle 

into a one-way transfer of 
phosphorus from the land to 
the ocean bottoms. The phos-
phorus is not destroyed, but it 
is dispersed to the ocean floor 
where recovery is economically 
not feasible.  
 
Because the easily accessible, 
high-quality phosphate rock 
deposits are being depleted 
there have been discussions in 
the past 10 years of phospho-
rus production peaking and 
declining, which raises con-
cerns about the ability to keep 
the world fed. Others believe 
that new deposits of phos-
phorus will be discovered and 
made available averting any 
potential global food security 
crisis. It is likely, however, 
that newly discovered depos-
its will require more energy to 
mine, process, and purify. As 
a result, regardless of it rela-
tive availability, phosphorus is 
expected to become a more 
expensive resource in the near 
future.  
 
As with nitrogen, the dramatic 
increase in the agricultural use 
of phosphorus during the past 
100 years has brought some 
unintended, negative conse-
quences. Phosphorus is not a 
selective fertilizer. When soil 
that contains phosphorus is 
eroded by wind or rain, phos-
phorus ends up in streams 

recycling by marine plank-
ton and other organisms, it 
is deposited on the ocean 
floor. Over periods of mil-
lions of years ocean sedi-
ments become compressed 
and consolidated into layers of 
rock. These ocean-floor rock 
layers eventually are subject 
to geologic uplift into above-
sea-level mountains that are 
again subject to weathering 
and erosion, completing the 
cycle. Because we are talking 
about geologic time scales, 
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the U.S. in the last 20 years. 
Because cyanobacteria can fix 
nitrogen from the atmosphere, 
they can bloom in water bod-
ies that are low in nitrogen if 
sufficient phosphorus is pres-
ent. The toxins can be ingest-
ed by swimmers and boaters 

who are in direct contact with 
the water. However, under 
certain conditions the toxins 
can also become aerosolized 
and inhaled by others at a dis-
tance from their source. The 
toxins can be removed from 
drinking water sources but at 
an added cost. 
 
It is generally accepted that 
phosphorus is usually the lim-
iting nutrient when it comes 
to eutrophication of freshwa-
ter resources and nitrogen is 
usually the limiting nutrient in 
offshore waters and estuar-
ies. The limiting nutrient is the 
nutrient in least supply relative 
to its demand and controls the 
amount of biological growth 

taking place. Concentrations 
of total phosphorus in the 
range of 0.02 to 0.03 mg/l 
have been shown to stimulate 
algal growth in many North 
American freshwater lakes.
 
In the 1960s, widespread 
eutrophication of lakes and 
rivers attributed to phosphate 
pollution became a public 
concern leading to 27 states 
passing full or partial bans on 
laundry detergents containing 
phosphate. Detergent manu-
facturers voluntarily phased 
out the use of phosphates in 
laundry detergents nation-
ally in 1994. More recently, 
attention has focused on dish-
washer detergents containing 
phosphates. Because auto-
matic dishwashers were not as 
common in the 1960s, dish-
washer detergents were not 
included in the initial bans. In 
response to 16 states pass-
ing bans limiting phosphates 
in dishwashing detergents, in 
2010 the detergent industry 
greatly reduced the use of 
phosphates in domestic dish-
washer detergents nationally 
from 8.7 percent to no more 
than 0.5 percent. Phosphates 
are still present in consumer 
products such as some hair 
dyes, toothpastes, mouth 
washes, liquid hand soaps, 
and shampoos.    
 
Although phosphate bans and 
other actions taken to control 
phosphate have helped, the 
continued application of phos-
phate fertilizers and animal 
manures along with popula-
tion growth means that phos-
phate contamination continues 
to be an issue. Currently, the 
U.S. Environmental Protection 
Agency estimates more than 
100,000 miles of streams; 
about 2.5 million acres of 
lakes, reservoirs, and ponds; 
and 800 square miles of bays 
and estuaries have poor water 
quality due to excess nutrients 
including phosphorus.  

and lakes where it can stimu-
late biological activity beyond 
normal levels, a condition 
referred to as eutrophication.  
This often results in the over-
abundant growth of undesir-
able algae, referred to as a 
harmful algal bloom.  

Undesirable or harmful algal 
blooms create a number 
of problems besides being 
unsightly. Individual algae 
are short-lived and as they 
die and decompose they con-
sume dissolved oxygen. Low-
oxygen conditions, referred 
to as hypoxia, can lead to fish 
kills, loss of other aquatic life, 
and noxious conditions. Algal 
blooms can also shade out 
native rooted aquatic plants 
and negatively shift the eco-
logical balance in aquatic 
environments. 

Certain types of algae called 
cyanobacteria, also referred to 
as blue-green algae, produce 
potent toxins that are harm-
ful to humans and aquatic life. 
Blooms of cyanobacteria have 
become increasingly more fre-
quent in freshwater lakes in 

The frequency and severity of harmful 
algal blooms in lakes and rivers is increas-
ing globally.



Phosphorus and Onsite Wastewater Systems

PIPELINE – Summer 2013; Vol. 24, No. 1          National Environmental Services Center (800) 624-8301 or (304) 293-4191

4

Phosphorus in  
Wastewater 
 
Phosphorus in wastewater is 
categorized as either inor-
ganic or organic phosphorus. 
Inorganic phosphorus includes 
relatively simple forms of 
phosphates referred to as 
reactive or ortho-phosphates 
consisting of one phosphate 
ion and zero to three hydro-
gen ions, depending on the 
pH level. Condensed phos-
phates or polyphosphates, 
also categorized as inorganic, 
are somewhat more complex 
chemical structures with more 
than one phosphorus atom 
linked together in each mol-
ecule. Most polyphosphates 
originate in detergents and 
other cleaning products and 
eventually decompose into 
ortho-phosphates. Organic 
phosphorus includes phos-
phorus incorporated into 
undigested food residue and 
dead and living bacteria that 
are present in feces. Some 
organic phosphorus is also 
present in uneaten food scraps 
that are part of the wastewater 
stream.  
 
Phosphorus in water and 
wastewater is typically mea-

excreted varies from per-
son to person depending on 
diet and other factors. The 
approximately two-to-one 
ratio between the amount of 
phosphorus found in urine to 
that in feces, however, is fairly 
consistent.           
 
On a national basis the major-
ity of phosphorus released to 
the environment by human 
activity comes from agricul-
ture. Current data are not 
available. However, a 1984 
study estimated that 72 per-
cent came from agriculture, 
split evenly between fertilizer 
application and manure appli-
cation. Five percent came from 
wastewater treatment plants 
and the remaining 22 percent 
came from all other non-point 
sources, including onsite 
wastewater systems. 
 
Agriculture and domestic 
wastewater are closely con-
nected when it comes to 
phosphorus. Phosphorus 
applied by farmers ends up in 
the foods we eat. Any excess 
phosphorus our bodies don’t 
need is excreted and ends up 
in our wastewater. Our waste-
water is now being viewed by 
many as a potential source of 
phosphate and other nutrients 
to be recycled for agricultural 
use. As the availability of eas-
ily mined, high-quality rock 
phosphate declines and the 
need to make agriculture more 
sustainable becomes more 
apparent, wastewater will 
increasingly be seen more as 
a resource and less as a waste 
product.

What happens to 
phosphorus in onsite 
wastewater systems?
The concern with phospho-
rus in onsite systems is that 
the concentration of phos-
phorus in wastewater is usu-
ally hundreds of times higher 
than that needed to stimu-
late algal growth in surface 
water. Fortunately, compared 
to other wastewater constitu-

sured as total phosphorus, 
which includes both inorganic 
and organic forms of phos-
phorus. The concentration 
of total phosphorus in raw 
wastewater is quite variable 
from household to house-
hold. A 2008 survey of 17 
residences in three regions of 
the U.S. found total phospho-
rus concentrations ranging 
from 0.2 to 32 mg P/l with a 
median value of 10.4 mg/l. 
A 1991 study estimated that 
the average person in the US 
generates about 2.7 grams 
of phosphorus per day with 
approximately 59 percent of 
the phosphorus coming from 
toilets; 37 percent from sinks, 
showers, and appliances; and 
four percent from kitchen 
garbage disposals. Due to the 
1994 ban on phosphates in 
laundry detergents and the 
2010 ban affecting dishwash-
ing detergents the average 
amount generated per per-
son has decreased and it has 
been estimated that as much 
as 75 percent of phosphorus 
may now be contained in toilet 
wastewater. 
 
For toilet wastes, approxi-
mately two-thirds of the 
phosphorus is contained 
in urine, with the remain-
der found in feces. The 
total amount of phosphorus 

This satellite image shows the extent of a blue-green algae bloom in the western sec-
tion of Lake Erie in 2011. An unusually wet spring, which generated high levels of 
nutrients in runoff, followed by warmer weather contributed to the worst algal bloom 
in Lake Erie since the 1960s.
Photo credit: MERIS/NASA; processed by NOAA/NOS/NCCOS
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ents, phosphorus is not very 
mobile. In most cases, phos-
phorus is effectively retained 
in the soils below drainfields 
(or soil absorption systems), 
preventing much phospho-
rus from being released to 
streams and lakes. As a result 
phosphorus from onsite 
wastewater systems has his-
torically been lightly regu-
lated and added treatment for 
phosphorus reduction is still 
rare. The science underlying 
how phosphorus is retained by 
soils, however, is complex and 
varies with soil types. 
 
Some phosphorus is removed 
as the wastewater flows 
through the septic tank. Some 
studies have estimated that as 
much as 20 to 30 percent of 
phosphorus becomes part of 
the settled solids in the septic 
tank. A 2008 study indicated 
less than six percent removal 
of phosphorus occurs in septic 
tanks, however. The concen-
tration of total phosphorus in 
septic tank effluent, the liquid 
exiting the septic tank, var-
ies widely from household to 
household but the median 
value is approximately 10 
mg/l. 

As the wastewater leaves the 
septic tank and is dispersed to 
the unsaturated soil beneath 
the drainfield, phosphorus is 
retained due to two chemi-
cal processes: precipitation 
and adsorption. Precipita-
tion occurs when negatively 
charged phosphate anions 
react chemically with posi-
tively charged cations to form 
a solid mineral that is immo-
bilized in the soil. Common 
cations that react with phos-
phate to form minerals are 
iron (both Fe+2 and Fe+3), 
aluminum (Al+3), and calcium 
(Ca+2). Phosphate also reacts 
with oxides of iron, aluminum, 
and calcium to form stable 
phosphate-metal complexes.  
 
The extent to which precipita-
tion occurs in soil depends on 
a number of factors including 
soil pH, the oxidation/reduc-
tion status of the soil, the 
relative availability of cations 
to react with phosphate, and 
whether a soil is calcareous or 
non-calcareous. Calcareous 
soils are soils of marine origin 
that have a significant calcium 
carbonate content and tend to 
be alkaline in nature. Non-cal-

careous soils tend to be acidic 
rather than alkaline. Cations 
such as iron and aluminum 
that can react effectively with 
phosphate are generally more 
available in non-calcareous 
soils. Although phosphate 
reacts with calcium in calcar-
eous soils, it is more effec-
tively immobilized by iron and 
aluminum in non-calcareous 
soils.  
 
The other way phosphate 
is immobilized is through 
adsorption. Adsorption occurs 
when phosphate anions are 
attracted to and bind to posi-
tively charged mineral particle 
surfaces. Binding by adsorp-
tion is not as strong as pre-
cipitation reactions and is 
considered more reversible. 
Adsorption is limited by the 
number of adsorption sites 
available. The capacity for 
precipitation is also finite but 
can continue as long as cat-
ions are available and there is 
space in the soil for the pre-
cipitating solid.   
 
As with precipitation, adsorp-
tion is more effective in acidic 
environments than alkaline 
environments. Adsorption 

In many onsite wastewater systems, phosphorus (P) is effectively immobilized within the first two or three feet of soil below drain-
field trenches. This area has been referred to as the Phosphorus Rapid Attenuation Zone or Phosphorus Enrichment Zone. This is in 
contrast to the plume associated with other more mobile wastewater constituents such as nitrate (NO3

-) and chloride (Cl -). The 
extent of movement of phosphorus varies from system to system but is almost always less than that of NO3

- and Cl -.
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relies on negatively charged 
phosphate anions being 
attracted to positively charged 
surfaces including aluminum 
and iron oxides and hydrox-
ides and clay minerals. The 
surface charge of the minerals 
can vary under different con-
ditions. In alkaline conditions, 
such as in calcareous soils, 
the net surface charge is more 
likely to be negative in which 
case little or no adsorption is 
likely to occur. 
 
Precipitation and adsorption 
quickly and effectively retard 
the movement of phosphorus 
in many drainfield soils to the 
extent that there is a zone 
of phosphorus enrichment 
or accumulation within the 
first meter below the drain-
field lines. This zone, which 
includes the biomat, has been 
referred to as the Phosphorus 
Rapid Attenuation Zone.    
 
Precipitation and adsorption 
are less effective once any 
remaining phosphorus reaches 
groundwater. The movement 
of phosphorus in groundwater 
is still slower however than 
the movement of more mobile, 
less reactive anions such as 
nitrate and chloride. Studies 
that have plotted the move-
ment of groundwater plumes 
of septic system contaminants 
almost always show a con-
siderably longer plume for 
nitrates and chlorides com-
pared to phosphate, even in 
situations where conditions for 
phosphate immobilization may 
not be ideal. The extent to 
which phosphorus migration is 
retarded is variable and site-
specific. 
 
Nevertheless, there are cir-
cumstances where phosphorus 
from onsite wastewater sys-
tems can contribute to pollu-
tion of lakes or streams. Some 
of the factors that contribute 
to problem sites include:
• Calcareous soils;

• Coarse-grained soils such as 
sandy and gravelly soils that 
allow rapid flow rates;

• Households that gener-
ate more wastewater than 
their septic systems were 
designed to handle;

• Drainfields with thin soils, 
shallow bedrock, or high 
water tables;

• Systems with drainfields 
close to lakes or streams;

• Areas where onsite systems 
are densely sited;

• Systems where the septic 
tank effluent is not uni-
formly distributed across the 
drainfield; or

• Older or substandard sys-
tems such as cesspools, 
which may be in direct con-
tact with groundwater during 
part of the year. 

Problem areas often occur due 
to the combination of multiple 
factors. For example, numer-
ous lake-front communities 
with closely sited homes, with 
drainfields in sandy or gravelly 
soils close to the lake shore 
have experienced problems 
with noxious algal blooms. In 
cases such as these, where 
drainfield soils are not capable 
of immobilizing phosphorus, 
some additional action may be 
necessary in order to restore 
lake water quality. 

Phosphorus 
Reduction Options 
 
A number of options can 
be used in situations where 
phosphorus from onsite 
wastewater systems has been 
identified as a problem. These 
options can be categorized 
as source diversion, advanced 
treatment, and drainfield 
modifications. Because con-
cern with phosphorus from 
onsite wastewater systems 
is fairly recent treatment 
approaches are continuing to 
evolve. 

 
Source Diversion

Because 60 to 75 percent of 
phosphorus is contained in 
toilet wastewater, referred 
to as blackwater, remov-
ing the blackwater from the 
wastewater stream can greatly 
reduce the amount of phos-
phorus discharged from an 
onsite system. This has been 
achieved through the use of 
composting toilets, urine-
diverting toilets, and holding 
tanks. The remaining waste-
water in the household from 
other fixtures goes to the 
septic system or a grey water 
system. 
 
Composting toilets collect 
toilet waste in a chamber 
below the toilet. The system 
is designed so that the con-
tents compost or decompose 
biologically into a humus-
like material that needs to be 
removed periodically. There 
are a wide variety of models 
of composting toilets avail-
able including ones that use 
a small amount of flush water 
and are able to evaporate off 
any excess liquid that might 
interfere with the compost-
ing process. Because most 
composting toilets capture 
all of the blackwater they can 
potentially remove as much as 
75 percent of the phosphorus,  
 
The fully composted material 
must occasionally be removed 
by a service provider or the 
homeowner. Some states have 
rules regarding the accept-
able disposal of the compos-
ted material. Appropriate use 
or disposal of the compost is 
necessary so that the phos-
phorus problem is not simply 
transferred from one location 
to another.  
 
Urine-diverting toilets remove 
urine from the wastewater 
stream to then be disposed 
of separately. These toilets 
are constructed with a bar-
rier in the bowl that separates 
urine from solid toilet waste. 
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manufactured, and industrial 
by-products. Natural media 
include iron-rich soils and 
peat, which may be supple-
mented with additional mate-
rials to increase their affinity 
for phosphorus. Other natural 
materials that have been test-
ed include limestone, bauxite 
(aluminum ore), bentonite (a 
type of clay), and lignocellu-
lose fibers, among others. 
 
Manufactured materials 
include light-weight clay 
aggregates, which have been 
processed to expand the clay 
structure to provide greater 
surface area. Phosphorus 
removal for systems using 

light-weight aggregates have 
achieved greater than 90 per-
cent phosphorus removal in 
test facilities. Filtralite® and 
Utelite® are two brands of 
manufactured clay aggregates 
that have been used for phos-
phorus removal media.  
 
A wide variety of industrial by-
products have been investi-
gated for use in reactive media 
filters including different types 
of blast furnace or steel fur-

systems are still uncommon 
in the U.S., a number of units 
are available commercially. A 
variety of approaches to phos-
phorus reduction have been 
made but the most common 
method has been through the 
use of reactive media filters. 
These are modular units that 
are installed between the sep-
tic tank and the drainfield.
Media filters, such as sand 
or gravel filters, have been 
used for decades to provide 
an additional level of waste-
water treatment for onsite 
systems. The difference with 
phosphorus removal systems 
is that a medium or combina-

tion of media are added that 
react specifically to immobi-
lize phosphorus. Typically, the 
media contain some combi-
nation of iron, aluminum, or 
calcium compounds and the 
reactions are similar to the 
adsorption and precipitation 
reactions that occur in soil. 
The goal is to enhance and 
maximize the reactions in a 
more controlled environment.  
 
The types of media used have 
been categorized as natural, 

Urine is deposited in the 
front chamber and feces 
and toilet paper in the rear 
chamber. The front cham-
ber has a separate line that 
allows urine to be collected 
in a storage tank. The urine 
can be processed for use 
as either a liquid or a solid 
fertilizer. Because urine con-
tains about two-thirds of 
the phosphorus in blackwa-
ter, urine diversion has the 
potential to remove 35 to 50 
percent of phosphorus from 
residential wastewater. The 
effectiveness of the toilet 
at diverting urine depends 
upon the correct use of the 
toilet by the users. 
 
Urine-diverting toilets are 
not common in the U.S. at 
this time. However, they 
have been successfully used 
in other countries, particu-
larly in planned communi-
ties in Europe. Their use in 
the U.S. has been limited by 
their unfamiliarity and the 
lack of a well-established 
system to collect, process, 
and reuse the urine agricul-
turally. However, urine har-
vesting is beginning to draw 
more interest in the U.S. and 
this is expected to increase 
as the benefits of captur-
ing the nutrients in urine 
for agricultural use becomes 
more evident. 
 
In some cases, households 
may be permitted to divert 
their toilet waste to a hold-
ing tank. The contents of the 
tank must be periodically 
pumped and transported to a 
wastewater treatment plant. 
Many health departments 
view holding tanks as a last-
resort option and because of 
the cost of regular pumping 
this is an expensive option. 
With the use of a micro-flush 
toilet the intervals between 
pumping can be extended 
helping to reduce costs.   
 
Advanced Treatment
Although advanced treat-
ment systems for phos-
phorus reduction in onsite 

Separating urine from the wastewater of residences or public facilities through 
the use of urine-diverting toilets or urinals can potentially reduce phosphorus 
loading to onsite wastewater systems by as much as 50 percent.
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Research is also being con-
ducted on adding a layer of 
material with a high capacity 
for immobilizing phosphorus 
to the drainfield. These mate-
rials would be added to the 
drainfield trenches between 
the drainlines and the original 
soil. Numerous materials have 
been considered including 
replacing gravel used in drain-
fields with limestone or tire 
chips. The effectiveness of tire 
chips comes from exposure of 
the iron present in steel belts. 
Many of the media that have 
been suggested for use in 
reactive media filters such as 
imported iron or aluminum-
rich soils, industrial slag, or 
clay aggregates may also be 
candidates for incorporation 
into drainfield trenches. 
 
The criteria for these types 
of drainfield amendments 
include a sufficient capac-
ity to immobilize phosphorus 
and a texture that allows flow 
that is slow enough to provide 
adequate contact time but not 
so slow as to cause exces-

In soils that are determined to 
have an inadequate or mar-
ginal capacity, in addition to 
advanced treatment, modifica-
tion of the drainfield may also 
be considered.  
 
One modification that has 
been suggested for marginal 
soils is timed, pressurized 
dosing of septic tank efflu-
ent to equalize flow over the 
entire drainfield. This elimi-
nates the localized, saturated 
flow conditions that often 
occur after surge flows in 
conventional gravity-flow 
systems. Another suggestion 
has been the use of shallow 
dispersal options, especially 
the use of drip distribution 
systems in which the effluent 
is dispersed within the root 
zone of plants, which can then 
biologically take up phospho-
rus and incorporate it into 
plant tissue. These are more 
effective if any resulting non-
woody plants are occasionally 
harvested to prevent localized 
phosphorus accumulation. 

nace slags and alkaline fly ash 
from coal-fired power plants. 
The composition of industrial 
slags varies depending on the 
type of industrial process that 
generated the slag. A high 
rate of phosphorus removal 
has been documented using 
some slags. However, a draw-
back with some slags is that 
they generate a high pH in the 
water exiting the filter, which 
means an extra treatment step 
may be needed to neutralize 
the pH before final dispersal. 
 
Recently there has been much 
interest in the use of nano-
materials for phosphorus 
removal. As the overall surface 
area of a medium increases 
the number of attachment 
sites for phosphorus also 
increases. Because of the 
extremely small size of nano-
particles, the total surface area 
exposed is greatly increased, 
potentially giving these mate-
rials a much higher capac-
ity for phosphorus removal 
than other media. Iron-based 
nano-materials have been 
coated onto base media and 
have also been incorporated 
into resins that can be regen-
erated once their phosphorus 
removal capacity has been 
reached. As with other media, 
because the demand for 
phosphorus removal is fairly 
recent, research and knowl-
edge of the effectiveness and 
economic practicality of dif-
ferent media are continually 
developing. 
 
Drainfield Modifications
Because phosphorus related 
problems from septic systems 
have been perceived as rare, 
proposed sites for septic sys-
tems are seldom evaluated for 
their capacity to immobilize 
phosphorus. However, in the 
future, especially in sensitive 
watersheds or in the vicinity of 
an impaired water body, it is 
likely that soils may be evalu-
ated more frequently for their 
ability to capture phosphorus. 

Original Soil

Gravel

Perforated Distribution Pipe

Barrier Material

Soil Backfill

  Phosphorous
Removal Media

A number of media have been suggested for use in 
drainfield trenches to capture phosphorus. The medium 
is added between the bottom of the drainfield line and 
the trench bottom. A suitable medium must have a high 
capacity to immobilize phosphorus and sufficient per-
meability. Since it will eventually need to be replaced it 
should have as long a lifespan as possible. 
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sive ponding. Because the 
material will eventually need 
to be replaced it is impor-
tant that the material have a 
long lifespan so the need for 
replacement is infrequent. It is 
preferable if the spent material 
can be reused for horticultural 
or agricultural purposes. Cost 
considerations are, as always, 
a factor as well. 
 
Because the need for better 
control of phosphorus from 
onsite wastewater systems is 
a slowly emerging issue, the 
options for dealing with it are 
also continuing to develop. 
As the need to better protect 
water resources and rehabili-
tate nutrient-impaired water 
bodies becomes more neces-
sary it is likely that additional 
options for phosphorus con-
trol will also become available 
in the future.    
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EXECUTIVE SUMMARY 

Understanding and reducing sources of phosphorus pollution in the landscape includes 
evaluating and minimizing the phosphorus contribution from onsite systems to surface waters. 
Many phosphorus-management methods have been developed and tested for use in decentralized 
wastewater treatment. This project gathered information about the application, performance, 
cost-effectiveness, and other factors associated with each method.  

A range of phosphorus-management approaches was investigated: 

• Source reduction. Source reduction prevents phosphorus from entering wastewater streams 
by reducing or eliminating its use in domestic products and by reducing the amount of 
kitchen waste in wastewater. Source reduction results in wastewater that contains little more 
phosphorus than that from urine and feces.  

• Source diversion. Two-thirds or more of the phosphorus in domestic wastewater is 
contained in the blackwater, and about two-thirds of the phosphorus in the blackwater is in 
the urine. Therefore, roughly 50% of the phosphorus generated in the home is in the urine. 
Collecting urine and/or feces separately, with no water or very small amounts of flush water, 
makes it possible to transport them cost-effectively for treatment in a less-sensitive 
environment or to recycle them to agriculture. 

• Precipitation in the septic tank. If septic tank sludge is a significant sink for phosphorus, 
perhaps the removal potential in septic tanks could be improved. 

• Post-septic tank treatment. A wide range of phosphorus-removal methods applied to septic 
tank effluent was investigated, including small-scale chemical precipitation, sequencing 
batch reactors, packed-bed filters, constructed wetlands, and other biotic methods.  

• Design of the soil absorption system (SAS). Phosphorus uptake can be enhanced in the 
trenches or beds themselves and in the soil underneath.  

• Biotic sequestration. Biotic sequestration spans both post-septic tank treatment and the soil 
absorption system. A separate investigation was made of biotic sequestration methods using 
other organisms than the microbial communities that naturally arise in activated sludge or 
attached growth secondary treatment. 
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Method 

Representative methods in the categories identified above were identified through literature 
searches, conversations with practitioners, and consultation with the National Decentralized 
Water Resources Capacity Development Project (NDWRCDP). The most important criteria for 
evaluating the methods were identified as: 

• Proven track record 

• Phosphorus-management capability 

• Cost 

• System robustness 

• Phosphorus-recycling capability 

• Maintenance requirements 

• Familiarity to the user 

The seven criteria were weighted, with the highest weights awarded to cost, phosphorus-
management capability, and proven track record. Each of the methods evaluated was individually 
scored on a scale of one to five for each of the seven criteria on this list, with five being the best. 
The weighted average of the scores for all criteria was then calculated for each 
phosphorus-management method, with 5.8 being the highest possible weighted average. The 
scoring was conducted transparently, with a mixture of objective measures and professional 
judgement. Objective measures were used for phosphorus-management capability, cost, and 
maintenance. All the methods were ranked according to their weighted average scores to 
determine the most promising phosphorus-management methods overall. 

Results 

Twenty-three phosphorus-management methods were evaluated (see Table 3-1). All methods 
were initially ranked by their overall weighted average scores. Of all the criteria used, the least 
amount of data was found about phosphorus-recycling capability. To anchor the evaluations 
more firmly in available data, the phosphorus-recycling capability was excluded from the 
weighted average score. The most promising phosphorus-management methods are listed in 
Table ES-1. 

A sensitivity analysis was performed by removing each of the evaluation criteria in turn from the 
average score. All of the additional methods that made it into the top ten when various criteria 
were excluded from consideration ranked just below the top ten listed in Table ES-1; thus, the 
ranking is reasonably robust. 

Methods that use the soil absorption system comprise five of the top ten methods. All three 
source-reduction strategies are among the most promising methods for phosphorus management, 
showing that a method does not have to eliminate large amounts of phosphorus from the waste 
stream to be a top scorer if it excels with respect to other criteria. Microflush toilets enable 
diversion of around 75% of the phosphorus in domestic wastewater to holding tanks, from which 
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it may be treated in municipal plants or recycled in agriculture. Although lightweight aggregates 
were the only post-septic tank medium to rank among the most promising methods, two other 
methods—basic oxygen furnace (BOF) slag and PhosRid™ —show excellent potential. 

Table ES-1 
Most Promising Phosphorus-Management Methods Ranked by Weighted Average 
Score (excluding phosphorus recycling capability) 

Rank Method 
Weighted Average Score Excluding 

P Recycling Capability 

1 Comprehensive site assessment 5.3 

2 Design of long, narrow trenches 5.3 

3 Limestone as SAS medium 5.1 

4 
Phosphorus-free laundry 
detergent 4.9 

5 
Phosphorus-free dishwasher 
detergent 4.9 

6 Shallow SAS 4.8 

7 Eliminate garbage disposal 4.7 

8 Lightweight aggregates 4.6 

9 Microflush toilet 4.6 

10 Tire chips as SAS medium 4.5 

Contribution to Knowledge Base 

This project collects and reviews representative portions of state-of-the-art 
phosphorus-management methods for decentralized wastewater systems. The approach 
documents the potential for phosphorus removal, reduction, and recycling, from before the 
beginning of the pipe (use low-phosphate detergents) to after the end of the pipe (site the soil 
absorption system where phosphorus uptake capability in the soil is highest). Costs of each 
method and benefits other than phosphorus management are also documented. Each approach to 
phosphorus management, from source reduction to soil absorption system design, was 
represented among the most promising methods, except for precipitation in the septic tank and 
biotic sequestration. 

Source diversion methods that close the nutrient loop by recycling phosphorus from urine or 
blackwater to agriculture have been researched and tested in Europe in the last decade. By 
documenting performance of methods that use “waste” phosphorus as a resource, this project 
helps broaden the national discussion of phosphorus-management strategies for decentralized 
systems.  
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The research and demonstration needs documented in this project provide guidance for further 
developing phosphorus-management methods and demonstrating their feasibility. 

Implications for Application 

The method summaries presented in the report and the detailed information presented in the 
evaluation forms for individual methods may be useful to anyone who wants to learn more about 
phosphorus management in small systems, and particularly to community decision makers and 
members of the public who want to learn more about specific phosphorus-management methods. 
Watershed planners, regulators, management entities, and others can use the method summaries 
and ranking tables to understand the pros and cons of implementing different 
phosphorus-management strategies within their jurisdictions. The methods for improving soil 
absorption system design may be of particular interest to regulators in charge of writing rules and 
technical standards for onsite system design and installation.  

With the exception of the source reduction strategies and some of the soil absorption system 
design methods, nearly all of these methods require some form of maintenance or management 
in order to successfully manage phosphorus in the long term. This finding has important 
implications for watershed managers, regulators, and management entities interested in 
managing phosphorus from decentralized wastewater systems. 

Research and Demonstration Needs 

Based on the results of this project, ten areas for research and demonstration are recognized, and 
the top five include: 

• Demonstrate microflush toilets in terrestrial applications. (In the US, microflush toilets have 
been used almost exclusively on boats and ships.) 

• Identify general properties of a sorbent that make it useful for phosphorus removal 

• Demonstrate packed-bed filter media 

• Continue developing nanoparticle selective resins 

• Develop a vulnerability index for phosphorus breakthrough in soil absorption systems
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1 INTRODUCTION 

1.1 Importance of Phosphorus in Aquatic Ecosystems  

In the 2000 National Water Quality Inventory (US EPA 2002), nutrient enrichment is identified 
as a leading cause of water-quality impairment in surveyed waters of the US. Pollution of surface 
waters with nutrients accelerates eutrophication, which is the process by which the biological 
productivity of water bodies increases in response to increased nutrient concentrations 
(Vollenweider 1968; Horne and Goldman 1994). 

In temperate regions, phosphorus (P) is the nutrient primarily responsible for accelerating 
eutrophication of freshwaters, because phosphorus is usually in limited supply relative to plant 
demand (Schindler 1977; Hecky and Kilham 1988). Plants require phosphorus for the synthesis 
of genetic material, phospholipid membranes, and compounds essential to metabolism (Wetzel 
1983). Several factors result in low concentrations of phosphorus in temperate freshwaters 
relative to other potentially limiting nutrients. Phosphorus has no common gaseous form, 
whereas carbon and nitrogen gases in the atmosphere dissolve in surface waters and become 
fixed by photosynthetic and nitrogen fixing organisms (Schindler 1977; Levine and Schindler 
1989). In addition, the affinity of phosphorus for the particulate phase results in rapid 
sedimentation of phosphorus from the water column. Given the relative scarcity of phosphorus in 
aquatic systems, rates of biological production tend to be balanced with inputs of phosphorus. 

In eutrophying rivers, lakes, and wetlands, an increase in dissolved, biologically available 
phosphorus causes increased production of algae and higher aquatic plants (Ryding and Rast 
1989). As aquatic systems become eutrophic, there are shifts in the aquatic food web structure 
and the species composition of fish, plant, microbe, and invertebrate communities (Tilman et al. 
1982; Pace and Funke 1991). Algal blooms may become frequent, fish kills may occur due to 
dissolved oxygen depletion, and exotic species often proliferate (Cooke et al. 1993). 
Physico-chemical characteristics associated with eutrophication include reduced water clarity, 
increased sedimentation, and dissolved oxygen depletion in the water column and sediments. 
Eutrophic water bodies may produce noxious odors, unpalatable drinking waters, and toxic algal 
blooms (Cooke et al. 1993; Ryding and Rast 1989). Higher levels of trihalomethanes, potentially 
carcinogenic byproducts of chlorine disinfection, have been reported in drinking water when 
source waters are eutrophic (Palmstrom et al. 1988). This deterioration in water quality limits 
recreational and water supply uses of surface waters (Sharpley et al. 1994; US EPA 2002).  

Management of lake eutrophication in North America and Europe is based on controlling 
phosphorus loading (Hecky and Kilham 1988; Carpenter et al. 1995). Wastewater inputs are a 
major source of phosphorus pollution in aquatic ecosystems. Since passage of the Clean Water 
Act in the US in 1972, there has been considerable focus on reduction of phosphorus levels in 
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effluent from public wastewater treatment plants in the US; however, the evaluation of the 
environmental impacts of onsite wastewater treatment systems has received much less attention. 
The contribution of onsite wastewater treatment systems to phosphorus loads at the watershed 
scale is difficult to measure. Based on the strong affinity of soils for phosphorus, phosphorus 
loading to surface waters from functioning conventional onsite systems is often assumed to be 
minimal. However, a growing body of research challenges the assumption that conventional 
onsite systems relying on a septic tank and soil absorption system (SAS) for phosphorus 
management are adequate to prevent impairment of surface waters in the long term (see section 
1.2.2).  

Understanding and managing sources of phosphorus pollution in the landscape necessitate 
evaluating and minimizing the phosphorus contribution from onsite systems to surface waters. 
This handbook describes the nature of the problem and synthesizes recent research to elucidate 
how different treatment options affect the risk of phosphorus pollution from onsite systems. 

1.2 Contribution of Decentralized Wastewater Treatment Systems to 
Phosphorus in Surface Water 

Conventional onsite wastewater treatment systems are gravity-flow systems consisting of a 
septic tank, a distribution box, and a subsurface soil absorption area to treat and disperse effluent 
in the subsurface soil. As effluent from the septic tank percolates into the soil, phosphorus is 
removed through a variety of chemical reactions in the soil. Adsorption and precipitation 
reactions occur for a period that may effectively retain wastewater phosphorus in the soils 
without leaching to the water table aquifer (Gold and Sims 2000). Phosphorus is adsorbed to 
soils by reaction with clay minerals, aluminum and iron oxyhydroxides, manganese, and calcium 
carbonate. Phosphorus is precipitated in a relatively insoluble mineral phase through reaction 
with metal ions contained in the effluent and the soil such as aluminum, manganese, calcium, 
and iron. Soils differ in their capacity to complex phosphorus based on their composition and 
structure. Fine-textured soils generally have a higher sorption capacity for phosphorus than 
sands. The sorption capacity of all soils is, however, finite; when the reactions that complex 
phosphorus in the soil reach equilibrium, phosphorus will migrate further toward groundwater or 
surface water receptors. 

The efficiency of phosphorus retention in conventional soil absorption systems is dependent on a 
host of factors related to the system design, use, and maintenance, as well as to characteristics of 
the effluent dispersal site. These factors are a critical area of research. Three broad categories of 
factors affecting the fate and transport of phosphorus from onsite systems are: 

1. Characteristics of the wastewater stream—the rate and timing of the wastewater flow and its 
chemical composition, particularly its phosphorus and major cation concentrations. 

2. Site characteristics, including soil properties that affect the retention and release of 
phosphorus, hydraulic conductivity of the vadose zone and aquifer materials, water table 
elevations and fluctuations relative to the dispersal units, and proximity of the SAS to surface 
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waters. Site conditions that create short, predominantly lateral flow paths increase the 
potential for significant phosphorus loading to adjacent surface waters. 

3. System design and maintenance, particularly the uniformity of wastewater distribution to the 
SAS and the regularity of septage pumping. Uniformly distributing wastewater takes 
advantage of the full volume of soils in the vadose zone for phosphorus complexing 
reactions, resulting in lower phosphorus loss to groundwater than non-uniform distribution 
systems (Gold and Sims 2000).  

1.2.1 Phosphorus Generated in Homes 

Phosphorus is contained in urine, feces, food wastes, and some household products. The average 
individual contributes 2.0 – 4.5 grams per person, per day (g/person/day) to wastewater 
(Vinnerås, Submitted; Crites and Tchobanoglous 1998).  

1.2.2 Transport of Phosphorus From Decentralized Wastewater Treatment 
Systems to Surface Water 

Under certain conditions, significant quantities of phosphorus have been demonstrated to escape 
to water bodies from onsite systems. Bicki et al. (1984) attribute most cases of surface water 
contamination with phosphorus from onsite systems to adverse site conditions: systems that are 
located proximate to surface waters or where drainage tile or drainage ditches intercept 
groundwater before soil treatment is complete. Site conditions that create short, predominantly 
lateral flow paths—such as high water tables and restrictive layers underlying shallow, 
coarse-textured soils—increase the potential for significant phosphorus loading to adjacent 
surface waters. 

Poorly designed, maintained, or sited systems may pose an immediate risk to human health and 
adjacent surface waters. The principal pathways for phosphorus transport from onsite systems to 
surface waters are through surfacing of wastewater resulting from system failure and through 
shallow groundwater flow (Gold and Sims 2000). Surfacing septic tank effluent presents risks to 
the environment and human health beyond phosphorus pollution; failed systems result from 
exceptionally poor design, maintenance, and/or siting. Systems that appear to function properly 
may nonetheless pose an increased risk to the environment as they age, due to exhaustion of the 
phosphorus-sorption capacity of the soils overlying the water table and subsequent transport of 
phosphorus to receiving waters in shallow groundwater flow.  

In an investigation of ten “mature” septic systems, Robertson et al. (1998) found that phosphorus 
retention in the vadose zone ranged from 23 to 99%. From the standpoint of phosphorus 
transport, the system that was only able to retain 23% of the wastewater phosphorus has clearly 
outlived its useful life, while the system retaining 99% may still be functioning optimally. A 
better understanding of the factors affecting phosphorus transport from onsite systems may 
enable predictions of the lifespan of different system designs in different hydrologic and 
geochemical settings (including soil type). 
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1.3 Phosphorus Recycling Versus Removal  

An aspect of phosphorus management that is receiving increased attention is the potential for 
phosphorus recovery from wastewater (Phosphates: A Sustainable Future in Recycling 1998; 
Recovery of Phosphates for Recycling 1998). The traditional phosphorus cycle, where 
phosphorus in agricultural fields is used to produce crops consumed by humans and livestock 
and is recycled back to the land in manure, no longer operates in many developed areas of the 
world. The cycle has been largely replaced by a linear, throughput system, where phosphorus for 
agricultural and industrial use is mined from non-renewable deposits of phosphate rock, and 
phosphorus in human animal wastes is managed as a pollutant as opposed to a resource. In rural 
areas where land application of animal and livestock wastes is still a viable option, this practice 
is a cost-effective form of phosphorus recycling. In more developed areas where direct 
application of wastes is not feasible, there are now technologies available that can recover 50 to 
80% of the phosphorus from wastewater in a usable form for agriculture and industry  
(Recovery of Phosphates for Recycling 1998).  

Nutrient recycling is the motivation behind much of the European work on the methods 
examined in Section 2.2 (for example, Skjelhaugen 1999; Höglund 2001; Vinnerås 2002).  

1.4 Phosphorus-Management Methods  

In keeping with the “soft path” approach to wastewater treatment (Nelson 2003), which uses a 
variety of different means to achieve a given end most efficiently, a range of phosphorus-
management approaches, from source reduction to soil absorption system design, was examined. 

Phosphorus-management approaches examined include: 

• Source reduction 

• Source diversion 

• Precipitation in the septic tank 

• Post-septic tank treatment 

• Design of the soil absorption system 

1.4.1 Source Reduction 

Source reduction prevents phosphorus from entering wastewater streams by reducing or 
eliminating its use in domestic products and by reducing the amount of kitchen waste in 
wastewater. Source reduction results in wastewater that contains little more phosphorus than that 
from urine and feces.  
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1.4.2 Source Diversion 

Two-thirds or more of the phosphorus from domestic wastewater is contained in the blackwater, 
and about two-thirds of the phosphorus in the blackwater is in the urine. Therefore, roughly 50% 
of the phosphorus generated in the home is in the urine. (The distribution of phosphorus in 
domestic waste streams is discussed in detail in section 2.2.) Three types of source diversion 
methods were investigated: 

1) Holding tanks for blackwater and separate treatment of graywater, used with toilets with 1.0 L 
water per flush or less. 

2) Composting of feces and separate treatment of graywater. 

3) “No-mix” toilets, which keep urine separate from feces. With these toilets, quantities of 
blackwater or so-called yellowwater (urine plus flush water) can be kept small. 

Trucking the small amounts off site for treatment in less-sensitive areas or even for nutrient 
recycling to agriculture is much more attractive than with conventional fixtures and holding 
tanks. 

1.4.3 Precipitation in the Septic Tank 

If septic tank sludge is a significant sink for phosphorus, perhaps the removal potential in septic 
tanks could be improved. 

1.4.4 Post-Septic Tank Treatment 

A wide range of phosphorus-removal methods has been applied to septic tank effluent, including 

• Small-scale chemical precipitation 

• Sequencing batch reactors 

• Packed-bed filters 

• Constructed wetlands 

• Other biotic methods 

Representative methods from each of these areas were examined, including numerous materials 
for packed-bed filters.  
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1.4.5 Design of the Soil Absorption System 

Phosphorus uptake can be enhanced in the trenches or beds themselves and in the soil 
underneath.  

1.5 Methodology 

1.5.1 How Methods Were Identified for Inclusion 

Representative methods in the categories identified above have been identified through literature 
searches, conversations with practitioners, and consultation with the client: members of the 
Subcommittee on Environmental Science and Engineering for the National Decentralized Water 
Resources Capacity Development Project (NDWRCDP).  

This section describes the means used to identify phosphorus-management methods for each 
category. 

1.5.1.1 Source Reduction 

Reducing phosphate levels in laundry detergents and dishwasher detergents, plus handling 
organic kitchen wastes through some method other than a garbage grinder, are the source 
reduction methods that the research team was aware of before starting the project. No further 
search was conducted. 

1.5.1.2 Source Diversion 

One of the authors has been involved with source diversion in the countries where it has received 
a great deal of attention (Sweden, Norway, Germany, and Switzerland) since the early 1990s. 
This author’s related activities include organizing (Etnier and Guterstam 1997; Staudenmann  
et al. 1996) and attending international conferences that address the subject, translating some of 
the literature into English (for example, Ridderstolpe 1999), publishing evaluations of the 
systems (Etnier et al. 1997; Refsgaard and Etnier 1998; Etnier and Refsgaard 1998), and editing 
a newsletter (EcoEng), which regularly publishes new information on source diversion. His 
contacts were used to identify the latest research results in source diversion. 

1.5.1.3 Precipitation in the Septic Tank 

Standard wastewater literature was consulted, along with references from Gold and Sims (2000), 
and a limited additional literature review was performed. The initial data examined showed so 
little promise for using primary treatment in the septic tank as a method for removing significant 
amounts of phosphorus that a more extensive literature review was not carried out; only around 
five percent reduction was generally found. 

1-6 



 

Introduction 

1.5.1.4 Post-Septic Tank Treatment 

The focus for this category was on methods that did not produce large amounts of sludge to be 
hauled away. Methods were identified through a review of papers presented at recent 
conferences and trade shows—National Onsite Wastewater Recycling Association (NOWRA) 
and American Society of Agricultural Engineers (ASAE)—and conversations with directors of 
test centers like NSF International (Tom Bruursema) and the Massachusetts Alternative Septic 
System Test Center (MASSTC) (George Heufelder). These sources were complemented by 
selective Internet searches to follow up on specific types of methods. Inquiries with leading 
onsite wastewater researchers in Sweden and Norway were used to identify the recent 
Scandinavian literature. 

1.5.1.5 Design of the Soil Absorption System 

One of the authors has great familiarity with the methods of phosphorus uptake in soils through 
his research and teaching at the University of Missouri, as Director of the Missouri Wastewater 
Small Flows Research/Training Center, and as Director of Historical Sanborn Field, which is the 
third oldest continuous research field in the world. He has also published numerous papers 
(Miles 1998; Miles and West 2001) on soil evaluation and onsite wastewater treatment systems. 
His overview of the literature, augmented by a limited additional literature search, was used to 
identify ways to improve treatment in the soil absorption system. The methods identified also 
built on the work of Gold and Sims (2000). 

1.5.1.6 Biotic Sequestration 

Biotic sequestration spans both post-septic tank treatment and the soil absorption system. A 
separate investigation was made of biotic sequestration methods using organisms other than the 
microbial communities that naturally arise in activated sludge or attached growth secondary 
treatment. These methods, which are placed between the septic tank and the SAS or are a part of 
the SAS, were identified through a literature search using ISI Web of Science and other journal 
databases. In addition, a researcher who has decades of experience using biotic methods to treat 
wastewater (Todd 1986; Todd 1996; Todd et al. 2000; Todd 2000) canvassed his colleagues 
around the world to assess what they know about biotic methods for phosphorus management. 

1.5.2 How the Phosphorus-Management Methods Were Evaluated 

Phosphorus-management methods were evaluated according to the following criteria:  

• Phosphorus-management capability. Does the method substantially reduce the phosphorus 
in the effluent?  

• Cost. What are the costs for the installed system and the life-cycle costs over thirty years? 
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• Phosphorus-recycling capability. Is the phosphorus removed from the wastewater in a form 
that facilitates recycling to agriculture? (Recycling capability applies only to that phosphorus 
which is removed from the wastewater; a method may have a low capture rate but high 
recycling capability.) 

• Robustness of the system. Can the system reliably remove phosphorus in a variety of 
wastewater loading situations (high/low volume/strength) and/or handle surges in loading, as 
with homes occupied on weekends only? 

• Maintenance requirements. How frequently is maintenance required and how difficult is 
the maintenance? 

• Proven track record. Has this method been used over the years and is it consistent in its 
performance? 

• Impact on landscape. Does the method have a small or large footprint? Is it too intrusive or 
aesthetically unpleasant? 

• Energy requirements. Does the system require a large or small energy input on a 
continuous or periodic basis? 

• Site limitations. Is the method limited by soils or other site considerations? 

• Familiarity to the user. Does the method require toilets that are not in standard use, for 
example, composting toilets or no-mix (urine-diverting) toilets? 

Where feasible, the evaluations were performed using standardized evaluation forms (Appendix 
A). The sections on the septic tank, the soil absorption system, and biotic methods do not include 
specific products, so they were written directly in a literature review format, without evaluation 
forms. 

This report focuses on options that work technically, with consideration of the role of the user in 
the technical system. No attempt was made to investigate where the options may be permitted by 
wastewater regulations. It is up to the regulatory community to decide which of these options to 
permit in their jurisdictions. 

1.5.3 How the Most Promising Methods Were Ranked 

To determine the most significant of the ten criteria above, two of the authors independently 
rated the importance of the criteria. Input was also received at a meeting of people working on 
water-quality issues for phosphorus-sensitive Table Rock Lake, Missouri. The meeting was 
attended by state regulators, a retired civil environmental engineer, the head of Table Rock 
Water Quality, Inc. (TRWQ), and three local citizens who serve on the TRWQ board. The list 
was expanded in discussion with the NDWRCDP. Finally, the criteria were given the following 
weights: 
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Table 1-1 
Weighting of Criteria 

Criterion Weight 

Proven track record 1.3 

Phosphorus-management capability 1.3 

Cost 1.4 

Robustness of system 1.0 

Phosphorus-recycling capability 1.0 

Maintenance requirements 1.1 

Familiarity to the user 1.0 

Each of the methods evaluated was scored on a scale of one to five for each of the criteria on this 
list, with five being the best. The weighted average of the scores for all criteria was calculated 
for each phosphorus-management method. The highest attainable weighted average score using 
the weights in Table 1-1 is 5.8. 

The scoring was done with a mixture of objective measures and professional judgement. 
Objective measures were used for phosphorus-management capability, cost, and maintenance. 

Phosphorus-management capability was rated using the system in Table 1-2. Methods for which 
management capability varied across the categories were rated according to their capability when 
functioning best. For example, package treatment units with chemical dosing were rated 
according to removal when dosing functions as designed, even if field performance shows that 
dosing varies. Variations in management capability are reflected in the criteria of robustness and 
maintenance requirements. 

Table 1-2 
Evaluation System Used for Phosphorus-Management Capability 

Percentage Phosphorus Removed Points  

81–100 5 

  61–80 4 

  41–60 3 

  21–40 2 

    0–20 1 
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Costing begins from a baseline system consisting of conventional plumbing and fixtures, a septic 
tank, and a soil absorption system. A method that has no additional cost starts out with a point 
value of 5. If a method costs more than that, for installation plus ongoing maintenance, then 
points were subtracted according to Table 1-3. For example, a system that costs $7,000 more to 
install than the baseline system and has no additional maintenance requirements receives a rating 
of 5-2=3. Life-cycle costs were calculated over a 30-year lifetime. A publication of results from 
a computer program that assists users in computing Costs of OnSite Management Options 
(COSMO), was used as a guide (Hoover 1997). For example, the discount rate COSMO uses for 
future operation and maintenance (O&M) expenditures was used in the life-cycle cost (net 
present value) calculations. Where costs for a phosphorus-management method or its O&M were 
not directly obtained, estimates were constructed using costs from COSMO. The cost estimates 
used from COSMO were updated to account for inflation since 1997 and verified in a discussion 
with Jerry Stonebridge, who is an onsite system installer and maintainer. 

Table 1-3 
Evaluation System Used for Cost 

Added Life-Cycle Cost ($) 
Points 

(Subtracted From 5) 

1–5,000 −1 

5,000–10,000 −2 

10,000–15,000 −3 

15,000+ −4 

For maintenance, the baseline system was again given a score of 5. Points were subtracted for 
different amounts of maintenance, according to Table 1-4. For example, a system that requires a 
major component to be replaced every three years, plus chemical addition every week, would get 
a 5-2-1=2 for a score. 

The other scores were more subjective. Comments for each score show why the authors chose 
that score. The intention was to be completely transparent about the rating system, so that the 
reader could repeat the scoring and change those scores that he or she disagrees with. The tables 
with the scores for the different methods are included in each section. 
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Table 1-4 
Evaluation System Used for Maintenance 

Major Component Replacement 

Interval Points (Subtracted from 5) 

Every 0–2 years −3 

Every 2–5 years −2 

Every 5–10 years −1 

Every 10 + years    0 

Major Visits 
(Septage Pumping, More Than Just Simple Water-Quality 

Monitoring, Not Including Component Replacement) 

Interval Points (Subtracted from 5) 

2+ times per year −3 

Every 1–3 years −2 

Every 3+ years    0 

Minor Visits 
(Such as Routine Refilling of Chemical) 

Interval Points (Subtracted From 5) 

Monthly or more −1 

Monthly or less    0 

Based on these scores and the weighting factors above, a weighted average was calculated for 
each method. For those methods for which one or more criteria were not scored, the weighted 
average was based on the criteria that were scored, and the weighted average was marked with 
one or more asterisks to indicate that it was based on incomplete scoring. 

1.5.4 Quality Assurance 

This project used only secondary data; the project team collected no new measurements. To 
ensure that quality objectives were met, a Quality Assurance Project Plan (QAPP) was written 
and followed for this project (Stone Environmental 2004). Evaluations of key secondary data sets 
for phosphorus-management methods are documented in Etnier et al. (2005).
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2 METHODS EXAMINED 

2.1 Source Reduction 

Several methods for reducing the amount of phosphorus (P) that enters decentralized wastewater 
systems were investigated, including the use of phosphorus-free laundry detergents, the use of 
phosphorus-free dishwashing detergents, and the elimination of household in-sink garbage 
disposals. Sources examined in this section of the report included government reports; 
peer-reviewed papers; websites of watershed, lake, and river associations; and professional 
e-mail listservs. 

2.1.1 History of Phosphorus Source Reduction in the US 

Powdered laundry detergents that were developed for washing machines after World War II 
contained high levels of sodium tripolyphosphate (as much as 60% by weight, or about 15% by 
weight as phosphorus) as a builder (Litke 1999). Builders neutralize hardness in water so that the 
surfactants in the detergent can function. The use of phosphorus in synthetic detergents peaked in 
1967 at 220,000 metric tons (US Congress 1970). The detergent industry in the US voluntarily 
agreed to limit phosphorus in detergents to 8.7% by weight in 1970 (Litke 1999). Although no 
federal legislation restricting phosphorus levels was passed, many states introduced total or 
partial bans on phosphorus in laundry detergents in the 1970s and 1980s as part of their response 
to increasingly eutrophic surface water conditions, particularly in eastern coastal areas and in the 
Great Lakes states. These bans typically restricted phosphorus levels in laundry detergents to 
0.5% or less by weight. The reduction of phosphorus content in laundry detergents from 8.7% 
phosphorus by weight to 0.5% or less resulted in an average wastewater influent phosphorus 
reduction of 59% (2.4 g/person/day) (US EPA 2002).  

A total of 27 states and the District of Columbia introduced total or partial bans on phosphorus in 
laundry detergents between 1970 and 1995 as part of their response to increasingly eutrophic 
surface water conditions. These bans, however, did not extend to dishwashing detergents (Litke 
1999; Jones and Hubbard 1986). In many cases, a limit of 8.7% phosphorus by weight was 
instituted for dishwashing detergents and other household cleaning agents (Jones and Hubbard 
1986). Now that automatic dishwashers are common fixtures in American households, several 
states (most notably Massachusetts, Michigan, and Minnesota) are considering extending the 
phosphorus ban to include household dishwashing detergents. Several phosphorus-free automatic 
dishwashing detergents are already on the market, although they generally cost more than 
mainstream detergents. 
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Household garbage disposals, or garbage grinders, shred food scraps, vegetable peelings and 
cuttings, bones, and other food wastes, allowing them to flow into the wastewater treatment 
system (US EPA 2002). For any onsite system, the installation of a garbage disposal causes 
faster buildup of scum and sludge layers in a septic tank and increased risk of organic 
overloading in the soil absorption system (SAS) due to higher total suspended solids (TSS) 
concentrations in the effluent (US EPA 2002). Although the primary concern with garbage 
disposals involves increased biological oxygen demand (BOD), which is a measure of organic 
matter, and TSS loadings, they also increase total phosphorus loadings by 2 to 10%, or 
approximately 0.16 g/person/day (US EPA 2002). Eliminating garbage disposals not only 
reduces the amount of phosphorus entering the system, but also improves system performance by 
reducing organic loadings, pumping frequencies, and the risk of premature system failure. Some 
other provision does need to be made for the kitchen waste, such as on-lot composting or 
curbside pickup for composting. 

2.1.2 Potential for Further Phosphorus Reduction 

Although it is generally agreed that the industry phased out the use of phosphorus in domestic 
laundry detergents by about 1994 (Litke 1999), Rohrer (1999) reports that states with phosphorus 
bans still had problems in the early 1990s with high-phosphorus laundry detergents being sold, 
and enforcement efforts were still necessary. No indication has been found that laundry detergent 
is a significant source of phosphorus in domestic wastewater today, but there does not seem to be 
much enforcement activity. The state bans and eventual nationwide phase-out of phosphorus in 
laundry detergent are a success story for phosphorus management using source reduction. 
Preventing the re-emergence of phosphorus-containing laundry detergents represents the greatest 
potential for this method of source reduction. Since the US is increasingly importing products 
from countries with less strict environmental rules and there is little evidence of enforcement of 
phosphorus bans, it is conceivable that present gains might be rolled back without being 
detected.  

In the early 1970s, when phosphorus limits for laundry detergent were set, automatic 
dishwashers were relatively uncommon and there was not a perceived need to severely limit or 
ban phosphorus in dishwashing detergents. Now that dishwashers are common in many homes, 
efforts are underway in several states to ban phosphorus in dishwashing detergents as well 
(Rohrer 1999; Stucky 2003; Tip of the Mitt Watershed Council 2000; Organization for the 
Assabet River 2003). Restrictions on the phosphorus content of dishwashing detergent similar to 
those for laundry detergent, limiting phosphorus content to 0.5% or less by weight, would result 
in an average wastewater influent phosphorus reduction of 23% (0.61 g/person/day) (US EPA 
2002). The universal use of phosphorus-free dishwashing detergent would reduce phosphorus in 
the waste stream by only an additional 1% (0.04 g/person/day).  

Not installing garbage disposals in new construction or during remodeling has the potential to 
reduce the phosphorus load by 0.05 to 0.27 g/person/day, or 2 to 10% of the typical domestic 
phosphorus load. The same reduction would be possible by removing or incapacitating garbage 
disposals where they exist. Not installing a garbage disposal represents a cost savings, while 
removing or incapacitating an existing garbage disposal may cost money and/or causes an 
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alteration in the user’s habits that the user may be unwilling to make. The do-not-install option 
only was evaluated under this project. 

2.1.3 Tools to Use 

Most of the methods available to reduce the amounts of phosphorus entering onsite systems are 
regulatory- and policy-related tools. In addition to the existing state laws restricting the 
phosphorus content of laundry detergents, any of the following tools could prove effective: 

• Federal legislation limiting or banning phosphorus in laundry detergents  

• State or federal legislation limiting or banning phosphorus in dishwashing detergents and 
other cleaning agents 

• Limiting or banning phosphorus in commercial/industrial cleaners and detergents 

• Incentive or discount programs encouraging consumers to purchase phosphorus-free 
detergents and cleaners 

To avoid new garbage disposals, the following tools may be used: 

• Banning new garbage disposals anywhere in a jurisdiction, using wastewater ordinances or 
plumbing codes 

• Attaching a ban on garbage disposals for specific residences to deeds and/or to revocable 
onsite wastewater treatment system operating permits (EPA management level 3, US EPA 
2003) 

• Instituting a pick-up and composting service for household organic waste (particularly 
important in urban areas where onsite composting is more challenging) 

2.1.4 Evaluation 

Table 2-1, Table 2-2, and Table 2-3 indicate how the team scored the methods evaluated. An 
explanation of the scoring is in section 1.5.2. 

The most important data sources used for research on eliminating garbage disposals, 
phosphorus-free laundry detergents, and phosphorus-free dishwasher detergents were all given a 
High confidence-level rating, using the scale developed as part of this project’s Quality 
Assurance Project Plan (QAPP) (Etnier et al. 2005).  
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Table 2-1 
Evaluation of Eliminating Garbage Disposals 

Criterion Score Comment 

Proven track record 5 Designers/regulators have been aware of increased P from 
garbage disposals since the 1950s, and households have 
disposed of organic waste without garbage disposals for 
millennia. 

Phosphorus-
management capability 

1 Removal of garbage disposals results in a decrease of only 2 
to 10% of the total average loading. 

Cost 3–5 Not installing a garbage disposal creates no additional 
construction cost to the system, and may actually save 
money because less septic tank capacity is necessary and 
the garbage disposal costs money. Where composting on 
site is difficult to implement, a family of four may spend 
$500/year for curbside compost pickup. 

Robustness of system 5 The alternative can be used on any system, regardless of 
design flow, application, or climate. 

Phosphorus-recycling 
capability 

5 If kitchen waste is composted, its P is easily available for 
plant uptake.  

Maintenance 
requirements 

5 None. 

Familiarity to the user 3 In order to compost kitchen waste, the user must separate 
waste streams and maintain a compost pile (if municipal 
pickup is not an option). 

Weighted Score 4.4 – 4.8  
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Table 2-2 
Evaluation of Phosphorus-Free Laundry Detergents 

Criterion Score Comment 

Proven track record 5 Used in households since the 1970s. Millions of containers 
sold. 

Phosphorus-
management capability 

1 In states with limits, moving from 0.5% P to 0% P results in 
reductions of 0.15 g P/person/day (about 6% of influent P) 

Cost 5 Currently no significant price difference. 

Robustness of system 5 Applies to any flow volume. 

Phosphorus-recycling 
capability 

5 This P never enters the system and thus does not need to be 
recycled. 

Maintenance 
requirements 

5 No maintenance requirements 

Familiarity to the user 4 May require user to choose appropriate detergent in states 
where bans have not been enacted. 

Weighted Score 4.9  

 
Table 2-3 
Evaluation of Phosphorus-Free Dishwasher Detergents 

Criterion Score Comment 

Proven track record 5 P-free dishwasher detergents have been used for years. 

Phosphorus-
management capability 

2 Reduction from 8.5% P by weight to 0.5% removes avg. of 
0.61 g P/person/day (approximately 20% of average influent 
P) from waste stream for households with dishwashers. 

Cost 4 Currently, P-free detergents cost more than those containing 
P. Removing P from detergents could increase consumer 
cost approximately $0.70 per box. 

Robustness of system 5 Applies to any flow volume. 

Phosphorus-recycling 
capability 

5 Removing P from dishwashing detergent means that this P 
never enters the system and does not need to be recycled. 

Maintenance 
requirements 

5 No maintenance requirements. 

Familiarity to the user 4 May require user to choose appropriate detergent. 

Weighted Score 4.9  
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2.2 Source Diversion 

Separate treatment of different streams of domestic wastewater makes it possible to isolate those 
streams where phosphorus is the most concentrated. The primary division of domestic 
wastewater streams is into blackwater and graywater, where blackwater is from the toilet and 
graywater is from everything else. Where urine-diverting toilets with separate flushes for the 
urine and fecal component are used, the blackwater is further classified into “yellowwater” (the 
urine component) and “brownwater” (the fecal component). 

Where low-phosphate or phosphate-free laundry and dishwasher detergents are used, the toilet 
comprises the greatest source of phosphorus in the house. Microflush toilets, using less than a 
half gallon per flush (some using less than a cup of water), can help keep the blackwater 
concentrated enough so that a holding tank becomes a much more economical option than if it is 
used for all wastewater. Composting the feces and urine on site is another way to segregate the 
phosphorus from the toilet.  

Of the phosphorus in the toilet, two-thirds comes from the urine (see discussion below). Toilets 
that keep urine from mixing with feces can be plumbed with the urine alone going to a holding 
tank. When small amounts of water per flush are used, using a holding tank for urine is also a 
more economical option than using a holding tank for all wastewater.  

Segregated blackwater or yellowwater may be treated as septage or, after suitable sanitizing, they 
may be recycled as a nitrogen-phosphorus-potassium fertilizer in agriculture.  

In Norway and Sweden, the industrialized countries that have led recent research on keeping 
domestic wastewater streams segregated, the desire to recycle nutrients to agriculture has been a 
prime motivating factor for using source diversion (Skjelhaugen 1999; Höglund 2001; Vinnerås 
2002). Swedish practice in recycling urine is discussed in Section 2.2.2.2. The blackwater has 
been treated through liquid composting, where facilities are available, with the end product used 
as a soil amendment (see, for example, Skjelhaugen 1999; Norin et al. 2000). Liquid composting 
is an aerobic process that can be managed to attain 60 °C for 24 hours, which effectively 
pasteurizes the liquid. Scientists like Odd Jarle Skjelhaugen (now director of research at the 
Agricultural University of Norway) involved in the development of liquid composting believe 
that the composted blackwater ought to be subject to the same management regulations as animal 
manure; they are currently regulated as septage (personal communication). Only limited use of 
liquid composting facilities has been found in the US (for example, Patterson and Short 1985; 
Deeny et al. 1991). 

2.2.1 History of Source Diversion 

King (1911) noted that forty centuries of agriculture in China had been supported by aggressive 
reuse of the nutrients in feces and urine as fertilizer. Matsui (1997, cited in Höglund 2001 p. 596) 
records an old Japanese practice of keeping the urine separate from feces, because the urine 
made a valuable fertilizer. Höglund (2001) also mentions nineteenth-century German claims of 
the agricultural value of keeping urine and feces separate, as well as a toilet from the same period 
that made separate treatment possible by diverting the urine.  
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2.2.2 Potential for Phosphorus Reduction 

The Swedish EPA performed a literature review to arrive at average values for flows and 
contents of urine, feces, and graywater for Sweden in the mid-1990s (Swedish EPA 1995). 
Vinnerås et al. (Submitted) offered recommendations for revising some of the figures, based on 
field studies. The 1995 and the revised figures are presented in Table 2-4. 

In its literature compilation of contributions from garbage disposals, all other graywater, and 
toilets, the US EPA found a lower percentage of phosphorus from the toilet: 59% of the 
phosphorus in domestic wastewater (US EPA 2002; citing phosphorus data from Sedlak 1991), 
as compared with 74% for Vinnerås and 83% for the earlier Swedish EPA study. The amounts of 
phosphorus per person from blackwater are, however, similar: 548 grams of phosphorus per year 
(g P/yr) in the two Swedish studies versus 584 g P/yr in Sedlak (1991). Greater use of phosphate-
containing detergents in the US may explain why the amount of phosphorus from the toilet is 
higher while the percentage is lower. 

Crites and Tchobanoglous (1998) give a “typical” figure of 3.2 grams of phosphorus per person, 
per day (g P/person/day) or 1200g P/person/year from mixed wastewater in households without a 
garbage grinder. However, the sources used are unidentified and probably include older 
literature, when phosphate in detergents was higher. 

Table 2-4 
Composition and Volume of Domestic Wastewater, Annual per Capita Amounts 

Urine Feces Toilet Paper Blackwater Graywater Unit 

SEPA BV SEPA BV SEPA BV SEPA BV SEPA BV 

Wet 
mass 

kg 365 550 36.5 51 8.9 610 55,000 36,500 

Dry 
mass 

kg 21 12.8 11 8.5 40.5 29.2 20 

BOD7 g - - - - - - - - 10,200 9,500 

COD g - - - - - - - - 26,280 19,000 

N g 4,000 550 - - 4,550 365 500 

P g 365 183 - - 548 110 190 

K g 910 1,000 365 - - 1,365 180 365 

The figures are from a literature review by the Swedish EPA (SEPA) (1995) with some proposal for revisions by 
Vinnerås et al. (BV) (Submitted) based on field studies. Where only one number is given, the value in both sources 
is identical. 

Other values found for the mass flows and concentrations of phosphorus in blackwater and 
graywater are given in the evaluation form for “Blackwater Diversion” in Appendix A.  
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For the purposes of this discussion, the Swedish values as revised by Vinnerås et al. (Submitted) 
will be used. They are in substantial agreement with what the US EPA uses for the total amount 
of phosphorus in blackwater, and no US figures were found for fraction of blackwater 
phosphorus in urine versus feces. While the US EPA reports higher values for phosphorus in 
graywater, that study is ten years older and phosphate use may well have continued to decrease 
in the US during that time.  

Some composting toilets produce small amounts of effluent in use, if all of the urine is not 
evaporated. No analyses of the nutrient content of this effluent have been found. For the 
purposes of comparison, the effluent is considered either to contain negligible amounts of 
phosphorus or to be collected for treatment off site. If neither of these conditions holds for a 
given installation, composting toilets may not be as effective in phosphorus management as 
microflush toilets. 

2.2.2.1 Blackwater Diversion 

If all phosphorus from the toilet is diverted from the wastewater, the amount of phosphorus in 
domestic wastewater is reduced by nearly 75%, leaving about 5 mg/L in the graywater. 

Composting Toilets 

The term “composting toilet” encompasses a wide range of technologies. The common feature 
for composting toilets is that the feces are collected and retained for a time in the toilet system—
either in a chamber of the toilet itself or in a separate chamber—generally in a room below the 
toilet. The feces may be composted in the toilet system itself or merely collected and retained 
there for days, with composting or other treatment elsewhere. Composting toilets differ from pit 
privies, or outhouses, in that composting toilets are designed for a partially or completely 
composted product to be periodically removed from the system. 

The collection system is usually gravity and no water, though microflush toilets (less than 0.1 to 
0.5 gal/flush), using either water or foam, may also be attached to composting chambers. Urine 
may be collected separately, in urine-diverting composting toilets. If urine is not diverted, it may 
be evaporated during the composting process, or (along with flush water, if any) it may be 
channeled out of the composting chamber for treatment elsewhere. No studies have been found 
on the fate of phosphorus in composting toilets such as, what percentage remains in the compost 
versus what flows out with any excess leachate. If significant amounts of phosphorus are 
contained in the leachate, then treatment of the leachate for phosphorus may be desirable.  

Composting toilets come both in models with the collection chamber in a room below the toilet 
and ones that are self-contained. For example, the Clivus Multrum (Figure 2-1) has a composting 
chamber that can be located one or several stories below the toilet.  
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Source: Clivus Multrum. 

Figure 2-1 
A Schematic of a Clivus Multrum Composting Toilet System  

The composting chamber has a sloping floor, and the floor is initially covered with a starter bed 
of “bulking material,” for example, woodchips or sawdust. Solid matter begins its journey at the 
top of the sloping floor. Glacier-like flowing slowly conveys the mass to the bottom of the unit, 
where finished compost is removed from an access hatch. Air is drawn from the bathroom 
through the composting chamber with an electrical fan and is discharged through a vent in the 
roof.  

EcoTech’s Carousel (Figure 2-2) has four composting chambers contained in a drum rotating 
inside a larger chamber, which is placed in a room below the toilet. When one chamber is full, 
the drum is rotated and the next chamber is filled. When all chambers are filled, the finished 
compost is removed from the first chamber, and it is rotated in place for filling again.  

An example of a self-contained model is Sun-Mar’s Excel (Figure 2-3). Composting occurs in 
the chamber underneath the toilet seat. The toilet seat is elevated (29.5 in., as opposed to about 
16 in. for most toilets) to make room for the composting chamber. The composting chamber has 
three compartments: the “Bio-drum,” where composting begins and excess moisture is removed; 
the finishing drawer, where material from the Bio-drum continues composting; and the liquid 
evaporation chamber. The Bio-drum is rotated every three to four days and periodically emptied 
into the finishing drawer. The finishing drawer pulls out of the front of the toilet for emptying. 
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Source: (Del Porto and Steinfeld 2000) 

Figure 2-2 
EcoTech’s Carousel 

 

Source: http://www.sun-mar.com/2002/SelfcontainedUnits.htm  

Figure 2-3 
Sun-Mar’s Self-Contained Composting Toilet, the Excel 

Composting toilets require changes in user behavior to be managed well and therefore to perform 
well. All three models require addition of bulking material with each use. In addition, periodic 
maintenance is required, as described above. At least one manufacturer offers maintenance 
contracts, mostly to public installations, but they also have maintenance arrangements with 
residential customers, usually with visits twice yearly. Diligent addition of the bulking material 
after each use, and perhaps other measures (Del Porto and Steinfeld 2000), is required to prevent 
or eliminate the spread of flying insects into the house. 
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While the literature reviewing the risks of disease contamination from systems for “dry” 
handling of feces is extensive, a review of the literature (Cross and Strauss 1986) found little 
conclusive epidemiological evidence of actual transmission to workers or those who consumed 
the crops, except for nematodes and trematodes. Nonetheless, long-standing cultural beliefs 
about feces can steer openness to using composting toilets (Cross and Strauss 1986). 

Del Porto and Steinfeld (2000) recommend contacting local and state health authorities for 
information on legal methods for handling the end product of a composting toilet. They give the 
example of Massachusetts, where the compost may be buried on site under six inches of soil or 
removed to a treatment plant by a licensed septage hauler. The compost may be claimed as 
fertilizer, they report, if it is tested for bacteria, viruses, and heavy metals according to Part 503 
of Section 450 of the Clean Water Act. 

Table 2-5 
Evaluation of Composting Toilets 

Criterion Score Comment 

Proven track record 5 
Have been used in a variety of situations since the 
1960s, with tens of thousands of units sold since the 
1970s. 

Phosphorus-
management capability 4 Removing blackwater from domestic wastewater 

reduces phosphorus by 75%. 

Cost 3–4 Installed cost $1,600–$6,400; total estimated 
life-cycle cost $3,600–$7,600. 

Robustness of system 3–4 

Large load variations have little effect on 
performance, but lack of maintenance can lead to 
problems with flying insects and, in some models, 
difficulty removing poorly composted material. 
Liquids can impair overall operation if the design 
does not remove them automatically, for example, 
through a drain line. 

Phosphorus-recycling 
capability 5 

No data found. However, no sorbent is used, so the 
phosphorus is likely to be as available as in 
composted manure and nothing potentially 
hazardous is added (such as heavy metals). 

Maintenance 
requirements 1–2 

Maintenance is simple but frequent: Bulking material 
must be added diligently with every use. The 
compost is emptied monthly or every couple of years, 
depending on the model and use. 

Familiarity to the user 2 
Composting toilets require changes in user behavior 
to work well, and users may associate them with 
substandard sanitation. 

Weighted Score 3.9 – 4.4  
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Separation of Feces From Flush Water (Aquatron) 

The Aquatron separates feces and toilet paper from toilet flush water, so they can be composted. 
It can be used on the flush water from either urine-diverting toilets or toilets where urine and 
feces are mixed. The separator is a plastic unit shaped like an hourglass (Figure 2-4). The 
incoming water spirals around the sides of the hourglass. As the water passes through the narrow 
middle of the “hourglass,” solid matter (feces and toilet paper) falls straight down, into an 
opening of the composting chamber (Figure 2-5). The water continues adhering to the side of the 
hourglass and exits the bottom. No moving parts are used; the momentum of the flushed water 
imparts all the spiraling. After exiting the separator, the water is combined with graywater for 
treatment in a septic tank and soil absorption system. The manufacturer also sells an 
ultraviolet-disinfection unit for use on the blackwater after the separator; the purpose of 
disinfecting blackwater that is combined with graywater after disinfection is not clearly 
described in the literature.  

 

Source: http://www.aquatron.se/graphics/separator.uk.jpg 

Blackwater flows in, and solids drop out through the center while liquids whirl around 
the periphery and exit through the pipe on the bottom. 

Figure 2-4 
The Aquatron Separator 

The Aquatron is designed for toilets of three to six liters (L) flush volume; new US toilets have a 
maximum of six L flush volume. The maximum distance between the toilet and the separator 
ranges from 10 to 20 meters, depending on the flush volume. The solids separated by the 
Aquatron are stored in a “Bio Chamber,” where they are composted. Worms may be added to 
facilitate the composting. Composting reduces the volume by 95%, according to the 
manufacturer.  
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Source: http://www.aquatron.se/graphics/frntpage.jpg. 

After the separator the blackwater passes through an ultraviolet sanitizing unit and joins 
the graywater. 

Figure 2-5 
An Example of a Plumbing System for the Aquatron 

Units of various sizes are manufactured. While some are manufactured for commercial facilities 
and apartment buildings, all are designed to handle the toilet water within a fairly short distance 
of the toilet, usually inside the same building as the toilet. For that reason, if the technology is to 
be used with cluster systems, each building connected to the cluster system would have its own 
Aquatron, and larger commercial buildings may use more than one. 

When a short pipe (three meters total length) is used between the toilet and the Aquatron 
separator, about 70% (error bars bracket 50 to 90%) of fecal nutrients are captured (Vinnerås 
2002). With 25% of phosphorus found in the fecal fraction of mixed toilet effluent, the total 
reduction percentage is about 18% from mixed toilet effluent. If toilet effluent contains 74% of 
the phosphorus in domestic wastewater, then the total reduction potential using Aquatron is 13%.  

Vinnerås (2002) notes from his lab experiments that “an increased loss of nutrients will also 
occur if water is drained from the separated solids.” In actual installations, the Aquatron is 
designed to let the separated solids be further dewatered by draining. The 13% phosphorus 
reduction potential is, therefore, probably higher than phosphorus reduction in actual use. 
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Table 2-6 
Evaluation of Aquatron 

Criterion Score Comment 

Proven track record 3 Thousands sold worldwide. Little data found on 
effectiveness of P removal or technical reliability. 

Phosphorus-management 
capability 

1 Maximum potential is 13%. 

Cost 3–4 

Installed cost $1,600; estimated life-cycle cost 
$1,600, assuming the user empties the compost. 
Alternatively, a maintenance contract for annual 
compost emptying is assumed to cost $300/year, 
and the life-cycle cost is $8,400. 

Robustness of system 4 

No information found on the effect of variations in 
wastewater flows. Given that Aquatron works in 
the seconds immediately after flushing, 
performance is expected to be affected by 
variations in flows only if two toilets connected to 
the same separator are flushed within seconds of 
each other. 

Phosphorus-recycling 
capability 5 

No data found. However, no sorbent is used, so 
the phosphorus is likely to be as available as in 
composted manure and nothing potentially 
hazardous is added (such as heavy metals).  

Maintenance 
requirements 3 Solids removed every year or two for year-round, 

single-family homes. 

Familiarity to the user 3–5 

No change in user behavior from standard septic 
system if there is a maintenance contract for 
compost emptying. Otherwise, less frequent 
maintenance than a dry composting toilet, but the 
compost still needs to be emptied. 

Weighted Score 4.3–4.5 Range: 4.3 (when Cost 4 and Familiarity 3) to 4.5 
(when Cost 3 and Familiarity 5) 

Microflush Toilets 

Microflush toilets use small amounts of water to transport the feces, urine, and toilet paper. They 
can be connected to the rest of the building’s wastewater system, if their primary purpose is to 
reduce water use. When they are used to manage phosphorus, they are connected to a holding 
tank. Because of the toilets’ minute water use, often less than 1.5 gallons per person, per day 
(gal/person/day), the holding tank requires emptying much less frequently than when all 
domestic water is connected to it.  
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Mix-and-match options with microflush toilets abound. Microflush toilets are available in 
models that mix the urine and the feces, as well as in urine-diverting models. Microflush toilets 
can also be connected to a composting toilet system’s chamber; either the solids drop into the 
chamber through an Aquatron, or the excess liquid is removed from the composting chamber 
with a floor drain and taken to further treatment.  

The microflush toilets described here are all vacuum toilets, which use air to transport feces, 
urine, and toilet paper in the same way as toilets commonly used on airplanes, cruise ships, and 
trains. Other transport mechanisms in microflush toilets include water with gravity and foam 
with gravity; vacuum toilets appear to have the best combination of low water use and technical 
reliability. Use of vacuum to transport the waste greatly reduces the need for water, and it also 
makes strictly horizontal or even uphill pipe runs possible. Air is the primary transport 
mechanism for the feces, urine, and toilet paper, with water used primarily to clean the bowl and 
the pipes. Vacuum is created in the pipes by a vacuum generator, which can be near the toilet or 
far enough away that its sound is not heard. A single vacuum generator can serve multiple toilets. 

Some systems keep a continuous vacuum in the pipe, and instead of a conventional plumbing 
trap, a mechanical trap is used. When the toilet is flushed, an electronic valve is opened in the 
trap, and the contents of the toilet bowl are transported by the vacuum in the pipe to the vacuum 
generator, which then pushes them with pressure to the holding tank (Figure 2-6). Other systems 
generate vacuum on demand, that is, only when a toilet is flushed. This helps reduce the 
electricity use of the vacuum generator, since it does not cycle on to maintain a vacuum in the 
pipe that has been lost to slow leaks. 

 

Source: http://www.folkeweb.no/cgi-bin/webadm.cgi?gid=1022&c=1058. 

Figure 2-6 
A Vacuum Toilet With the Vacuum Generator Behind the Toilet and the Holding 
Tank Outside the House 
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The smallest amount of flush water found was in a toilet with a button for a 0.5 L (17 oz.) flush 
(for feces) and a button for a 0.25 L (8 oz.) flush (for urine). Another popular vacuum toilet can 
nominally be set as low as 16 oz. per flush, but the manufacturer says that 24 oz. is a more 
realistic figure. With these volumes, the toilet could be flushed 3,800 to 6,700 times before a 
1,000-gallon holding tank was 90% filled, a target that might be chosen for an alarm to signal 
that it is time to schedule a tank pumpout.1 

In the US, marinas collect both straight, concentrated blackwater and mixed sewage from boat 
tanks. Sean Gowland of The Moorings marina in Colchester, Vermont says their pumpout liquid 
is taken to a sewage treatment plant, like septage, and treated there. In the absence of laws 
specifying handling of terrestrial blackwater, the effluent from microflush toilets would most 
likely be regulated in the same way. 

Zero-Discharge Systems 

The Infinity Water Recycling System by the Equaris Corporation is essentially a zero-discharge 
system. The Infinity Water Recycling System is a complete water recycling system that uses a 
separation tank, an extended aeration treatment system, and disinfection tank to convert 95% of 
residential waste to carbon dioxide and potable water, according to the manufacturer  
(Figure 2-7). The remaining 5% biomass contains approximately 19,000 mg P per kilogram and 
can be used as fertilizer. This system may be appropriate in areas with low water availability. A 
microflush water toilet is plumbed to a composting chamber. The composting chamber also 
receives kitchen waste and sludge from the graywater treatment system. The graywater is treated 
using a combination of settling, extended aeration, filtration, reverse osmosis, and ultraviolet 
light, and recycled within the house. Six prototypes have been installed.  

                                                           
1 The calculation assumes 8 toilet visits per day, and that the amount of feces and urine correspond to the “BV” 
figures in   Table 2-4.
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Source: Equaris Corporation. 

Figure 2-7 
Infinity Water Recycling System 

Table 2-7 
Evaluation of Microflush Toilets 

Criterion Score Comment 

Proven track record 5 
A proven track record since the 1970s, with tens 
of thousands sold per year. (Most are sold for 
marine applications.) 

Phosphorus-management 
capability 4 Removing blackwater from domestic wastewater 

reduces phosphorus by 75%. 

Cost 1 Installed cost $3,900–$5,800; estimated life-cycle 
cost $35,000–$44,000.  

Robustness of system 5 Not sensitive to variations in wastewater flow or 
composition. 

Phosphorus-recycling 
capability 5 

No data found. However, no sorbent is used, so 
the phosphorus is likely to be as available as in 
composted manure and nothing potentially 
hazardous is added (such as heavy metals). 
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Table 2-7 
Evaluation of Microflush Toilets (Cont.) 

Criterion Score Comment 

Maintenance 
requirements 3 

Replace rubber valves every 5 years at most. A 
1,000-gallon holding tank is emptied 1.7 to 3.1 
times per year, for a family of who each visit the 
toilet 8 times per day. 

Familiarity to the user 3 

The flushing procedure is slightly different, but 
easy to learn. Some models have a mechanical 
trap, which must be treated with care when 
cleaning the toilet. Manufacturers recommend that 
toilet paper low in adhesives be used, to avoid 
clogging. The microflush toilets make a different 
sound than conventional toilets, and the vacuum 
generator makes a noise, as well. 

Weighted Score 4.8  

 

Table 2-8 
Evaluation of Equaris Infinity Water Recycling System 

Criterion Score Comment 

Proven track record 2 Six prototype systems in operation. No monitoring 
of dissolved P in recirculated water. 

Phosphorus-management 
capability 5 Zero discharge. 

Cost 1 $40,000 for the installed system alone. 

Robustness of system 4 No specific information, but the closed loop seems 
to minimize chances of P discharge. 

Phosphorus-recycling 
capability 5 

Solid compost generated (approximately 19,000 
mg P/dry kg) at 5–15 gallons per 4-person family 
per year. 

Maintenance 
requirements 1 

Significant maintenance/monitoring expected 
($400–$500 per year). Unknown how often major 
components will need replacement. 

Familiarity to the user 1 Knowledge of system required by user. User may 
resist total recycling concept. 

Weighted Score 3.1  
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2.2.2.2 Urine Diversion 

Urine-diverting toilets have separate bowls for urine and feces, with a porcelain wall between 
them (Figure 2-8). When the user sits on the toilet, urine and feces come out in the direction to 
fall into the proper bowl. Men can stand or sit when urinating; sitting is more effective in sorting 
the urine. The urine is flushed with 0.1 to 0.5 L water per use, and flows to a collection tank, 
which can be a small septic tank. No ventilation of the urine pipe system is needed.  

 

Source: (Johansson 2000). 

BB Innovation’s Dubbletten toilet (left) and the Wost Man Ecology DS toilet, both 
constructed from porcelain. 

Figure 2-8 
Urine-Diverting Toilets  

Urinals are another way of diverting urine, and they work quite effectively without requiring 
men to sit while urinating. The waterless urinal can divert urine for storage at a concentration 
that is similar to when it leaves the body. For example, the No-Flush™ urinal uses no flush 
valve, relying on a specially-designed trap (Figure 2-9) to enable the urine to pass out of the 
urinal while blocking sewer gases from entering the house. The trap is filled with three ounces of 
BlueSeal® liquid, which is immiscible with water and lighter than water. The liquid must be 
replenished after 1,500 uses, according to the manufacturer. Flush water is not used; a small 
amount of water is likely to flow into the collection tank whenever the urinal is cleaned. 
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Source: http://www.waterless.com/images/urinal1.gif 

Figure 2-9 
The EcoTrap® Used in the No-Flush™ Urinal 

The urine is periodically removed from the collection tank and can be used as fertilizer in 
agriculture, using the same equipment as for liquid manure. If the urine is to be used in 
agriculture, storage by itself kills pathogens. Storage can be achieved with two tanks, alternating 
the collection and storage functions between them, or by storing the urine at the farm where it is 
to be used, for example, in rubber bladders. 

Sweden has been the center of research on the use of urine-diverting toilets, starting in the early 
1990s. A researcher there reported that about 3,000 of the most popular models had been sold as 
of 2000 (Johansson 2000). Researchers from a number of Swedish universities and other 
research institutions have published many papers, reports, and a number of dissertations on the 
toilets and their uses. Information for this report is drawn primarily from a review of that 
literature by the Swedish EPA (2002) and a three-year study by Stockholm Water (Hellström  
et al. 2003). 

For numerous reasons, diverting and recycling urine has been viewed as an excellent way to 
recycle wastewater nutrients. Heavy metal content in urine is very low. For all metals in sewage 
sludge regulated by the US EPA and for which figures on the levels in urine were found, the 
urine is below EQ (Exceptional Quality) sludge limits by a factor of more than 10 (Vinnerås  
et al. Submitted; Harrison et al. 1999). Arsenic and molybdenum are two metals regulated by the 
US EPA for sewage sludge applied to land for which no figures were found on the levels in 
urine. The urine contains more nutrients than any other domestic wastewater stream: about 80% 
of the nitrogen and about 50% of the phosphorus in the wastewater stream of a typical household 
is in the urine stream. Finally, the urine requires no special treatment other than storage to kill off 
all pathogens in it. Researchers at the Swedish Institute for Infectious Disease Control concluded 
that 6 months of storage at 4 °C is sufficient to kill all pathogens, with the possible exception of 
viruses, and that 6 months of storage at 20 °C kills all pathogens (Höglund 2001).  
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In Sweden, the infrastructure for collection of urine varies. It has worked well in Tanum 
municipality, where local entrepreneurs (mostly farmers who use urine on their fields) collect the 
urine, providing a service of regular pumpouts much like many septage haulers provide. The 
municipality agrees to be the collector of last resort, if a system owner is unable to find any 
commercial service. The farmers store the human urine together with their cattle urine until it is 
applied, explains Öivind Renhammar, a former politician who pioneered a push to require 
urine-sorting toilets (personal communication). In other places, where the municipality has taken 
no responsibility for the urine, the system has broken down, according to Swedish researcher 
Mats Johansson (Minnesanteckningar 2002). 

Stockholm Water has experimented with using urine as a fertilizer in small-grain agriculture. 
When the urine is applied at nitrogen levels (tons/acre) appropriate for the crops, the phosphorus 
and potassium levels are also appropriate. They found that harvests of grain fertilized with urine 
have been 80 to 90% of those fertilized with a roughly equivalent amount of mineral nitrogen 
fertilizer (Johansson 2000). If ammonia volatilization during urine application is accounted for, 
the yield of urine-fertilized grain is 85 to 95% of grain fertilized with mineral nitrogen 
(Johansson 2000). 

In practice, depending on how motivated the user is, 65 to 85% of the urine is successfully 
diverted with these toilets (Jönsson et al. 2000, cited in Swedish EPA 2002). From the total 
wastewater stream, then, 33 to 43% of the phosphorus is removed.  

The toilets are of a different design than most plumbers and users are used to. Surveys have been 
conducted of people who have had the toilet in their homes for six months to three years 
(Johansson 2000). Some early problems from incorrect installation were discovered and 
corrected, and experience was gained in quickly fixing clogged urine traps, after which users’ 
attitudes improved (Johansson 2000; Swedish EPA 2002). One model was said to be more 
difficult to keep clean than a conventional toilet, while another model was said to be easier to 
keep clean than a conventional toilet. Some male users had stopped using the front bowl when 
they stood and urinated. The users’ attitudes toward these toilets have been most positive where 
they have been informed of the environmental benefits of the toilets and given instructions in 
preventing and fixing any stoppages that occur in the urine pipe. 

More information on user satisfaction is provided from a Danish survey of 81 allotment gardens 
where users had used various models of urine-diverting, composting toilets (Backlund et al. 
2003). Unlike the Swedish surveys, the users in Denmark had all volunteered to try out the 
toilets. People at only two of the allotment gardens reported that the toilets had not satisfactorily 
sorted the urine and feces. In both cases, most of the urine from the women went into the feces 
bowl. However, no problems with odor or maintenance of the toilet were reported for one of 
these facilities, and a small odor problem was reported at the second, where, nonetheless, their 
overall impression was that the toilet worked excellently. In addition, another 11 users of the 
toilets reported that the sorting worked imperfectly either for regular female users or female 
guests. Of the children whose use was reported, 5 of 24 had some difficulties or had problems 
with using the toilets. In general, users did not think that any difficulties they had with using the 
toilets were significant. 

2-21 



 

Methods Examined 

Table 2-9 
Evaluation of Urine Diversion 

Criterion Score Comment 

Proven track record 5 
Thousands of toilets have been sold, and they have been 
subjects of much research on their function and user 
acceptance. 

Phosphorus-
management 
capability 

3 
Depending on the motivation of the user and, therefore, the 
toilet’s efficiency in sorting urine, 33 to 43% of the P in domestic 
wastewater can be removed. 

Cost 2–3 
Installed cost (including shipping from Europe and cost of an 
extra 1,000-gallon tank) $4,000; estimated life-cycle cost 
$9,200–$12,000. 

Robustness of 
system 

4 

The amount removed is not affected by variations in flows. 
Reduction would be expected to vary as the percentage of 
phosphorus in the urine component and the percentage of urine 
in the wastewater streams vary, perhaps different at schools and 
restaurants than in homes.  

Phosphorus-
recycling capability 5 

Urine is documented as a useful fertilizer, and heavy metals 
tested for are at less than 10% of US EPA levels for Exceptional 
Quality sludge. 

Maintenance 
requirements 3 

Yellowwater pumpout intervals vary with sizing; pumpouts every 
12 to 18 months are reasonable for single-family houses. 
Occasional clogging of the urine pipe can usually be fixed with a 
plumber’s snake; caustic soda sometimes is necessary. 

Familiarity to the 
user 

2 

The toilets work best when user education campaigns are 
conducted, and when the user self-selects. A high degree of 
acceptance has been recorded for the toilets, but educating the 
dwellers and their guests is crucial for the acceptance. Some 
women and children experience difficulty in sitting so they hit the 
right bowl with the right substance, and men vary in their 
willingness to sit while urinating or ability to accurately divert the 
urine from a standing position. 

Weighted Score 4.5 – 4.6  

2.2.3 Evaluation 

Table 2-5, 2-6, 2-7, 2-8, and 2-9 indicate how the team has scored the methods evaluated. An 
explanation of the scoring is in Section 1.5.2. 

The most important data source used for blackwater diversion was given a Medium 
confidence-level rating, using the scale developed as part of this project’s QAPP (Etnier et al. 
2005). 

2-22 



 

Methods Examined 

All composting toilets evaluated hold or have held NSF International certification under 
Standard 41, which is assigned a High confidence level. The conditions the toilets must meet to 
achieve NSF certification (Etnier et al. 2005) ensure that the toilets capture most or all of the 
phosphorus they receive. Additional important data on composting toilets came from the 
following sources: 

• Manufacturers: Interviews, product literature, websites, product specification sheets, and 
information provided to the US EPA (Confidence level: Low) 

• Abbot, R. 2004. “Skaneateles Lake Watershed Composting Toilet Project.” Small Flows 
Quarterly 5(2), 32–39 (Confidence level: High) 

• Del Porto, D., and C. Steinfeld. 2000. The Composting Toilet System Book. Version 1.2 ed. 
Center for Ecological Pollution Prevention. Concord, MA. (General information on 
composting toilets, and some additional information on each evaluated toilet. Confidence 
level: Low) 

The most important data sources used for Aquatron were: 

• Manufacturer’s website, interviews, and correspondence with manufacturer representatives. 
(Product size, price, and other data. Confidence level: Low) 

• Vinnerås, B. 2002. “Possibilities for Sustainable Nutrient Recycling by Faecal Separation 
Combined with Urine Diversion.” Ph.D., Dept. of Agricultural Engineering, Swedish 
University of Agricultural Sciences, Uppsala, Sweden. (Data on nutrient removal and product 
function. Confidence level: Medium) 

For the microflush toilet, the most important data source on phosphorus-management potential 
was the same as for the blackwater diversion method and was assigned a Medium confidence 
level. Details on specific products’ operations were assigned a Low confidence level. 

The most important data source for the Equaris Infinity Water Recycling System is assigned a 
Low confidence level. 

For the urine-diverting toilet, all three of the most important data sources were assigned a 
Medium confidence level. 

For more details on the QAPP, the data sources, and the assignment of confidence levels, see 
Etnier et al. (2005). 

2.3 Septic Tank 

2.3.1 History of Phosphorus Management Through Septic Tanks 

In the US, approximately 23% of existing homes and one-third of new homes rely on onsite 
systems for wastewater treatment (US EPA 2002). Septic tanks are the first component of nearly 
all onsite wastewater systems in the US. The number of septic tanks in use today in the US likely 
exceeds 26 million.  
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Septic tanks are enclosed vessels that collect wastewater and separate solids, oils, and grease 
through settling and flotation. In the tank, settleable solids accumulate as a sludge layer and 
floatable solids, oils, and grease accumulate in a scum layer that floats on top of the clarified 
zone (Figure 2-10). The liquid level remains constant: as influent enters the septic tank, an equal 
amount of effluent is discharged. The greater the volume of the tank relative to daily wastewater 
flows, the longer the residence time of wastewater in the tank. Longer residence times promote 
greater wastewater treatment through both settling and digestion (Wilhelm et al. 1994). From the 
clarified zone, septic tanks discharge treated effluent to a soil absorption system or other 
treatment process. 

 

Source: Questa Engineering Corporation 

Figure 2-10 
A Septic Tank and Its Parts 

Organic wastes in the septic tank are partially digested under anaerobic conditions by 
microorganisms in the tank, which typically reduce biological oxygen demand (BOD) in the 
effluent by 30 to 50% (US EPA 2002). Nitrogen and phosphorus compounds are also 
transformed in the septic tank via microbially mediated processes. Most of the nitrogen and 
phosphorus that enters the tank in organic molecules from feces, urine, and food waste is 
converted to mineralized forms: organic nitrogen (urea) to ammonia and organic phosphorus to 
soluble orthophosphate (Wilhelm et al. 1994; Cantor and Knox 1986). Polyphosphates (or 
condensed phosphates) present in detergents are also hydrolyzed in the tank to orthophosphate 
(Metcalf and Eddy 1991). Cantor and Knox (1986) report that an average of approximately 85% 
of phosphorus in septic tank effluent is in the orthophosphate form; Reneau and Pettry (1975) 
characterize orthophosphate as up to 80% of the total; and data presented in Crites and 
Tchobanoglous (1998, Table 4-16) indicate that approximately two-thirds of the septic tank 
effluent phosphorus is orthophosphate. Orthophosphate is the most bioavailable and mobile form 
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of phosphorus; therefore, conversion to orthophosphate in the septic tank has implications for 
subsequent steps in the wastewater treatment process. 

2.3.2 Phosphorus Treatment by Septic Tanks 

Septic tanks were not developed to remove phosphorus from wastewater. Cantor and Knox 
(1986) conclude that septic tanks are not highly efficient in phosphorus removal. The amount of 
phosphorus removed from the wastewater stream is a function of sludge accumulation in the 
interval between tank pumpouts. When a septic tank is pumped out, the phosphorus contained in 
the septage (the sludge, scum, and volume of wastewater in the tank) is removed from the 
wastewater treatment system. 

Due to the assumed low phosphorus-removal efficiency of septic tanks, there are few data 
available that specifically address this subject. Few sources present both septic tank influent and 
effluent phosphorus concentrations for the same systems; hence, calculation of removal 
efficiency is not appropriate. Sources presenting ranges for influent and effluent phosphorus 
concentrations for septic tanks among multiple systems are not reliable as a means to calculate 
phosphorus-removal efficiency, given the wide ranges cited and substantial overlap among the 
ranges for influent and effluent concentrations. For instance, in reviewing treatment performance 
of onsite systems, Metcalf and Eddy (1991) cite phosphorus concentration ranges of 10 to 27 
mg/L for raw wastewater and 10 to 30 mg/L for septic tank effluent. Likewise, Crites and 
Tchobanoglous (1998) give a typical range of 4 to 15 mg/L total phosphorus in domestic 
wastewater and 12 to 20 mg/L total phosphorus in septic effluent. It is not reasonable to calculate 
any removal efficiency from these data, although they appear to support the judgement that little 
phosphorus removal occurs in the septic tank. (Since the high ends of the ranges are higher for 
septic tank effluent than for raw wastewater, it almost looks like the septic tanks produce 
phosphorus.) 

In a summary of Scandinavian and US sources, Refsgaard and Etnier (1998) found 3 to 5% 
phosphorus sequestration in septic tanks.  

A recent estimate of phosphorus-removal efficiency of a conventional septic tank was developed 
by the Ventura Regional Sanitation District (2001) in a demonstration study of several advanced 
onsite sewage dispersal systems. A 1,500-gallon, two-chamber septic tank was used as a control 
in the experiment. Wastewater flows to the tank averaged 401 gallons per day through the test 
period. The mean influent phosphorus concentration for the duration of the test period was 3.2 
mg/L, which is at the low end of the range reported in the literature. The mean effluent 
phosphorus concentration was 2.9 mg/L, a 9% reduction in total phosphorus. The ranges in 
phosphorus concentration were 2.3 to 4.5 mg/L and 2.0 to 3.3 mg/L for influent and effluent, 
respectively. Despite substantial overlap in the ranges, these data suggest marginal phosphorus 
removal during normal system operation. 

Pell and Nyberg (1989) estimated a phosphorus-removal efficiency of 48% in a septic tank, 
much higher than any other estimate found in the literature. This figure comes from a study only 
during system start-up; a three-chamber septic tank was followed in the first 78 days of 
operation. Furthermore, the Pell and Nyberg experiment was conducted using artificial 
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wastewater in a three-chamber tank only 190 L in size; it may be inappropriate to extrapolate test 
results to conventional septic tanks treating true wastewater. Pell and Nyberg’s results are not 
believed to be indicative of long-term phosphorus-removal efficiencies in septic tanks. 

Support for the conclusion that phosphorus-removal efficiency of conventional septic tanks is 
low is found by comparing standard values for the phosphorus in accumulated septage with 
influent phosphorus loads. If the phosphorus accumulated in the septage represents the 
phosphorus removed from the wastewater stream in the interval between pumpouts, average 
removal efficiency within this interval may be estimated by comparing the phosphorus 
accumulated in the tank with the phosphorus load in the wastewater. Septage accumulates at 
rates of approximately 227 liters/person/year (Crites and Tchobanoglous 1998). Using the US 
EPA’s suggested design value for total phosphorus in septage of 250 mg/L (Crites and 
Tchobanoglous 1998), the accumulated septage from a single person each year (after digestion in 
the septic tank) would contain 57 g total phosphorus. This amount is equivalent to only 3.4 to 
5.8% of the per capita total phosphorus loading rate in domestic wastewater, estimated as 2.7 to 
4.5 g/person/day (Crites and Tchobanoglous 1998). 

2.3.3 Potential for Further Phosphorus Reduction  

Chemical precipitation of phosphorus using aluminum, iron, and calcium compounds may 
dramatically lower effluent phosphorus concentrations from septic tanks (US EPA 2002). 
Brandes (1977) describes early research into the use of alum (aluminum sulfide). A 
commercially available product that uses an aluminum-based precipitant as an addition to a 
conventional septic tank was investigated in detail. In this method, the precipitant is dispensed at 
timed intervals into a wastewater pipe in the house. Phosphorus precipitates out in the 
wastewater pipes and in the septic tank, and both the primary sludge and the chemical sludge are 
collected in the septic tank. The increased sludge production, however, means the septic tank 
needs to be pumped out two to three times a year on average. A major factor in the excessive 
sludge production is the unfavorable stoichiometry of the precipitation reactions. For example, 
Cantor (1986) estimates that in practice it would take 22.0 g of alum to precipitate 1.0 g of 
phosphorus. Due to the greatly increased frequency of septic tank pumping entailed and the 
issues of handling chemical sludge, chemical precipitants were not reviewed further in this study.  

The fate of septage removed from onsite systems is not reviewed in depth here. In the US, most 
septage is land-applied or trucked to a wastewater treatment plant. The primary benefit of land 
application is that it returns nutrients to agricultural land. Most states have regulations 
concerning septage management through land application. Treatment of septage at wastewater 
treatment plants precludes beneficial use of the material and consumes energy, but this is the 
preferred practice where land application is considered unfeasible or undesirable. Trucking 
sludge to land application sites or wastewater treatment plants uses energy. Application of 
septage to agricultural fields may represent an energy savings over production and application of 
equivalent amounts of commercial fertilizer, if transport distances are short. 
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2.3.4 Evaluation of the Septic Tank and Alum Injection 

Septic tanks were included in this project because they constitute the first component of the 
wastewater treatment train, and because Gold and Sims (2000) cited the finding by Pell and 
Nyberg (1989) that “as much as 48%” of wastewater phosphorus is removed in a septic tank. An 
objective of this project was to find data on the effect of septic tank design and pumpout 
strategies on phosphorus-removal capability. However, investigation of the literature showed that 
Pell and Nyberg’s figure was an outlier, and represented only the first 78 days of operation of a 
190 L septic tank using artificial wastewater. The other data examined consistently showed low 
removal rates, around 5% or less. No literature was found indicating ways to increase the 
phosphorus-removal rate in the septic tank (other than 78-day pumpout intervals), and septic 
tanks are almost universally used in decentralized wastewater treatment. For these reasons, the 
septic tank as a phosphorus-management method was not subject to formal review using the 
project’s criteria. Table 2-10 shows the evaluation of an alum injection method. An explanation 
of the scoring is in section 1.5.2. 

The most important data source used for alum-injection was given a Medium confidence-level 
rating, using the scale developed as part of this project’s QAPP. For more details on the QAPP, 
the data sources, and the assignment of confidence levels, see Etnier et al. (2005). 

Table 2-10 
Evaluation of a Technology for Alum Injection 

Criterion Score Comment 

Proven track record 2 
Not fully known. Published research on use of alum since 
at least 1977. Two units were used in single-family 
houses in an independent, two-year Swedish study that 
began in early 2000. 

Phosphorus-management 
capability 4 50 to 90%, highly dependent on dose. 

Cost 1  Installed cost $2,400; estimated life-cycle cost $34,000 
(dominated by cost of frequent pumpouts). 

Robustness of system 3 Stable throughout year, but P removal varies with 
dosage. 

Phosphorus-recycling 
capability 

3 According to manufacturer, similar P availability to 
wastewater treatment plant sludge. 

Maintenance requirements 2 Septic tank pumpouts required 2 to 3 times per year. 

Familiarity to the user 4 
User most likely needs to know how to refill the dosing 
container. Otherwise, no change in user behavior from a 
standard septic system. 

Weighted Score 3.1  
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2.4  Post-Septic Tank Treatment 

Post-septic tank (PST) treatment can be accomplished through a wide range of secondary and 
tertiary treatment options. The majority of PST systems reviewed in this study still require 
discharge into a soil absorption system, although in some cases the soil absorption system area 
can be minimized. In general, PST systems designed for nutrient removal have focused on 
nitrogen removal (Gold and Sims 2000). The enhanced interest in phosphorus discharge from 
onsite systems, however, has led to both the development of new PST methods specifically 
designed for phosphorus treatment and the reevaluation of existing PST treatment systems for 
phosphorus removal.  

Phosphorus removal from waste streams can occur via physical, chemical, or biological 
mechanisms. Microbial uptake of phosphorus for cell synthesis during secondary biological 
treatment accounts for a 10 to 40% reduction in phosphorus concentration (Crites 1998). 
Furthermore, microbial uptake is enhanced in sequencing batch reactor (SBR) systems, which 
alternate anaerobic and aerobic treatment (US EPA 2002; Crites 1998). A number of proprietary 
SBR processes are commercially available and are often combined with a chemical precipitant 
dosage step. As a result of the considerable amount of sludge produced with chemical dosing, 
however, these methods do not score highly in this evaluation.  

The primary physical and chemical mechanisms for phosphorus removal in PST systems can be 
subdivided into sedimentation processes or interactions with specially designed filter media or 
nanoparticle selective resins. Sedimentation of particulate (organic) phosphorus is largely a 
function of the hydraulic residence time of the wastewater treatment system, and only accounts 
for a maximum of 10 to 20% of the total phosphorus in raw sewage (US EPA 2002). Physical 
and chemical interactions of dissolved (inorganic) phosphorus with filter media and nanoparticle 
selective resins, however, have become an area of considerable interest. These systems 
predominantly consist of a combination of iron, aluminum, and/or calcium with a natural or 
synthetic-based medium. When in contact with a waste stream, dissolved phosphorus can 
complex or adsorb onto the insoluble metallic surfaces. The operational life of these systems, 
however, is limited by the availability of reactive sites on the filter media, which require 
regeneration or replacement when saturated.  

This section provides a review of the current PST methods for which phosphorus-removal data 
are available and recommendations of areas for future research into phosphorus treatment. 

2.4.1 Methods 

In general, PST treatment systems designed for phosphorus removal fall into four categories: 

• Sand and modified sand filters  

• Organic material-based filters  

• Nanoparticle selective resins 

• Aerobic treatment with chemical dosing 

2-28 



 

Methods Examined 

A brief review of each of these categories, as well as a description of the most promising 
methods in each category, is given in the following subsections.  

2.4.1.1 Sand and Modified Sand Filters  

Various sand and modified sand filter (Figure 2-11) media have been investigated for 
phosphorus removal. Some of the most promising methods are described in this section. 

RUCK CFT Systems, Holmes and McGrath, Inc. 

The RUCK CFT treatment system, developed by Rein Laak of the University of Connecticut, is 
located between the septic tank and soil absorption system and is designed primarily for nitrogen 
removal in nitrogen-sensitive areas. The RUCK CFT system grows out of the RUCK system 
(Laak 1988) and is used to treat larger flows, having been used at sites producing as much as 
16,500 gal/day of waste. The RUCK CFT system differs slightly from the traditional system in 
that all waste streams are sent through the RUCK filter and an external carbon source (soap) is 
added to the system in the mixing chamber (Figure 2-12), while the RUCK system first separates 
the wastewater stream into blackwater and graywater and recombines them in the mixing 
chamber. Significant phosphorus removal has been observed in RUCK CFT systems. 

 
Figure 2-11 
Example of a Sand Filter 

The major components of the RUCK CFT systems are a septic tank, the RUCK filter, and a 
mixing chamber/second septic tank, followed by effluent dispersal. The RUCK filter consists of 
alternating layers of a fine mason sand and double-washed 3/4-in. stone, and is vented in order to 

2-29 



 

Methods Examined 

maintain aerobic conditions and enhance microbial nitrification. A carbon source (soap) is added 
in the mixing chamber. 

 
Figure 2-12 
Schematic Diagram of a RUCK CFT System 

The manufacturers hypothesize that phosphorus removal in the RUCK CFT filter is from 
sorption and sedimentation in the sand filter. They believe the phosphorus removal process is 
enhanced by the low pH (less than 5) in the RUCK filter after aerobic nitrification. However, 
long-time onsite system researcher James Converse reports (personal communication) that tests 
of 50 sand filters by the University of Wisconsin–Madison found an average pH of 7, so it is not 
clear how often the low pH requirements will be met. Nitrification releases carbonic acid and 
consumes alkalinity, but it takes place optimally at pH 6.5 to 8, and in low-alkalinity waters it 
may be inhibited by the lack of alkalinity (Oakley 2003). Data for phosphorus removal are 
limited to two RUCK CFT units, which have been operating for two to four years in 
Massachusetts. Phosphorus-removal rates as high as 90% were observed.  

Construction and installation costs for a RUCK CFT system were estimated to be $10,000 more 
than a conventional septic system. Adding operation and maintenance costs over a 30-year life 
cycle, including inspections, pump replacements, and filter replacements, brings the 30-year 
life-cycle cost of this system to $25,000 more than that of a conventional septic system. 

Other Enhanced Phosphorus-Removal Methods Using Packed-Bed Filters 

Packed-bed filters may be enhanced for phosphorus removal by adding an iron, aluminum, or 
calcium-containing compound to the waste stream or filter media. For example, Davis (1999) 
observed an increase in total phosphorus-removal efficiency from 34 to 58% and an increase in 
orthophosphate removal efficiency from 20 to 85% after the addition of lime (CaO) to a sand 
filter influent. Other methods have shown a high efficiency for phosphorus removal from metal-
containing filter media. Richter and Weaver (2004) have observed an increase in phosphorus-
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removal efficiency of 17 to 60% in constructed wetlands when filled with shredded steel-belted 
tires as compared to gravel. Likewise, crushed red bricks (Ayres Associates 1998), as well as 
lightweight clay aggregates (Ayres Associates 1998; Jenssen et al. 2002) have shown 
phosphorus-removal efficiencies exceeding 90%. Slag from a basic oxygen furnace has been 
observed to remove greater than 97% of total phosphorus (Lombardo 2003). In each of these 
methods, phosphorus removal is enhanced through complex formation with the metallic 
components of the filter media.  

A commercially available lightweight clay aggregate and a filter using basic oxygen furnace slag 
are described in more detail as follows:  

Lightweight aggregates are made of expanded clay; they are a sort of clay “popcorn” with high 
surface area and are often used in horticulture. Filtralite® and Utelite® are two brands that have 
been used in wastewater treatment. The aggregates can be used as a medium in packed-bed 
filters of various designs. Jenssen et al. (2002) studied the performance of 12 subsurface-flow 
constructed wetlands that were packed with lightweight aggregates. In this study, the average 
phosphorus removal from the wetlands ranged from 79 to 98%, with effluent concentrations well 
below 1 mg/L. Another study found a 94% phosphorus-removal efficiency in a test facility 
(Ayres Associates 2000). Lightweight aggregate systems described by Jenssen et al. (2002) were 
designed with the capability to remove greater than 90% of phosphorus for 15 years; the oldest 
system has been in use since 1991.  

Construction and installation costs for the lightweight aggregate packed bed used in the Ayres 
Associates tests (2000) were estimated to be $8,600 more than a conventional septic system. 
Total costs over a 30-year life cycle, including inspections, pump replacements, and medium 
replacements, were estimated to be $25,000 more than that of a conventional septic system. 
Calculations were made on the basis of using an imported aggregate; costs for a domestic 
aggregate have not been investigated but can be expected to be less. 

A commercially available packed-bed filter using basic oxygen furnace (BOF) slag consists of a 
mixture of fine (less than 25µm) oxides of iron and calcium and other coarse materials (0.5 to 5.0 
mm); either sand alone or sand and limestone. The fine particles are derived from the BOF slag 
and are numerous enough to substantially coat the coarse particles, but no more than 20% of the 
total weight of the medium, so as to not clog the interstices. The phosphates in the effluent react 
with the fine metal oxides on the surface of the coarse particles to form calcium and iron 
phosphates. No sludge is produced; phosphate precipitates on the outside of the medium. Greater 
than 97% removal of total phosphorus has been observed with this system. The medium is 
expected to become saturated with phosphorus eventually, so medium replacement needs to be 
part of long-term maintenance. The effluent from the packed-bed filter has a high pH (10 to 12), 
so some method of neutralizing the effluent may be required before dispersal. The US vendor 
recommends a peat filter for neutralization of small to medium flows and suggests other 
methods, like addition of carbon dioxide, for neutralization of larger flows.  

Construction and installation costs for a system using BOF slag were estimated to be $11,000 
more than a conventional septic system. Operation and maintenance costs over a 30-year life 
cycle, including inspections, pump replacements, and sand filter medium replacements, were 
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estimated to bring the 30-year life-cycle cost to $23,000 more than that of a conventional septic 
system. 

PhosRID™ Filter System, Lombardo Associates, Inc. 

The PhosRID™ Filter System is located directly between the septic tank and soil absorption 
system and is designed specifically for phosphorus removal. PhosRID is based on principles 
described by Robertson (2000), who found that under acid conditions, ferric iron solids release 
low levels of dissolved ferrous iron, which precipitates phosphorus when oxidized.  

Dissolved phosphorus is removed from a waste stream through the formation and precipitation of 
Fe-P (iron-phosphorus) complexes via a series of two oxidation/reduction steps. In the first step, 
septic tank effluent is passed through a filter containing an Fe (III)-rich soil medium. The 
reducing capacity of the organic-rich septic effluent causes the reductive dissolution of iron 
hydroxides—Fe (II)—into the waste stream. The dissolved iron hydroxides then react with 
phosphorus-containing molecules in the waste stream to form Fe-P complexes. In the second 
step, the waste stream, now containing the dissolved Fe-P complexes, is passed through a sand 
filter. Oxidation of Fe (II) to Fe (III) in the aerobic environment results in the precipitation of 
both Fe and P from solution and onto the medium of the sand filter. Greater than 90% total 
phosphorus removal has been observed in the effluent from the PhosRID™ Filter System. In 
addition, both total nitrogen and BOD reduction can be expected from the PhosRID™ Filter 
System. Performance of the PhosRID™ system has been evaluated by the Massachusetts 
Alternative Septic System Test Center (MASSTC) for a total of two years.  

The PhosRID™ system is projected to cost approximately $10,000 for an individual property, in 
addition to the septic tank and soil absorption system. With operation and maintenance costs 
over a 30-year life cycle, including inspections, pump replacements, and filter medium 
replacements, the total costs were estimated to be $18,000 to $28,000 more than that of a 
conventional septic system. (The $10,000 difference in life-cycle cost estimate depends on 
whether the system is inspected twice yearly or once every five years.) 

2.4.1.2 Organic Material-Based Filters 

Organic materials, such as sphagnum peat moss and lignocellulose, have been incorporated into 
phosphorus treatment applications. Sphagnum peat moss, more commonly used as a treatment 
medium in aerobic treatment, has been shown to adsorb dissolved phosphorus (Brooks et al. 
1984; Couillard 1994; Nichols and Boelter 1982); however, the sorption capacity of peat mosses 
will decrease substantially with time, according to Dennis Martin at Simmering & Associates, a 
company that formerly manufactured Peatland (personal communication). Patterson (2004) 
observed an average phosphorus removal of 75%; however, the system showed a steady decrease 
in phosphorus removal over an eleven-month period. Different peat mosses may vary greatly in 
coarseness and surface area, and thus will exhibit a wide range in sorption capacity for 
phosphorus (personal communication, Dennis Martin, Simmering & Associates).  
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Some authors have found a longer-term effectiveness for peat. Nichols and Boelter (1982) report 
on a facility that was achieving 99% phosphorus removal after eight years, though 45% of that 
was estimated to be in vegetative uptake and the effluent went through both peat and sand. Both 
Nichols and Boelter (1982) and Couillard (1994) report on different factors that have been 
hypothesized to increase phosphorus uptake in peat: presence of aluminum and iron in the peat, 
and microbial immobilization. 

The Peatland Sewage Treatment System, sold by Premier Tech, is an example of a commercially 
available treatment system that uses a fine peat moss with a relatively high sorption capacity for 
phosphorus. It also mixes sand in with the peat, and the manufacturer says that the sand particle 
size affects phosphorus removal—finer particles lead to greater phosphorus removal. Peatland 
also incorporates a wetland after the peat filter, which further increases phosphorus uptake and 
probably extends the useful lifetime of the system. 

Peatland™ Sewage Treatment System, Premier Tech 

The Peatland Sewage Treatment System is a two-component system that combines a sphagnum 
peat filtration unit with a subsurface constructed wetland. In this system, septic tank effluent first 
passes through a filtration unit comprised of a mixture of a sphagnum peat moss and granular 
materials (sand) and then through the high-density root systems of a subsurface-flow constructed 
wetland. In general, the system is designed to efficiently remove pathogens as well as BOD, 
TSS, and nitrogen to a level suitable for surface discharge. Phosphorus removal was also 
observed in the system by sedimentation of particulate phosphorus and adsorption of dissolved 
phosphorus in both the peat filter and the constructed wetland. At two different locations in 
Canada, greater than 80% phosphorus removal was demonstrated by the Peatland Treatment 
System during the initial one to three years of operation. No long-term studies on phosphorus 
removal are available at this time; however, it is expected that the phosphorus-sorption capacity 
of the peat filter will decrease much more rapidly than the filter’s ability to otherwise treat the 
septic tank effluent.  

In order to be more cost effective, the Peatland Treatment System is marketed as a cluster system 
component. The price of materials for this system is between $10.50 and $12.50 per gallon of 
waste treated per day, in addition to the cost of the septic tank and soil absorption system. 
Construction and installation costs for a Peatland system were estimated to be $10,000 more than 
a conventional septic system. Operation and maintenance costs over a 30-year life cycle, 
including inspections, pump replacements, and peat filter replacements, bring the total life-cycle 
cost to $27,000 more than that of a conventional septic system. 

In addition to peat-based filters, lignocellulose fibers have been shown to effectively remove 
phosphorus from waste streams. The New York City Department of Environmental Protection 
has overseen the use of iron- and aluminum-containing lignocellulose fibers to remove 
phosphorus from milking station effluent in the New York City watershed (Han 2002). Initial 
results from this study suggest a 29 to 42% removal of phosphorus from a milk station waste 
stream containing 60 to 68 mg/L total phosphorus. More efficient removal of phosphorus by 
lignocellulose fibers can potentially be expected from residential waste streams, which only 
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contain 4 to 15 mg/L phosphorus (Crites and Tchobanoglous 1998). Further work is needed to 
quantify the sorption capacity and operational lifespan of lignocellulose fibers. 

2.4.1.3 Nanoparticle Selective Resins 

Nanoparticle selective resins have been designed and tested in pilot-scale operations for selective 
removal of phosphorus from waste streams (Zhao and Sengupta 1998; Wang and Sievers 2004; 
Petruzzelli et al. 2003). In the phosphate-selective resin used in these studies, immobilized 
copper (II) ions on the resin surface selectively bond to dissolved orthophosphate anions. 
Orthophosphate is then released from the resin surface when a regeneration solution (6% sodium 
chloride (NaCl); pH 4.3) is passed through the system. Furthermore, the dissolved phosphorus in 
the regenerate can be recycled as a fertilizer after a chemical precipitation is performed.  

In a technology similar to the above, an iron-based nanoparticle selective resin has been sold as 
an arsenic removal product for a range of applications ranging from under-the-sink filters to 
municipal wastewater systems. The manufacturer claims the product has a high capacity for 
arsenic, vanadium, uranium, and phosphate and can be regenerated using a 2% NaCl, 2% sodium 
hydroxide (NaOH) solution. A system was built in Florida that uses the iron-based resin to 
remove phosphorus from an agricultural waste stream containing 30 to 40 mg/L total 
phosphorus. This treatment system consists of two 4-cubic foot treatment chambers filled with 
the resin, capable of treating 20 gallons per minute each, which are used in conjunction with a 
chemical flocculation step.  

Regeneration of the resin is controlled through an automated system and occurs after 50,000 
gallons have been treated or no longer than seven days of operation. The manufacturer 
recommends that the regenerant be used twice before removal of the phosphorus. To remove the 
phosphorus, the pH is reduced and the phosphorus precipitated. After precipitation, the 
regenerant is recharged with NaOH. The same volume of fluid can go through this pH reduction, 
precipitation, and recharge cycle four times. Therefore, assuming appropriate chemical storage 
and handling, one volume of regenerant water can treat up to eight columns. The solid residual 
flocculent is used as an agricultural fertilizer. This system in Florida has been running full-scale 
since approximately April 2004, and it reduced phosphorus levels in the effluent to below 0.5 
mg/L. A full-scale evaluation of the system, however, will not be released by the evaluating 
party until after one year of operation.  

Because the regenerant used is caustic, training and licensing is required for the users, says the 
manufacturer (personal communication, Ted Shields, Solmetex). This requirement would appear 
to preclude most use of the technology for individual systems; for cluster systems, the operator 
would need to be trained and licensed in chemical handling. 

Cost analysis by Wang and Sievers (2004) as well as by Zhao and Sengupta (1998) estimate the 
cost of using one technology to reduce the orthophosphate in solution from 4 mg/L to less than 
0.5 mg/L to be between $0.06 and $0.30 per 1,000 L (265 gallons) of wastewater treated. At this 
time, however, that resin has not been used in commercial domestic applications. A system 
designed for 50,000 gal/day agricultural wastewater costs around $13,000 to install, according to 
Brian Roy of Royal Consulting Services, who works with the system. 
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2.4.1.4 Aerobic Treatment Units With Chemical Dosing 

Aerobic treatment units (ATUs) that add a chemical precipitation step can be effective at 
phosphorus removal. Because of the large volume of sludge they produce, only two products 
were chosen to indicate the strengths and weaknesses of this method. Both products were 
recently evaluated in field conditions for phosphorus removal and many other parameters. The 
extended-aeration activated sludge unit is a continuous flow system that passes septic tank 
effluent through a three-chambered reactor and chemical dosing chamber. Nitrogen removal 
occurs in the reactor via microbial denitrification, and phosphorus is subsequently removed 
during the chemical dosing step. With proper dosing, phosphorus removal of 90 to 99% can be 
achieved from the system. Sludge removal is typically required twice a year. Construction and 
installation costs for the system were estimated to be $9,700 more than a conventional septic 
system. Adding operation and maintenance costs over a 30-year life cycle, including 
maintenance, inspections, and pump replacements, brings the life-cycle cost of this system to 
$44,000 more than that of a conventional septic system. 

The sequencing batch reactor receives an intermittent flow of effluent from a septic collection 
tank and treats it in a five-hour automated process. An aluminum-based chemical precipitant is 
added to the system during the treatment process, and when working properly, can result in an 
80% reduction in phosphorus. In addition, the system stores and dries excess sludge in filter bags 
that can easily be dried and removed for composting. The literature is not explicit on amounts of 
sludge generated; apparently emptying the sludge sacks is not required more than three times a 
year, and the quantities are characterized as “small” (Hellström et al. 2003; af Petersens 2003). 
Construction and installation costs for a system were estimated to be $11,000 more than a 
conventional septic system. Operation and maintenance costs over a 30-year life cycle, including 
maintenance, inspections, and pump replacements, were estimated to bring the life-cycle cost of 
this system to $37,000 more than that of a conventional septic system. 

2.4.2 Evaluation  

The following tables indicate how the team scored the methods evaluated. An explanation of the 
scoring is in section 1.5.2. 

The most important data source used for RUCK CFT was given a Low confidence level rating 
using the scale developed as part of this project’s QAPP. For more details on the QAPP, the data 
sources, and the assignment of confidence levels, see Etnier et al. 2005. 

For lightweight aggregates, the three most important data sources were: 

• Maehlum, T. Cold-Climate Constructed Wetlands: Aerobic Pre-Treatment and Horizontal 
Subsurface Flow Systems for Domestic Sewage and Landfill Leachate Purification. Doctoral 
Thesis. Agricultural University of Norway. 1998. (Confidence level: High) 

• Zhu, T. Phosphorus and Nitrogen Removal in Lightweight Aggregate (LWA) Constructed 
Wetlands and Intermittent Filter Systems. Doctoral Thesis. Agricultural University of 
Norway. 1998. (Confidence level: High) 
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• Florida Keys Onsite Wastewater Reduction Systems Demonstration Project. Ayers 
Associates. April 2000. (Confidence level: Medium) 

For BOF slag and PhosRID, the most important data source is assigned a Medium confidence 
level. 

For the Peatland system, the most important data source is assigned a Low confidence level. 

For the aerobic treatment units with chemical dosing, the most important data source is assigned 
a Medium confidence level. 

For more details on the QAPP, the data sources, and the assignment of confidence levels, see 
Etnier et al. (2005). 

Table 2-11 
Evaluation of RUCK CFT 

Criterion Score Comment 

Proven track record 3 
Over 200 RUCK systems in use, the first of which 
date to 1977. P treatment data, however, only 
available for two RUCK CFT systems. 

Phosphorus-management 
capability 3 30 to 90%, only two sources of data for P removal 

available. 

Cost 1 Installed cost $10,000; estimated life-cycle cost 
$25,000. 

Robustness of system 4 
No specific information, but packed-bed filters are 
generally little affected by variations in wastewater 
flow and composition. 

Phosphorus-recycling 
capability 3 

No specific information; the system involves a 
sorbent but it is unlikely to be contaminated by 
heavy metals. 

Maintenance requirements 3 

The RUCK filter has never been replaced in any 
system (over 200 systems dating over 25 years); 
the RUCK CFT has a shorter track record. 
Manufacturer claims the system has capacity to 
sorb P for many years; however, no long-term 
phosphorus studies are available. Replacement of 
the RUCK filter is expected to be 
expensive/difficult. Some standard maintenance 
required (refilling carbon source tank). 

Familiarity to the user 4 User may be required to add carbon source to 
system. 

Weighted Score 3.4  

2-36 



 

Methods Examined 

Table 2-12 
Evaluation of PhosRID™ 

Criterion Score Comment 

Proven track record 2 Two systems, two years longest. Test results 
available from MASSTC. 

Phosphorus-management 
capability 

5 Greater than 90% phosphorus reduction 

Cost 1 Manufacturer estimates $10,000 to install. 
Estimated life-cycle cost $18,000 to $28,000. 

Robustness of system 4 
No specific information, but packed-bed filters are 
generally little affected by variations in wastewater 
flow and composition. 

Phosphorus-recycling 
capability 4 Sand containing precipitated phosphates can be 

used in agriculture; no data to confirm availability. 

Maintenance 
requirements 4 

No major component needs to be replaced after 
two years of operation; no long-term studies 
available. Iron medium needs to be replenished—
estimated every five years. 

Familiarity to the user 5 No change in user behavior from standard septic 
system. 

Weighted Score 4.0  

 

Table 2-13 
Evaluation of Lightweight Aggregates in Packed-Bed Filters 

Criterion Score Comment 

Proven track record 5 Used in nearly 100 systems, with at least 12 monitored, 
one since 1991. Many lab experiments, as well. 

Phosphorus-management 
capability 

5 70 to 99%. Expected to decrease as the medium 
becomes saturated with phosphorus. 

Cost 1 For a bed like that used in Florida Keys tests, estimated 
installed cost $8,600; estimated life-cycle cost $25,000.  

Robustness of system 4 
No specific information, but packed-bed filters are 
generally little affected by variations in wastewater flow 
and composition. 
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Table 2-13 
Evaluation of Lightweight Aggregates in Packed-Bed Filters (Cont.) 

Criterion Score Comment 

Phosphorus-recycling 
capability 4 

Spent sorbent has been applied as fertilizer. 

Maintenance requirements 4 Assumed to be similar to sand filters. 

Familiarity to the user 5 No change in user behavior from a standard septic 
system. 

Weighted Score 4.5  

 

Table 2-14 
Evaluation of Basic Oxygen Furnace (BOF) Slag in Packed-Bed Filters 

Criterion Score Comment 

Proven track record 3 Three systems, five years longest.  

Phosphorus-management 
capability 5 Greater than 97% total P. 

Cost 1 
No cost figures available from manufacturer. 
Estimated installed cost $11,000; estimated 
life-cycle cost $23,000.  

Robustness of system 4 
No specific information, but packed-bed filters are 
generally little affected by variations in wastewater 
flow and composition. 

Phosphorus-recycling 
capability 3 

Medium contains heavy metals in excess of soil 
background levels—may require dilution to meet 
EPA 503 regulations.  

Maintenance 
requirements 3 

BOF filter expected to last 15 to 20 years, peat 
filter will likely need replacement every 2 to 3 
years. 

Familiarity to the user 5 No change in user behavior from standard septic 
system. 

Weighted Score 3.9  
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Table 2-15 
Evaluation of Peatland™ System 

Criterion Score Comment 

Proven track record 3 
Data obtained for four systems, five years in 
duration. More than 30 systems in operation in 
total. 

Phosphorus-management 
capability 5 Greater than 90% initially, expected to decrease 

as filter becomes saturated. 

Cost 1 
For a single house, estimated installed cost 
$10,000; estimated life-cycle cost $23,000 to 
$27,000. 

Robustness of system 5 

Up to 1.5 times design flows have been observed 
with good treatment results; having a peat filter 
and a wetland in series provides double 
robustness. 

Phosphorus-recycling 
capability 5 

The manufacturer says it is possible to recycle the 
used peat from tree farms and other sources. Peat 
sorbent is frequently used in horticulture and is 
assumed to contain no toxic substances.  

Maintenance 
requirements 

3 Little other than replacement of peat filter after 20 
years. Inspection once a year.  

Familiarity to the user 5 No change in user behavior from standard septic 
system. 

Weighted Score 4.3  

 

Table 2-16 
Evaluation of Nanoparticle Selective Resin 

Criterion Score Comment 

Proven track record 1 
No data on P removal were presented, other than 
through personal communication. One site exists in 
Florida, data to be released by spring 2005. 

Phosphorus-management 
capability 5 Potentially high removal capability. Site in Florida is 

achieving greater than 80%.  

Cost Too little data $13,000 total installed cost for one system designed to 
treat over 50,000 gal/day of agricultural wastewater. 

Robustness of system 4 Susceptible to interferences with anions such as arsenic, 
vanadium, uranium, and others.  

2-39 



 

Methods Examined 

Table 2-16 
Evaluation of Nanoparticle Selective Resin (Cont.) 

Criterion Score Comment 

Phosphorus-recycling 
capability 5 Phosphorus fertilizer can be produced through chemical 

precipitation of the regenerate. 

Maintenance requirements No data Largely unknown. Too early in technology’s 
development. 

Familiarity to the user 1–5 

No change in user behavior from a standard septic 
system for a cluster system. For one technology, training 
and licensing in handling caustic chemicals is required of 
the operator—this is invisible to the user in a cluster 
system but highly demanding for an onsite system. 

Weighted Score N/A Too little data to meaningfully compare with others. 

 

Table 2-17 
Evaluation of Extended-Aeration Activated Sludge 

Criterion Score Comment 

Proven track record 4 More than 67 units in operation; independent sources of 
data. 

Phosphorus-management 
capability 

5 Greater than 90% if dosage applied correctly; if dosage 
is too low, P removal drops considerably. 

Cost 1 Estimated installed cost $9,700; total estimated life-cycle 
cost $44,000. 

Robustness of system 2 P removal varies greatly in the same system over time. 

Phosphorus-recycling 
capability 3 Similar issues that apply to the treatment of septage. 

The sludge contains 69 g P/kg (dry weight). 

Maintenance requirements 1 Sludge removal required twice a year. System 
monitoring required for system to run properly. 

Familiarity to the user 3 
Regular checking of the system required to make sure it 
is running properly. Otherwise, no change in user 
behavior from a standard septic system. 

Weighted Score 3.2  
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Table 2-18 
Evaluation of Sequencing Batch Reactor 

Criterion Score Comment 

Proven track record 5 3,500 treatment plants in operation; independent 
sources of data. 

Phosphorus-management 
capability 

5 70 to 80% if dosage applied correctly; if dosage is too 
low, P removal drops considerably. 

Cost 1 Installed cost $11,000; total estimated life-cycle cost 
$37,000. 

Robustness of system 2 P removal varies greatly in the same system over time.  

Phosphorus-recycling 
capability 

4 Sludge readily available for composting, contains 36 g 
P/kg dry weight sludge. 

Maintenance requirements 2 Excess sludge is dried and can be easily removed, 
System monitoring required for system to run properly. 

Familiarity to the user 3 
Regular checking of the system required to make sure it 
is running properly. Otherwise, no change in user 
behavior from a standard septic system. 

Weighted Score 3.7  

2.5 Soil Absorption System 

The role of soil in onsite systems is to provide the area for dispersal of a large volume of effluent 
and to further treat the effluent before it reaches groundwater or surface water (Miles 1998; 
Sievers and Miles 1995). The permeability, structure, texture, aeration qualities, surface area, and 
vertical separation (soil thickness) from the infiltrative point of dispersal in the soil will influence 
the contaminant removal and degree of treatment. However, Cuyk et al. (2001) stated that the 
major portion of pollutant removal was at 30 to 60 cm for many contaminants. Phosphorus 
removal within the soil occurs through plant uptake by vegetation on or near the soil absorption 
system (SAS), biological immobilization, and precipitation and sorption processes in the soil 
(Reneau et al. 1989). Robertson and Harman (1999) found that P accumulation and 
concentration tended to take place close to the effluent dispersal components of the SAS. They 
referred to this area of attenuation as the “Phosphorus Rapid Transformation Zone.” 

Lombardo et al. (Submitted) developed a handbook on the present understanding of phosphorus 
geochemistry relative to removal in the septic tank, SAS, and groundwater away from the SAS. 
The removal of phosphorus from the wastewater stream is primarily governed by adsorption and 
mineral precipitation. They further summarized that phosphorus removal in the SAS centers on 
mineral precipitation through Fe and Al (aluminum) precipitates which are influenced by pH, Fe, 
and Al solubility and redox conditions. Lombardo et al. also included the work of Robertson  
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et al. (1998) showing that soil, wastewater, and site properties strongly influence the retention of 
phosphorus in the vadose zone in that a wide range of phosphorus retention (23 to 99%) can 
occur. 

Phosphorus removal from wastewater can be an important treatment element in many receiving 
environments. This removal is particularly important for systems near surface waters, as elevated 
phosphorus levels can lead to eutrophication in lakes and rivers. Typical concentrations of 
phosphorus in domestic septic tank effluent range from 12 to 20 mg/L (Crites and 
Tchobanoglous 1998), but in recent years, some regulatory authorities have enacted phosphorus 
limits as low as 0.5 mg/L for specific receiving environments. If the phosphorus in septic tank 
effluent is not reduced by treatment before dispersal, the soil is the only component that can treat 
the effluent before it enters a water body. Robertson et al. (1998) reported P removal in ten 
mature SASs in Ontario to be quite diverse, with decreases from 23% to nearly 99%. 

Phosphorus is an essential element for plants, which can be used to extract phosphorus from soil 
and store it in their biomass. The background concentration of phosphorus in soils worldwide 
ranges from 0.001 mg/L to nearly 1 mg/L in soil water solutions (Brady and Weil 2002). Soil pH 
is a strong influence on the anionic species of phosphate available. At acidic pH values of 4 to 
5.5, the monovalent anion (HPO4

-1) is dominant while the divalent phosphate anion (H2PO4
-2) is 

dominant at pH values from 7.5 and above (Brady and Weil 2002). At near-neutral soil pH 
conditions, both phosphorus species are nearly equal in abundance and availability to plants. To 
improve phosphorus removal by plants, it is critical to remove the aboveground biomass from 
the SAS area. Continued cyclic additions of plant biomass will maintain or increase the 
phosphorus in surface soils through natural recycling processes. The use of plants to enhance 
phosphorus removal is discussed in Section 2.6. 

2.5.1.1 Soil Chemistry and Phosphorus Removal 

A fundamental understanding of soil chemical, physical, and biological properties is important to 
understand the removal of phosphorus by soil. Phosphorus in most domestic systems is 
comprised of orthophosphates, polyphosphates, and insoluble phosphates (Manahan 1994) with 
orthophosphates comprising up to 80% of the total (Reneau and Pettry 1975). Phosphorus 
precipitation and sorption mechanisms in soils may include an ion exchange capacity, 
chemisorption (Figure 2-13), surface precipitation, precipitation as a solid mineral species, and 
physical adsorption (Brady and Weil 2002; McBride 1994). Many authors refer to the 
phosphorus adsorption and precipitation potential of soils as the phosphorus-fixation capacity of 
the soil (Brady and Weil 2002). Much of the potential for phosphorus fixation centers on other 
chemical properties of the soils (Brady and Weil 2002; McBride 1994; Sanchez and Uehara 
1980): 

• pH 

• Soluble Ca (calcium) 

• Fe (iron) 

• Al (aluminum) content 
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• Calcium carbonate content 

• Organic matter content 

• Content of oxides and hydrous oxides of iron and aluminum 

Surface area and the degree of crystallinity (the packing together of atoms in a repeating manner 
to form a three-dimensional pattern) of potential phosphorus-fixing solid particles also have a 
modifying influence on the strength of phosphorus fixation.  

 

Aluminum 
Oxide Surface 

Orthrophosphate Labile Phosphorus Nonlabile Phosphorus 

 

Adapted from Tisdale et al. (1993). 

When two AL-O-P bonds with orthophosphate occur, the P is considered to be chemisorbed 
(nonlabile).  

Figure 2-13 
An Example of the Mechanism of Phosphorus Adsorption When an Effluent 
Orthophosphate is Bonded Through One AI-O-P Bond Providing Labile P 

Soil pH has a dominant influence on phosphorus fixation. At high pH values (alkaline soils), 
calcium tends to be dominant in soil solution, and insoluble Ca-P complexes can be formed 
(Figure 2-14). At pH values less than five (acidic), iron, aluminum, and manganese are highly 
soluble. These cations have a great affinity for phosphorus and can also form insoluble 
complexes (McBride 1994; Sanchez and Uehara 1980). Flooding may also influence phosphorus 
fixation in soils. Changes in soil pH with flooding can alter the solubility of various Al-P and Fe-
P complexes in acid soils. Phosphorus fixation can slightly decrease with flooding because of the 
change of ferric iron to the more soluble ferrous hydrous oxides during reduction (Sanchez and 
Uehara 1980). However, the overall potential for phosphorus fixation does not appear to change 
significantly (Sanchez and Uehara 1980). 
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Adapted from Tisdale et al. (1993) 

Figure 2-14 
Relative Phosphorus Fixation With pH 

Soils that contain excess calcium and discrete masses of calcium carbonate have a moderate to 
large capacity to adsorb phosphorus onto the surfaces of calcium carbonate particles (Brady and 
Weil 2002). Of greatest phosphorus-fixation potential, however, are the Fe and Al oxides and 
hydrous oxides, especially when these colloids are amorphous or weakly crystalline. This less 
crystalline property provides greater surface area and thus great potential for contact and 
exposure to dissolved phosphorus (Sanchez and Uehara 1980). In soils with large amounts of 
mineral oxides and hydrous oxides, phosphorus fixation may be decreased with increasing 
organic matter content. Lombardo et al. (Submitted) summarized that the most comprehensive 
phosphorus removal occurs in soils that are acidic (do not contain carbonate minerals) and in 
wastewater with oxidation of organic carbon and ammonium. They further state that less 
effective phosphorus removal occurs in soils that contain carbonates in which the acidity from 
the oxidation reactions is rapidly buffered, thus providing near-neutral pH values. It is thought 
that the organic radicals block the hydroxyl sites on the oxide and hydrous oxide surfaces, thus 
lowering the possibility for contact of these hydroxyl sites to phosphorus in solution (Fox and 
Kamprath 1970). 

Anion exchange capacity (AEC) is the ability of the soil to retain and exchange anions. 
Phosphorus, in the form of the phosphate anion, can be affected by AEC. Much of the AEC in 
soils is due to the presence of kaolinite clay and iron and aluminum oxides (Brady and Weil 
2002; McBride 1994). The soils with the greatest AEC are highly weathered soils in the humid 
tropics. The dynamic nature of retention and exchange in this process, through the flux of other 
anions in the soil environment, may provide competition for sites in soils with small AEC. In 
most North American soils, AEC does not have great potential for phosphorus retention. 
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In summary, the phosphorus-fixation potential of a soil material is a function of the number and 
accessibility of sites that have the potential to sorb phosphorus. The predominant soil qualities 
that influence this potential are particle size and pH. As a general rule, soils with finer particles 
have greater surface area available for contact with the soil solution or effluent, and thus have 
greater potential to fix phosphorus. From a soil compositional and mineralogical aspect, 
increasing soil phosphorus fixation occurs as one moves from 2:1 silicate clays to 1:1 silicate 
clays, to oxides, and then to hydrous oxides of Fe and Al (Brady and Weil 2002). Within the 
oxides and hydrous oxides of Fe and Al, the capacity for phosphorus fixation increases with 
decreasing crystallinity; amorphous material possesses the greatest phosphorus-fixation 
potential. Decreases in pH provide increased soluble Fe and Al, which can form insoluble 
complexes with phosphorus. As pH increases above seven, soluble Ca will increase and 
insoluble complexes may also be formed.  

2.5.1.2 Phosphorus Removal In and Near the Soil Absorption System 

The phosphorus-fixation potential of a soil is finite. If phosphorus is added to the soil over a long 
period, its phosphorus-fixation potential can be exhausted. Furthermore, many assessments of 
effluent phosphorus-fixation in soils are based on hypothetical calculations or relatively 
short-term data. An example calculation was performed for an assumed homogeneous soil 
having septic tank effluent of 10 mg/L of soluble phosphate at a daily flow of 600 L over a 70 m2 
area (McBride 1994). The sorption capacity of the soil was estimated to be 200 mg P/kg soil. 
The calculations predicted that the phosphate would have moved no deeper than 1 m over 10 
years, but no field validation was conducted.  

A laboratory soil column study found that phosphorus-sorption capacities of soils varied more 
than three-fold, but in a separate field study, soils surrounding SASs up to 15 years old were not 
completely saturated with phosphorus (Sawhney and Hill 1975). The authors also confirmed in 
the laboratory that phosphorus-sorption sites in soils may be regenerated over time, especially 
after wetting and drying cycles. Phosphorus-removal rates of 90% were found in laboratory soil 
column and field studies of a weakly crystalline, Al- and Fe-rich Andisol soil (Kimochi et al. 
2004). A laboratory column study where effluent was added to columns containing 20 different 
soils found that little phosphorus removal was obtained when the soil was coarse textured or had 
quartz mineralogy; however, up to 95% phosphorus removal was obtained in soils containing 
significant oxides or kaolinite (Al-Shiekh Khalil et al. 2004). Contrastingly, soil columns 
containing primarily shrink-swell clays had relatively low phosphorus removal. 

Phosphorus contamination in SAS field studies is generally limited to shallow groundwater, with 
phosphorus fixation continuing under saturated conditions (Reneau et al. 1989). Field studies 
near SASs show that many soils are capable of sorbing much of the effluent phosphorus. In a 
field study of a Paleudult soil after 15 years of receiving wastewater effluent, fixation primarily 
occurred in the soil’s Al-P and Fe-P complex fraction (Reneau and Pettry 1976). Movement of 
effluent within the soil landscape had not appreciably altered soil phosphorus concentrations 
more than 3 m away from the SAS. An evaluation of spray irrigation using onsite wastewater 
effluent on marginal soils found that the surface soil materials removed 96% of the effluent 
phosphorus, and that irrigation did not result in increased phosphorus levels in the surface soil 
(Monnett et al. 1996). Increased phosphorus transport is more likely in coarser textured soil 
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conditions where there are few oxides of Fe and Al, where uniform effluent distribution is not 
achieved, and where effluent flow is rapid away from the SAS (Reneau et al. 1989; Geary 2004). 
Saturated flow conditions may also result in the migration of effluent phosphorus beyond 
predicted distances in poorly drained locations (Reneau 1979).  

The phosphorus sorptive capacities of soil sources and industrial solid wastes as possible 
amendment materials for SAS have also been investigated. Isotherm studies indicated that red 
mud gypsum, alkaline fly ash and a local soil source (Merribrook loamy sand) provided high 
phosphorus removal (Cheung et al. 1994). The loamy sand performed better at low phosphorus 
concentrations. Bottom ash and acidic fly ash possessed low phosphorus-fixation potential. 
Further assessment through column and field studies is necessary to provide a realistic 
approximation of these materials’ utility in SAS (Cheung et al. 1994).  

2.5.2 Potential for Further Phosphorus Removal 

The SAS and the soil are the last components of the onsite system (Miles 1998). Thus, proper 
soil and site characteristics, assessment of design parameters, and maintenance of the SAS are 
important to long-term phosphorus removal.  

The first consideration should be in the soil and site selection process. Until recently, little 
emphasis was placed on phosphorus removal by onsite systems, and consequently phosphorus 
removal has not been considered an important treatment component of the soil. Where 
phosphorus removal is an important criterion for siting and designing the SAS, the soil properties 
that enhance removal should be of prime consideration. Soil properties such as moderate to fine 
texture, acidic or alkaline pH, and relatively high oxide and hydrous oxide content should receive 
strong consideration.  

In many soil/site assessment codes or protocol, soil texture is already part of the standard soil 
description (Miles 1998). In many cases, the soil/site evaluator already needs to know the 
geographic/physiographic area and the associated clay mineralogy relative to shrink-swell 
potential in order to make siting and loading rate assessments. Additional knowledge of oxide 
and hydrous oxide occurrence in these physiographic areas would be of great assistance.  

Soil color from the Soil Munsell color charts can be utilized to infer the phosphorus-fixation 
potential of the soil. This utilization can be part of the comprehensive soil/site assessment that 
provides field evaluation of soil parameters that are indicators of phosphorus fixation. Specific 
colors of the 7.5YR and redder hues generally indicate soil material that has greater 
phosphorus-fixation potential than other color hues. Additionally, descriptions of soil structure 
and associated soil porosity provide a rough assessment of effluent flow in the soil. Macropores 
may result in bypass flow, while flow in smaller soil pores provides greater effluent-soil particle 
contact. 

Table 2-19 shows an example of a table that could be developed for use in site evaluation. The 
table helps assign points to different soil characteristics that affect phosphorus removal. Points 
are accrued for features that indicate more phosphorus-sorption capacity. Soil horizon thickness 
is used in conjunction with presence or absence of each feature to assign points to the soil 
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profile. For example, a 10-inch thick B1 horizon is to be scored in the table. If it has a moderate 
to fine texture, 10×3 = 30 points are assigned for that feature. If the mineralogy is quartz, then 
10×(-2) = -20 points are assigned on that line. Sites with higher scores have higher 
phosphorus-sorption capacities. (Table 2-19 is an example of the beginnings of what such a 
method might look like. Much work on developing the table and its interpretation needs to be 
done before the method is ready for use.) 

Table 2-19 
An Example of a Table Assigning Points in the Field to Some Soil Morphological 
Site Characteristics That Affect Phosphorus Removal 

Horizon and Thickness Property and Points per Inch of Horizon 
Thickness 

Points for 
This Site 

Texture moderate to fine +3 30 

Mineralogy kaolinite clay and pH less than 5.5 +2  

Mineralogy quartz -2 -20 

Hue 7.5 YR +2 (if color value and chroma greater 
than 3) 

 

Hue 5 YR +3 (if color value and chroma greater  
than 3) 

 

Hue 2.5YR +4 (if color value and chroma greater 
than 3) 

 

B1, 10 inches 

Hue 10R +5 (if color value and chroma greater  
than 3) 

 

Subtotal for horizon  10 

In use, a table like this would be used for each of the horizons at or below the bottom of the soil absorption system, 
and the points tallied after the soil profile evaluation was complete. 

At some sites, naturally-occurring soil properties do not provide sufficient phosphorus removal. 
Therefore, other design and management tools must be provided. 

The geometry of the SAS can be critical for maximization of the soil’s phosphorus-fixation 
potential (Sawhney and Hill 1975). Soil absorption beds, where length and width are somewhat 
equal, provide less soil surface area exposure than long, narrow trenches where length is 
considerably greater than width (Figure 2-15). The major difference between these two designs is 
increased area in the sidewalls of the trenches that provides additional surface area for treatment. 
As the soil surface area contact increases, the possibility that the effluent will contact soil 
particles with the potential to fix phosphorus also increases. However, sidewalls are only 
effective if ponding occurs in the SAS. 
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Figure 2-15 
Leachfield Trenches (upper) and a Leachbed (lower) for Distributing Effluent 

A shallow SAS should also increase phosphorus removal through plant uptake, as the largest 
volume of plant roots is near the surface. The roots need to be in contact with effluent as it passes 
in the soil. Holden et al. (2004) found that most of the grass samples collected from shallow, 
narrow leachfields possessed greater above-ground biomass and more total phosphorus in the 
biomass of unfertilized home lawns than the control areas. Additionally, in most of the shallow, 
narrow leachfields, they observed larger total phosphorus concentrations in the soil below the 
trench that they suggested was a result of soil sorption. Plant uptake should be better using drip 
distribution, because it is placed shallow in the soil profile and in the root zone, than in a trench 
where roots do not have much access to effluent. Increased phosphorus removal would also 
occur if the biomass of plant cover on the SAS were regularly harvested and removed from the 
site. Management is the key to removal of phosphorus, and biomass removal over shallow SAS 
is a key component of management. Still greater phosphorus removal could be attained if plant 
species (especially turf grass hybrids) with greater phosphorus nutritional needs were 
commercially available for use with SAS.  

Delivery and application methods of effluent to the SAS from the septic tank or treatment train 
should be designed to maximize the effectiveness of phosphorus removal within the SAS. Ideally 
the effluent should have maximum contact with mineral soil components with phosphorus 
fixation capacity. Drop boxes can provide concentrated flow and accelerate the formation of 
“clogged” trenches, which helps expose sidewalls and shallow roots to effluent. This gives better 
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management to enable resting, oxidation-reduction processes, and to control biomat. 
Conventional gravity distribution provides distribution “on demand.” Since most residential 
usage is not uniformly distributed over a 24-hour period, saturation of the infiltrative surface of 
the SAS is possible. Gold and Sims (2000) expressed the concern that excessive loading under 
saturated flow could promote localized saturated flow of water and intrusion of nutrients into the 
vadose zone such that the chemical and biological removal capacity of the soil can be exceeded. 
Timed, pressure dosing can prevent localized saturated flow while promoting formation of a 
biomat. This uniform application might be a mechanism that can overcome the shortcomings of a 
gravity system with regard to removal of phosphorus.  

Timed, pressure dosing has additional advantages when the SAS is placed within subsoils that 
contain clay films, or argillans. These argillans are zones of translocation of clay and other 
fine-textured constituents downward and (in some cases) laterally within the soil profile. These 
features indicate a relatively easy flow path of water through larger pores within the soil matrix 
(Buol et al. 1980). It is common for clay films to contain oxides of Fe and Al as well as organic 
components (Buol and Hole 1959); thus, clay films lining these pores have a high potential for 
phosphorus fixation. Because of the larger size of these pores, however, bypass flow of water 
and effluent may occur during saturated conditions, lowering the effectiveness of the argillans to 
fix phosphorus. Delivery and distribution of effluent within the SAS as unsaturated flow in a 
timed, pressure-dosed (shallow-placed) distribution system such as low-pressure pipe (LPP) 
distribution or drip dispersal will assist in maximizing the phosphorus-removal potential of the 
argillans lining the pore walls by providing contact to a greater volume of effluent, as well as a 
greater contact time with these Fe- and Al-rich features. 

Using alternative materials during construction can also increase the phosphorus-removal 
capabilities of the SAS. Crushed limestone rock could be used within the conventional “gravel 
and pipe” trench to provide a medium with phosphorus-fixation surface area. A relatively small 
and finite phosphorus-removal capacity would be provided because of the medium’s large 
particle size. The longevity of the phosphorus fixation is a primary consideration for this 
medium.  

Rubber tires chipped to the specifications of the gravel medium could also be used in SAS 
construction. This medium was assessed under field conditions and in laboratory column studies 
to lower the phosphorus content in subsurface-flow constructed wetlands (Richter and Weaver 
2004). However, the size of the aggregate chips and the amount (surface area) of wire exposed 
could limit the total phosphorus-fixation capacity with this medium. A number of states limit the 
amount of wire exposed to a half inch (Grimes et al. 2003), which could be counterproductive 
from a phosphorus-fixation perspective. Tire chips are inexpensive, have a low density and high 
pore space, and are abundant in many localities (Richter and Weaver 2004; McKenzie 2003; 
Grimes et al. 2003). Phosphorus removal in this medium occurs when the Fe of exposed wires in 
the steel-belted tire source form insoluble Fe-P compounds when exposed to effluent 
phosphorus. As with the limestone gravel medium, particle size and limited steel wire exposure 
would provide a finite phosphorus-removal capacity. Because the steel strands in tire chips have 
a smaller surface exposure than the total limestone gravel surface area, the tire chip component 
has a smaller total phosphorus-fixation capacity.  
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Additional SAS modifications to increase the phosphorus-removal efficiency of the soil should 
be assessed. The modifications should provide a medium, either in conjunction with or in lieu of 
gravel, which increases phosphorus-fixation potential on a long-term basis while also 
maintaining a loading rate that adequately disperses effluent. The ideal material must have a high 
potential to fix phosphorus, a large surface area to provide a relatively inexhaustible removal 
time frame, and must maintain the physical characteristics that enable effluent flow through the 
material and into the infiltrative soil surface. Sandy materials with the appropriate mineralogical 
composition (calcite or iron and aluminum oxides), as are used in many sand-lined trench 
designs, may have the best potential.  

Many of the materials already evaluated have adequate phosphorus-fixation potential but do not 
have the physical properties (primarily particle size and shape) needed for effluent movement. 
Mixing the native soil around the SAS with materials that have proven phosphorus-removal 
potential, such as fly ash, red mud neutralized with gypsum, bottom ash, and transported soil 
with phosphorus-fixation qualities (Cheung et al. 1994; Wang and Sievers 2004), should be 
explored. “Doping” the SAS, through lining or sequential mixing of the phosphorus-fixation 
material within the infiltrative surface of native soil during construction, could provide increased 
phosphorus fixation using an expensive or limited-supply soil amendment while maintaining 
most of the soil’s integrity for effluent dispersal. This concept would be more expensive and 
would require increased labor and time for installation. The process also must be performed 
under dry soil conditions to minimize the degradation of soil physical properties and provide 
thorough mixing. 

Assessment of a variety of siting, design, construction, and management factors is imperative to 
understanding the potential and effectiveness of long-term phosphorus removal within the SAS. 
Performance-based site assessment criteria have been proposed in some of the recent model 
codes. Development of soil and site assessment criteria to determine the native 
phosphorus-fixation potential should be the initial phase of the process, especially if land area is 
not a confining factor. The utilization of phosphorus-fixation materials, such as limestone gravel, 
rubber tire chips from steel-belted tires, or other coarse-textured material which has 
phosphorus-sorption capabilities within the SAS may be practical, but may not provide enough 
long-term fixation potential. Finer-textured materials such as fly ash or harvested soil with high 
iron oxide content may be used to line or “dope” the SAS infiltrative surface, as long as the 
hydraulic properties of the SAS are not impaired. Finally, dispersal methods such as LPP 
distribution or drip dispersal that provide unsaturated flow and increase soil/effluent contact and 
total contact time will maximize long-term total phosphorus fixation. The possible wetting and 
drying of the soil material during unsaturated flow conditions may assist in the regeneration of 
phosphorus-fixing sites in the surrounding soil material, but would appear to be minimal over 
time. 

Additional characterization of the fixation of various phosphorus species from wastewater 
effluent by various soil components within the SAS should be conducted. The solubility of 
organic phosphorus species, as was recently found in long-term manured plots, should also be 
investigated in greater detail (Motavalli and Miles 2002). These baseline characterizations may 
provide greater knowledge of biological phosphorus availability; longevity of phosphorus 
compounds in the soil system; the stability of phosphorus species relative to reactivity and 
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uptake by biological components (primarily plants); and the chemisorption potential from 
phosphorus species to other phosphorus species over time, resulting in greater ability to enhance 
the phosphorus-fixing efficiency of the soil and SAS.  

In summary, a large amount of the phosphorus removal within the soil component of the SAS is 
through precipitation of Fe and Al phosphates (Lombardo et al. Submitted) in the “envelope” of 
soil immediately surrounding the placement of effluent in the soil (the “rapid transformation 
zone” described by Robertson and Harman 1999). Soil pH, Fe and Al oxide content, soluble Fe 
and Al content, soluble Ca content, calcium carbonate content, organic matter, and clay content 
all have a strong influence on phosphorus precipitation and adsorption. Soil attributes such as 
particle size and soil structure strongly influence the degree of saturated and unsaturated flow, 
the rate of flow as well the amount and length of contact with phosphorus-fixing mineral 
components; all of these influence the attenuation of phosphorus near the point of placement as 
well as any possible movement of phosphorus via bypass flow or movement of plumes from the 
SAS. 

2.5.3 Methods 

Based on the above discussion, seven methods for augmenting phosphorus removal in the SAS 
were evaluated: 

• Comprehensive site assessment 

• Added materials in SAS for “doping” 

• Timed, pressure dosing with drip distribution 

• Design of long, narrow trenches with effluent directed to a trench to pond it 

• Narrow, shallow soil absorption systems 

• Replacement of gravel in trench with tire chips 

• Replacement of gravel in trench with limestone 

2.5.4 Evaluation 

The following tables indicate how the team scored the methods evaluated. An explanation of the 
scoring is in section 1.5.2. 

The data sources used for the following evaluations were all assigned a High or Medium 
confidence level, using the scale developed as part of this project’s QAPP. For more details on 
the QAPP, the data sources, and the assignment of confidence levels, see Etnier et al. (2005). 
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Table 2-20 
Evaluation of Comprehensive Site Assessment 

Criterion Score Comment 

Proven track record 4 Site testing has a long history, but not for 
phosphorus-fixation capacity. 

Phosphorus-management 
capability 

3 
A function of the soil/site properties. Possibility of up to 
90% removal over many years. Will provide definitive 
screening of sites with and without P-fixation potential. 

Cost 5 Cheapest management strategy to employ. 

Robustness of system 5 Works in a variety of site settings. Spikes in loading not 
applicable. 

Phosphorus-recycling 
capability 1 Little recycling except by plants in soil absorption system. 

Maintenance requirements 5 No maintenance required. 

Familiarity to the user 5 No change in user behavior from conventional septic 
system. 

Weighted Score 4.7  

 

Table 2-21 
Evaluation of Added Materials in SAS for “Doping” 

Criterion Score Comment 

Proven track record 2 The effects of the material are well-characterized, but the 
technique has not been used much. 

Phosphorus-management 
capability 

3 High in the beginning but limited long-term capacity. 

Cost 3 Limited availability in some areas; transportation costs. 

Robustness of system 3 Expected to handle spikes in flows well, but limited 
long-term capacity. 

Phosphorus-recycling 
capability 

1 Little recycling. 
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Table 2-21 
Evaluation of Added Materials in SAS for “Doping” (Cont.) 

Criterion Score Comment 

Maintenance requirements 3 Replacement of material may be needed over the long 
term. 

Familiarity to the user 5 No change in user behavior from conventional septic 
system. 

Weighted Score 3.3  

 

Table 2-22 
Evaluation of Timed, Pressure Dosing With Drip Distribution 

Criterion Score Comment 

Proven track record 5 Used to assist in management of physical, chemical, and 
biological properties of the soil and SAS. 

Phosphorus-management 
capability 4 Provides increased efficiency of P-fixation potential within 

SAS. 

Cost 1 Installed cost alone can be $10,000. 

Robustness of system 3 Used in a wide variety of situations to increase efficiencies 
in marginal soil and site situations. 

Phosphorus-recycling 
capability 

2 Recycling possible only at soil absorption system. 

Maintenance requirements 2–3 
Can be one of the most intensive systems. Semi-annual to 
annual inspection and flushing of the systems is required 
for some systems. 

Familiarity to the user 5 No change in behavior from conventional septic system. 

Weighted Score 3.6 – 3.8  
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Table 2-23 
Evaluation of Design of Long, Narrow Trenches With Effluent Directed to a Trench 
to Pond It 

Criterion Score Comment 

Proven track record 4 Long, narrow trenches used for decades; improved 
phosphorus-removal capability not well-documented. 

Phosphorus-management 
capability 3 A function of the soil/site properties. 

Cost 5 Where feasible, often less costly than beds. 

Robustness of system 5 Works in a variety of site settings, handles loading spikes. 

Phosphorus-recycling 
capability 1 Little recycling for reuse except by plants. 

Maintenance requirements 5 No maintenance required if gravity fed. More maintenance 
required if pressure-dosed. 

Familiarity to the user 5 No change in behavior from conventional septic system. 

Weighted Score 4.7  

 

Table 2-24 
Evaluation of Narrow, Shallow SAS 

Criterion Score Comment 

Proven track record 3 Used in many installations; improved phosphorus-removal 
capacity not well-documented. 

Phosphorus-management 
capability 

4 
A function of soil/site properties. Increases amount of soil 
that effluent passes through, and placement in the root 
zone increases plant uptake. 

Cost 5 Can be less costly than beds. 

Robustness of system 3 Expected to handle spikes in flows well, but limited data. 

Phosphorus-recycling 
capability 2 Improves possibilities for recycling at the SAS. 

Maintenance requirements 4 Some vegetation management may be needed. Flushing of 
system if pressure dosed. 
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Table 2-24 
Evaluation of Narrow, Shallow SAS (Cont.) 

Criterion Score Comment 

Familiarity to the user 5 No change in user behavior from conventional septic 
system. 

Weighted Score 4.4  

 

Table 2-25 
Evaluation of Replacement of Gravel in Trench With Tire Chips 

Criterion Score Comment 

Proven track record 2 Approved for use in North Carolina; little documentation of 
phosphorus-removal capacity. 

Phosphorus-management 
capability 3 Apparently 25 to 70%, but no long-term performance data. 

Phosphorus-fixation capacity is finite. 

Cost 4 Can reduce cost of aggregate 10 to 90% (Grimes et al. 
2003). 

Robustness of system 4 Expected to be comparable to gravel aggregate, but not 
documented. 

Phosphorus-recycling 
capability 1 Little recycling. 

Maintenance requirements 4 Removal of tire chips and replacement will be needed. 

Familiarity to the user 5 No change in behavior from conventional septic system. 

Weighted Score 4.0  

 

Table 2-26 
Evaluation of Replacement of Gravel in Trench With Limestone 

Criterion Score Comment 

Proven track record 3 Used commonly in Missouri. P-fixation of limestone 
well-known, but few studies of this application. 

Phosphorus-management 
capability 4 

Probably quite high initially, but as the P-absorption sites 
are used, the P-fixation will decrease over the years. 
Limited data. 
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Table 2-26 
Evaluation of Replacement of Gravel in Trench With Limestone (Cont.) 

Criterion Score Comment 

Cost 5 Comparable to gravel in many areas. 

Robustness of system 5 Comparable to gravel. 

Phosphorus-recycling 
capability 1 Little recycling. 

Maintenance requirements 4 Removal of limestone and replacement will be needed at 
some point 

Familiarity to the user 5 No change in user behavior from conventional septic 
system. 

Weighted Score 4.5  

2.6 Biotic Sequestration of Phosphorus 

2.6.1 History of Phosphorus Management Through Biotic Sequestration 

Biological phosphorus sequestration from waste streams can be accomplished using microbes, 
algae, water-loving vegetation, and even terrestrial plants. In the septic tank and activated sludge 
processes, microbial uptake of phosphorus occurs in a way that allows the phosphorus to be 
removed from the system; they are not further discussed in this section. Aquatic plant systems 
have been shown to be effective as a secondary or tertiary stage for water treatment and nutrient 
management (US EPA 1999). Many different plant species and communities have been used as a 
part of wastewater treatment systems. The use of plants for wastewater treatment is a simple 
method that generally does not require costly machines and equipment or complex maintenance 
processes. It does, however, require large areas of land and a warm climate, and may require 
frequent harvesting to maximize phosphorus-sequestration potential. The frequent harvests for 
nutrient sequestration introduce both frequent maintenance and (for large-scale uses) expensive 
machinery to what is otherwise a simple method. 

Examples of plants and plant communities used for wastewater treatment are many and varied. 
Floating macrophytes such as water hyacinth are used in lagoon systems in the southern US. 
Surface-flow and subsurface-flow constructed wetland systems planted with a variety of species 
are used to treat wastewater to secondary or tertiary quality, at scales ranging from single-family 
homes to greater than 100,000 gallons per day, throughout the US. This section provides a 
review of the organisms and communities for which phosphorus-sequestration data are available, 
and recommends areas for future research into phosphorus treatment. 

Wetlands have probably been the most intensively researched method for biotic sequestration of 
phosphorus. Nichols (1983) reviewed the literature and argued that the major mechanism was not 

2-56 



 

Methods Examined 

biological, but rather uptake in the soil. He showed a dramatic drop off in phosphorus-removal 
percentage as phosphorus loading increased, with removal of 68% at 1.5 g P/m2/y, dropping to 
47% at 6 g P/m2/y, and further dropping from 30 to 20% between 20 and 80 g P/m2/y. Brix 
(1994) reviews the performance of 174 wetlands and argues that peat accretion (accumulation of 
organic matter) is the most sustainable method of phosphorus removal in free-water-surface 
wetlands, and he also advocates a phosphorus removal unit using a substrate rich in iron or 
aluminum as the last stage in a wetland system. Breen (1990) ran a 50-day experiment 
comparing planted and unplanted wetlands in 10 L buckets and found that the planted wetlands 
outperformed the unplanted ones (95% versus 70% phosphorus removal) and that 39% of 
influent P was in the above-ground plant parts in the planted wetlands. This finding underlines 
the importance of harvesting plants to remove the nutrients from the system entirely. 

2.6.2 Initial Screening of Phosphorus Management by Biotic Sequestration 

More than 80 species and communities were initially screened for phosphorus-management 
capability based on a review of the available peer-reviewed literature. From those, plant species 
or biotic communities were selected for detailed evaluation based on the following criteria: 

• Influent phosphorus concentration is both reported and is in the range characteristic of septic 
tank effluent in at least one study 

• Phosphorus removal as a percentage of influent phosphorus is found to be 40% or greater in 
at least one study 

A table containing the complete list of species screened and all data used in the initial screening 
is included in Appendix B. The plant species and biotic communities that met the initial 
screening criteria are: 

•  Periphyton 

• Duckweed (Lemnaceae) 

• Water Hyacinth (Eichhornia crassipes) 

• Bulrushes (Schoenoplectus spp., a.k.a. Scirpus spp.) 

• Cattail (Typha spp.) 

Each of these is discussed in the following section. 

2.6.3 Biotic Sequestration Evaluated in More Detail 

The plant species and biotic communities that have the greatest capability for phosphorus 
removal fall into three categories: 

• Periphyton  
• Floating macrophytes (duckweed and water hyacinth) 
• Emergent macrophytes (bulrushes and cattail) 
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A brief review of each of these categories as well as a description of the most promising 
commercially available methods in each category is given in following subsections. Table 2-27 
summarizes phosphorus-removal percentages and rates by species. 

Table 2-27 
Summary of Plant Species and Biotic Communities With Greatest 
Phosphorus-Removal Potential 

Name 
Influent P 

(mg/L) 
% P 

Removal 
P Removed 
(kg/Ha/Year) 

P as % of 
Organism’s 
Dry Weight Reference 

12 98 N/R N/R Jackson and Jackson 1972

N/R >90 N/R N/R Hemens and Mason 1968 

5 76 N/R N/R Bush et al. 1963 

Periphyton 

3.1 48 1,600 1.83 Craggs 2001 

1.3–14.3 50–99 N/R 0.3–1.4 Korner and Vermaat 1998 

15 31–96.7 N/R N/R Obek and Hasar 2002 

N/R 60–92.2 N/R N/R Hammouda et al. 1995 

Duckweed 
(Lemnaceae) 

4.1 74–92 N/R N/R Zimmo et al. 2002 

N/R 12–92 N/R N/R Oron et al. 1984 

N/R 30–50 N/R 1.5 Leng 1999 

13 11–43 N/R N/R Nhapi et al. 2003 

N/R 16 220 0.8–1.8 Reed 1995 

 

N/R N/R 600 N/R Culley Jr. and Myers 1980 

N/R N/R 1,350 0.8 DeBusk 2001 

N/R N/R 350–1,125 N/R Reddy and DeBusk 1987 

N/R N/R 896 0.4 Tourbier 1976 

10 90 0.5–5 N/R Reddy and DeBusk 1987 

N/R 74–87 N/R N/R Tourbier 1976 

Water Hyacinth 
(Eichhornia 
crassipes) 

1.95 85 N/R N/R Cloris and Aruajo 1987 

 1.46 81 169 N/R DeBusk 2001 

 2.6–5.8 35–80 N/R N/R NASA/NSTL 1980 
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Table 2-27 
Summary of Plant Species and Biotic Communities with Greatest 
Phosphorus-Removal Potential (Cont.) 

Name 
Influent P 

(mg/L) 
% P 

Removal 
P Removed 
(kg/Ha/Year) 

P as % of 
Organism’s 
Dry Weight Reference 

0.3 67 180 N/R DeBusk 2001 

0.74 53 296 N/R DeBusk 2001 

1.06 48 519 N/R DeBusk 2001 

3.44 1–43 N/R N/R NASA/NSTL 1980 

6.12–6.66 38 N/R N/R NASA/NSTL 1980 

4.70–8.24 8–29 N/R N/R NASA/NSTL 1980 

4.74–6.72 10–23 N/R N/R NASA/NSTL 1980 

4.74–6.18 3–23 N/R N/R NASA/NSTL 1980 

Water Hyacinth 
(Eichhornia 
crassipes) 

4.33 21 N/R N/R NASA/NSTL 1980 

4.74–6.72 4–19 N/R N/R NASA/NSTL 1980 

4.33 14 515 N/R DeBusk 2001 

 

4.68 10 113 N/R DeBusk 2001 

N/R 7–93 N/R N/R Tanner 1994 

N/R 79–90 N/R N/R Soto et al. 1999 

1.28 50 N/R N/R Coleman et al. 2001 

N/R 35 N/R N/R Soto et al. 1999 

Bulrush  
(Schoenoplectus, 
a.k.a. Scirpus 
spp.) 

15 9–14 486 N/R Tanner et al. 1999 

N/R 63–96 N/R N/R Mander et al. 2000 

52 96 N/R N/R Schaafsma et al. 2000 

1.28 80 N/R N/R Coleman et al. 2001 

74.81 30–45 33–39 N/R Reddy et al. 2001 

Cattail (Typha 
spp.) 

N/R N/R 65 0.25 Bernard 1999 

N/R = Not Reported. 
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2.6.3.1 Periphyton 

Periphyton is a complex matrix of algae and heterotrophic microbes attached to submerged 
substrata in almost all aquatic ecosystems. In addition to adsorbing phosphorus directly, 
periphyton can influence water chemistry at the sediment-water column interface by increasing 
the pH of water near the algal mat, and by supersaturating the interface with dissolved oxygen 
(Dodds 2003; Vaithiyanathan and Richardson 1998). If sufficient calcium, magnesium, or other 
polyvalent cations are also present, these conditions generally encourage the precipitation of 
calcium phosphate as part of an algal mineral complex (Hoffmann 1998). This mechanism, 
called autoflocculation, lowers phosphorus concentrations and aids in the removal of suspended 
algae from effluent. Algal treatment of wastewater, mediated through a combination of nutrient 
uptake, elevated pH, and high dissolved oxygen concentration can offer an ecologically safe, less 
expensive and more efficient means to remove nutrients than conventional tertiary treatment 
(Hoffmann 1998).  

Periphyton-based systems have been in use in warm climates for more than 40 years and 
generally obtain phosphorus-removal rates of 48 to 98%. Light availability, the chemistry of the 
influent wastewater, and harvesting frequency and schedule must be closely controlled for 
optimal phosphorus removal. The largest drawback for periphyton-based systems is the high 
ongoing expense of biomass harvesting and drying. Total construction and O&M costs for these 
systems can rival those of activated sludge facilities (Abassi 1987). 

2.6.3.2 Floating Macrophytes  

Duckweed 

Duckweed (Lemnaceae) is most commonly used in sealed pond or lagoon structures in temperate 
to warm climates. Various species are native to much of the US, and it can survive at 
temperatures as cold as 1° to 3 °C (Wolverton 1986). In cold climates, duckweed plants 
overwinter by sinking to the bottom of ponds. Lemna minor is commonly used for wastewater 
treatment due to its extremely vigorous growth rate (Campbell and Ogden 1999). Several 
investigations have shown that duckweed-based systems can remove up to 99% of influent 
phosphorus from wastewater (Edwards 1980; Reddy and DeBusk 1985; Zirschky and Reed 
1988; Alaerts et al. 1996; Zimmo et al. 2002). Phosphorus removal using duckweed is realized 
by biomass increase, not by increasing phosphorus percentage within biomass (Korner and 
Vermaat 1998; Korner et al. 2003), so frequent harvesting is necessary to realize significant 
phosphorus removal from these systems (Obek and Hasar 2002).  

Water Hyacinth 

Water hyacinth (Eichhornia crassipes) is a free-floating, perennial plant with buoyant leaves. 
Although it is best known as an invasive nuisance species, water hyacinth has been grown in 
lagoons to treat wastewater in the southern US. The primary use of water hyacinth for 
wastewater treatment has been at the centralized level (NASA/NSTL 1980), where it has been 
reported to remove as much as 90% of influent phosphorus. Water hyacinths grown under ideal 
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climatic conditions will produce 70 tons of dry weight per acre annually (Wolverton 1986; 
Tourbier 1976), a significant amount of residual organic material. Potential uses for this material 
include methane gas production and animal feed (Bruce Undated.). The dried stems are also used 
in wicker furniture. Although these systems require frequent maintenance to achieve significant 
phosphorus removal, they generally cost less to construct and operate than conventional systems 
of similar size. 

2.6.3.3 Emergent Macrophytes 

Constructed wetlands, especially subsurface flow wetlands, are appropriate for northern climates, 
as wetlands will often remain active under the snow layer and can remain warmer than the 
surrounding frost layer due to microbial activity and warm influent. The plants contribute little to 
phosphorus removal during the winter, though substrate effects continue. Plant uptake of 
phosphorus in constructed wetlands is normally less than 10% of influent phosphorus (Crites and 
Tchobanoglous 1998). Planted wetlands are not as actively maintained as floating macrophyte 
systems and thus may have lower operation and maintenance costs. 

Bulrushes 

Nutrient retention features that are characteristic of natural wetlands can also be exploited in 
constructed wetlands. Plant species such as bulrushes (Schoenoplectus spp. and Scirpus spp.) are 
typically used in surface flow and subsurface-flow constructed wetland systems that treat 
wastewater (Tanner et al. 1999; Soto et al. 1999; Coleman et al. 2001). These systems have been 
reported to remove 7 to 90% of influent phosphorus (Coleman et al. 2001; Tanner et al. 1999), 
but the substrate in which rushes are planted has a significant impact on the efficacy of 
phosphorus removal. For example, only 9 to 14% total phosphorus removal was reported for the 
biomass of bulrush Schoenoplectus tabernaemontani following a two-year period of substrate 
equilibration in a gravel-bed constructed wetland (Tanner et al. 1999). In another constructed 
wetland planted with bulrushes, phosphorus retention was low (28%) and the effluent from the 
wetland system sometimes had higher phosphorus concentrations than the influent (Geary and 
Moore 1999). The possibility of phosphorus removal in these systems is finite due to saturation 
of the substrate. 

Cattail 

Cattails (Typha spp.) are typically used in subsurface-flow constructed wetland systems (Kadlec 
1999; Mulamoottil et al. 1999). These systems have been reported to remove 30 to 96% of 
influent phosphorus (Coleman et al. 2001; Mander et al. 2000; Reddy et al. 2001). As discussed 
previously, the substrate medium may significantly affect overall phosphorus removal; however, 
cattails were not tested relative to an unplanted substrate in the studies evaluated for this report. 
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2.6.4 Evaluation 

The following tables indicate how the team has scored the methods evaluated. An explanation of 
the scoring is in section 1.5.2. 

For the reasons described in Etnier et al. (2005), data sources used in this section were not 
evaluated according to the project QAPP. 

Table 2-28 
Evaluation of Periphyton 

Criterion Score Comment 

Proven track record 3 Used for 40+ years; number of systems unknown. 

Phosphorus-management 
capability 

3 Reported range of 48 to 98%; harvesting schedule is 
primary determinant in efficiency. 

Cost 1 Total costs rival those of activated sludge facilities. 

Robustness of system 2 Does not function in cold climates (periphyton die off). 

Phosphorus-recycling 
capability 

5 Biomass is readily composted; does not generally 
concentrate heavy metals. 

Maintenance requirements 1 
Daily to weekly harvesting required for optimal 
performance; maintaining community succession 
requires careful attention. 

Familiarity to the user 5 No change in user behavior from standard septic 
system (in cluster system applications). 

Weighted Score 3.1  

 

Table 2-29 
Evaluation of Duckweed 

Criterion Score Comment 

Proven track record 3 Used for 24+ years; number of systems unknown. 

Phosphorus-management 
capability 2 

Reported range of 11 to 99%; vigorous harvesting 
schemes (on the order of every 48 hours) needed to 
achieve high removal rates. 

Cost  Not found. (Not used in weighted score). 

Robustness of system 3 Temperature must remain above 1 °C; high 
temperatures may also be problematic. 
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Table 2-29 
Evaluation of Duckweed (Cont.) 

Criterion Score Comment 

Phosphorus-recycling 
capability 

5 Biomass is readily composted; high protein content 
makes it potentially suitable as livestock feed. 

Maintenance requirements 1 Vigorous harvesting schemes (on the order of every 
48 hours) needed to achieve high removal rates. 

Familiarity to the user 5 No change in user behavior from standard septic 
system (in cluster system applications). 

Weighted Score 3.3  

 

Table 2-30 
Evaluation of Water Hyacinth 

Criterion Score Comment 

Proven track record 3 Tens to hundreds of systems in use; little data 
available on P removal for these systems. 

Phosphorus-management 
capability 3 Reported range of 1 to 90% (average 41% from all 

available sources). 

Cost  Not found. (Not used in weighted score). 

Robustness of system 2 Relatively tolerant of low flows. Consider only in 
appropriate (warm) climates. 

Phosphorus-recycling 
capability 

5 
Biomass can be composted for use as fertilizer; 
research underway to use biomass to generate 
methane; dried stems used in wicker furniture. 

Maintenance requirements 1 Optimal harvesting may be as much as twice a week. 

Familiarity to the user 5 No change in user behavior from standard septic 
system (in cluster system applications). 

Weighted Score 3.5  
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Table 2-31 
Evaluation of Cattail 

Criterion Score Comment 

Proven track record 4 Thousands of systems in use, but P removal usually 
not primary goal of these systems. 

Phosphorus-management 
capability 2 Reported range of 30 to 96%; substrate medium 

provides a significant portion of overall P removal.  

Cost  Not found. (Not used in weighted score). 

Robustness of system 3 

Tolerant of flow variations, although plantings will not 
tolerate dry conditions. Biomass dies back in cold 
temperatures; P sequestered in rootstocks and in 
substrate only in winter. 

Phosphorus-recycling 
capability 2 Biomass may be harvested and composted, but P in 

substrate likely cannot be recycled. 

Maintenance requirements 2 
Systems are generally more stable than floating 
macrophyte systems. Harvesting will occur less 
frequently but may still be a significant effort. 

Familiarity to the user 5 No change in user behavior from standard septic 
system (in cluster system applications). 

Weighted Score 3.3  
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3 MOST PROMISING PHOSPHORUS-
MANAGEMENT METHODS 

In this study, five different approaches to phosphorus management were evaluated: 

• Source reduction  
• Source diversion 
• Treatment in the septic tank 
• Post-septic tank treatment  
• Design of the soil absorption system 

Within some of the approaches, the methods examined varied significantly. The methods were 
evaluated by applying seven criteria. Some of these criteria could be applied objectively, for 
example, over 80% phosphorus reduction rates a score of 5 on “Phosphorus-management 
capability” (see section 1.5.2). Some of the criteria are more subjective, such as, robustness of 
the system. Even those criteria that appear objective have some element of judgement in the 
scoring. How does one rate a method on phosphorus-management capability if studies have 
shown a substantial variation in the capability for one system, or if different studies have 
different results? An effort was made to apply subjective judgements similarly across all of the 
methods evaluated. 

Excluding biotic sequestration methods, which span post-septic tank treatment and the soil 
absorption system and are discussed later, Table 3-1 shows the ranking of all methods by their 
overall weighted average scores. Where there was a range of scores (depending on different 
brands of the same general management method, for example), the highest was used. 

Of all the criteria used, the least amount of information was found on phosphorus-recycling 
capability. Assumptions and inferences were made to score the methods for 
phosphorus-recycling capability, but there is too little information available on this aspect of 
most methods to make reliable judgements. To anchor the evaluations more firmly in available 
data, the phosphorus-recycling capability was excluded from the weighted average score (Table 
3-2). The most promising phosphorus-management methods are the top ten methods listed in 
Table 3-2. 
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Table 3-1 
Phosphorus-Management Methods (excluding biota) Ranked by Weighted 
Average Score 

Rank Method 
Weighted Average 

Score 

1 P-free laundry detergent 4.9 

2 P-free dishwasher detergent 4.9 

3 Microflush toilet 4.8 

4 Eliminate garbage disposal 4.8 

5 Comprehensive site assessment 4.7 

6 Design of long, narrow trenches 4.7 

7 Urine diversion 4.6 

8 Aquatron 4.5 

9 Lightweight aggregates 4.5 

10 Limestone as SAS medium 4.5 

11 Compost toilet 4.4 

12 Shallow SAS 4.4 

13 Peatland 4.3 

14 PhosRID  4.0 

15 Tire chips as SAS medium 4.0 

16 Basic oxygen furnace (BOF) slag in 
a packed-bed filter 3.9 

17 Timed, pressure dosing  3.8 

18 Sequencing batch reactor 3.7 

19 RUCK CFT 3.4 

20 Doping SAS 3.3 

21 Extended aeration activated sludge 3.2 

22 Equaris Infinity 3.1 

23 Alum injection 3.1 
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Table 3-2 
Phosphorus-Management Methods (excluding biota) Ranked by Weighted 
Average Score Excluding Phosphorus-Recycling Capability 

Rank Method 
Weighted Average Score Excluding 

P Recycling Capability 

1 Comprehensive site assessment 5.3 

2 Design of long, narrow trenches 5.3 

3 Limestone as SAS medium 5.1 

4 P-free laundry detergent 4.9 

5 P-free dishwasher detergent 4.9 

6 Shallow SAS 4.8 

7 Eliminate garbage disposal 4.7 

8 Lightweight aggregates 4.6 

9 Microflush toilet 4.6 

10 Tire chips as SAS medium 4.5 

11 Urine diversion 4.3 

12 Aquatron 4.3 

13 Compost toilet 4.3 

14 Peatland 4.2 

15 Timed, pressure dosing 4.1 

16 BOF slag in a packed-bed filter 4.0 

17 PhosRID 4.0 

18 Doping SAS 3.7 

19 Sequencing batch reactor 3.6 

20 RUCK CFT 3.4 

21 Extended aeration activated 
sludge 3.2 

22 Alum injection 3.1 

23 Equaris Infinity 2.8 
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To determine the robustness of the rankings in Table 3-2, a sensitivity analysis was performed by 
removing each of the evaluation criteria in turn from the weighted average score. That is, instead 
of excluding “Phosphorus-recycling capability,” each of the other criteria was, in turn, excluded. 
Table 3-3 shows the additional methods that made it into the top ten when various criteria were 
excluded from consideration. All of the methods listed in Table 3-3 ranked just below the top ten 
in Table 3-2. This finding indicates that the ranking shown in Table 3-2 is reasonably robust. 

Table 3-3 
Methods Not in the Top Eleven of Table 3-2 but Which Rank in the Top Ten When 
Other Criteria Are Excluded 

Criterion Excluded From Consideration Additional Methods  

Proven Track Record Aquatron; Peatland 

Phosphorus-Management Capability Aquatron; Urine diversion 

Cost Urine diversion; Aquatron; PhosRID; BOF slag 

Robustness Urine diversion; Aquatron 

Maintenance Requirements Urine diversion; Aquatron 

Familiarity to User Urine diversion; Compost toilet 

Methods that use the soil absorption system comprise five of the top ten methods in Table 3-2. 
On many sites, significant phosphorus management can be achieved with a conventional septic 
system consisting of a septic tank and SAS. A comprehensive site assessment is performed to 
estimate the phosphorus-removal capability of the soil and find the best soils for phosphorus 
removal, and then the SAS is designed to maximize the phosphorus removal. If the soils native to 
the site provide little opportunity for phosphorus removal, no matter what the SAS placement or 
shape, then the SAS fill medium (tire chips, limestone, and other media) can provide high levels 
of phosphorus removal for a finite time. 

All three source-reduction strategies are among the most promising methods for phosphorus 
management. This shows that a method does not have to affect large amounts of phosphorus to 
be a top scorer, if it excels in other areas. A dramatic example is that of eliminating the garbage 
disposal, which reduces phosphorus loads by only 3 to 10% and, where there is room for on-lot 
composting, costs little other than $100 for a couple of compost bins and the labor of 
maintaining a compost pile. Eliminating the garbage disposal may even save money by reducing 
the size of the septic system required—in Massachusetts, for example, the leachfield must be 
increased in area by 50% if a garbage disposal is to be used [(310 CMR 15.240(4)].  

If phosphorus-recycling capability is included as a criterion, the microflush toilet system scores 
third, after two source reduction strategies. All the microflush toilets can divert around 75% of 
the phosphorus in domestic wastewater. The microflush vacuum toilets are the closest of all 
source diversion strategies to a conventional water toilet experience for the user, so they may be 
easiest to introduce. Added advantages include their great reduction of the nitrogen and organic 
matter content of the remaining domestic wastewater (the graywater) and their inherent ability to 
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run the blackwater uphill, for example, inland at a lakeside residence. Their estimated added life-
cycle cost of $35,000 to $40,000 may be a significant barrier; most of the ongoing costs come 
from emptying the holding tank three to five times a year.2  

Lightweight aggregates in a packed-bed filter were the only post-septic tank medium to rank 
among the most promising methods. They can remove up to 99% of the phosphorus, and systems 
using versions of the product have been in place since the early 1990s.  

Two other sorbent-based, post-septic tank methods that show excellent potential for phosphorus 
removal are PhosRID™ and BOF slag in a packed-bed filter. They rank in the top ten if costs are 
excluded from consideration. Since only a few systems are in place, there is little field 
experience with maintenance needs.  

The urine-diverting toilet is not in the top ten, though it appears there in five of the six sensitivity 
test runs in Table 3-3. Urine-diverting toilets score a 2 out of a possible 5 on the “User 
Familiarity” scale, and they are only likely to gain acceptance if their introduction is 
accompanied by much user education and motivation. Still, when accepted and used, they offer a 
robust method for removing 33 to 43% of the phosphorus from domestic wastewater, at a life-
cycle cost of around $10,000. 

The Aquatron becomes one of the top ten in four of the six sensitivity test runs in Table 3-3. It 
has a relatively low phosphorus-removal capability (calculated at 13% or less), but it is a robust 
system with either a relatively low cost (if the user empties the compost) or a high degree of 
familiarity to the user (if there is a maintenance contract to empty the compost). 

The composting toilet is not ranked among the most promising methods, though it is one of the 
top ten when “Familiarity to User” is excluded from consideration. Where user acceptance can 
be won, they represent a potentially less-expensive way to divert blackwater than microflush 
toilets. User acceptance may be easiest to win where the composting toilets replace honey bucket 
systems (Abbot 2004), where they make it possible to save a significant investment on a SAS 
(numerous examples in Del Porto and Steinfeld 2000), or at facilities that do not have running 
water.  

Biotic sequestration methods were difficult to compare with the others, as the literature search 
found little cost information. To see whether an additional literature search and interviews were 
warranted, a sensitivity analysis was performed. Of the biotic systems rated, water hyacinths 
scored highest when cost information was not included. A score for water hyacinth systems 
comparable to those in Table 3-2 was then calculated by excluding phosphorus-recycling 
capability and by rating cost as 5. Even with this optimistic cost rating, water hyacinth systems 
scored only 3.3, putting them near the bottom of the list.  

                                                           
2 The scoring system gives the lowest cost score, 1 point, to any system with an added life-cycle cost above $15,000. 
If the system had been set up to differentiate between systems slightly above and very much above this figure, the 
microflush toilet may not have ranked so high. 
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If all criteria other than phosphorus-management capability are excluded from consideration, 
there are 17 methods that scored 4 or 5, meaning that they have the potential to reduce 
phosphorus from domestic wastewater by more than 60% (Table 3-4). With this ranking, 
recently introduced methods like BOF slag and PhosRID compare favorably with packed beds of 
light-weight aggregate, versions of which have been used for 15 years. The top-ranked methods 
include Equaris, an expensive, zero-discharge method, and two maintenance-intensive aerobic 
treatment units. 

Almost all of the important data sources used for the most promising 11 methods listed in  
Table 3-2 were assigned a confidence level of High or Medium, using the scale developed as part 
of this project’s Quality Assurance Project Plan (QAPP) (Etnier et al. 2005). For microflush 
toilets, the data on phosphorus-management capability were assigned a Medium confidence 
level, but the data on individual brands of toilet were assigned a Low confidence level, as they 
came from the manufacturers. Two of the manufacturers sell on the order of 10,000 units per 
year apiece, which indicates some confidence of the market in their products’ function. Sales or 
size of company play no role in the confidence level evaluation of the QAPP.  

For the methods most successful at managing phosphorus, listed in Table 3-4, almost all of the 
most important data sources were assigned a High or Medium confidence level for data on 
phosphorus-management capability. The data on the Equaris system were assigned a Low 
confidence level, as they came from the manufacturer. Since the Equaris is a zero-discharge 
system, it is unlikely to leak much phosphorus—assuming that it works as advertised. 
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Table 3-4 
Phosphorus-Management Methods (excluding biota) Ranked by Phosphorus-
Management Capability 

Ranking Method P 
Management 

Score 

Weighted Average 
Score (Without P 

Recycling Capability)

1 Lightweight aggregates 5 4.6 

2 BOF slag in a packed-bed filter 5 4.0 

3 Phosrid 5 4.0 

4 Sequencing batch reactor 5 3.6 

5 Peatland 5 4.2 

6 Extended aeration activated sludge 5 3.2 

7 Equaris Infinity 5 2.8 

8 Limestone as SAS medium 4 5.1 

9 Shallow SAS 4 5.0 

10 Microflush toilet 4 4.6 

11 Compost toilet 4 4.3 

12 Timed, pressure dosing 4 3.9 

13 Alum injection 4 3.1 

14 Comprehensive site assessment 3 5.3 

15 Design of long, narrow trenches 3 5.3 

16 Tire chips as SAS medium 3 4.5 

17 Urine diversion 3 4.3 

18 Doping SAS 3 3.7 

19 RUCK CFT 3 3.4 

20 P-free dishwasher detergent 2 4.9 

21 P-free laundry detergent 1 4.9 

22 Eliminate garbage disposal 1 4.7 

23 Aquatron 1 4.1 

Secondary ranking is by weighted average score without phosphorus-recycling capability.
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4 RESEARCH AND DEMONSTRATION NEEDS 

In this report, a range of phosphorus-management methods has been investigated, from source 
reduction to the soil absorption system design. Research and demonstration needs for each broad 
category of methods are examined, and then the top five are identified. 

4.1 Research and Demonstration Needs by Category 

Of the top ten most promising methods for phosphorus management (Table 3-2), the three 
source-reduction strategies are sufficiently developed as to require no further research or 
demonstration. Laundry detergents are already free of phosphorus, so the need is only for 
monitoring and enforcement to ensure that phosphates do not return to laundry detergent 
formulations. Dishwasher detergents with little or no phosphorus are readily available, so the 
policymaker need only decide what combination of incentives, regulations, and monitoring will 
most effectively ensure that these detergents are used. Similarly, it is well-understood how to 
plumb houses without garbage disposals and how to compost household organic waste on site or 
collect it for composting off site.  

Most of the methods that scored high on phosphorus management regardless of cost and other 
factors (Table 3-4) also were among the most promising methods listed in Table 3-2. Of the 
others, the two aerobic treatment units (extended aeration activated sludge and sequencing batch 
reactor) plus alum injection generate large amounts of sludge, which makes them an unattractive 
option for decentralized treatment. The zero-discharge system (Equaris Infinity) is expensive, 
and its extreme amount of water reuse is unlikely to appeal to many users. The composting 
toilets are sufficiently mature as a technology that no acute research need is apparent; 
composting toilets have also recently been the subjects of a demonstration project (Abbot 2004). 

Research and/or demonstration needs have been identified for the other most promising methods 
and others with high phosphorus-management potential. Demonstrations were identified where 
performance of the science or technology is well-documented in some other way than field 
experiments in the US.  

4.1.1 Source Reduction 

No research or demonstration needs are identified for the source-reduction category. Ongoing 
monitoring of the phosphorus content of detergents is important, however, to ensure that the 
labels are accurate and all laws are being complied with.
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4.1.2 Source Diversion 

4.1.2.1 Demonstration Need: Demonstrate Microflush Toilets in Terrestrial 
Applications 

Microflush toilets for marine use are widely sold in the US, but they are relatively rare on land. 
They have the potential to reduce phosphorus, nitrogen, and organic matter in wastewater from 
buildings in sensitive environments, for example, right on a lake. They have been tested in such 
situations in Europe. Would US users accept them? What infrastructure of service providers is 
necessary to install and service them so they work reliably? Research and/or demonstration of 
various graywater treatment strategies that could be effective in environmentally-sensitive areas 
may be connected with this demonstration. 

4.1.3 Septic Tank 

No research or demonstration needs are identified for the septic tank category. 

4.1.4 Post-Septic Tank 

4.1.4.1 Demonstration Need: Demonstrate Packed-Bed Filter Media 

Basic oxygen furnace (BOF) slag and PhosRID remove large amounts of phosphorus in test 
centers. How do they perform in real-world situations over time? Lightweight aggregates have 
some history of use in decentralized wastewater in the US, but a more extensive track record 
could help build acceptance for them. Demonstrate more packed-bed filters using these media 
and follow their phosphorus-removal performance over time. 

4.1.4.2 Research Need: Identify General Properties of a Sorbent That Make it 
Useful for Phosphorus Removal 

The importance of aluminum, magnesium, calcium, and iron in phosphorus sorption is well 
understood. What particle size, shape, and surface area are optimal for long-term phosphorus 
removal? Can waste products like BOF slag or crushed brick perform as well over time as 
commercial products like lightweight aggregates? What facilitates an ability to reuse the 
phosphorus in agriculture? 

4.1.4.3 Research Need: Continue Developing Nanoparticle Selective Resins 

In the laboratory, nanoparticle selective resins show interesting potential for phosphorus 
removal. They should be developed and used at test centers to understand their potential for use 
in decentralized wastewater treatment. Questions include:  

• How does phosphorus-binding resin perform with municipal strength wastewater? 
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• Are there qualities of water—biological oxygen demand (BOD), total suspended solids 
(TSS), and dissolved solids—that optimize their performance and reduce the need for 
maintenance? 

• How can they be configured to optimize their efficiency? 

• What are their long-term maintenance and sustainability issues? 

4.1.4.4 Research Need: Evaluate the Phosphorus-Recycling Potential of 
Packed-Bed Filter Media 

Phosphorus-recycling potential was identified as a significant criterion for evaluating 
phosphorus-management methods. However, so little data were found that it was not used in the 
final ranking of methods. Evaluating the phosphorus recycling potential of different media for 
packed-bed filters will make possible the choice of phosphorus-management method based on 
both its protection of water quality and its ability to recycle a valuable and finite resource. 
Questions to address in the evaluation include: 

• How available is the sorbed phosphorus to plants? 

• How can the medium be processed to increase the availability of phosphorus? 

• To what extent do heavy metals or other properties interfere with land application of the 
medium? 

• How difficult is it to remove and replace the medium? (This last question assumes an optimal 
filter bed design for each medium.) 

4.1.5 Soil Absorption System (SAS) 

4.1.5.1 Research Need: Develop a Vulnerability Index for Phosphorus 
Breakthrough 

One of the least expensive phosphorus-removal methods is the one that does not have to be 
installed because the soil at the site has adequate phosphorus-fixation potential to provide 
long-term removal. Soil color and texture relative to phosphorus fixation have not been 
quantified. To exploit the power of comprehensive site assessment in choosing a phosphorus-
removal strategy, a site assessment guidance document should be developed that contains a 
series of soil chemistry tests (metals content, anion exchange capacity, and others) and 
morphometric tests that could drive the decision on the necessary level of phosphorus-
management strategy for the area. For example, if the soils have no anion exchange capacity, no 
metals, and are extremely coarse (the worst situation), then the resource manager may insist on 
strategies that would otherwise be unacceptably costly. If the soils are iron or aluminum-rich, 
fine-textured and there are adequate lateral setbacks, then less-draconian measures may be used. 
The focus of the research should be on the guidance to evaluate or index the property relative to 
phosphorus breakthrough vulnerability. 
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4.1.5.2 Research Need: Document the Long-Term Phosphorus-Removal Potential 
of Tire Chips and Limestone as SAS Media 

Using limestone gravel or tire chips as aggregate in the SAS could capture phosphorus before the 
effluent enters the soil, so that the development of a phosphorus-sorption front in the soil would 
be retarded. Replacing SAS media is usually an expensive option; it is important to understand 
how long non-gravel media remove phosphorus from effluent. Monitoring soil water at sites 
using these media would help answer this question. 

4.1.5.3 Research Need: Quantify the Retarded Rate of Travel for the 
Phosphorus-Sorption Front by SAS Design and Management 

Options to be studied on various soils include shallow placement of the SAS, designing the SAS 
to be long and narrow, and timed, pressure dosing. The research should include both soil types 
with various inherent phosphorus-fixation potential and various landscape positions of the SAS 
(such as, summit, shoulder, backslope, footslope, and toeslope positions), since soil and site 
conditions interact in influencing the travel time of the phosphorus-sorption front. 

4.1.5.4 Research Need: Investigate Methods to Remove and Replace 
Phosphorus-Sorbing SAS Aggregate When it Becomes Saturated 

Both tire chips and limestone have been investigated as aggregates with potential for phosphorus 
removal, and “doping” the underlying soil has also been investigated. These methods all involve 
media that, over time, become saturated with phosphorus. Are there ways to construct soil 
absorption systems so that the media can relatively easily be removed and replaced? What are 
the relative costs of using the same medium in the SAS versus in a packed-bed filter—which 
may be easier to access for exchange of the exhausted medium—to achieve the same phosphorus 
removal? 

4.1.5.5 Research Need: Improve the Characterization of Soil Fixation of 
Phosphorus Species in Septic Tank Effluent by Soil 

This basic knowledge could give new insights into potential methods for increasing the long-
term sorption capacity of soils. 

4.2 Top Five Research and Demonstration Needs 

Based on experience and the results of this project, the following research and demonstration 
needs were identified as top priorities. They are selected to build on some of the most promising 
methods identified and to represent a range of approaches to phosphorus management. The needs 
are described in the order in which they appear in Section 4.1, not in order of priority. 
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4.2.1 Demonstrate Microflush Toilets in Terrestrial Applications 

The microflush toilet was ranked in ninth place as a promising method, and microflush toilets are 
the only one of the most promising methods that is particularly suited to recycling significant 
amounts of phosphorus to agriculture. Microflush toilets plumbed to a holding tank can 
substantially reduce phosphorus, nitrogen, and organic loading to the SAS, and may be useful in 
a wide range of situations with shallow soils and/or close proximity to surface water. A 
demonstration project could increase interest in using these toilets and document the 
infrastructure and educational needs to achieve reliable performance and user acceptance. 

4.2.2 Identify General Properties of a Sorbent That Make it Useful for 
Phosphorus Removal 

Sorbents can be used both in packed-bed filters and the SAS. They come in a wide variety of 
shapes, sizes, materials, and costs. If the general physical properties that make a sorbent useful 
for phosphorus removal are specified, it becomes easier to improve the performance of existing 
sorbents and to design the “perfect” sorbent. 

4.2.3 Demonstrate Packed-Bed Filter Media 

A demonstration project could increase interest in using packed-bed filter media that perform 
well for phosphorus removal and document the maintenance needed to achieve reliable 
performance. 

4.2.4 Continue Developing Nanoparticle Selective Resins 

Nanoparticle selective resins, through their capacity for regeneration of phosphorus-sorption 
potential, may be useful for phosphorus removal. Further research and development is necessary 
before it is possible to judge how appropriate they are for decentralized wastewater treatment. 

4.2.5 Develop a Vulnerability Index for Phosphorus Breakthrough 

Comprehensive site assessment is a tool that can be used to discover the need for any sort of 
phosphorus-removal method beyond the native capacity in the soil. Quantifying the relationship 
between soil properties and phosphorus absorption capacity could both help site soil absorption 
systems to maximize phosphorus removal in soil and save money by identifying places where no 
measures other than SAS siting are needed. 
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6 ACRONYMS AND ABBREVIATIONS 

AEC Anion exchange capacity 

Al Aluminum 

ATU Aerobic treatment unit 

BOD Biological oxygen demand, a measure of organic matter in water 

BOD7 Biological oxygen demand (seven-day test) 

BOF Basic oxygen furnace 

Ca Calcium 

CaO  Calcium oxide, or lime 

COD Chemical oxygen demand 

COSMO A computer program that assists users in computing Costs of OnSite Management 
Options 

EQ  Exceptional Quality 

Fe Iron 

g Gram 

gal Gallon 

K Potassium 

LPP Low-pressure pipe 

m Meter 

MASSTC Massachusetts Alternative Septic System Test Center 

Mn  Manganese 
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Acronyms and Abbreviations 
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N  Nitrogen 

NaCl  Sodium chloride (table salt) 

NaOH  Sodium hydroxide (caustic soda) 

NDWRCDP National Decentralized Water Resources Capacity Development Project 

NSF NSF International (a standards organization) 

O&M Operations and maintenance 

P  Phosphorus 

Ptot Total phosphorus 

P.E. Person equivalents 

pers person 

PLE Polymeric ligand exchanger 

PST  Post-septic tank 

QAPP Quality Assurance Project Plan 

SAS  Soil absorption system 

SBR  Sequencing batch reactor 

TSS Total suspended solids 

TRWQ  Table Rock Water Quality 

US EPA United States Environmental Protection Agency 

UV Ultraviolet light 

y Year 

 



 

 

A TECHNOLOGY DESCRIPTION FORMS 

Eliminate Garbage Disposals 

Manufacturer: Not applicable. 

Type of phosphorus-removal technology (check one): 

 Source reduction 

 Source separation 

 Septic tank or substitute for septic tank 

 Post-septic tank, pre-SAS 

 Soil absorption system 

 Other 

Describe the Technology and How It Removes Phosphorus: 

General Description:  

Household garbage disposals, or garbage grinders, shred food scraps, vegetable peelings and 
cuttings, bones, and other food wastes, allowing them to flow through a building’s plumbing and 
into the wastewater treatment system (US EPA 2002). Although the primary concern with 
garbage disposals involves increased BOD and TSS loadings, they also increase total phosphorus 
loadings by 2-10%. Eliminating household garbage disposals would divert this phosphorus load 
from the wastewater stream entering an onsite system. 

Technical Description: 

Household garbage disposals shred food scraps, vegetable peelings and cuttings, bones, and 
other food wastes, allowing them to flow through a building’s plumbing and into the wastewater 
treatment system. For any onsite system, the installation of a garbage grinder causes faster 
buildup of scum and sludge layers in a septic tank and increased risk of organic overloading in 
the SAS due to higher TSS concentrations in the effluent (US EPA 2002). Although the primary 
concern with garbage disposals involves increased BOD and TSS loadings, they also increase 
total phosphorus loadings by 2-10% (University of Wisconsin 1978; US EPA 1980; US EPA 
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2002; Crites and Tchobanoglous 1998). Eliminating garbage disposals not only reduces the 
amount of phosphorus entering the system, but also improves system performance by reducing 
organic loadings, reducing pumping frequencies, and reducing the risk of premature system 
failure. 

Answer the following questions, give the reference for all information, and describe briefly how 
the tests were conducted. Use ranges of numbers wherever appropriate, and, if known, note what 
the frequency distribution is within the range and what determines where within the range a 
system falls. 

• What is the appropriate application of this alternative? Check as many as apply: 

 Single-family residence 

 Cluster system 

 Large system, over 3,500 gallons per day 

 Commercial system (restaurant, strip mall, etc.) 

• Proven Track Record 

o How long has the phosphorus-removal alternative been used? Onsite system 
designers and regulators have been aware of increased phosphorus loadings from 
garbage grinders since at least the 1950s (Hazeltine 1951), and people have disposed 
of organic wastes without garbage disposals for millennia. 

o How many different units have been used? n/a 

o Under what conditions have they been used? Most state regulations require 
increased septic tank sizes to account for increased loadings from garbage grinders 
(US EPA 2002). Some states also require increased leachfield sizes, but there is no 
standard guidance regarding sizing of leachfields to accommodate the grinders. 

o Describe the number and sources of data to support claims of phosphorus 
removal. E.g., manufacturer testing, third party evaluation, etc. US EPA 1980 
and 2002 onsite design handbooks; wastewater text books; peer-reviewed journal 
articles. 

• Phosphorus-Removal Capability 

o What percentage of phosphorus is removed? If known, answer in terms of a 
range, and what affects the range (including age of system or medium used). 2-
10% of influent phosphorus is removed (0.05-0.27 g P/pers/day) (US EPA 1980; US 
EPA 2002; Crites and Tchobanoglous 1998). Presence or absence of a garbage 
disposal is the primary factor affecting phosphorus removal. 
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o How does phosphorus concentration affect removal capability? (Probably not 
known for most systems and technologies) n/a 

o Do other water chemistry factors affect removal capability? n/a 

• Robustness of the System 

o How is the system’s performance affected by variations in flows and in 
wastewater composition? n/a 

o How does ambient temperature affect the system? n/a 

o What range of applications is the alternative designed for? Household kitchen 
sinks, although it could also be applicable to institutional facilities, restaurants, etc. 
that commonly use garbage grinders. 

• Maintenance Requirements 

o How often is maintenance required? n/a 

o How does lack of maintenance affect system performance? n/a 

o What type of maintenance is required? How difficult is it to perform? n/a 

o Is there a sorptive material to be replaced? n/a 

• If so, how often does this need to be done? n/a 

• What are the costs and operations performed when it is replaced? n/a 

• Is There A Residual to be Disposed of? Organic kitchen waste 

• If so, how is it disposed of? If household garbage disposals are not used, 
organic kitchen wastes must be disposed of using methods for solid waste 
disposal (composting, trash collection). 

• How often is this required, and what are the quantities? Required 
regularly as for normal trash collection and management (total kitchen waste 
~60 kg/resident/year (Koivula et al. 2000). Or may be composted on lot. 

• Phosphorus-Recycling Capability 

o How available is the phosphorus removed from wastewater for plant uptake? If 
composted, phosphorus from kitchen waste is available for plant uptake. (The general 
consensus seems to be that about half of household garbage is kitchen waste, but no 
figures for how much of that goes down the disposal other than EPA/Crites data). If 
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kitchen waste is disposed of as trash, it is generally landfilled, removed from the 
nutrient cycle, and is no longer available for plant uptake. 

o Are there any environmental or health barriers to recycling the phosphorus to 
agriculture, e.g., contamination with heavy metals? None with properly composted 
kitchen waste. 

o How concentrated is the phosphorus (this affects economic viability of 
recycling)? In composted kitchen waste: 0.40% by weight (Earthmaker NZ); 0.62% 
by dry weight (Clark 2000) 

• Other Treatment Effects 

o As phosphorus is removed, is there a significant change in the chemical makeup 
of the remaining solution (e.g., pH, D.O., electrolytes, other secondary 
compounds)? n/a 

o What other wastewater treatment benefits are achieved by the alternative, in 
addition to phosphorus removal? Removal of 40-90% of influent BOD; 20-65% 
chemical oxygen demand; 3-10% total nitrogen; and 70-150% oils and grease (US 
EPA, 2002). 

• Impact on Landscape 

o Is the alternative visible or underground? If composted outdoors on site, the 
compost pile is visible. Vermiculture composting is often done indoors. 

o If it is visible, what is its appearance? Varies widely. The smallest we are aware of 
is the Green Cone, approximately 30" high and 20" in base diameter 
(www.greencone.com). One or two of these is reported to be sufficient for most 
families. 

• Design 

o On what type of sites (soils, etc.) is the technology appropriate to use? n/a 

o Any odor issues to consider in siting the technology? n/a 

o What are the dimensions (size) of the technology? n/a 

o How easily can the technology be used in a retrofit situation? n/a 

o Are any changes in user behavior required for this technology to work? Users 
must use other methods than garbage grinders for managing kitchen waste. 
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• Energy Requirements 

o How much electricity is needed to operate the system? Specify whether 
electricity use is flow dependent or not. If it is not flow dependent, use units of 
kWh/year for a system of a specified size. If it is flow dependent, use units of 
kWh/year per 100 gallons/day treatment. Specify where the electricity is used. 
n/a 

o How much non-electric energy is used to operate the system, e.g., diesel to 
transport waste products? Specify whether energy use is flow dependent or not. 
Specify how and where the energy is used, so that the project leader can use a 
common set of assumptions for each technology to convert to energy use. E.g., 
“The 1000 gallon septic tank is emptied every three years and the septage is 
hauled by truck to a wastewater treatment plant.” none (unless you count 
homeowner’s energy used to turn compost). 

• Cost 

o What is the installation cost? There is some cost avoidance, both in avoiding the 
cost of the grinder ($70-$300 or higher) and in reducing the size necessary for the 
septic system (and/or reducing risk of system failure). The cost of on-lot composting 
is around $100 for composting bins for a family of four, plus some small expenditure 
for user education and training, according to composting specialist Tom Anderson at 
Central Vermont Solid Waste Management District (personal communication). And 
for apartment dwellers, the cost of a curbside compost pickup service is around $500 
per year for a family of four. 

o What are the operating and maintenance costs? Virtually none for on-lot 
composting. For apartment dwellers, around $500 per year for a family of four for the 
curbside compost pickup. 
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Phosphorus-Free Dishwasher Detergents  

Manufacturer: many 

Type of Phosphorus-Removal Technology (check one): 

 Source reduction 

 Source separation 

 Septic tank or substitute for septic tank 

 Post-septic tank, pre-SAS 

 Soil absorption system 

 Other 

Describe the Technology and How It Removes Phosphorus: 

General Description:  

The use of phosphorus-free dishwasher detergents reduces the amount of phosphorus entering 
household wastewater effluent. While 28 states introduced total or partial bans on phosphorus in 
laundry detergents between 1970 and 1995 as part of their response to increasingly eutrophic 
surface water conditions, these bans did not extend to dishwashing detergents (Litke 1999; Jones 
and Hubbard 1986; Correl 1998). 

Technical Description: 

New powdered laundry detergents developed for washing machines during World War II 
contained high levels of sodium tripolyphosphate (as much as 60% by weight, or about 15% by 
weight as phosphorus) as a builder (Litke 1999). Builders generally neutralize hardness in water 
so that the surfactants in the detergent can function. The detergent industry in the United States 
voluntarily agreed to limit phosphorus in detergents to 8.7% by weight in 1970 (Litke 1999). 
While 28 states introduced additional total or partial bans on phosphorus in laundry detergents 
between 1970 and 1995 as part of their response to increasingly eutrophic surface water 
conditions, these bans did not extend to dishwashing detergents (Litke 1999; Jones and Hubbard 
1986; Correl 1998). In the early 1970s, when phosphorus limits for laundry detergent were set, 
automatic dishwashers were relatively uncommon. Now that dishwashers are common in many 
homes, efforts are underway in several states to ban phosphorus in dishwashing detergents as 
well (Rohrer 1999; Tip of the Mitt Watershed Council 1999; Organization for the Assabet River 
2003; Stucky 2003). 
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Answer the following questions, give the reference for all information, and describe briefly how 
the tests were conducted. Use ranges of numbers wherever appropriate, and, if known, note what 
the frequency distribution is within the range and what determines where within the range a 
system falls. 

• What is the appropriate application of this alternative? Check as many as apply: 

 Single-family residence 

 Cluster system 

 Large system, over 3,500 gallons per day 

 Commercial system (restaurant, strip mall, etc.) 

• Proven Track Record 

o How long has the phosphorus-removal alternative been used? 34 years (1970-
2004) for limits (Jones and Hubbard 1986); no bans as of this writing 

o How many different units have been used? n/a 

o Under what conditions have they been used? Corresponded to states that 
implemented phosphorus bans for laundry detergent; no info available on whether 
restrictions prompted changes in formulations nationwide 

o Describe the number and sources of data to support claims of phosphorus 
removal. E.g., manufacturer testing, third party evaluation, etc. n/a 

• Phosphorus-Removal Capability 

o What percentage of phosphorus is removed? If known, answer in terms of a 
range, and what affects the range (including age of system or medium used).  

Average detergent use of 90 grams/load was used to calculate grams of phosphorus 
per load from percentages.  

Assumptions: Average amount of detergent used and average water use per load is 
unchanged over time in these calculations. No attempt was made to quantify 
phosphorus from hand washing or manual dishwashing. 

In order to calculate removal percentages, an average automatic dishwasher load 
volume of 12 gallons was used. Average water use for dishwashers was approx. 1 
gal/pers/day (Mayer et al. 1999), or about 0.08 dishwasher loads. Calculations for 
different scenarios are shown in Table A-1. 
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Table A-1 
Calculation of Phosphorus-Removal Potential for Phosphorus-Free Dishwasher 
Detergents 

Scenario 

P Content Under Different 
Scenarios (Percentage Of 

Influent P Calculated Using 
EPA 2002 Values) 

Amount / % Reduction Of 
Influent P Achieved By 

Implementation (Using EPA 
2002 Septic Tank Influent P) 

a. Historic / commercial (15% P by 
weight) 

1.13 g/pers/day (n/a) n/a (historic in household 
scenario) 

b. Voluntary limit (8.5% P by 
weight)  

0.65 g/pers/day (24%) n/a (current situation in 
household scenario) 

c. Max. under ban (0.5% by 
weight) 0.04 g/pers/day (1.5%) 0.61 g/pers/day (23%) 

d. Max. possible reduction (0% P) 0 g/pers/day (0%) 0.65 g/pers/day (24%) 

o How does phosphorus concentration affect removal capability? (Probably not 
known for most systems and technologies) n/a 

o Do other water chemistry factors affect removal capability? n/a 

• Robustness of the System 

o How is the system’s performance affected by variations in flows and in 
wastewater composition? n/a 

o How does ambient temperature affect the system? n/a 

o What range of applications is the alternative designed for? Limits currently only 
apply to household dishwasher detergent; only implemented in states with phosphorus 
bans. 

• Maintenance Requirements 

o How often is maintenance required? n/a 

o How does lack of maintenance affect system performance? n/a 

o What type of maintenance is required? How difficult is it to perform? n/a 

o Is there a sorptive material to be replaced? n/a 

• If so, how often does this need to be done? n/a 
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• What are the costs and operations performed when it is replaced? n/a 

o Is there a residual to be disposed of? n/a  

• If so, how is it disposed of? n/a 

• How often is this required, and what are the quantities? n/a 

• Phosphorus-Recycling Capability 

o How available is the phosphorus removed from wastewater for plant uptake? n/a 

o Are there any environmental or health barriers to recycling the phosphorus to 
agriculture, e.g., contamination with heavy metals? n/a 

o How concentrated is the phosphorus (this affects economic viability of 
recycling)? n/a 

• Other Treatment Effects 

o As phosphorus is removed, is there a significant change in the chemical makeup 
of the remaining solution (e.g., pH, D.O., electrolytes, other secondary 
compounds)? n/a 

o What other wastewater treatment benefits are achieved by the alternative, in 
addition to phosphorus removal? n/a 

• Impact on Landscape 

o Is the alternative visible or underground? n/a 

o If it is visible, what is its appearance? n/a 

• Design 

o On what type of sites (soils, etc.) is the technology appropriate to use? n/a 

o Any odor issues to consider in siting the technology? n/a 

o What are the dimensions (size) of the technology? n/a 

o How easily can the technology be used in a retrofit situation? n/a  

o Are any changes in user behavior required for this technology to work? User 
must purchase and use phosphorus-free dishwasher detergents 
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• Energy Requirements 

o How much electricity is needed to operate the system? Specify whether 
electricity use is flow dependent or not. If it is not flow dependent, use units of 
kWh/year for a system of a specified size. If it is flow dependent, use units of 
kWh/year per 100 gallons/day treatment. Specify where the electricity is used. 
n/a 

o How much non-electric energy is used to operate the system, e.g., diesel to 
transport waste products? Specify whether energy use is flow dependent or not. 
Specify how and where the energy is used, so that the project leader can use a 
common set of assumptions for each technology to convert to energy use. E.g., 
“The 1000 gallon septic tank is emptied every three years and the septage is 
hauled by truck to a wastewater treatment plant.” n/a 

• Cost 

o What is the installation cost? Generally, phosphorus-free or low-phosphorus 
dishwasher detergents cost more than phosphate-containing detergents (Organization 
for the Assabet River 2003). Banning phosphorus from dishwasher soap might raise 
the consumer cost by about 70 cents per box (Stucky 2003). 

o What are the operating and maintenance costs? n/a 
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Phosphorus-Free Laundry Detergents  

Manufacturer: many 

Type of Phosphorus-Removal Technology (check one): 

 Source reduction 

 Source separation 

 Septic tank or substitute for septic tank 

 Post-septic tank, pre-SAS 

 Soil absorption system 

 Other 

Describe the Technology and How It Removes Phosphorus: 

General Description:  

The use of phosphorus-free laundry detergents reduces the amount of phosphorus entering 
household wastewater effluent. Although laundry detergents containing up to 15% phosphorus 
by weight were commonly used in the 1940s through the 1960s, many states introduced total or 
partial bans on phosphorus in laundry detergents in the 1970s and 1980s as part of their response 
to increasingly eutrophic surface water conditions, particularly in eastern coastal areas and in the 
Great Lakes states. These bans typically restricted phosphorus levels in detergents to 0.5% or 
less by weight. Sources conflict regarding the current state of phasing-out of phosphorus in 
laundry detergent. Some state that the industry ultimately phased out the use of phosphorus in 
domestic laundry detergents by about 1994, while others state that enforcement efforts were still 
needed in states with phosphorus bans at least through 1996. 

Technical Description: 

New powdered laundry detergents developed for washing machines during World War II 
contained high levels of sodium tripolyphosphate (as much as 60% by weight, or about 15% by 
weight as phosphorus) as a builder (Litke 1999). Builders generally neutralize hardness in water 
so that the surfactants in the detergent can function. The use of phosphorus in synthetic 
detergents peaked in 1967 at 220,000 metric tons (US Congress 1970). The detergent industry in 
the United States voluntarily agreed to limit phosphorus in detergents to 8.7% by weight in 1970 
(Litke 1999). Although no federal legislation restricting phosphorus levels was passed, many 
states introduced total or partial bans on phosphorus in laundry detergents in the 1970s and 
1980s as part of their response to increasingly eutrophic surface water conditions, particularly in 
eastern coastal areas and in the Great Lakes states. These bans typically restricted phosphorus 
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levels in detergents to 0.5% or less by weight. Although it is generally agreed that the industry 
ultimately phased out the use of phosphorus in domestic laundry detergents by about 1994 
(Litke, 1999), states with phosphorus bans still have problems with high-phosphorus detergents 
being sold in their states, and enforcement efforts were still necessary in the mid-1990’s (Rohrer, 
1999). 

Answer the following questions, give the reference for all information, and describe briefly how 
the tests were conducted. Use ranges of numbers wherever appropriate, and, if known, note what 
the frequency distribution is within the range and what determines where within the range a 
system falls. 

• What is the appropriate application of this alternative? Check as many as apply: 

 Single-family residence 

 Cluster system 

 Large system, over 3,500 gallons per day 

 Commercial system (restaurant, strip mall, etc.) 

• Proven Track Record 

o How long has the phosphorus-removal alternative been used? Up to 34 years 
(1970-2004) (Litke 1999) 

o How many different units have been used? n/a 

o Under what conditions have they been used? Initially targeted to areas where 
surface waters were impaired (Great Lakes, Chesapeake Bay (Jones and Hubbard 
1986) but eventually phased in everywhere. 

o Describe the number and sources of data to support claims of phosphorus 
removal. E.g., manufacturer testing, third party evaluation, etc. n/a 

• Phosphorus-Removal Capability 

o What percentage of phosphorus is removed? If known, answer in terms of a 
range, and what affects the range (including age of system or medium used). 
Before phosphorus bans and restrictions, laundry detergents contained as much as 
15% phosphorus by weight. Currently, a maximum of 0.5% phosphorus by weight is 
allowed under phosphorus bans in 27 states, while states with no phosphorus ban in 
force may still use laundry detergents that contain 8.7% or more phosphorus by 
weight. Average detergent used per load is 2.7 ounces, or 76.5 grams.  
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Assumptions: Average amount of detergent used and average washing machine load 
size are unchanged over time in these calculations. 

In order to calculate removal percentages, an average washing machine load volume 
of 40 gallons was used. Average water use for washing machines was approx. 15 
gal/pers/day (Mayer et al. 1999), or about 0.38 machine loads. Calculations for 
different scenarios shown in Table A-2. 

Table A-2 
Calculation of Historic Improvements Gained by Implementing Phosphorus 
Removal for Household Laundry Detergents 

Scenario 

P Content Under Different 
Scenarios (Percentage Of Influent 

P Calculated Using EPA 2002 
Values Unless Noted) 

Amount / % Reduction 
Of Influent P Achieved 

By Implementation 
(Using 2002 Influent P 

Unless Noted) 

a. Historic / commercial (15% P 
by weight) 4.31 g/pers/day (n/a) n/a (historic in household 

scenario) 

b. Voluntary limit (8.7% P by 
weight)  

2.50 g/pers/day (63% of 1980 
influent P) 

n/a (current situation in 
states with no P ban) 

c. Max. under ban (0.5% by 
weight) 

0.14 g/pers/day (3.5% of 1980 
influent P) 

2.36 g/pers/day (59% of 
1980 influent P) 

d. Max. possible reduction (0% P) 0 g/pers/day (0%) 2.50 g/pers/day (63% of 
1980 influent P) 

o How does phosphorus concentration affect removal capability? (Probably not 
known for most systems and technologies) n/a 

o Do other water chemistry factors affect removal capability? n/a 

• Robustness of the System 

o How is the system’s performance affected by variations in flows and in 
wastewater composition? n/a 

o How does ambient temperature affect the system? n/a 

o What range of applications is the alternative designed for? Currently only 
applies to household laundry detergent 

• Maintenance Requirements 

o How often is maintenance required? n/a 
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o How does lack of maintenance affect system performance? n/a 

o What type of maintenance is required? How difficult is it to perform? n/a 

o Is there a sorptive material to be replaced? n/a 

• If so, how often does this need to be done? n/a 

• What are the costs and operations performed when it is replaced? n/a 

o Is there a residual to be disposed of? n/a 

• If so, how is it disposed of? n/a 

• How often is this required, and what are the quantities? n/a 

• Phosphorus-Recycling Capability 

o How available is the phosphorus removed from wastewater for plant uptake? n/a 

o Are there any environmental or health barriers to recycling the phosphorus to 
agriculture, e.g., contamination with heavy metals? n/a 

o How concentrated is the phosphorus (this affects economic viability of 
recycling)? n/a 

• Other Treatment Effects 

o As phosphorus is removed, is there a significant change in the chemical makeup 
of the remaining solution (e.g., pH, D.O., electrolytes, other secondary 
compounds)? There is evidence that, in the soil environment, total nitrogen is 
removed more efficiently from onsite systems that receive phosphate-built laundry 
detergents rather than carbonate-built detergents (Alhajjar et al. 1989). 

o What other wastewater treatment benefits are achieved by the alternative, in 
addition to phosphorus removal? n/a 

• Impact on Landscape 

o Is the alternative visible or underground? n/a 

o If it is visible, what is its appearance? n/a 

• Design 

o On what type of sites (soils, etc.) is the technology appropriate to use? n/a 
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o Any odor issues to consider in siting the technology? n/a 

o What are the dimensions (size) of the technology? n/a 

o How easily can the technology be used in a retrofit situation? n/a 

o Are any changes in user behavior required for this technology to work? n/a 

• Energy Requirements 

o How much electricity is needed to operate the system? Specify whether 
electricity use is flow dependent or not. If it is not flow dependent, use units of 
kWh/year for a system of a specified size. If it is flow dependent, use units of 
kWh/year per 100 gallons/day treatment. Specify where the electricity is used. 
n/a 

o How much non-electric energy is used to operate the system, e.g., diesel to 
transport waste products? Specify whether energy use is flow dependent or not. 
Specify how and where the energy is used, so that the project leader can use a 
common set of assumptions for each technology to convert to energy use. E.g., 
“The 1000 gallon septic tank is emptied every three years and the septage is 
hauled by truck to a wastewater treatment plant.” n/a 

• Cost 

o What is the installation cost? Costs for phosphorus-free laundry detergent are not 
significantly different from those of phosphorus-containing detergents. 

o What are the operating and maintenance costs? n/a 
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Blackwater Diversion 

Manufacturer: Can be accomplished by many methods, with products from many 
manufacturers. On this sheet, we evaluate the potential for phosphorus removal. Specific 
products are evaluated on other forms.  

Type of Phosphorus-Removal Technology (check one): 

 Source reduction 

 Source separation 

 Septic tank or substitute for septic tank 

 Post-septic tank, pre-SAS 

 Soil absorption system 

 Other 

Describe the Technology and How It Removes Phosphorus: 

Technical Description: When phosphates are removed from laundry and dishwashing 
detergents, the concentration of phosphorus in graywater can be less than 1 mg/L. Phosphorus 
from the toilet can be transferred either to a less sensitive receiving water or to beneficial use in 
agricultural through the use of low-flush (≤ 1 L/flush) water toilets plumbed to a holding tank or 
composting chamber, or through dry toilets plumbed to a composting or holding chamber. The 
low-flush toilets may use water or foam transported by gravity or vacuum. The graywater may be 
treated in a variety of ways, including a conventional septic tank and SAS. A high C/N ratio in 
the graywater may mean that it needs nitrogen addition for typical mixed wastewater treatment 
processes to work well.  

Answer the following questions, give the reference for all information, and describe briefly how 
the tests were conducted. Use ranges of numbers wherever appropriate, and, if known, note what 
the frequency distribution is within the range and what determines where within the range a 
system falls. 

• What is the appropriate application of this alternative? Check as many as apply: 

 Single-family residence 

 Cluster system 

 Large system, over 3,500 gallons per day 
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 Commercial system (restaurant, strip mall, etc.) 

• Proven Track Record 

o How long has the phosphorus-removal alternative been used? It was the default 
alternative in most places until the advent of indoor plumbing. Composting toilets 
were introduced commercially into the United States in the 1970s (Del Porto and 
Steinfeld 2000).  

o How many different units have been used? See evaluation forms for composting 
toilets, Aquatron, and microflush toilets. 

o Under what conditions have they been used? Many: cabins, inns, houses, schools, 
commercial buildings, etc. 

o Describe the number and sources of data to support claims of phosphorus 
removal. E.g., manufacturer testing, third party evaluation, etc. Third-party tests 
from reports, manuscripts, and peer-reviewed journals. 

• Phosphorus-Removal Capability 

o What percentage of phosphorus is removed? If known, answer in terms of a 
range, and what affects the range (including age of system or medium used). 
 
Assuming that the toilet is used only for defecating and urinating, and not treated as a 
garbage disposal or mop sink, the mass of phosphorus in blackwater is likely affected 
somewhat by diet (more phosphorus intake—through protein, phosphoric acid in soft 
drinks, or other sources—leads to more phosphorus excreted). Flush volumes affect 
the concentration. For graywater, the amount of phosphate used in detergents is 
probably the most important factor influencing the mass of phosphorus; water use 
patterns also affect the concentration. A literature review by Rasmussen et al. (1996) 
found graywater phosphorus concentrations from 1.4 - 18.1 mg/L. 
 
A report by the Swedish EPA (Swedish EPA 1995) put the Swedish annual output of 
phosphorus in graywater at 110 grams/person/year (g/p/yr), or 17% of the total 
phosphorus in domestic wastewater. Vinnerås et al. (Vinnerås et al. submitted) 
proposed a higher average Swedish annual phosphorus output from graywater, at 190 
g/p/year and that the earlier figure for blackwater was accurate, giving 25% of 
phosphorus in graywater. 
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Jenssen and Vråle (Jenssen and Vråle 2003) report that graywater septic tank effluent 
samples taken after 1996 in Norway, representing almost 200 persons, showed 
average Ptot concentrations of 1.03 mg/L. This is about 20-50% of what is reported in 
neighboring Sweden (calculated from (Swedish EPA 1995) and (Vinnerås et al. 
submitted)); Jenssen and Vråle note that the majority of laundry and dishwashing 
detergents sold in Norway are phosphate free, whereas they contain phosphate in 
Sweden. 
 
Otterpohl et al. (2002) survey two German and Swiss articles from the late 1990s and 
a compilation of many earlier studies published in 1981 to arrive at a German figure 
of 750 g P/p/yr, with 90% in the blackwater. 
 
Sherman’s review of the US literature (1991) found a “weighted value” of 3 mg/L Ptot 
in the seven studies he reports on, from 1968-1978. Blackwater has a lower 
phosphorus strength (<1 mg/L) than graywater in these studies. Like recent values 
from other countries, these older values are probably not representative of current US 
values, since legislation restricting phosphate use in detergents has been passed since 
then and low-flow fixtures have become more widespread. 
 
The US EPA’s Onsite Wastewater Treatment System Manual (2002, Table 3-8) 
reports that 59% of phosphorus in domestic wastewater is from the toilet, using 
figures from Sedlak (1991). Because of the effect of changes in detergent 
composition on phosphorus flows, the EPA ignores earlier studies as being 
unrepresentative of today’s flows. If 27% of domestic wastewater is from toilet 
flushing (Table 3-3, US EPA 2002), then the concentration of phosphorus in 
graywater is (1-0.59)/(1-0.27) = 55% of that in domestic wastewater as a whole. With 
a range of 5-15 mg/L for phosphorus in domestic wastewater (Table 3-19, US EPA 
2002), that gives a range of 3-8 mg P/L in graywater. 

A recent literature survey by Siegrist et al. (Siegrist et al. In press.) documents a 
decrease in phosphorus concentration in septic tank effluent from the 1970s through 
the 1990s, with values in the 1990s ranging from 1.2-14.2 mg/L, with the average 8.4 
mg/L. 

o How is phosphorus measured and reported? E.g., phosphate P, Ptot. The literature 
generally includes values for Ptot, and sometimes has values for phosphate. 

o How does phosphorus concentration affect removal capability? Not at all, per se. 
However, if a higher phosphorus concentration is a function of greater use of 
phosphates in detergents, then the percentage removal by removing the blackwater 
from the treated flow is less.  

o Do other water chemistry factors (e.g., pH, BOD, TSS, NO3
-, NH3

+) affect 
removal capability? No. 
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• Robustness of the System 

o How is the system’s performance affected by variations in flows and in 
wastewater composition? No effect. 

o Under what climatic conditions were the tests conducted? Not applicable 

o How does ambient temperature affect the system? No effect. 

o What range of applications is the alternative designed for? Anywhere with toilets. 
It is especially effective for phosphorus removal where blackwater comprises a 
significant part of the wastewater phosphorus load. 

• Maintenance Requirements See evaluations of individual technologies.  

• Phosphorus-Recycling Capability See evaluations of individual technologies.  

• Other Treatment Effects 

o As phosphorus is removed, is there a significant change in the chemical makeup 
of the remaining solution (e.g., pH, D.O., electrolytes, other secondary 
compounds)? The C/N ratio in graywater is higher than that in mixed wastewater. 
According to Del Porto and Steinfeld (Del Porto and Steinfeld 2000), this can lead to 
the build-up of “undigested carbon-containing fats, oils, grease, soaps, detergents,” 
and other substances. They suggest adding some nitrogen to the graywater, through 
ammonia-based cleaning compounds, nitrogen fertilizer, or diverting some of the 
urine to the graywater.  

o What other wastewater treatment benefits are achieved by the alternative, in 
addition to phosphorus removal? E.g., nitrification, denitrification, reduction in 
BOD, reduction in TSS? Quantify. Removing blackwater from domestic 
wastewater treated on site diverts a higher percentage of nitrogen than of phosphorus; 
the studies referenced above report 90% or more of the nitrogen in domestic 
wastewater is in the blackwater. Around half of the organic matter (measured as COD 
or BOD) is also removed, according to the studies referenced above. 

• Impact on Landscape Not applicable  

o Design 

o On what type of sites (soils, etc.) is the technology appropriate to use? No site 
limitations per se for blackwater diversion. Unless graywater is treated and recycled, 
as in the Equaris Infinity system, some graywater treatment and dispersal system is 
needed. With composting toilets, provision needs to be made for excess liquid—
usually treatment and dispersal. 
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o Any odor issues to consider in siting the technology? The Swedish EPA (2002) 
refers to an earlier Swedish EPA report that found more odor issues from cabins 
treating graywater than from those treating mixed wastewater. The study may have 
been referring to simpler graywater treatment systems, (e.g., Ludwig 2000). No other 
reports of excessive odors from graywater have been found. 

o What are the dimensions (size) of the technology? See evaluations of individual 
technologies. 

o How easily can the technology be used in a retrofit situation? See evaluations of 
individual technologies. 

o Are any changes in user behavior required for this technology to work? Not 
necessarily. See evaluations of individual technologies. 

• Energy Requirements See evaluations of individual technologies.  

• Cost See evaluations of individual technologies. Blackwater diversion is most cost effective 
if there are significant barriers to putting in a conventional septic tank and SAS system.  
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Composting Toilet 

Manufacturer: Many.  

This description is a composite of systems that have long track records and are available in the 
US.  

Type of Phosphorus-Removal Technology (check one): 

 Source reduction 

 Source separation 

 Septic tank or substitute for septic tank 

 Post-septic tank, pre-SAS 

 Soil absorption system 

 Other 

Describe the Technology and How It Removes Phosphorus: 

Description: The term “composting toilet” encompasses a wide range of technologies. The 
common feature is that the feces are collected and retained in the toilet system—either in a 
chamber of the toilet itself or in a separate chamber, generally in a room below the toilet. The 
feces may be composted in the toilet system itself or merely collected and retained there, for 
composting or other treatment elsewhere. Composting toilets differ from pit privies, or 
outhouses, in that composting toilets are designed for a partially or completely composted 
product to be periodically removed from the system. 

The collection system is usually gravity, though microflush toilets (<0.1 - 0.5 gal/flush), using 
either water or foam, are also being attached to composting chambers. Urine may be collected 
separately, in urine-diverting composting toilets. If urine is not diverted, it may be evaporated 
during the composting process, or (along with flush water, if any) it may be channeled out of the 
composting chamber for treatment or use as fertilizer elsewhere.  

Answer the following questions, give the reference for all information, and describe briefly how 
the tests were conducted. Use ranges of numbers wherever appropriate, and, if known, note what 
the frequency distribution is within the range and what determines where within the range a 
system falls. 

• What is the appropriate application of this alternative? Check as many as apply: 

 Single-family residence 
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 Cluster system 

 Large system, over 3,500 gallons per day 

 Commercial system (restaurant, strip mall, etc.) 

• Proven Track Record 

o How long has the phosphorus-removal alternative been used? The modern, in-
house composting toilet is generally traced back to the Swedish Clivus Multrum, 
invented by Rickard Lindström in the 1930s and patented in 1962. During the 1800s, 
however, commercially sold “earth closets” by Henry Moule and others in Britain 
competed fiercely with the water closet and may be the first manufactured 
composting toilets (Del Porto and Steinfeld 2000). Composting toilets have been 
available in the US commercially since 1964 (Del Porto and Steinfeld 2000) and are 
used both in single-family residences and apartments as well as commercial and other 
buildings (Berger 2004; Del Porto and Steinfeld 2000; Panesar and Lange 2004).  

o How many different units have been used? There is no trade association for 
composting toilet manufacturers in US, so data are hard to come by. A rough estimate 
from Don Mills of Clivus Multrum is that 5,000 composting toilets have been sold in 
the US in the last decade by all manufacturers (Mills 2004). Tens of thousands have 
been sold worldwide in the last forty years (Del Porto and Steinfeld 2000).  

o Under what conditions have they been used? In different forms, from the tropics to 
the Arctic, in residential, commercial, and public facilities.  

o Describe the number and sources of data to support claims of phosphorus 
removal. E.g., manufacturer testing, third party evaluation, etc. See discussion in 
the “Blackwater diversion” evaluation form. 

• Phosphorus-Removal Capability: See discussion in the “Blackwater diversion” evaluation 
form.  

• Robustness of the System 

o How is the system’s performance affected by variations in flows and in 
wastewater composition? Del Porto and Steinfeld (2000) say that, in general, 
leachate collects during normal use of composting toilets, even those with 
evaporators, not just during power outages or peak use.  

o Under what climatic conditions were the tests conducted? They are designed 
primarily for use indoors, so climate plays a minor role in the performance. 

o How does ambient temperature affect the system? Warmth promotes composting. 
Some have or may be fitted with a heating element. According to one manufacturer 
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(personal communication, David Del Porto, EcoTech), room temperature of 65 
degrees F is sufficient for composting at an adequate rate. 

o What range of applications is the alternative designed for? Composting toilets are 
available for any applications where water closets are used. The models described in 
detail here are all designed for loading comparable to residential use. Models are 
available for use in public facilities. 

• Maintenance Requirements 

o How often is maintenance required? Depending on the model, minor operation 
(turning a handle) may be needed as often as 3-4 times a week. Compost is emptied 
as often as once a month for a self-contained model or every three months to two 
years for models with larger composting chambers in a separate room. 

o How does lack of maintenance affect system performance? Flying insects may 
enter the house, since there is no trap or other barrier between the composter and the 
toilet room (Del Porto and Steinfeld 2000). In one model, the pile compacts and 
becomes too hard to remove through the access hatch through normal means. In 
another, the composting chamber simply becomes too full to accept more material.  

o What type of maintenance is required? How difficult is it to perform? 
Maintenance is not difficult to perform if it is kept up regularly. For the models with 
separate compost chambers, it is important that the unit be placed so that the access 
hatch is easy to get to and use. One model reviewed continues to accept new material 
even when not maintained, and it can get filled with a compacted, difficult-to-remove 
mass before the user is given hard-to-ignore feedback that something is wrong. 

o Is there a sorptive material to be replaced? No. 

o Is there a residual to be disposed of? Yes. 

 If so, how is it disposed of? Laws on handling composted human excrement 
vary in different locations. Options include burying it on site or hauling to a 
wastewater treatment plant. Del Porto and Steinfeld (2000) recommend 
contacting local and state health authorities for information on legal methods 
for handling the end product of a composting toilet. They give the example of 
Massachusetts, where the compost may be buried on site under six inches of 
soil or removed to a treatment plant by a licensed septage hauler. The compost 
may be claimed as fertilizer, they report, if it is tested for bacteria, viruses, and 
heavy metals according to Part 503 of Section 450 of the Clean Water Act. 

 How often is this required, and what are the quantities? Varies with usage 
and system design. One manufacturer says that the composted material is 
about one tenth the bulk of the incoming excrement, toilet paper, and additive 
(bulking material) (US EPA 2003), and the US EPA reports that if “sized and 
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maintained properly, a composting toilet breaks down excrement to 10 to 30% 
of its original volume” (US EPA 1999). Another manufacturer says its toilet 
can reduce the volume of urine plus feces to much less than 10%. 

• Phosphorus-Recycling Capability 

o How available is the phosphorus removed from wastewater for plant uptake? No 
specific data; probably as available as in composted livestock manure. 

o Are there any environmental or health barriers to recycling the phosphorus to 
agriculture, e.g., contamination with heavy metals? The composted material needs 
to reach pasteurization temperatures to be assured that pathogens are killed. Jenkins 
(1999) reports that a compost pile fed with uncomposted human feces, urine, toilet 
paper, bulking material, garden weeds, and kitchen scraps consistently reaches 
pasteurization temperatures in a cold climate (Pennsylvania). Over the winter, 
accumulation without pasteurization occurs until spring. Del Porto and Steinfeld 
(2000) caution against using the composted material on food crops.  

o How concentrated is the phosphorus (this affects economic viability of 
recycling)? No specific figures found. If the mass of urine, feces, and toilet paper is 
reduced to 10%, then the concentration is 1.365 kg P/ 60.9 kg = about 2% (figures 
from (Vinnerås et al. submitted)). 

• Other Treatment Effects 

o As phosphorus is removed, is there a significant change in the chemical makeup 
of the remaining solution (e.g., pH, D.O., electrolytes, other secondary 
compounds)? No, except as per next question. 

o What other wastewater treatment benefits are achieved by the alternative, in 
addition to phosphorus removal? E.g., nitrification, denitrification, reduction in 
BOD, reduction in TSS? Quantify. Yes. See “Blackwater diversion” evaluation 
form for details. 

• Impact on Landscape 

o Is the alternative visible or underground? Usually in the house. 

• Design 

o On what type of sites (soils, etc.) is the technology appropriate to use? All 

o Any odor issues to consider in siting the technology? If urine is not diverted from 
the compost, then the ventilated exhaust can be foul smelling. This can be particularly 
a problem where houses are close together in a steep area, so the ventilation pipe of a 
lower house is near the living level of an upper house. Odor can be reduced or 
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removed through use of odor control additives on the compost heap and/or filtering 
the exhaust through activated carbon, zeolite, or other material (Del Porto and 
Steinfeld 2000). 

o What are the dimensions (size) of the technology? Many models of different 
dimensions are available. For example, one separate compost chamber dimensioned 
for sixty visits per day is 60" high, 104" deep, and 47" wide (Del Porto and Steinfeld 
2000). A self-contained toilet unit is 33" high, 23" wide, and a depth of 47" is needed 
to allow room to open and remove the finishing drawer. 

o How easily can the technology be used in a retrofit situation? Self-contained units 
are easier to use in most retrofit situations than ones that have a composting chamber 
in a room below. 

o Are any changes in user behavior required for this technology to work? Yes. All 
three models require addition of bulking material with each use. In addition, periodic 
maintenance is required, as described above. One manufacturer does offer 
maintenance contracts, mostly to public installations, but they also have maintenance 
arrangements with residential customers, usually with visits twice yearly. Diligent 
addition of the bulking material after each use, and perhaps other measures (e.g., 
covering exhaust pipe terminus with screen, light traps, sticky traps), is required to 
prevent or eliminate the spread of flying insects into the house (Del Porto and 
Steinfeld 2000). 

• Energy Requirements 

o How much electricity is needed to operate the system? Specify whether 
electricity use is flow dependent or not. If it is not flow dependent, use units of 
kWh/year for a system of a specified size. If it is flow dependent, use units of 
kWh/year per 100 gallons/day treatment. Specify where the electricity is used.  

800-1,500 kWh/year to power an exhaust fan, leachate pump, and, if used, a heating 
element.  

o How much non-electric energy is used to operate the system, e.g., diesel to 
transport waste products? Specify whether energy use is flow dependent or not. 
Specify how and where the energy is used, so that the project leader can use a 
common set of assumptions for each technology to convert to energy use. E.g., 
“The 1000 gallon septic tank is emptied every three years and the septage is 
hauled by truck to a wastewater treatment plant.” 
 
A small amount of composted material is removed periodically, depending on the 
toilet system and the usage. For example, if one model examined is used enough to be 
emptied every three months and the volume of the compost is reduced to one tenth of 
the original, full compartment volume, then 12 gallons of finished compost would be 

A-25 



 

Technology Description Forms 

removed every three months. The finished compost may be buried near the house or 
transported elsewhere, depending on user preferences and local ordinances. 

• Cost 

o What is the installation cost? Approximately $1,600 - $6,400, depending on the 
model. 

o What are the operating and maintenance costs? All normal maintenance can be 
performed by most able-bodied users, if the composting chamber is properly 
installed. Electricity for the exhaust fan, heater (if any), and any other equipment is 
the only operating cost. Using the average national 1999 electricity cost of 6.6 cents 
per kWh (US Department of Energy 2003), the annual operating costs are generally 
$25 – $87. This brings the total life-cycle costs to $3,600 - $7,600 over the cost of a 
conventional system.  

o On lots where there is no space to install a full-size conventional system and local 
regulations allow graywater systems to be smaller than full-sized systems, the 
composting toilet can save money over any other feasible alternative (examples given 
in Del Porto and Steinfeld 2000).  

 

 

A-26 



 

Technology Description Forms 

Aquatron  

Manufacturer: Aquatron International, Amberes AB 

Box 65 
SE-456 22 Kungshamn, Sweden 
Phone: +46 523 709 66 
Fax: +46 523 709 67 
 
Office address: 
Dalgatan 4 
Kungshamn, Sweden 

info@aquatron.se 

Type of Phosphorus-Removal Technology (check one): 

 Source reduction 

 Source separation 

 Septic tank or substitute for septic tank 

 Post-septic tank, pre-SAS 

 Soil absorption system 

 Other 

Describe the Technology and How It Removes Phosphorus: 

General Description:  

Aquatron separates the fecal water (with or without urine) from a toilet into solid and liquid 
fractions, using the whirlpool effect of the spiralling of the flushed water in the Aquatron 
separator. The solid fraction is composted in the Aquatron; the product from some models is 
ready for use as compost when removed from the Aquatron, while the manufacturer recommends 
further composting when using the product from other models. 

Technical Description: 

The Aquatron can be used on the flush water from either urine-diverting toilets or toilets where 
urine and feces are mixed. It is designed for toilets of 2-6 liters flush volume; new US toilets 
have a maximum of 6 L flush volume. The distance between the toilet and the Aquatron 
separator is a minimum of 1 meter pipe, and maximum 10 or 20 meters (depending on whether 2 
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or 6 liters are used for flushing), with a minimum 1% slope, except for a minimum 5% slope in 
the last meter. 

The separator is a plastic unit shaped like an hourglass. The incoming water spirals around the 
sides of the hourglass. As the water passes through the narrow middle of the “hourglass,” solid 
matter like feces and toilet paper fall straight down, into an opening of the composting chamber. 
The water continues adhering to the side of the hourglass and exits the bottom. No moving parts 
are used; the momentum of the flushed water imparts all the spiraling. After exiting the 
separator, the water may go through UV-disinfection and may be combined with graywater for 
treatment in a septic tank and soil absorption system.  

The solids are stored in a “Bio Chamber,” where they are composted using bacteria and, if 
desired, the addition of worms. Composting reduces the volume by up to 90%, according to the 
manufacturer.  

Units of various sizes are manufactured. While some are manufactured for commercial facilities 
and apartment buildings, all are designed to handle the toilet water within a fairly short distance 
of the toilet, usually inside the same building as the toilet. For that reason, if the technology is to 
be used with cluster systems, each building connected to the cluster system would have its own 
Aquatron, and larger commercial buildings may use more than one. 

UV lights for disinfecting the effluent are available. 

Answer the following questions, give the reference for all information, and describe briefly how 
the tests were conducted. Use ranges of numbers wherever appropriate, and, if known, note what 
the frequency distribution is within the range and what determines where within the range a 
system falls. 

• What is the appropriate application of this alternative? Check as many as apply: 

 Single-family residence 

 Cluster system 

 Large system, over 3,500 gallons per day 

 Commercial system (restaurant, strip mall, etc.) 

• Proven Track Record 

o How long has the phosphorus-removal alternative been used? The company was 
founded in 1992. 

o How many different units have been used? According to the manufacturer, 
“thousands.” West (2001) reports 1500 in New Zealand alone. 
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o Under what conditions have they been used? Residences, apartment buildings. 

o Describe the number and sources of data to support claims of phosphorus 
removal. E.g., manufacturer testing, third party evaluation, etc. Third-party tests 
were carried out by Björn Vinnerås of the Swedish Agricultural University. They 
comprised both tests of a unit in use at an apartment building and laboratory tests. 
Unless otherwise noted, all figures in this evaluation form are from Vinnerås (2002), 
including the appendices. 

• Phosphorus-Removal Capability 

o What percentage of phosphorus is removed? If known, answer in terms of a 
range, and what affects the range (including age of system or medium used). 
Vinnerås (2002) notes from his lab experiments that “an increased loss of nutrients 
will also occur if water is drained from the separated solids.” In actual installations, 
the Aquatron is designed to let the separated solids be further dewatered by draining. 
The 13% phosphorus-removal potential is, therefore, probably higher than 
phosphorus removal in the field. 

o How is phosphorus measured and reported? E.g., phosphate P, Ptot. Ptot 

o How does phosphorus concentration affect removal capability? Aquatron 
removes the solid fecal matter and toilet paper from the wastewater stream. Removal 
capability is affected by how much phosphorus is in the feces. 

o Do other water chemistry factors (e.g., pH, BOD, TSS, NO3
-, NH3

+) affect 
removal capability? No. 

• Robustness of the System 

o How is the system’s performance affected by variations in flows and in 
wastewater composition? Toilets with higher flushing volumes (6 L vs. 4 L) reduce 
the amount of dry matter captured by Aquatron. Wastewater with less solid matter in 
it (e.g., because of diarrhea) would presumably have less effective phosphorus 
removal. No information has been found on the effect of variations in wastewater 
flows. However, given that Aquatron does its work in the seconds immediately after 
flushing, there is no reason to expect performance to be affected by variations in 
flows, except perhaps if two toilets connected to the same separator are flushed within 
seconds of each other. 

o Under what climatic conditions were the tests conducted? Conducted inside of 
buildings. 

o How does ambient temperature affect the system? The manufacturer recommends 
that the Aquatron be kept at temperatures above freezing. Warmer temperatures 
promote faster composting. 
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o What range of applications is the alternative designed for? Could be used in most 
places where there are toilets. The recommended maximum pipe run of 20 m from 
toilet to Aquatron limits the use in taller or sprawling buildings, unless many units are 
installed. 

• Maintenance Requirements 

o How often is maintenance required? In the simplest units, the solids are removed 
when the unit is filled. According to the manufacturer, this is every year or two for a 
model for year-round, single-family homes, the Aquatron 400. The reports of West 
(2003) on uses of the Aquatron agree. The UV lights need to be replaced periodically 
in units where they are used. 

o How does lack of maintenance affect system performance? When the unit is filled 
and not emptied, the fecal matter runs out of the unit. 

o What type of maintenance is required? How difficult is it to perform? Removal 
of partially or completely composted solids. Some larger units have mechanical 
systems to move the compost around. No information was found on the difficulty of 
removing the solids. It is important that the unit be placed so that the access hatch is 
easy to get to and use. 

o Is there a sorptive material to be replaced? No 

o Is there a residual to be disposed of? Yes, the partially or completely composted 
solids. 

 If so, how is it disposed of? Can be treated as septage, or further composted, 
on site or off site, depending on local regulations. 

 How often is this required, and what are the quantities? The manufacturer 
reports every 1-2 years for a single-family home. Given the dimensions of the 
unit, the quantity is estimated to be no more than 150 L (40 gallons). (The 
manufacturers claim that the composting reduces volume by up to 90%.) 

• Phosphorus-Recycling Capability 

o How available is the phosphorus removed from wastewater for plant uptake? No 
specific data found. Presumably, as available as in composted livestock manure. 

o Are there any environmental or health barriers to recycling the phosphorus to 
agriculture, e.g., contamination with heavy metals? No tests on the pathogen 
content of the fecal matter (partially or completely composted) have been found. 
Since there is little or no separation of fresh and old material, further treatment for 
pathogen reduction would almost certainly be necessary before using the material in 
agriculture.  
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The following are the standard values for heavy metals in feces, as used in Sweden 
(Vinnerås et al. submitted): 

Table A-3 
Swedish Standard Values for Heavy Metal Content in Feces 

Metal Content in Feces 
(mg/pers/yr) 

Cd 3.7 

Cu 400 

Cr 7.3 

Hg 23 

Ni 27 

Pb 7.3 

Zn 3900 

Source: (Vinnerås et al. submitted). 

The Swedish standard value for feces production is 12.8 kg dry matter/year 
(Vinnerås et al. submitted). If composting reduces mass by 90% with no loss of 
heavy metals, the following table shows the relationship between the concentration 
of heavy metals in uncomposted vs. composted feces and the US EPA values for EQ 
(exceptional quality) sewage sludge and the US EPA ceiling levels for sewage 
sludge applied to land (all units mg/kg): 

Table A-4 
Heavy Metal Content in Feces and Composted Feces Compared With Limits for US 
EPA’s EQ Sludge and EPA’s Ceiling for Land-Applied Sludge 

Metal Fecal Dry Matter 
Composted Fecal 

Dry Matter EPA EQ Sludge EPA Ceiling Limit 

Cd 0.29 2.9 39 85 

Cr 0.57 5.7 NA NA 

Cu 31 310 1500 4300 

Hg 1.8 18 17 57 

Ni 2.1 42 420 420 

Pb 0.57 11 300 840 

Zn 300 6000 2800 7500 
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The US EPA also regulates arsenic and molybdenum levels in sludge applied to land 
(Harrison et al. 1999); no figures were found on the levels of these metals in feces.  

In short, for all metals in sewage sludge regulated by the US EPA and for which 
figures on the fecal content have been found, the composted fecal dry matter is 
below EQ sludge limits, except for zinc. Zinc is below the EPA ceiling limit.  

o How concentrated is the phosphorus (this affects economic viability of 
recycling)? The initial dry matter content of the separated solids, after 3 meters of 
pipe and with 4 L flushing water, is 10%. 

• Other Treatment Effects 

o As phosphorus is removed, is there a significant change in the chemical makeup 
of the remaining solution (e.g., pH, D.O., electrolytes, other secondary 
compounds)? No chemical change. Solids are removed. 

o What other wastewater treatment benefits are achieved by the alternative, in 
addition to phosphorus removal? E.g., nitrification, denitrification, reduction in 
BOD, reduction in TSS? Quantify. Organic matter and suspended solids content are 
surely reduced through removal of fecal matter, though no tests to verify this were 
found. 

• Impact on Landscape 

o Is the alternative visible or underground? Usually in the basement. 

o If it is visible, what is its appearance? The Aquatron separator itself is plastic, 
hourglass-shaped, about 50 cm high and 40 cm in diameter. The version for a single-
family home, the Aquatron 400, is 145 cm high (without UV unit), 80 cm wide, and 
120 cm deep, including the separator and composting facility. 

• Design 

o On what type of sites (soils, etc.) is the technology appropriate to use? Any. 

o Any odor issues to consider in siting the technology? None reported. 

o What are the dimensions (size) of the technology? The Aquatron separator itself is 
plastic, hourglass-shaped, about 50 cm high and 40 cm in diameter. The version for a 
single-family home, the Aquatron 400, is 145 cm high (without UV unit), 80 cm 
wide, and 120 cm deep, including the separator and composting facility. 

o How easily can the technology be used in a retrofit situation? It is designed for 
blackwater only, so dividing the plumbing might be tricky. West (2003) reports that 
an ecovillage in England plumbs mixed graywater and blackwater through their 
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Aquatrons, but we have no reports on phosphorus removal performance from that 
facility. 

o Are any changes in user behavior required for this technology to work? No, not 
for use of the toilet. If the user empties the compost chamber, that is a change, but 
that is a service that can be provided by a service provider, like pumping out a septic 
tank. 

• Energy Requirements 

o How much electricity is needed to operate the system? Specify whether 
electricity use is flow dependent or not. If it is not flow dependent, use units of 
kWh/year for a system of a specified size. If it is flow dependent, use units of 
kWh/year per 100 gallons/day treatment. Specify where the electricity is used. 
None 

o How much non-electric energy is used to operate the system, e.g., diesel to 
transport waste products? Specify whether energy use is flow dependent or not. 
Specify how and where the energy is used, so that the project leader can use a 
common set of assumptions for each technology to convert to energy use. E.g., 
“The 1000 gallon septic tank is emptied every three years and the septage is 
hauled by truck to a wastewater treatment plant.” The compost chamber is 
emptied every year or two and contains max. 40 gallons of compost for a single-
family unit. The manufacturer claims up to 90% reduction in volume when worms are 
used in the composting process. The compost may be used on site. 

• Cost 

o What is the installation cost? Approximately $1,600, based on the cost for the unit 
in the United Kingdom (no costs in the US were found) and shipping and installation 
costs provided by the manufacturer. 

o What are the operating and maintenance costs? No figures available. Presumably 
minimal, if the unit is situated so that there is easy access to the compost chamber. It 
is emptied of at most 40 gallons every 1-2 years, and this is work the user can easily 
perform. If the user empties the compost, the life-cycle cost above a conventional 
system is equal to the installation cost, $1,600; with a maintenance contract to empty 
the compost costing $300 per year, the life-cycle cost is $8,400.  
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Microflush Toilet 

Manufacturer: Many. A number of models were chosen for evaluation, based on their track 
record and the appropriateness of their design for domestic use. 

Type of Phosphorus-Removal Technology (check one): 

 Source reduction 

 Source separation 

 Septic tank or substitute for septic tank 

 Post-septic tank, pre-SAS 

 Soil absorption system 

 Other 

Describe the Technology and How It Removes Phosphorus: 

General Description: Microflush toilets are a type of blackwater diversion strategy. Using small 
amounts of water, the toilets make it possible to connect blackwater to a holding tank and fill the 
tank much less frequently than if all the plumbing were collected in the holding tank. The 
concentrated blackwater may be transported off site for treatment elsewhere, which may include 
liquid composting for reuse in agriculture. If all blackwater is diverted, then about 75% of the 
phosphorus in domestic waste is removed. 

Technical Description: The microflush toilets described here are all vacuum toilets, which use 
air to transport feces and urine, in the same way as toilets commonly used on airplanes, cruise 
ships, and trains. Use of vacuum to transport the waste greatly reduces the need for water, and it 
also makes strictly horizontal or even uphill pipe runs possible. Air is the primary transport 
mechanism for the feces, urine, and toilet paper, with water used primarily to clean the bowl and 
the pipes. Some systems keep a continuous vacuum in the pipe, and instead of a conventional 
plumbing trap, a mechanical trap is used. When the toilet is flushed, an electronic valve is 
opened in the trap, and the contents of the toilet bowl are transported by the vacuum in the pipe 
to the vacuum generator, which then pushes the urine, feces, and toilet paper with pressure to the 
holding tank. (See Figure A-1, below.) 
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Source: http://www.folkeweb.no/cgi-bin/webadm.cgi?gid=1022&c=1058 

Figure A-1 
A Vacuum Toilet With the Vacuum Generator Behind the Toilet and the Holding 
Tank Outside the House 

Other systems generate vacuum on demand, i.e., only when a toilet is flushed. One model is 
available in a urine-diverting version. 

Answer the following questions, give the reference for all information, and describe briefly how 
the tests were conducted. Use ranges of numbers wherever appropriate, and, if known, note what 
the frequency distribution is within the range and what determines where within the range a 
system falls. 

Most of the information is from the manufacturers, either product literature or interviews.  

What is the appropriate application of this alternative? Check as many as apply: 

 Single-family residence 

 Cluster system 

 Large system, over 3,500 gallons per day 

 Commercial system (restaurant, strip mall, etc.) 

Note: The microflush toilet systems profiled here are most appropriate for buildings with small 
numbers of toilets, up to 10. Some manufacturers build vacuum generators capable of handling 
larger numbers of toilets, which may be more cost effective for larger numbers of toilets. 
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• Proven Track Record 

How long has the phosphorus-removal alternative been used? 
The Swedish engineer Joel Liljendahl patented a vacuum toilet in 1956. Electrolux 
bought the patent rights in 1968 and developed the technology further (Grünert 1999; 
cited in Backlund and Holtze 2003)  

o How many different units have been used? The major manufacturers often produce 
over 10,000 per year. Most of the toilets manufactured are designed for marine uses, 
so terrestrial experience is not as extensive. 

o Under what conditions have they been used? In buildings: Apartments, 
dormitories, institutions (e.g., prisons, hospitals), renovated buildings (where uphill 
runs of wastewater lines can make it possible to use the space in a different way), 
cottages. Microflush vacuum toilets are more common on airplanes, trains, boats, and 
ships. 

o Describe the number and sources of data to support claims of phosphorus 
removal. E.g., manufacturer testing, third party evaluation, etc. See blackwater 
diversion evaluation form. 

• Phosphorus-Removal Capability See blackwater diversion evaluation form. 

o What percentage of phosphorus is removed? If known, answer in terms of a 
range, and what affects the range (including age of system or medium used).  

o How is phosphorus measured and reported? E.g., phosphate P, Ptot.  

o How does phosphorus concentration affect removal capability?  

o Do other water chemistry factors (e.g., pH, BOD, TSS, NO3
-, NH3

+) affect 
removal capability?  

• Robustness of the System 

o How is the system’s performance affected by variations in flows and in 
wastewater composition? The toilet systems are not at all sensitive to variations in 
flow and wastewater composition, the manufacturers report, as long as foreign objects 
are not flushed. 

o Under what climatic conditions were the tests conducted? The toilets have been 
used in marine environments and in the far north, as well as various parts of the US 
and the Mediterranean region.  

o How does ambient temperature affect the system? No effect for temperatures 
above freezing, according to the manufacturers. 
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What range of applications is the alternative designed for? Residences, 
commercial buildings, institutions, cottages. Pretty much anywhere a conventional 
toilet is used, and especially where water is scarce or plumbing toilets uphill is 
desirable. One model uses so little water per flush (0.5 L or 0.25 L, depending on 
whether one is flushing urine or feces) that it is designed with the option of installing 
it in a cottage with no running water. An attachment is available to draw flush water 
from a bucket carried into the house; a 10 L (2.6 gal.) bucket is enough to flush 20-40 
times. Manufacturers sell vacuum generators which operate from a 12 V DC power 
supply, so that a photovoltaic cell and battery can provide the electricity.  

• Maintenance Requirements 

How often is maintenance required? The holding tank must be emptied. The 
frequency varies with the amount of water used; see table with residual discussion, 
below. Otherwise, rubber valves or membranes need to be replaced every 3-15 years, 
say the manufacturers. In heavily used systems, or if solid objects like rings or coins 
get flushed, the vacuum generator may need to be cleaned occasionally. 
 
In home systems using small amounts of flush water, urine stone may build up on 
some of the pipes. The manufacturer says the pipe may need to be replaced every 
twenty years. 

How does lack of maintenance affect system performance? If the holding tank is 
not emptied, it overflows. Otherwise, if never replaced, the mechanical trap could 
eventually leak air, and the vacuum generator will cycle on more often. If the flush 
ball seal is not cleaned and hard water depositions build up, the mechanical trap could 
also leak. Similarly, if urine stone grows on the inside of the pipes, they will clog 
more easily and the vacuum generated will have less power to flush.  

o What type of maintenance is required? How difficult is it to perform? 
Manufacturers say that “any shade tree mechanic would have absolutely no 
difficulty” replacing the four rubber valves at the vacuum generator or “anyone” can 
replace a mechanical trap. Cleaning the toilet appears no more difficult than for a 
conventional WC, though cleaning the mechanical trap is a different process than for 
a conventional WC. The manufacturer of one vacuum-on-demand system 
recommends that the valve on the vacuum generator be replaced by a professional.  

o Is there a sorptive material to be replaced? No. 

o Is there a residual to be disposed of? Yes, the blackwater. 

 If so, how is it disposed of? Can be treated as septage. Alternatively, the high 
dry matter content makes it attractive for use in liquid composting, where 
facilities are available, and reuse the nutrients in agriculture (see, for example, 
Skjelhaugen 1999; Norin et al. 2000). Liquid composting is an aerobic 
process that can be managed to attain 60 °C for 24 hours, which effectively 
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pasteurizes the liquid. Only limited use of liquid composting facilities has 
been found in the US (e.g., Patterson and Short 1985; Deeny et al. 1991). 

 How often is this required, and what are the quantities? The smallest 
amount of flush water found was in a toilet with a button for a 0.5 L (17 oz.) 
flush (for feces) and a button for a 0.25 L (8 oz.) flush (for urine). Another 
popular vacuum toilet can nominally be set as low as 16 oz. per flush, but the 
manufacturer says that 24 oz. is a more realistic figure. With these volumes, 
the toilet could be flushed 3,800 – 6,700 times before a 1,000 gallon holding 
tank was 90% filled, a target that might be chosen for an alarm to signal that it 
is time to schedule a tank pumpout3. 

• Phosphorus-Recycling Capability 

o How available is the phosphorus removed from wastewater for plant uptake? 
After liquid composting, about 60% of the nitrogen is available to plants as 
ammonium (Norin 1996). Without liquid composting, presumably the same 
phosphorus availability as for septage, but we have found no data. 

o Are there any environmental or health barriers to recycling the phosphorus 
to agriculture, e.g., contamination with heavy metals? See blackwater 
diversion evaluation form. 

o How concentrated is the phosphorus (this affects economic viability of 
recycling)? Depends on volume of flush water and where the toilet is used. Urine 
concentration often varies throughout the day, and there are indications that feces 
may be excreted primarily in the home toilet. Assuming a high enough proportion 
of the toilet visits are in the home toilet that the average phosphorus concentration 
per toilet visit is representative of total daily urine (e.g., for someone with a home 
business), and assuming 8 toilet visits per day, then the concentration is 0.13-0.36 
g/kg for the toilets evaluated here. 

• Other Treatment Effects See blackwater diversion evaluation form. 

• Impact on Landscape 

o Is the alternative visible or underground? Vacuum generators and holding 
tanks can be in the building or underground outside. See also discussion of 
ambient temperature, above. 

                                                           
3 The calculation assumes 8 toilet visits per day, that the amount of feces and urine correspond to the “BV” figures 
in    Table 2-4.

A-38 



 

Technology Description Forms 

• Design 

o On what type of sites (soils, etc.) is the technology appropriate to use? Any. 

o Any odor issues to consider in siting the technology?  

Yes. One manufacturer recommends that deodorants be used to prevent odors in 
the holding tank. Another says that odor is potentially somewhat more than with a 
normal septic tank, since many gallons of air are being forced into the tank with 
each flush. The tank should be vented to over the roof of the house.  

o What are the dimensions (size) of the technology? The toilets are standard size. 
The holding tanks can be in a wide range of sizes. For the vacuum generator, one 
manufacturer has various sizes (H×W×L): 14×8×19", 7.5×10×29". Another 
vacuum generator is 11.6×6.4×14.2", while a third is 17.7" high and 10.2" in 
diameter. 

o How easily can the technology be used in a retrofit situation? One of the most 
cost-effective ways to use vacuum toilets is in building renovations, according to 
one manufacturer. The ability to run the pipes without constant fall, even going 
uphill, gives builders much more flexibility, especially in adding new toilets. 

o Are any changes in user behavior required for this technology to work? The 
toilets function similarly to conventional, gravity water closets, from the user’s 
perspective. The flushing procedure is slightly different, but easy to learn. There 
is some delay between the user pushing the flush button or pulling the handle and 
the flush actually happening, from a few seconds to 15 seconds, depending on the 
size of the system. It is at least as important as with gravity toilets, probably more 
important, not to put foreign objects down the toilet. When cleaning the toilets 
with mechanical traps, it is important to be careful of the mechanical trap. The 
manufacturers recommend that toilet paper low in adhesives be used, to avoid 
clogging, and one sells a toilet paper designed to work well with their system. The 
toilets make a different sound than conventional WCs, and the vacuum generator 
makes a noise. 

• Energy Requirements 

o How much electricity is needed to operate the system? Specify whether 
electricity use is flow dependent or not. If it is not flow dependent, use units 
of kWh/year for a system of a specified size. If it is flow dependent, use units 
of kWh/year per 100 gallons/day treatment. Specify where the electricity is 
used. 2-5 kWh/person/year, according to the manufacturers. 

o How much non-electric energy is used to operate the system, e.g., diesel to 
transport waste products? Specify whether energy use is flow dependent or 
not. Specify how and where the energy is used, so that the project leader can 
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use a common set of assumptions for each technology to convert to energy 
use. E.g., “The 1000 gallon septic tank is emptied every three years and the 
septage is hauled by truck to a wastewater treatment plant.” See discussion 
on residual, above. 

• Cost 

o What is the installation cost? For the toilet, vacuum generator, and an extra 
1,000 gallon tank $3,900 - $5,800. 

What are the operating and maintenance costs? The volume of flush water, 
and therefore frequency of tank emptying, dominates the operations and 
maintenance costs. All normal maintenance can be performed by most somewhat 
handy users, say the manufacturers, so no cost has been included for the time. 
Electricity for the vacuum generator plus emptying the tank are the only operating 
costs. Assumptions: the average national 1999 electricity cost of 6.6 cents per 
kWh (US Department of Energy 2003), four persons in the household each using 
the toilet six times per day, and $380 to empty the tank. Then the annual operating 
costs are $1,300 - $1,800. The estimated life-cycle cost, then, is $35,000 - 
$44,000 over that of a conventional system. 
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Infinity Water Recycling System 

(formerly known as Equaris, and before that as AlasCan water recycling system) 

Manufacturer: Equaris Corporation 
www.equaris.com 
Phone: (651)-337-0261 
Fax: (651)-337-0265 

Type of Phosphorus-Removal Technology (check one): 

 Source reduction 

 Source separation 

 Septic tank or substitute for septic tank 

 Post-septic tank, pre-SAS 

 Soil absorption system 

 Other 

Describe the Technology and How It Removes Phosphorus: 

General Description:  

Compete recycling unit in which water can be treated onsite and, if disinfection unit is included 
in the package, treated graywater can be reused as drinking water, according to the manufacturer. 
Water discharge is only necessary when dissolved solid concentrations reach an unacceptable 
level for drinking water. 

Technical Description: 

A separation tank, extended aeration treatment system, and disinfection tank are used to convert 
waste to biomass and, according to the manufacturer, potable water. Ninety-five percent of solids 
in the separation tank are converted to carbon dioxide and water vapor. The resulting solid 
biomass (~19,000 mg P/dry kg) can be used as fertilizer. A microflush water toilet is plumbed to 
a composting chamber. The composting chamber also receives kitchen waste and sludge from 
the graywater treatment system. The graywater is treated using a combination of settling, 
extended aeration, filtration, reverse osmosis, and ultraviolet light, and recycled within the 
house. Six prototypes have been installed. 
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Answer the following questions, give the reference for all information, and describe briefly how 
the tests were conducted. Use ranges of numbers wherever appropriate, and, if known, note what 
the frequency distribution is within the range and what determines where within the range a 
system falls. 

• What is the appropriate application of this alternative? Check as many as apply: 

 Single-family residence 

 Cluster system 

 Large system, over 3,500 gallons per day 

 Commercial system (restaurant, strip mall, etc.) 

• Proven Track Record 

o How long has the phosphorus-removal alternative been used? No information 

o How many different units have been used? 6-7 fully recycling operations in use 
(personal communication, Clint Elston, Equaris Corp. 2004). 

o Under what conditions have they been used? Located inside. 

o Describe the number and sources of data to support claims of phosphorus 
removal. E.g., manufacturer testing, third party evaluation, etc. Not applicable, 
no discharge. Phosphorus concentration in solid biomass given by manufacturer. 

• Phosphorus-Removal Capability 

o What percentage of phosphorus is removed? If known, answer in terms of a 
range, and what affects the range (including age of system or medium used). 
Effectively 100%, since no water is discharged. However, in systems which provide 
drinking water, build up of dissolved solids and salt require water to be discharged 
into SAS or other treatment facility. No data available for phosphorus levels in water 
(personal communication, Clint Elston, Equaris Corp. 2004). 

o How is phosphorus measured and reported? E.g., phosphate P, Ptot. Total 
phosphorus per mass of dry end product. 

o How does phosphorus concentration affect removal capability? Not known. 

o Do other water chemistry factors (e.g. pH, BOD, TSS, NO3
-, NH3

+) affect 
removal capability? No. 
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• Robustness of the System 

o How is the system’s performance affected by variations in flows and in 
wastewater composition? Effect not known 

o Under what climatic conditions were the tests conducted? Indoors 

o How does ambient temperature affect the system? Not applicable 

o What range of applications is the alternative designed for? The Alascan literature 
claims a 12 person maximum for this system. Equaris is currently designing some 
small cluster systems (personal communication, Clint Elston, Equaris Corp. 2004). 

• Maintenance Requirements 

o How often is maintenance required? For complete water recycle systems, site visits 
are recommended every 2-3 months, although Equaris does try to train residents so 
that maintenance visits are minimized. (personal communication, Clint Elston, 
Equaris Corp. 2004). 

o How does lack of maintenance affect system performance? Overflow of solid end 
product, decrease in treatment performance 

o What type of maintenance is required? How difficult is it to perform? Compost is 
generated at a rate of 5-15 gallons per four-person family per year and must be 
removed generally on a 1-3 year basis. Other routine maintenance includes changing 
UV lights in the disinfection system and adding pine mulch to the compost tank 
(personal communication, Clint Elston, Equaris Corp. 2004). Water quality is 
continuously monitored via an automated system (water quality data are sent to main 
office via modem). 

o Is there a sorptive material to be replaced? No. 

o Is there a residual to be disposed of? Yes 

 If so, how is it disposed of? As field fertilizer 

 How often is this required, and what are the quantities? Five to 15 gallons 
compost per four-person family per year. 

• Phosphorus-Recycling Capability 

o How available is the phosphorus removed from wastewater for plant uptake? 
Not known 
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o Are there any environmental or health barriers to recycling the phosphorus to 
agriculture, e.g., contamination with heavy metals? Unlikely; phosphorus comes 
from feces and urine, which are low in heavy metals. 

o How concentrated is the phosphorus (this affects economic viability of 
recycling)? ~19,000 mg P/dry kg 

• Other Treatment Effects 

o As phosphorus is removed, is there a significant change in the chemical makeup 
of the remaining solution (e.g., pH, D.O., electrolytes, other secondary 
compounds)? Unknown 

o What other wastewater treatment benefits are achieved by the alternative, in 
addition to phosphorus removal? E.g., nitrification, denitrification, reduction in 
BOD, reduction in TSS? Quantify. 50-88% TSS removal, 83-90% Kjeldahl 
Nitrogen, 78-93% BOD, 1000-fold fecal coliform reduction by extended aeration 
system. 

• Impact on Landscape 

o Is the alternative visible or underground? Visible, in house 

o If it is visible, what is its appearance? In-house concrete vault: 146" L × 70" W × 
79" H 

• Design 

o On what type of sites (soils, etc.) is the technology appropriate to use? Any indoor 
location. 

o Any odor issues to consider in siting the technology? No. 

o What are the dimensions (size) of the technology? 146" L ×70" W × 79" H 

o How easily can the technology be used in a retrofit situation? Not known. 

o Are any changes in user behavior required for this technology to work? Use of 
SeaLand or Nepon low-flow toilets. 

• Energy Requirements 

o How much electricity is needed to operate the system? Specify whether 
electricity use is flow dependent or not. If it is not flow dependent, use units of 
kWh/year for a system of a specified size. If it is flow dependent, use units of 
kWh/year per 100 gallons/day treatment. Specify where the electricity is used. 
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Electrical usage is partially flow dependent. A constant usage of ~2000 kWh/yr is 
required to run the fan, air compressor and UV lights which all are run continuously. 
Additional electrical usage will be drawn from pumps and will be flow dependent. 

o How much non-electric energy is used to operate the system, e.g., diesel to 
transport waste products? Specify whether energy use is flow dependent or not. 
Specify how and where the energy is used, so that the project leader can use a 
common set of assumptions for each technology to convert to energy use. E.g., 
“The 1000 gallon septic tank is emptied every three years and the septage is 
hauled by truck to a wastewater treatment plant.” Very little; minimal trucking of 
waste is required. 

• Cost 

o What is the installation cost? The complete system is $35,000, plus $3,000-5,000 
for installation (personal communication, Clint Elston, Equaris Corp. 2004). 

o What are the operating and maintenance costs? $400-500 per year (personal 
communication, Clint Elston, Equaris Corp. 2004). 
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Urine-Diverting Toilet  

Manufacturer: Several. Prominent models with the longest track record are evaluated here. 

Type of Phosphorus-Removal Technology (check one): 

 Source reduction 

 Source separation 

 Septic tank or substitute for septic tank 

 Post-septic tank, pre-SAS 

 Soil absorption system 

 Other 

Describe the Technology and How It Removes Phosphorus: 

General Description:  

Specially constructed toilets have two bowls, the forward one for urine and the rear one for feces 
and toilet paper. The urine, containing about 50% of the phosphorus in domestic wastewater, is 
plumbed to a separate tank. From there, it can be pumped and spread in agriculture as fertilizer. 

Technical Description: 

The toilets have separate bowls for urine and feces, with a porcelain wall between them. When 
the user sits on the toilet, urine and feces come out in the direction to fall into the proper bowl. 
Men can stand or sit when urinating; sitting is more effective in sorting the urine. The urine is 
flushed with 0.1-0.5 L water per use, and flows to a collection tank, which can be a small septic 
tank. No ventilation of the pipe system is needed.  

The urine is periodically removed from the tank and can be used as fertilizer in agriculture, using 
the same equipment as for liquid manure. If the urine is to be used in agriculture, storage by itself 
kills pathogens. Storage can be achieved with two tanks, using the second one while the urine is 
being stored in the first, or by storing the urine at the farm where it is to be used, for example, in 
rubber bladders. 

Answer the following questions, give the reference for all information, and describe briefly how 
the tests were conducted. Use ranges of numbers wherever appropriate, and, if known, note what 
the frequency distribution is within the range and what determines where within the range a 
system falls. 
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• What is the appropriate application of this alternative? Check as many as apply: 

 Single-family residence 

 Cluster system 

 Large system, over 3,500 gallons per day 

 Commercial system (restaurant, strip mall, etc.) 

• Proven Track Record 

o How long has the phosphorus-removal alternative been used? Urine diversion has 
been used for centuries. The units evaluated began being manufactured in the early 
1990s. 

o How many different units have been used? As of 2000, about 3,000 of the units 
evaluated had been sold (Johansson 2000). 

o Under what conditions have they been used? Individual homes, apartment 
buildings, schools. 

o Describe the number and sources of data to support claims of phosphorus 
removal. E.g., manufacturer testing, third party evaluation, etc. Researchers from 
a number of Swedish universities and other research institutions have published many 
papers, reports, and a number of dissertations on the toilets and their use. This 
evaluation relies primarily on a review of that literature by the Swedish EPA (2002) 
and a three-year study by Stockholm Water (Hellström et al. 2003). (An English-
language summary of some of the research as of 2001 is contained in the EcoEng 
newsletter at http://www.iees.ch/EcoEng011/EcoEng011_F1.html, and a 
downloadable report in English by Stockholm Water is at 
http://www.stockholmvatten.se/pdf_arkiv/english/Urinsep_eng.pdf .) Additional 
experience with the toilet’s function is provided by an author (Etnier), who has one 
installed in his home and who had another installed at his workplace for several years. 

• Phosphorus-Removal Capability 

o What percentage of phosphorus is removed? If known, answer in terms of a 
range, and what affects the range (including age of system or medium used). Full 
removal of the urine from the wastewater stream would result in about 50% reduction 
in phosphorus (Vinnerås et al. submitted). In practice, depending on how motivated 
the user is, 65-85% of the urine is successfully separated with these toilets (Jönsson et 
al. 2000; cited in Swedish EPA 2002). From the total wastewater stream, then, 33-
43% of phosphorus is removed.  

o How is phosphorus measured and reported? E.g., phosphate P, Ptot. Ptot 
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o How does phosphorus concentration affect removal capability? The higher the 
percentage or amount of phosphorus contained in the urine, the higher the potential 
removal capability. For example, where detergents have low levels of phosphorus or 
are not used, urine diversion can remove the greatest amount of phosphorus. 

o Do other water chemistry factors (e.g., pH, BOD, TSS, NO3
-, NH3

+) affect 
removal capability? No. 

• Robustness of the System 

o How is the system’s performance affected by variations in flows and in 
wastewater composition? The amount removed is not affected by variations in 
flows. Removal would be expected to vary as the percentage of phosphorus in the 
urine component and the amount of urine in the waste stream vary, perhaps different 
at schools and restaurants than in homes. Tests have been primarily or exclusively 
carried out in homes or apartment buildings. 

o Under what climatic conditions were the tests conducted? Swedish 

o How does ambient temperature affect the system? No effect is expected, except on 
pathogen removal. See “Phosphorus-recycling capability,” below. 

o What range of applications is the alternative designed for? Anywhere toilets are 
regularly used by the same group of people, who quickly become familiar with it. We 
are not aware of any uses of the toilets as public toilets, and their unfamiliarity might 
lead to problems. 

• Maintenance Requirements 

o How often is maintenance required? No regular maintenance is required, other than 
emptying the urine tank when it is full and, if the system is so designed, switching the 
flow from the first to the second urine tank. Swedish estimates are 365-550 L (100 - 
150 gallons) of urine generated per person annually, excluding flush water. For each 
person home 16 hours/day, the following annual production of urine plus flush water 
is recommended for dimensioning (Jönsson 2001): for one model, 550 L (150 gal.); 
for another, 910 L (240 gal.). 

o In addition, the urine trap has been found to clog occasionally (Jönsson 2001). Most 
of the clogging incidents can easily be remedied with a plumber’s snake, while about 
a quarter of them have required a caustic soda solution. This does not happen often 
enough that anyone has recommended preventive maintenance.  

o How does lack of maintenance affect system performance? Tanks which are not 
emptied overflow. 
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o What type of maintenance is required? How difficult is it to perform? Emptying 
tanks; can be done with standard pumping trucks. 

o Is there a sorptive material to be replaced? No. 

o Is there a residual to be disposed of? Yes—the urine plus flush water. 

 If so, how is it disposed of? May be treated as septage. Because of the 
reduction in pathogens simply from storage and the low heavy metal content, 
many people see urine as ideal for use as an agricultural fertilizer. 

 How often is this required, and what are the quantities? Depends on the 
dimensioning of the urine collection tanks and the use. For each person home 
16 hours/day, the following dimensioning is recommended (Jönsson 2001): 
for one model, 550 L (150 gal.); for another, 910 L (240 gal.). 

• Phosphorus-Recycling Capability 

o How available is the phosphorus removed from wastewater for plant uptake? 
Stockholm Water has experimented with using urine as a fertilizer in small-grain 
agriculture. When the urine is applied at nitrogen levels (tons/acre) appropriate for the 
crops, the phosphorus and potassium levels are also appropriate. They found that 
harvests of grain fertilized with urine have been 80-90% of those fertilized with a 
roughly equivalent amount of mineral nitrogen fertilizer (Johansson 2000). If 
ammonia volatilization is accounted for, the yield of urine-fertilized grain is 85-95% 
of grain fertilized with mineral nitrogen (Johansson 2000). 

o Are there any environmental or health barriers to recycling the phosphorus to 
agriculture, e.g., contamination with heavy metals? Urine is very low in heavy 
metals, compared to most wastewater sludge. The Stockholm Water study (Hellström 
et al. 2003) found that the content of cadmium, mercury, and lead in urine, per kg 
phosphorus, was 10% or less of that in composted feces.  
 
The following table compares Swedish norms (Vinnerås et al. submitted) for heavy 
metals in urine with the levels permitted by the US EPA in EQ (exceptional quality) 
sludge and the EPA’s upper limit on land applied sludge (all numbers are mg/kg): 
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Table A-5 
Heavy Metal Content in Urine Compared With Limits for US EPA’s EQ Sludge and 
EPA’s Ceiling for Land-Applied Sludge 

Metal Urine (Swedish Norm) EPA EQ Sludge EPA Ceiling Limit 

Cd .37 39 85 

Cr 3.7 NA NA 

Cu 37 1500 4300 

Hg 1.1 17 57 

Ni 2.6 420 420 

Pb 0.73 300 840 

Zn 16.4 2800 7500 

The US EPA also regulates arsenic and molybdenum levels in sludge applied to land 
(Harrison et al. 1999); no figures were found on the levels of these metals in urine.  

In short, for all metals in sewage sludge regulated by the US EPA and for which figures 
on the urine content have been found, the urine is below EQ sludge limits by a factor of 
more than 10. 

Researchers at the Swedish Institute for Infectious Disease Control concluded that six 
months of storage at 4 °C is sufficient to kill all pathogens, with the possible exception of 
viruses, and that six months of storage at 20 °C kills all pathogens (Höglund 2001). 

While effects of the use of chemotherapy agents and other pharmaceuticals have not been 
studied sufficiently to know their effects on agriculture, no harmful effects on the 
fertilized plants have so far been reported from agricultural use of urine.  

o How concentrated is the phosphorus (this affects economic viability of 
recycling)? With flush water, 0.7-0.9 g/kg (650 to 850 g/550 to 910 L). 

• Other Treatment Effects 

o As phosphorus is removed, is there a significant change in the chemical makeup 
of the remaining solution (e.g., pH, D.O., electrolytes, other secondary 
compounds)? Eighty percent of the nitrogen from domestic wastewater is also 
removed with the urine. Because less flush water is used, the remaining water 
becomes more concentrated in organic matter. 

o What other wastewater treatment benefits are achieved by the alternative, in 
addition to phosphorus removal? E.g., nitrification, denitrification, reduction in 
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BOD, reduction in TSS? Quantify. Eighty percent of the nitrogen is also removed 
with the urine. 

• Impact on Landscape 

o Is the alternative visible or underground? At least one separate urine tank is 
needed; it can be underground. 

• Design 

o On what type of sites (soils, etc.) is the technology appropriate to use? All 

o What are the dimensions (size) of the technology? The toilet is normal size; the 
tank can be any size one wishes. 

o How easily can the technology be used in a retrofit situation? Separate plumbing 
is needed for the urine pipes; this may be difficult to install in existing buildings. 

o Are any changes in user behavior required for this technology to work? Yes. The 
toilet is of a different design than most plumbers and users are used to. Surveys have 
been done of people who have had the toilet in their homes for six months to three 
years (Johansson 2000). Some early problems were discovered from incorrect 
installation and corrected, and experience was gained in quickly fixing clogged urine 
traps, after which users’ attitudes improved (Johansson 2000; Swedish EPA 2002). 
One model was said to be more difficult to keep clean than a conventional toilet, 
while another was said to be easier to keep clean than a conventional toilet. Some 
male users had stopped using the front bowl when they stood and urinated. The users’ 
attitudes toward these toilets have been most positive where they have been informed 
of the environmental benefits of the toilets and given instructions in preventing and 
fixing any stoppages that occur in the urine pipe.  
 
More information on user satisfaction is provided from a Danish survey of 81 
allotment gardens where users had used various models of urine-diverting, 
composting toilets (Backlund et al. 2003). Unlike the Swedish surveys, the users in 
Denmark had all volunteered to try out the toilets. People at only two of the allotment 
gardens reported that the toilets had not satisfactorily sorted the urine and feces. In 
both cases, most of the urine from the women went into the feces bowl. However, no 
problems with odor or maintenance of the toilet were reported for one of these 
facilities, and a small odor problem was reported at the second, where, nonetheless, 
their overall impression was that the toilet worked excellently. In addition, another 11 
users of the toilets reported that the sorting worked imperfectly either for regular 
female users or female guests. Of the children whose use was reported, 5 of 24 had 
some difficulties or had problems with using the toilets. In general, users did not think 
that any difficulties they had with using the toilets were great. 
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The three users interviewed in Stockholm Water’s study (Hellström et al. 2003) 
represent a much smaller sample than in the other studies, but they add different 
perspectives. One said that women flush the feces bowl as well as the urine bowl to 
get the toilet paper to go away—clearly pointing to a need for education about either 
leaving the toilet paper in the feces bowl after each urination or putting toilet paper 
from urination in a trash can. Another said that more cleaning was needed than with 
conventional toilets, perhaps because two smaller bowls are more complicated to 
clean than one big one. 

• Energy Requirements 

o How much electricity is needed to operate the system? Specify whether 
electricity use is flow dependent or not. If it is not flow dependent, use units of 
kWh/year for a system of a specified size. If it is flow dependent, use units of 
kWh/year per 100 gallons/day treatment. Specify where the electricity is used. 
Not applicable. 

o How much non-electric energy is used to operate the system, e.g., diesel to 
transport waste products? Specify whether energy use is flow dependent or not. 
Specify how and where the energy is used, so that the project leader can use a 
common set of assumptions for each technology to convert to energy use. E.g., 
“The 1000 gallon septic tank is emptied every three years and the septage is 
hauled by truck to a wastewater treatment plant.” Five hundred to one thousand 
liters of urine and flush water per person are collected annually and trucked to a farm 
for use as fertilizer. 

• Cost 

o What is the installation cost? A toilet from Sweden, imported into the eastern US, 
costs about $2,000 with shipping and customs. Installation of the unfamiliar toilet 
costs somewhat more for a plumber than installation of a conventional toilet. An extra 
set of pipes and an extra tank are required, adding another $2,000 to the total 
installation cost.  

o What are the operating and maintenance costs? Pumping and transport of urine 
every six months to three years, depending on use and tank dimensions. With a 1000 
gallon tank, a four-person household may require pumping every 1-2 years. If the 
urine is land applied under a septage permit, the cost would be the same as for the 
equivalent amount of septage. If special measures are taken to keep the urine from 
being mixed with septage (to prevent contamination from the pathogens in the 
septage) during transport, the cost could be greater, unless there are sufficient 
numbers of the units in use in an area to bring the costs down. Estimated life-cycle 
costs: $9,200 - $12,000. 
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Alum Injection 

Manufacturer: Generic Technology. 

Type of Phosphorus-Removal Technology (check one): 

 Source reduction 

 Source separation 

 Septic tank or substitute for septic tank 

 Post-septic tank, pre-SAS 

 Soil absorption system 

 Other 

Describe the Technology and How It Removes Phosphorus: 

General Description:  

Translated freely from af Petersens (2003): An alum injection system uses chemical precipitation 
of phosphorus with a conventional septic tank used for sedimentation of both the primary sludge 
and the chemical sludge. The technology is developed principally as an upgrading of existing 
wastewater treatment systems with septic tank and SAS, but it can also be used in new 
construction. Alum injection can be used either for graywater or the complete wastewater stream, 
and can be used in individual houses as well as apartment complexes or groups of houses. 

Technical Description: 

An aluminum-based precipitant is dispensed at timed intervals into a wastewater pipe in the 
house. Phosphorus precipitates out in the wastewater pipes and in the septic tank, and the 
chemical sludge is collected in the septic tank. The manufacturer says that the flocculant 
particles also absorb dissolved substances and adsorb suspended solids. After the primary and 
chemical precipitation in the septic tank, the effluent is to be biologically treated, e.g., in a SAS. 

For one model examined in detail, the control unit (20×25×10 cm) is made of stainless steel. 
The chemical container is a 15-liter plastic jug. The timed dosage is programmed into the control 
unit, based on the size of the family and/or other factors. 

This technology could be used in cluster systems if each house has its own septic tank. 
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Answer the following questions, give the reference for all information, and describe briefly how 
the tests were conducted. Use ranges of numbers wherever appropriate, and, if known, note what 
the frequency distribution is within the range and what determines where within the range a 
system falls. 

• What is the appropriate application of this alternative? Check as many as apply: 

 Single-family residence 

 Cluster system 

 Large system, over 3,500 gallons per day 

 Commercial system (restaurant, strip mall, etc.) 

• Proven Track Record 

o How long has the phosphorus-removal alternative been used? Not fully known. 
Two units were used in single-family houses in a two-year Swedish study that began 
in early 2000. The technology has been referred to in publications since at least the 
1980s. An article by Brandes (1977) may report the first testing of the method. 

o How many different units have been used? Not fully known. Two units were used 
in single-family houses in a two-year Swedish study that began in early 2000. 

o Under what conditions have they been used? Not fully known. Two units were 
used in single-family houses in a two-year Swedish study that began in early 2000. 

o Describe the number and sources of data to support claims of phosphorus 
removal. E.g., manufacturer testing, third party evaluation, etc. Independent data 
from a third party evaluation by Stockholm Water, the water/wastewater utility for 
Stockholm, Sweden. Two units were used in single-family houses in Stockholm 
Water’s three-year study just south of Stockholm that began in early 2000. 

• Phosphorus-Removal Capability 

o What percentage of phosphorus is removed? If known, answer in terms of a 
range, and what affects the range (including age of system or medium used). The 
reporting of the independent test results is somewhat contradictory, saying that 50-
90% of total phosphorus was captured in the septic tank one place (p. 120) and 80-
90% was captured in another (p. 122) (Hellström et al. 2003). 

o How is phosphorus measured and reported? E.g., phosphate P, Ptot. Phosphate 
and Ptot 
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o How does phosphorus concentration affect removal capability? Not measured. 
Incoming concentration estimated, using mass balance calculations. 

o Do other water chemistry factors (e.g., pH, BOD, TSS, NO3
-, NH3

+) affect 
removal capability? No information found. 

• Robustness of the System 

o How is the system’s performance affected by variations in flows and in 
wastewater composition? Dosage is timed, irrespective of actual wastewater flows. 
Test data reported on water samples are after the soil absorption system, and they are 
stable throughout the year, ranging from 0 to 0.4 mg/L. The manufacturer says that 
the phosphorus removal is less with underdosing (or high water flows) and that the 
pH level in the septic tank is lowered with overdosing. No pH under 7 was recorded 
by Hellström et al. (2003). 

Brandes (1977) reports flushing alum down a toilet at various concentrations, and 
phosphorus removal ranges from 75% at around 125 mg alum/L to over 95% at 450 
mg/L.  

o Under what climatic conditions were the tests conducted? Stockholm: roughly 
equivalent to Boston in the winter and coastal Maine in the summer. 

o How does ambient temperature affect the system? Test data reported on water 
samples are after the soil absorption system, and they are stable throughout the year, 
ranging from 0 to 0.4 mg/L. No seasonal variation is shown. 

o What range of applications is the alternative designed for? According to af 
Petersens (2003), it can be placed in a single house, an apartment complex, or a group 
of houses. 

• Maintenance Requirements 

o How often is maintenance required? The 15-liter precipitation chemical container 
must be replaced when it is empty. The septic tank must be emptied at least twice a 
year (p. 124, Hellström et al. 2003). 

o How does lack of maintenance affect system performance? The phosphorus 
removal occurs because of the addition of the precipitation chemical. If the container 
becomes empty and no chemical is added, one would expect the performance to drop, 
says the manufacturer. However, the performance levels reported here were from two 
facilities where the chemical dosing was imperfect, either because an empty container 
was not replaced or because of technical problems with the dosing. If the septic tank 
is not emptied often enough, there is a risk of solids being transported to the SAS and 
clogging it. 
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o What type of maintenance is required? How difficult is it to perform? Replacing 
the chemical container is easy (Hellström et al. 2003). Emptying the septic tank is 
performed by trained professionals with special equipment. The wastewater pipe into 
which the chemical is added has shown a tendency to get clogged (p. 125, Hellström 
et al. 2003). 

o Is there a sorptive material to be replaced? No. 

o Is there a residual to be disposed of? Yes 

 If so, how is it disposed of? As with septage. 

 How often is this required, and what are the quantities? 2-3 times per year 
for a 4-5 m3 (1,100-1,300 gal.) septic tank. 

• Phosphorus-Recycling Capability 

o How available is the phosphorus removed from wastewater for plant uptake? As 
available as that from wastewater treatment plants, according to the manufacturer. 
This probably refers to wastewater treatment plants with chemical precipitation. 

o Are there any environmental or health barriers to recycling the phosphorus to 
agriculture, e.g., contamination with heavy metals? The manufacturer says that the 
precipitation chemical is used in drinking water plants, so it is presumably rather 
clean. 

o How concentrated is the phosphorus (this affects economic viability of 
recycling)? Two septic tank loads per year for 80-90% of one household’s 
phosphorus. Manufacturer recommends a 4-5 m3 (1,056-1,321 gal.) septic tank so 
there is enough settling time even for large families with kids who shower a lot. 

• Other Treatment Effects 

o What other wastewater treatment benefits are achieved by the alternative, in 
addition to phosphorus removal? E.g., nitrification, denitrification, reduction in 
BOD, reduction in TSS? Quantify. Hellström et al. (2003) showed that the septic 
tank sludge contained 10% of tot-N and 50% of the COD of the total of the sludge 
plus the septic tank effluent (calculated from Hellström et al. (2003) Tables 54-55). 
No tests of tot-N or COD in the septic tank influent were reported, so these numbers 
represent a minimum reduction. 

• Impact on Landscape 

o Is the alternative visible or underground? The dosing station is placed in the 
house, and there is great flexibility about where it is located. 
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o If it is visible, what is its appearance? The control unit (20×25×10 cm) is made of 
stainless steel. The chemical container is a 15-liter plastic jug. 

• Design 

o On what type of sites (soils, etc.) is the technology appropriate to use? Hellström 
et al. (2003) calculated that the cost in Sweden of installing alum injection plus a soil 
absorption system is about the same as for a package treatment plant. However, 
where there is already a septic tank and soil absorption system, alum injection is a 
more cost-effective way to achieve phosphorus reduction. 

o Any odor issues to consider in siting the technology? No information 

o What are the dimensions (size) of the technology? The control unit  
(20 × 32 × 53 × 10 cm) is made of stainless steel. The chemical container is a 
15-liter plastic jug. 

o How easily can the technology be used in a retrofit situation? It is perhaps most 
suited for retrofits. 

• Energy Requirements 

o How much electricity is needed to operate the system? Specify whether 
electricity use is flow dependent or not. If it is not flow dependent, use units of 
kWh/year for a system of a specified size. If it is flow dependent, use units of 
kWh/year per 100 gallons/day treatment. Specify where the electricity is used. 
Electricity use is 30 kWh/year (Hellström et al. 2003) or less than 100 kWh/year (af 
Petersens 2003). It is not flow dependent. 

o How much non-electric energy is used to operate the system, e.g., diesel to 
transport waste products? Specify whether energy use is flow dependent or not. 
Specify how and where the energy is used, so that the project leader can use a 
common set of assumptions for each technology to convert to energy use. E.g., 
“The 1000 gallon septic tank is emptied every three years and the septage is 
hauled by truck to a wastewater treatment plant.” The 4-5 m3 septic tank is 
emptied 2-3 times per year and the septage is hauled to wherever it is hauled in that 
area. 

• Cost 

o What is the installation cost? In Sweden, 12,500 SEK according to af Petersens 
(2003). At exchange rate 1 USD = 7.47 SEK (2004.09.17) = $1,673. According to 
Hellström et al. (2003), about 15,000 SEK ($2,008) in Sweden (i.e., without 
shipping). If shipping is assumed to be similar to that for the Aquatron, and the higher 
figure is used for the purchase cost but (as a compensation) nothing is added for 
installation labor, the total installed cost is $2,400. 
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o What are the operating and maintenance costs? Electricity use is reported as 30 
kWh/year (Hellström et al. 2003) or less than 100 kWh/year (af Petersens 2003) (less 
than $6.60/year, using average US electricity cost). Chemical use costs are reported 
as about 1,000 SEK/year (Hellström et al. 2003) or 2,000 - 4,000 SEK/year plus 
shipping (af Petersens 2003). Assuming 4,000 SEK for chemical costs, they are 
$535/year. Because of the extra sludge produced, the septic tank needs to be emptied 
2-3 times a year. The present value of O&M, assuming 2.5 tank pumpouts per year, is 
$32,000, for an estimate life-cycle cost of $34,000. 

A-58 



 

Technology Description Forms 

RUCK CFT  

Manufacturer: Holmes and McGrath, Inc. 
www.holmesandmcgrath.com 
Phone: (508) 548-3564 
Fax: (508) 548- 9672 

Type of Phosphorus-Removal Technology (check one): 

 Source reduction 

 Source separation 

 Septic tank or substitute for septic tank 

 Post-septic tank, pre-SAS 

 Soil absorption system 

 Other 

Describe the Technology and How It Removes Phosphorus: 

General Description:  

The RUCK CFT system is an add-on to a traditional onsite treatment system, located between 
the septic tank and soil absorption system (see Figure A-2 and Figure A-3 at the end of this 
form). The original RUCK designed is described by Laak (1988). The RUCK CFT system was 
designed primarily for nitrogen removal in nitrogen-sensitive areas; however, phosphorus 
removal as high as 90% has been observed in systems for which data are available. The major 
components of the RUCK CFT systems are a septic tank, the RUCK filter, and a mixing 
chamber/second septic tank, followed by effluent dispersal. The RUCK filter consists of 
alternating layers of a fine mason sand and double-washed 3/4" stone, and is vented in order to 
stay aerobic. The septic tank effluent is distributed evenly across the filter by perforated PVC 
laterals, and the effluent is contained in the filter by a landfill liner.  

There are currently two different RUCK systems commercially available: the “traditional” 
RUCK system and the RUCK CFT. The traditional RUCK system is used to treat single homes 
or sites producing <2000 gal/day of waste and has not been identified as having significant 
phosphorus-removal capability. The RUCK CFT system is used to treat larger flows, and has 
been used at sites producing as much as 16,500 gal/day of waste. The traditional and CFT 
systems differ only in the size of the components and in the composition of the “graywater.” In 
the traditional RUCK systems that are currently being installed, all household wastes are 
designed to flow through the RUCK filter with the exception of the laundry discharge. The 
laundry discharge is diverted to the mixing chamber/second septic tank to serve as a carbon 
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source for anaerobic denitrification. The RUCK CFT system differs slightly from the traditional 
system in that all waste streams are sent through the RUCK filter and an external carbon source 
(soap) is added to the system in the mixing chamber.  

The RUCK system has been has been used since 1977, and it has received multiple system 
alterations. Most of these changes involved altering the “graywater” or carbon source 
composition. This evaluation reflects the RUCK CFT system, available since 2002. 

Technical Description: 

In the RUCK CFT, nitrogen removal is achieved via aerobic nitrification followed by anaerobic 
denitrification. The aerobic nitrification reaction occurs in the RUCK filter. Following the 
RUCK filter, the effluent passes into an anaerobic zone in the mixing chamber/second septic 
tank. The addition of a carbon source (soap) to the anaerobic chamber promotes denitrification. 
Phosphorus removal has also been observed in the system; however, the mechanism for removal 
is not entirely known. Data from the RUCK CFT systems suggests that the majority of 
phosphorus removal occurs in the RUCK filter, and is hypothesized to be either from absorption 
or sedimentation in the sand filter. This process is believed to be enhanced by low pH (<5) after 
nitrification, according to the manufacturer.  

Answer the following questions, give the reference for all information, and describe briefly how 
the tests were conducted. Use ranges of numbers wherever appropriate, and, if known, note what 
the frequency distribution is within the range and what determines where within the range a 
system falls. 

• What is the appropriate application of this alternative? Check as many as apply: 

 Single-family residence 

 Cluster system 

 Large system, over 3,500 gallons per day 

 Commercial system (restaurant, strip mall, etc.) 

• Proven Track Record 

o How long has the phosphorus-removal alternative been used? RUCK systems 
have been used since 1977; however, the system components have changed slightly 
over this time (primarily the carbon source). The current RUCK CFT systems date to 
2002 (Laak 1995; personal communication, Timothy Santos, Holmes and McGrath 
2004). 

o How many different units have been used? More than 200 RUCK systems since 
1997. Four of these were RUCK CFT systems (Laak 1995; personal communication, 
Timothy Santos, Holmes and McGrath 2004).  
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o Under what conditions have they been used? RUCK systems have been used from 
California, Vermont, and Maine to southern New Jersey (Laak 1995). The RUCK 
CFT system has only been installed in Massachusetts thus far. Optimal operating 
temperature for microbial nitrification in the RUCK filter is 30 °C. 

o Describe the number and sources of data to support claims of phosphorus 
removal. E.g., manufacturer testing, third party evaluation, etc. A small amount 
of data are available for phosphorus removal by the RUCK systems. The best data 
available is from two RUCK CFT systems (2-4 years in duration) installed in 
Massachusetts by Holmes and McGrath. These results were prepared by Holmes and 
McGrath for the Massachusetts State Department of Environmental Protection. No 
phosphorus-removal data are currently available for the smaller “traditional” RUCK 
systems that have been installed by Holmes and McGrath, as the state environmental 
departments have not required phosphorus testing. Some data on phosphorus removal 
by older systems are provided by Laak (1995); however, these systems differ from the 
current RUCK systems in the composition of the graywater, or carbon source.  

• Phosphorus-Removal Capability 

o What percentage of phosphorus is removed? If known, answer in terms of a 
range, and what affects the range (including age of system or medium used). In 
the older technology, in which the kitchen sink effluent is included in the graywater, 
~65% phosphorus removal can be expected (Laak 1995). By converting the kitchen 
sink to the blackwater side, higher phosphorus removal is expected, however, no data 
to support this hypothesis are available (personal communication, Timothy Santos, 
Holmes and McGrath 2004). In the RUCK CFT systems, phosphorus removal in the 
RUCK filter effluent was as high as 90%. This level of removal efficiency was 
consistent at the Lunenburg, Massachusetts site; however, at the Falmouth, 
Massachusetts site, two distinct dips in removal efficiency (down as low as 30%) 
were observed. These dips in removal efficiency are speculated to be a result of high 
phosphorus levels in the waste stream at those times (personal communication, 
Timothy Santos, Holmes and McGrath 2004). 

o How is phosphorus measured and reported? E.g., phosphate P, Ptot. Ptot 

o How does phosphorus concentration affect removal capability? No conclusive 
studies are available on the effect of phosphorus concentration on removal efficiency, 
however, from the RUCK CFT data at Falmouth Massachusetts, a decrease in 
removal efficiency was observed, potentially from high phosphorus concentrations in 
the waste stream. More data are needed to understand this relationship better. 

o Do other water chemistry factors (e.g., pH, BOD, TSS, NO3
-, NH3

+) affect 
removal capability? The pH needs to be low (<5) for the silica-phosphorus 
complexes to form in the RUCK filter, according to the manufacturer. Long-time 
onsite system researcher James Converse reports (personal communication) that tests 
of 50 sand filters by the University of Wisconsin–Madison found an average pH of 7, 
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so it is not clear how often the low pH requirements will be met. Nitrification releases 
carbonic acid and consumes alkalinity, but it takes place optimally at pH 6.5-8 and in 
low-alkalinity waters it may be inhibited by the lack of alkalinity (Oakley 2003). 

• Robustness of the System 

o How is the system’s performance affected by variations in flows and in 
wastewater composition? No studies available. The traditional RUCK systems are 
designed for flows <2000 gal/day. The RUCK CFT systems were receiving flows 
between 12,500 and 16,500 gal/day (personal communication, Timothy Santos, 
Holmes and McGrath 2004); however, no data are available as to how fluctuations in 
flow will affect the system. 

o Under what climatic conditions were the tests conducted? The traditional systems 
have been used in a variety of locations in the United States (Maine, Vermont, 
California, New Jersey). The CFT systems have only been used in Massachusetts thus 
far. 

o How does ambient temperature affect the system? Microbial degradation is 
optimized at 30 °C. However, the system has proven effective at lower temperatures, 
such as in the northeast United States. 

o What range of applications is the alternative designed for? As described above. 

• Maintenance Requirements 

o How often is maintenance required? According to Laak (1995), sand filter has the 
capacity to complex phosphorus for several hundreds of years of typical phosphorus 
output from human urine. No information however, is given on how this estimation 
was made. No long-term data exist for phosphorus removal by either of the RUCK 
systems.  

In the traditional RUCK systems, blackwater septic tank requires pumping approx. 
every 4 years, graywater every 10 years or more (Laak 1995). Holmes and McGrath 
currently visits each of the traditional RUCK systems once a year, as required by the 
state, for routine monitoring (personal communication, Timothy Santos, Holmes and 
McGrath 2004). None of the RUCK systems have needed the RUCK filter to be 
replaced in over 24 years of operation. The RUCK CFT systems are monitored once a 
week as required by the state. Little maintenance is required other then periodic 
pumping of the septic tanks and refilling the container which holds the carbon source. 
The largest CFT systems may go through a 55 gal drum of soap (as a carbon source) 
in a one-week period (personal communication, Timothy Santos, Holmes and 
McGrath 2004) 

How does lack of maintenance affect system performance? System will back up if 
septic tanks are not pumped. Similar to traditional septic system. 
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o What type of maintenance is required? How difficult is it to perform? Septic 
pumping, same as traditional septic system 

o Is there a sorptive material to be replaced? Only if the RUCK filter needs to be 
replaced, this occurs infrequently. 

o Is there a residual to be disposed of? Similar to standard septic tank, frequency of 
removal depends on the amount of waste being generated. 

• Phosphorus-Recycling Capability 

o How available is the phosphorus removed from wastewater for plant uptake?  

o How concentrated is the phosphorus (this affects economic viability of 
recycling)? Laak (1995)found the septage from the blackwater tank to be ~20% 
phosphorus. In the current systems, phosphorus concentrations in the septage are 
expected to be similar to that of a standard septic tank. No data are available for 
phosphorus concentrations in spent RUCK filters (none have been replaced). 

• Other Treatment Effects 

o What other wastewater treatment benefits are achieved by the alternative, in 
addition to phosphorus removal? E.g., nitrification, denitrification, reduction in 
BOD, reduction in TSS? Quantify. Removal of nitrogen via denitrification, BOD 
and TSS in the RUCK filter can be expected. Typical numbers include <3mg/L TN;  
<5mg/L BOD; <5mg/L TSS (Laak 1995). 

• Impact on Landscape 

o Is the alternative visible or underground? Primarily underground with air vent 
protruding from the RUCK filter  

o If it is visible, what is its appearance? Single vent pipe 

• Design 

o On what type of sites (soils, etc.) is the technology appropriate to use? The leach 
area is under the same state-mandated constraints as that of a SAS used in 
conjunction with a typical septic system (personal communication, Timothy Santos, 
Holmes and McGrath 2004). 

o Any odor issues to consider in siting the technology? No. 

o What are the dimensions (size) of the technology? Total land area used for a single 
house design is 280 ft2 (Laak 1995). This area can be divided into fractional areas 
(does not have to fit into one square location).  
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o How easily can the technology be used in a retrofit situation? Unknown 

o Are any changes in user behavior required for this technology to work? No, 
except with the addition of soap to the system as a carbon source. This, however, is 
usually performed by a technician. 

• Energy Requirements 

o How much electricity is needed to operate the system? Specify whether 
electricity use is flow dependent or not. If it is not flow dependent, use units of 
kWh/year for a system of a specified size. If it is flow dependent, use units of 
kWh/year per 100 gallons/day treatment. Specify where the electricity is used. 
None in the traditional RUCK system if no lift station is used. If a lift station is 
necessary, an electric pump may use up to 90 kWh/yr. In the RUCK CFT system, a 
small pump is used to move the carbon source to the mixing chamber. 

o How much non-electric energy is used to operate the system, e.g., diesel to 
transport waste products? Specify whether energy use is flow dependent or not. 
Specify how and where the energy is used, so that the project leader can use a 
common set of assumptions for each technology to convert to energy use. E.g., 
“The 1000 gallon septic tank is emptied every three years and the septage is 
hauled by truck to a wastewater treatment plant.” The traditionally designed 
septic tank will be emptied when full and the septage is hauled by truck to a 
wastewater treatment plant. Frequency of pumping depends on the size of the 
wastewater discharge. 

• Cost 

o What is the installation cost? For the traditional RUCK system, $10,000 in addition 
to the cost of a septic tank and SAS (personal communication, Timothy Santos, 
Holmes and McGrath 2004). In the RUCK CFT system, the RUCK components alone 
(excluding the soil absorption system, septic tank, piping network, etc.) are installed 
at a price of $25 per gallon of water treated per day (personal communication, 
Timothy Santos, Holmes and McGrath 2004). This would equate to a total cost of 
around $412,500 for the RUCK CFT system installed in Falmouth, Massachusetts 
and $312,500 for the RUCK CFT system installed in Lunenburg, Massachusetts. 

o What are the operating and maintenance costs? With twice-yearly inspections and 
replacing the filter medium every ten years, operation and maintenance costs over 30-
year life cycle are estimated to be $15,000 more than conventional septic system. The 
RUCK CFT system will most likely have required state monitoring of water quality, 
as well as the costs of periodic septic pumping and refilling of the soap (carbon 
source) reservoir. The total life-cycle costs are, therefore, $25,000. 

Schematics for the traditional RUCK and RUCK CFT systems are shown in Figure A-2 and 
Figure A-3. 
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Figure A-2 
Traditional RUCK 

 

 
Figure A-3 
RUCK CFT 
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Lightweight Aggregates for a Packed-Bed Filter 

Manufacturer: Generic Technology 

Type of Phosphorus-Removal Technology (check one): 

 Source reduction 

 Source separation 

 Septic tank or substitute for septic tank 

 Post-septic tank, pre-SAS 

 Soil absorption system 

 Other 

Describe the Technology and How It Removes Phosphorus: 

General Description:  

Lightweight aggregates (LWAs) are a sort of clay “popcorn” with high surface area and are often 
used in horticulture. Some are specially manufactured to increase their phosphorus-sorption 
capability. It can be used as a medium in packed-bed filters of various designs. 

Technical Description: 

Filtralite is an expanded clay aggregate, a sort of clay “popcorn” with high surface area and are 
often used in horticulture. Filtralite is specially manufactured to increase its phosphorus-sorption 
capability. It can be used as a medium in packed-bed filters of various designs. One type is 
composed of 62% SiO2, 18% Al2O3, 7% FeO3, and less than 5% each of K2O, MgO, CaO, and 
Na2O. 

Norway has experimented with many lightweight aggregates (e.g., Zhu et al. 1997). The 
Norwegian treatment facilities built with LWAs have consisted of a vertical-flow packed-bed 
filter followed by a horizontal-flow constructed wetland system containing Leca. The wetlands 
have been vegetated or unvegetated; no difference in treatment performance was detected 
(Jenssen et al. 2004). The US tests in the Florida Keys have used drip irrigation on a vertical-
flow packed-bed filter. 
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Answer the following questions, give the reference for all information, and describe briefly how 
the tests were conducted. Use ranges of numbers wherever appropriate, and, if known, note what 
the frequency distribution is within the range and what determines where within the range a 
system falls. 

• What is the appropriate application of this alternative? Check as many as apply: 

 Single-family residence 

 Cluster system 

 Large system, over 3,500 gallons per day 

 Commercial system (restaurant, strip mall, etc.) 

• Proven Track Record 

o How long has the phosphorus-removal alternative been used? Has been used for 
phosphorus removal in onsite wastewater treatment plants since the early 1990s. One 
manufacturer reports that their product “has been used as a biofilm carrier in filter 
tanks for decades.” 

o How many different units have been used? One manufacturer’s web site lists 88 
sites where their product is used in wastewater applications, with phosphorus removal 
a part of almost all of them. 

o Under what conditions have they been used? For domestic and commercial 
wastewater treatment. 

o Describe the number and sources of data to support claims of phosphorus 
removal. E.g., manufacturer testing, third party evaluation, etc. Numerous 
articles and dissertations, primarily from the Agricultural University of Norway. The 
manufacturer has funded some of this research, but the researchers have had full 
control over publication of results. 

• Phosphorus-Removal Capability 

o What percentage of phosphorus is removed? If known, answer in terms of a 
range, and what affects the range (including age of system or medium used). For 
12 constructed wetland systems using LWAs, average removal is 79%-98% (Jenssen 
et al. 2004). Over time, the manufacturer has changed the “recipe” to increase the 
phosphorus-removal capabilities. Removal percentage is over 95% in all 10 facilities 
that use blackwater, and they are built from 1991 to 2000. Effluent phosphorus 
concentrations range from 0.05 to 0.6 mg/L. 
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Removal is 79% and 89% in the two facilities using graywater, which has an influent 
Ptot of less than 1.0 mg/L. However, we do not have dimensioning information on all 
the facilities; it may be that the lower removal percentage in the graywater treatment 
facilities is due to the dimensioning rather than the lower concentration of phosphorus 
in the influent. 

A study in the Florida Keys study found that the LWA tested in phase II had the 
highest phosphorus removal of any method tested, averaging 94% with a mean 
effluent concentration of 0.53 mg/L (Ayres Associates 2000).  

o How is phosphorus measured and reported? E.g., phosphate P, Ptot. Ptot 

o How does phosphorus concentration affect removal capability? See “what affects 
the range”, above. 

o Do other water chemistry factors (e.g., pH, BOD, TSS, NO3
-, NH3

+) affect 
removal capability? No information. 

• Robustness of the System 

o How is the system’s performance affected by variations in flows and in 
wastewater composition? We have no direct information on that. Some of the 
Norwegian facilities using LWAs are institutions which have strong variations in 
wastewater flows, e.g., a school and university dormitory. Their reported removal is 
all 89% or greater. However, we do not have enough information on the sampling 
routines to know whether they were likely to capture variations in removal with 
variations in flow. 

o Under what climatic conditions were the tests conducted? The Norwegian 
facilities are in southern Norway, where the climate is similar to Boston’s in the 
winter and coastal Maine’s in the summer. The Florida Keys experiments were 
conducted in a sub-tropical marine climate. 

o How does ambient temperature affect the system? In the Norwegian facility for a 
university dormitory, the septic tank effluent temperature during the winter ranged 
from 10 to 15 °C and the temperature dropped only 2-3 °C as the effluent passed 
through the treatment facility (Gulbrandsen 1999; as cited in Jenssen and Vråle 
2004). 

o What range of applications is the alternative designed for? Any type of septic 
tank effluent that might be treated in a packed-bed filter. 

• Maintenance Requirements 

o How often is maintenance required? Jenssen et al. (2004) suggests that subsurface-
flow constructed wetlands can be designed to provide >90% phosphorus removal for 
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15 years (no dimensions given). Systems using earlier versions of Filtralite (Leca) 
have been operating with continued high removal rates since the early 1990s. 
Filtralite-P sorption capacity is given as 12 g/kg in Jenssen et al. (2004). 

o How does lack of maintenance affect system performance? No further removal of 
phosphorus expected after the sorption capacity of the filtrate is met. 

o What type of maintenance is required? How difficult is it to perform? 
Replacement of medium when saturated. The material is light enough that it can be 
removed by a septage pumper truck. 

o Is there a sorptive material to be replaced? Yes 

 If so, how often does this need to be done? Every 15 years or so, under 
Norwegian dimensioning guidelines. 

 What are the costs and operations performed when it is replaced? No 
information found. 

o Is there a residual to be disposed of? No. 

• Phosphorus-Recycling Capability 

o How available is the phosphorus removed from wastewater for plant uptake? 
The saturated medium can be used as a fertilizer (Jenssen et al. 2004) 

o How concentrated is the phosphorus (this affects economic viability of 
recycling)? No information 

• Other Treatment Effects 

o As phosphorus is removed, is there a significant change in the chemical makeup 
of the remaining solution (e.g., pH, D.O., electrolytes, other secondary 
compounds)? With at least one LWA, the pH is high (12 or so).  

o What other wastewater treatment benefits are achieved by the alternative, in 
addition to phosphorus removal? E.g., nitrification, denitrification, reduction in 
BOD, reduction in TSS? Quantify. According to Jenssen et al. (2004), in 
subsurface-flow constructed wetlands using similar material, 40-60% nitrogen 
removal was achieved as well as <1000 thermotolerant coliforms per 100 ml in 
system effluent 

• Impact on Landscape 

o Is the alternative visible or underground? Typically used in subsurface-flow 
constructed wetlands 
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o If it is visible, what is its appearance? Bare LWA may be on the surface, or it may 
be vegetated. 

• Design 

o On what type of sites (soils, etc.) is the technology appropriate to use? Soil type 
does not affect system performance. 

o Any odor issues to consider in siting the technology? No published information. 
None observed in those we have personal experience with. 

o What are the dimensions (size) of the technology? Biofilter/Constructed wetland 
systems described in Jenssen et al. (2004) and Jenssen and Vråle (2003)) were 
designed to cover surface area of 1-3 m2/person and 1-2 m2/person, respectively. 
Design will be based on sorption capacity of filter media, which is given as 12 g P/kg 
LWA for one type (Jenssen et al. 2004). 

o How easily can the technology be used in a retrofit situation? No information 

o Are any changes in user behavior required for this technology to work? No. 

• Energy Requirements 

o How much electricity is needed to operate the system? Specify whether 
electricity use is flow dependent or not. If it is not flow dependent, use units of 
kWh/year for a system of a specified size. If it is flow dependent, use units of 
kWh/year per 100 gallons/day treatment. Specify where the electricity is used. 
None, with the possible exception of a pump to increase flow rate. 

o How much non-electric energy is used to operate the system, e.g., diesel to 
transport waste products? Specify whether energy use is flow dependent or not. 
Specify how and where the energy is used, so that the project leader can use a 
common set of assumptions for each technology to convert to energy use. E.g., 
“The 1000 gallon septic tank is emptied every three years and the septage is 
hauled by truck to a wastewater treatment plant.” No information. 
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• Cost 

o What is the installation cost? Cost dependent on design; expected to be more 
expensive than a typical sand filter. Construction and installation costs estimated to 
be $8,600 more than conventional septic system, for the bed size constructed in the 
Florida Keys test (Ayres Associates 1998).  

o What are the operating and maintenance costs? Operation and maintenance costs 
over 30-year life cycle are estimated to be $17,000 more than conventional septic 
system, based on replacement of the medium every 10 years (Ayres Associates 2000), 
inspections twice a year, and pump replacement every 8 years (Hoover 1997). This 
gives a total estimate life-cycle cost of $25,000 over that of a conventional system. 
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Basic Oxygen Furnace Slag in Packed-Bed Filters 

Manufacturer: Generic technology 

Type of Phosphorus-Removal Technology (check one): 

 Source reduction 

 Source separation 

 Septic tank or substitute for septic tank 

 Post-septic tank, pre-SAS 

 Soil absorption system 

 Other 

Describe the Technology and How It Removes Phosphorus: 

General Description:  

A packed-bed filter is placed in the treatment train after the septic tank and aerobic treatment. No 
sludge is produced; phosphate precipitates on the outside of the medium. The medium is 
expected to become saturated with phosphorus eventually, so medium replacement needs to be 
part of long-term maintenance. The effluent from the packed-bed filter has a high pH (10-12), so 
some method of neutralizing the effluent may be required before dispersal. 

Technical Description: 

One type examined in detail contains a mixture of fine (<25mm) oxides of iron and calcium and 
coarse materials (0.5 - 5.0 mm) consisting of sand or sand and limestone. The fine particles are 
enough to substantially coat the coarse particle, but no more than 20% of the total weight of the 
medium, so as to not clog the interstices. The fine particles can be derived from the waste of a 
steel manufacturing process.  

The phosphates in the effluent react with the fine metal oxides on the surface of the coarse 
particles to form calcium and iron phosphates. The metal oxides also catalyze the conversion of 
organic phosphorus to orthophosphate, allowing the removal of organic phosphorus in about the 
same residence time as that needed to remove incoming orthophosphate.  

Because of the high effluent pH, neutralization of the effluent is probably desirable. One vendor 
recommends a peat filter for uses with small to medium flows and suggests other methods, like 
addition of carbon dioxide, for larger flows.  
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Answer the following questions, give the reference for all information, and describe briefly how 
the tests were conducted. Use ranges of numbers wherever appropriate, and, if known, note what 
the frequency distribution is within the range and what determines where within the range a 
system falls. 

• What is the appropriate application of this alternative? Check as many as apply: 

 Single-family residence 

 Cluster system 

 Large system, over 3,500 gallons per day 

 Commercial system (restaurant, strip mall, etc.) 

• Proven Track Record 

o How long has the phosphorus-removal alternative been used? Since at least 1999. 

o How many different units have been used? At least three are known about. 

o Under what conditions have they been used? Massachusetts, Ontario, and Georgia. 

o Describe the number and sources of data to support claims of phosphorus 
removal. E.g., manufacturer testing, third party evaluation, etc. All data have 
been provided to Stone Environmental by a US vendor. Some were from installations 
at a third-party test site, before the test site staff had completed quality control. The 
data collected in Ontario was also collected by a third party, according to the US 
vendor. 

• Phosphorus-Removal Capability 

o What percentage of phosphorus is removed? If known, answer in terms of a 
range, and what affects the range (including age of system or medium used). At 
the third-party test site, > 97% total phosphorus was removed from an inlet 
concentration of around 4 mg/L (effluent total phosphorus of 0.1 mg/L). At the 
Ontario site, 99% removal of total phosphorus was achieved from an influent 
concentration of around 10 mg/L (Lombardo 2003).  

o How does phosphorus concentration affect removal capability? Not enough data 
available at this point. As described above, the technology was effective at both 4 and 
10 mg/L total phosphorus in influent. 

o Do other water chemistry factors (e.g., pH, BOD, TSS, NO3-, NH3
+) affect 

removal capability? Pretreatment is required to reduce the organic loading for the 
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wastewater (Lombardo 2003). No other information available on additional chemical 
interferences. 

• Robustness of the System 

o How is the system’s performance affected by variations in flows and in 
wastewater composition? Not enough data available at this point.  

o How does ambient temperature affect the system? Both of the studies evaluated in 
Lombardo (2003) were from areas that receive snow and freezing temps in winter.  

o What range of applications is the alternative designed for? Currently all 
applications are being considered 

• Maintenance Requirements 

o How often is maintenance required? Longevity of the medium depends on the 
influent concentration but is expected by a vendor to last 15-20 years. Neither filter 
needed maintenance at any time during the length of the studies examined. If a peat 
filter is used for pH neutralization, however, periodic replacement will be necessary. 
After less than 2 years of operation in one study, the peat filter was ready to be 
replaced. More data are needed to better determine the cost effectiveness of using 
peat filters (Lombardo 2003). 

o How does lack of maintenance affect system performance? Although the lifespan 
of the BOF slag filter medium is long (15-20 years expected), it can be assumed that 
the removal efficiency of phosphorus will diminish as the reactive sites on the 
medium become filled. If the peat filter fails, which is likely to occur much more 
frequently, then highly alkaline waters may occur downgradient from the site. 

o What type of maintenance is required? How difficult is it to perform? 
Replacement of the medium and peat filter. Difficulty unknown 

o Is there a sorptive material to be replaced? Yes 

 If so, how often does this need to be done? 15-20 years 

 What are the costs and operations performed when it is replaced? 
Unknown 

o Is there a residual to be disposed of? No. 

• Phosphorus-Recycling Capability 

o How available is the phosphorus removed from wastewater for plant uptake? No 
information 
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o Are there any environmental or health barriers to recycling the phosphorus to 
agriculture, e.g., contamination with heavy metals? Emissions of cadmium, lead, 
and mercury are a concern from BOF slag (Treaty signatories 1979). However, 
Toxicity Characteristic Leaching Procedure (TCLP) tests with a leach solution at pH 
2.8 produced leachate from BOF slag without hazardous characteristics (Proctor et al. 
2000; cited in Smyth et al. Undated.) 

o How concentrated is the phosphorus (this affects economic viability of 
recycling)? No data available 

• Other Treatment Effects 

o As phosphorus is removed, is there a significant change in the chemical makeup 
of the remaining solution (e.g., pH, D.O., electrolytes, other secondary 
compounds)? Increase in pH, further treatment required in most cases. 

o What other wastewater treatment benefits are achieved by the alternative, in 
addition to phosphorus removal? Reduction of BOD5 and E. coli (Lombardo 2003). 

• Impact on Landscape 

o Is the alternative visible or underground? Underground 

o If it is visible, what is its appearance? No information 

• Design 

o On what type of sites (soils, etc.) is the technology appropriate to use? Soil quality 
does not affect treatment performance. 

o Any odor issues to consider in siting the technology? No. 

o What are the dimensions (size) of the technology? Unknown 

o How easily can the technology be used in a retrofit situation? Fairly easily. It is 
currently being designed by one vendor as part of a SAS, as separate modular unit 
located in front of an SAS, and as a permeable treatment wall to intercept a 
phosphorus-sorption front. 

o Are any changes in user behavior required for this technology to work? No 

• Energy Requirements 

o How much electricity is needed to operate the system? Specify whether 
electricity use is flow dependent or not. If it is not flow dependent, use units of 
kWh/year for a system of a specified size. If it is flow dependent, use units of 
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kWh/year per 100 gallons/day treatment. Specify where the electricity is used. 
None, unless required in the aeration treatment 

o How much non-electric energy is used to operate the system, e.g., diesel to 
transport waste products? Specify whether energy use is flow dependent or not. 
Specify how and where the energy is used, so that the project leader can use a 
common set of assumptions for each technology to convert to energy use. E.g., 
“The 1000 gallon septic tank is emptied every three years and the septage is 
hauled by truck to a wastewater treatment plant.” Potentially site visits will be 
required to replace and haul away existing peat filters every 2 years, and the medium 
every 15-20 years. 

• Cost 

o What is the installation cost? No information found. Construction and installation 
costs estimated to be $11,000 more than conventional septic system, based on costs of 
sand filters.  

o What are the operating and maintenance costs? Most significant maintenance cost 
derives from replacement of peat filter, however, more information is needed on cost. 
Operation and maintenance costs over 30-year life cycle estimated to be $12,000 
more than conventional septic system, based on replacement of the BOF slag every 
15 years, replacement of the sand filter medium every 20 years, pump replacement 
every 8 years, and inspection twice annually (Hoover 1997). The total life-cycle cost 
is, then, $23,000 over that of a conventional onsite system. 
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PhosRID™  

Manufacturer: Lombardo Associates Inc. 
www.lombardoassociates.com 
Phone: (617) 964-2924  
Fax: (617) 332-5477 

Type of Phosphorus-Removal Technology (check one): 

 Source reduction 

 Source separation 

 Septic tank or substitute for septic tank 

 Post-septic tank, pre-SAS 

 Soil absorption system 

 Other 

Describe the Technology and How It Removes Phosphorus: 

General Description:  

The PhosRID™ system is a two-step treatment system, located between the septic tank and SAS, 
or directly following a primary clarifier in a wastewater treatment plant. More than 90% total 
phosphorus removal has been observed in the effluent from the PhosRID™ System. Additional 
removal of nitrogen and BOD gives PhosRID™ an advantage over units that solely remove 
phosphorus. This system is currently being evaluated by the MASSTC and at a residential site in 
Georgia by the University of Georgia (Lombardo 2005) and has been approved by the 
Massachusetts Department of Environmental Protection.  

Technical Description: 

PhosRID is based on principles described by Robertson (2000): under acid conditions, ferric iron 
solids release low levels of dissolved ferrous iron, which precipitates phosphorus when oxidized. 
Dissolved phosphorus is removed from a waste stream through the formation and precipitation of 
Fe-P complexes in a two-step, redox-driven reaction. In the first step, septic tank effluent is 
passed through a filter containing a Fe (III) rich soil medium. The reducing capacity of the 
organic-rich septic effluent causes the reductive dissolution of iron into the effluent stream as 
ferrous iron. The ferrous iron ion combines with the phosphate ion to form the mineral vivianite 
in the anaerobic environment. When the liquid is oxidized, such as with a sand filter, the ferrous 
iron ion is transformed to ferric ion, which reacts with phosphate to form the mineral strengite. In 
sand filters, the strengite mineral coats the sand particles. 
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Answer the following questions, give the reference for all information, and describe briefly how 
the tests were conducted. Use ranges of numbers wherever appropriate, and, if known, note what 
the frequency distribution is within the range and what determines where within the range a 
system falls. 

• What is the appropriate application of this alternative? Check as many as apply: 

 Single-family residence 

 Cluster system 

 Large system, over 3,500 gallons per day 

 Commercial system (restaurant, strip mall, etc.) 

• Proven Track Record 

o How long has the phosphorus-removal alternative been used? Studies at the 
MSSTC date back to September 2002 (results provided in Lombardo 2003). An 
additional system was set up at a residential site in Georgia in November 2003; data 
are not yet available. 

o How many different units have been used? Two, with additional research 
performed at the University of Waterloo.  

o Under what conditions have they been used? Massachusetts, Georgia. 

o Describe the number and sources of data to support claims of phosphorus 
removal. E.g., manufacturer testing, third party evaluation, etc. All data have 
been provided to Stone Environmental by Pio Lombardo. Some were from the 
MASSTC installations, before MASSTC had completed quality control. 

• Phosphorus-Removal Capability 

o What percentage of phosphorus is removed? If known, answer in terms of a 
range, and what affects the range (including age of system or medium used). In 
the MASSTC study, over an 8 month period, >95% phosphate and 92% total 
phosphorus was removed from a waste stream initially containing 4.1 mg/L and 5.8 
mg/L phosphate and total phosphorus, respectively (Lombardo 2003). 

o How is phosphorus measured and reported? E.g., phosphate P, Ptot. Data 
available for both phosphate and total phosphorus (Lombardo 2003) 

o How does phosphorus concentration affect removal capability? More data needed 
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o Do other water chemistry factors (e.g., pH, BOD, TSS, NO3
-, NH3

+) affect 
removal capability? More data needed. None detected to date, and none anticipated, 
according to the manufacturer. 

• Robustness of the System 

o How is the system’s performance affected by variations in flows and in 
wastewater composition? More data needed. MASSTC studies conducted with flow 
of 82.5 gal/day. 

o Under what climatic conditions were the tests conducted? Massachusetts, 
Georgia. 

o How does ambient temperature affect the system? More data needed 

o What range of applications is the alternative designed for? This technology is 
being considered for a wide variety of applications from single homes to commercial 
applications. PhosRID™ is considered a total treatment system producing high 
quality waste (low in BOD, low in nitrogen), rather than a treatment system add-on 
(Lombardo 2004).  

• Maintenance Requirements 

o How often is maintenance required? Media needs to be replenished – estimated 5 
years. 

o How does lack of maintenance affect system performance? Unknown (Lombardo 
2004) 

o What type of maintenance is required? How difficult is it to perform? Periodic 
replacement of both the Fe (III) rich medium (estimated every five years) and the 
sand filter (estimated 20 years, as for sand filters in general). The manufacturer says 
that the iron medium can be removed and replace by a sewage pumper. 

 Is there a sorptive material to be replaced? Not a sorptive material—
phosphorus is precipitated onto the sand filter medium. The iron medium 
needs to be replaced every five years, according to the manufacturer, at a cost 
of $1,500.  

o Is there a residual to be disposed of? No, except for sand filter medium at the 
normal interval for replacing sand filters (estimated 20 years). 
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• Phosphorus-Recycling Capability 

o How available is the phosphorus removed from wastewater for plant uptake? No 
data available. 

o Are there any environmental or health barriers to recycling the phosphorus to 
agriculture, e.g., contamination with heavy metals? No 

o How concentrated is the phosphorus (this affects economic viability of 
recycling)? Not known, phosphorus concentration on the sand filter will increase 
with time. 

• Other Treatment Effects 

o As phosphorus is removed, is there a significant change in the chemical makeup 
of the remaining solution (e.g., pH, D.O., electrolytes, other secondary 
compounds)? None anticipated, according to manufacturer. 

o What other wastewater treatment benefits are achieved by the alternative, in 
addition to phosphorus removal? E.g., nitrification, denitrification, reduction in 
BOD, reduction in TSS? Quantify. 50% reduction in total nitrogen, >95% removal 
in organic nitrogen, 85% reduction in BOD (Lombardo 2003) 

• Impact on Landscape 

o Is the alternative visible or underground? Underground – not visible 

• Design 

o On what type of sites (soils, etc.) is the technology appropriate to use? Normal 
soil absorption system design is used. Soil quality does not affect system 
performance. 

o Any odor issues to consider in siting the technology? None, according to 
manufacturer. 

o What are the dimensions (size) of the technology? Approximately 0.75 ft2 per 
gallon per day. 

o How easily can the technology be used in a retrofit situation? Where there is 
room, easily. 

o Are any changes in user behavior required for this technology to work? No. 
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• Energy Requirements 

o How much electricity is needed to operate the system? Specify whether 
electricity use is flow dependent or not. If it is not flow dependent, use units of 
kWh/year for a system of a specified size. If it is flow dependent, use units of 
kWh/year per 100 gallons/day treatment. Specify where the electricity is used. 
One 1/3 horsepower pump – for 20 minutes a day. 

o How much non-electric energy is used to operate the system, e.g., diesel to 
transport waste products? Specify whether energy use is flow dependent or not. 
Specify how and where the energy is used, so that the project leader can use a 
common set of assumptions for each technology to convert to energy use. E.g., 
“The 1000 gallon septic tank is emptied every three years and the septage is 
hauled by truck to a wastewater treatment plant.” The PhosRID iron medium is 
removed and replaced every five years. 

• Cost 

o What is the installation cost? Construction and installation costs estimated to be 
$10,000 more than conventional septic system. 

o What are the operating and maintenance costs? Only two systems in place for a 
few years. Operation and maintenance costs over 30-year life cycle estimated to be 
$18,000 more than conventional septic system, based on twice-yearly inspections, 
pump replacement every 8 years, PhosRID medium replacement every 5 years, and 
sand filter medium replacement every 20 years. If inspections are only made when the 
PhosRID medium is replaced, the figure drops to $8,000. This gives a total life-cycle 
cost of $18,000 to $28,000 more than a conventional onsite system. 
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Peatland™ Sewage Treatment System 

Manufacturer: Premier Tech 

1, avenue Premier 
Rivière-du-Loup (Québec) 
G5R 6C1 CANADA 
www.premiertech.com 
Phone: (418) 867-8883 
Fax: (418) 862-6642 

Type of Phosphorus-Removal Technology (check one): 

 Source reduction 

 Source separation 

 Septic tank or substitute for septic tank 

 Post-septic tank, pre-SAS 

 Soil absorption system 

 Other 

Describe the Technology and How It Removes Phosphorus: 

General Description:  

Organic materials, such as sphagnum peat moss and lignocellulose, have been incorporated into 
phosphorus treatment applications. Sphagnum peat moss, more commonly used as a treatment 
medium in aerobic treatment, has been shown to absorb dissolved phosphorus (Brooks et al. 
1984; Couillard 1994; Nichols and Boelter 1982), however, the sorption capacity of peat mosses 
will decrease substantially with time, according to Dennis Martin at Simmering & Associates, a 
company which formerly manufactured the Peatland system (personal communication, Dennis 
Martin, Simmering & Associates). Patterson (2004) observed an average phosphorus removal of 
75%; however, the system showed a steady decrease in phosphorus removal over an eleven-
month period. Different peat mosses may vary greatly in coarseness and surface area, and thus 
will exhibit a wide range in sorption capacity for phosphorus, according to Martin (personal 
communication).  

Some authors have found a longer-term effectiveness for peat. Nichols and Boelter (1982) report 
on a facility that was achieving 99% phosphorus removal after eight years, though 45% of that 
was estimated to be in vegetative uptake and the effluent went through both peat and sand. Both 
Nichols and Boelter (1982) and Couillard (1994) report on different factors that have been 
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hypothesized to increase phosphorus uptake in peat: presence of aluminum and iron in the peat, 
and microbial immobilization. 

The Peatland system is a combination of sphagnum peat filtration with a subsurface-flow 
constructed wetland designed to intake septic tank effluent and discharge a high quality waste 
stream capable of meeting the bacterial standards for swimming (e.g., 77 colony-forming units of 
E. coli per 100 ml). In general, the system is designed to achieve a high level of disinfection, as 
well as to efficiently remove BOD, TSS and nitrogen for over 20 years. Efficient removal of 
phosphorus (>80%) has also been demonstrated by the Peatland system during the initial 1-3 
years of operation. While the capacity of peat filters to remove phosphorus has been observed to 
deteriorate much more rapidly than the system’s capacity to remove fecal coliforms, BOD, TSS, 
and nitrogen (personal communication, Dennis Martin, Simmering & Associates; Patterson 
2004), Peatland differs significantly from other peat filters. Peatland has sand mixed in with the 
peat, and the manufacturer says that the sand particle size affects phosphorus removal—finer 
particles lead to greater phosphorus removal. Peatland also incorporates a wetland after the peat 
filter, which further increases phosphorus uptake and probably extends the useful lifetime of the 
system. 

Few data on phosphorus removal for longer than 3 years are available, although one data point 
from a ten-year-old system (without flow rates) showed 90% phosphorus removal. According to 
Premier Tech, installation costs render the system most suitable for cluster systems of around 5 
houses or more. 

Technical Description: 

The peat filter is comprised of a sphagnum moss and select granular materials, providing a high 
level of disinfection as well as removal of BOD, TSS, and nitrogen. Downstream from the peat 
filter is a subsurface wetland containing a porous medium of root systems and granular material, 
in which further treatment of BOD, TSS, and nitrogen occurs. Phosphorus removal is achieved in 
both system components, primarily through sedimentation of particulate phosphorus or 
adsorption of soluble phosphorus onto the granular media. 

Answer the following questions, give the reference for all information, and describe briefly how 
the tests were conducted. Use ranges of numbers wherever appropriate, and, if known, note what 
the frequency distribution is within the range and what determines where within the range a 
system falls. 

• What is the appropriate application of this alternative? Check as many as apply: 

 Single-family residence 

 Cluster system 

 Large system, over 3,500 gallons per day 

 Commercial system (restaurant, strip mall, etc.) 
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• Proven Track Record 

o How long has the phosphorus-removal alternative been used? The data given by 
Premier Tech highlight systems that date back to 1999 and were sampled through 
2002 (3 years).  

o How many different units have been used? Data for phosphorus treatment for a 
total of four treatment systems, all located in Canada. More than 30 systems are in 
operation; there are no data for phosphorus removal on these, according to Eric 
Marcil at Premier Tech (personal communication). 

o Under what conditions have they been used? All locations are in Canada for the 
systems which we have data for. 

o Describe the number and sources of data to support claims of phosphorus 
removal. E.g., manufacturer testing, third party evaluation, etc. The phosphorus 
removal data are limited to what has been provided by Premier Tech, and only covers 
two systems that have been monitored for one to three years. The most complete data 
set is from the Six Nations of the Grand River site, in which three systems were set up 
at three large schools. Each of the systems was monitored extensively for 8.5 months 
by Health Canada and an independent consultant, First Nation Engineering Services 
Limited. One of these systems was then monitored again approximately 3 years after 
the systems were installed. An additional data set corresponds to a site in North Bay, 
Ontario and contains data from 23 months of monitoring; however, the party 
responsible for the monitoring is not named (personal communication, Eric Marcil, 
Premier Tech).  

• Phosphorus-Removal Capability 

o What percentage of phosphorus is removed? If known, answer in terms of a 
range, and what affects the range (including age of system or medium used). An 
average removal of 99.5% total phosphorus was achieved at the three locations in the 
Six Nations of the Grand River data set during the first 8.5 months of operation. 
These data do not differentiate between the peat filter effluent and that of the wetland. 
After 3 years of operation, 89% total phosphorus removal in the Peatland System 
effluent was achieved at one of these locations; the other two locations were not 
further monitored. Approximately 82% of the influent phosphorus was removed in 
the peat filter at this location. 

o At the North Bay site, total phosphorus in the effluent from the Peatland system 
ranged from 0.18-6.3 mg/L (1.0 mg/L on average), while influent phosphorus 
concentration ranged from 3-15 mg/L (5.8 mg/L on average). In this data, effluent 
from the peat filter component ranged greatly from 0.5-15 mg/L (6.3 mg/L on 
average), suggesting that much of the phosphorus removal occurred in the wetland 
component of the system and not in the peat filter (personal communication, Eric 
Marcil, Premier Tech). 
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o How is phosphorus measured and reported? E.g., phosphate P, Ptot. Ptot 

o How does phosphorus concentration affect removal capability? Not enough data 
given. Influent phosphorus concentrations in both studies ranged from 3-15 mg/L 
(personal communication, Eric Marcil, Premier Tech), which is typical for septic tank 
effluent. The manufacturer believes that an increase of the phosphorus concentration 
will not affect the concentration at the outlet, only reduce the lifespan of the system. 

o Do other water chemistry factors (e.g., pH, BOD, TSS, NO3
-, NH3

+) affect 
removal capability? Not known. The manufacturer says that phosphorus removal 
can be increased by using a finer granular medium (sand) in the peat filter. 

• Robustness of the System 

o How is the system’s performance affected by variations in flows and in 
wastewater composition? High phosphorus concentrations will likely limit the 
lifespan of the peat filter. The manufacturer reports that 1.5 times design flow has 
been observed in the past “without major effects” on performance. 

o Under what climatic conditions were the tests conducted? Those typical of central 
Canada. 

o How does ambient temperature affect the system? All tests conducted in cold 
climate conditions. The manufacturer does not expect any effects of increased 
temperature on phosphorus removal. 

o What range of applications is the alternative designed for? From single home to 
larger cluster systems or even school-size locations, 2,000 to 30,000 gallons per day. 

• Maintenance Requirements 

o How often is maintenance required? Unknown in terms of phosphorus removal. 
Systems are designed to achieve a high level of disinfection for over 20 years; 
however, no data on phosphorus treatment for more than 3 years are available. It is 
expected that the capacity of the system to remove phosphorus will deteriorate more 
quickly than the capability of the system to treat and disinfect (personal 
communication, Eric Marcil, Premier Tech). 

o How does lack of maintenance affect system performance? System will become 
saturated with phosphorus, no removal can be expected beyond saturation (personal 
communication, Eric Marcil, Premier Tech). 

o What type of maintenance is required? How difficult is it to perform? 
Replacement of the peat filter and replacement of the granular materials in the 
wetland. It is most likely not cost effective to replace materials simply to achieve 
better phosphorus-removal capacity. 
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o Is there a sorptive material to be replaced? Yes 

 If so, how often does this need to be done? Unknown, more research 
necessary to determine the longevity of phosphorus removal 

 What are the costs and operations performed when it is replaced? 
Unknown 

o Is there a residual to be disposed of? No. 

• Phosphorus-Recycling Capability 

o How available is the phosphorus removed from wastewater for plant uptake? 
Unknown 

o Are there any environmental or health barriers to recycling the phosphorus to 
agriculture, e.g., contamination with heavy metals? No 

o How concentrated is the phosphorus (this affects economic viability of 
recycling)? Unknown 

• Other Treatment Effects 

o As phosphorus is removed, is there a significant change in the chemical makeup 
of the remaining solution (e.g., pH, D.O., electrolytes, other secondary 
compounds)? The manufacturer says that pH decreases in the peat filter and 
increases in the wetland. One test site for which data are supplied shows this 
occurring, while another shows the pH increase in the wetland does not bring the final 
effluent pH to that of the incoming wastewater. 

o What other wastewater treatment benefits are achieved by the alternative, in 
addition to phosphorus removal? E.g., nitrification, denitrification, reduction in 
BOD, reduction in TSS? Quantify. Percent removal of fecal coliforms, BOD5, TSS, 
NH4, and TKN were all between 95 and 100% during the 3 years of operation in the 
Six Nations of the Grand River data set (personal communication, Eric Marcil, 
Premier Tech). Similar results were obtained in a single test of a ten-year-old facility. 

• Impact on Landscape 

o Is the alternative visible or underground? Underground 

A-86 



 

Technology Description Forms 

• Design 

o On what type of sites (soils, etc.) is the technology appropriate to use? The system 
is typically designed for sites that are not capable of receiving septic effluent 
discharges. The Peatland system is typically designed for surface discharge, thus, site 
soil characteristics are not of concern, according to Dennis Martin at Simmering & 
Associates, which formerly manufactured Peatland (personal communication; 
confirmed by personal communication, Eric Marcil, Premier Tech). 

o Any odor issues to consider with the technology? No. 

o What are the dimensions (size) of the technology? The peat filter is sized at 1 
gal/ft2/day and the wetland is sized at 2 gal/ft2/day. 

o How easily can the technology be used in a retrofit situation? As long as there is 
enough area available. 

o Are any changes in user behavior required for this technology to work? No. 

• Energy Requirements 

o How much electricity is needed to operate the system? Specify whether 
electricity use is flow dependent or not. If it is not flow dependent, use units of 
kWh/year for a system of a specified size. If it is flow dependent, use units of 
kWh/year per 100 gallons/day treatment. Specify where the electricity is used. 
No electric usage 

o How much non-electric energy is used to operate the system, e.g., diesel to 
transport waste products? Specify whether energy use is flowing dependent or 
not. Specify how and where the energy is used, so that the project leader can use 
a common set of assumptions for each technology to convert to energy use. E.g., 
“The 1000 gallon septic tank is emptied every three years and the septage is 
hauled by truck to a wastewater treatment plant.” Peat filter must be replaced 
every 20 years, according to the manufacturer. (Replacement every five years is 
assumed for peat filters by Hoover (1997) and was confirmed with an installer for this 
project’s cost calculations. Note that the design loading rate given for another popular 
peat filter is almost five times higher than the one given for Peatland.) 
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• Cost 

o What is the installation cost? $40,000 for a unit that treats 3,200 gal/day. $80,000 
for a unit that treats 7,400 gal/day. These costs include the peat, the control panel, the 
distribution network, and the technical support on the field during installation. It does 
not, however, include the installation costs and the transportation fees. Construction 
and installation costs estimated to be $10,000 more than conventional septic system.  

o What are the operating and maintenance costs? With twice-yearly inspections and 
peat replacement every five years, operation and maintenance costs over a 30-year 
life cycle are estimated to be $17,000 more than a conventional septic system. The 
manufacturer expects the peat to last around 20 years, and this is reasonable, 
considering that the design loading rate for Peatland is about one fifth that of another 
popular peat filter. The manufacturer also expects an inspection to be necessary no 
more than once a year. Given these assumptions, plus replacing the pump every eight 
years, the O&M costs over 30 years drop to $13,000 above those of a conventional 
septic system. 
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Nanoparticle Selective Resin 

Manufacturer: Several 

Type of Phosphorus-Removal Technology (check one): 

 Source reduction 

 Source separation 

 Septic tank or substitute for septic tank 

 Post-septic tank, pre-SAS 

 Soil absorption system 

 Other 

Describe the Technology and How It Removes Phosphorus: 

General Description:  

The iron-based nanoparticle selective resin investigated in detail has been sold as an arsenic 
removal product for a range of applications ranging from under-the-sink filters to municipal 
wastewater systems. The manufacturer claims the product has a high capacity for arsenic, 
vanadium, uranium, and phosphate and can be regenerated using a 2% NaCl, 2%NaOH solution. 
A system was built in Florida which uses the iron-based resin to remove phosphorus from an 
agricultural waste stream containing 30-40 mg/L total phosphorus. This treatment system 
consists of two 4-cubic foot treatment chambers filled with the resin, capable of treating 20 
gallons per minute each that are used in conjunction with a chemical flocculation step. 
Regeneration of the resin is controlled via an automated system and occurs after 50,000 gallons 
have been treated or no longer than 7 days of operation. The regenerant is placed back into the 
treatment train before the chemical flocculation (it can be reused four times before the salt level 
get too high) and the solid residual flocculent is used as an agricultural fertilizer. This system has 
been running full-scale since approximately April 2004, and it reduced phosphorus levels in the 
effluent to below 0.5 mg/L. A full-scale evaluation of the system, however, will not be released 
by the evaluating party until after one year of operation.  

Technical Description: 

The resin contains spherical particles, 300-1200 microns in diameter, suspended in an organic-
based matrix. The organic matrix remains rigid in wet environments, allowing the composition to 
remain firm for large-scale applications. Information on the specific composition of the spherical 
particles or the removal process for phosphorus is not given in detail by the manufacturer. It is 
known that the particles are polystyrene based with an iron oxide-containing functional group. 
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Phosphate or other dissolved anions bind to the iron-oxide functional group and then are released 
when in the presence of high pH, high ionic-strength solutions, such as the 2% NaCl, 2% NaOH 
solution used for regeneration. Phosphate recovery from the regenerant using a chemical 
flocculent can be used to create a slow-release fertilizer such as magnesium ammonium 
phosphate or magnesium potassium phosphate. 

Answer the following questions, give the reference for all information, and describe briefly how 
the tests were conducted. Use ranges of numbers wherever appropriate, and, if known, note what 
the frequency distribution is within the range and what determines where within the range a 
system falls. 

• What is the appropriate application of this alternative? Check as many as apply: 

 Single-family residence 

 Cluster system 

 Large system, over 3,500 gallons per day 

 Commercial system (restaurant, strip mall, etc.) 

• Proven Track Record 

o How long has the phosphorus-removal alternative been used? One system has 
been designed for phosphorus removal and has been operating since April 2004, 
according to Brian Roy of Royal Consulting Services, who has worked with the 
system (personal communication). 

o How many different units have been used? 1 

o Under what conditions have they been used? Florida 

o Describe the number and sources of data to support claims of phosphorus 
removal. E.g., manufacturer testing, third party evaluation, etc. The system in 
operation was designed and operated by a firm producing data for a Congressional 
grant that has been administrated through the Natural Resources Conservation Service 
(NRCS). The data for this evaluation were collected by an independent party (Short 
Environmental Lab); however, no data will be released until the system has been in 
operation for one year (personal communication, Brian Roy, Royal Consulting 
Services). 

• Phosphorus-Removal Capability 

o What percentage of phosphorus is removed? If known, answer in terms of a 
range, and what affects the range (including age of system or medium used). 
During the 3 months of operation, effluent phosphorus from the system has been 
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consistently below 0.5 mg/L from the agricultural waste stream’s inlet concentration 
of 30-40 mg/L (personal communication, Brian Roy, Royal Consulting Services). 

o How is phosphorus measured and reported? E.g., phosphate P, Ptot. Unknown 

o How does phosphorus concentration affect removal capability? Largely unknown, 
the system in use has an inlet phosphorus concentration of 2-10 times that of 
residential wastewater. 

o Do other water chemistry factors (e.g., pH, BOD, TSS, NO3
-, NH3

+) affect 
removal capability? The manufacturer reports that increases in pH reduce resin 
loading and that the other factors are not believed to affect the resin. 

• Robustness of the System 

o How is the system’s performance affected by variations in flows and in 
wastewater composition? Largely unknown; the system in use has an inlet 
phosphorus concentration of 2-10 times that of residential wastewater, and is treating 
40 gal/min, or 57,600 gal/day (personal communication, Brian Roy, Royal Consulting 
Services).  

o Under what climatic conditions were the tests conducted? Florida 

o How does ambient temperature affect the system? Not tested 

o What range of applications is the alternative designed for? The resin has been 
used for a wide range of applications for arsenic removal, from under-the-sink 
cartridges to large-scale treatment plants. 

• Maintenance Requirements 

o How often is maintenance required? In the one system in use, regeneration is 
performed every 50,000 gallons, or every 7 days (whichever comes first) using a 2% 
NaOH solution (personal communication, Brian Roy, Royal Consulting Services). 

o How does lack of maintenance affect system performance? System will become 
saturated and no longer remove phosphorus from the waste stream if regeneration 
does not occur on time. 

o What type of maintenance is required? How difficult is it to perform? The 
regeneration procedure is an automated system and needs to be designed and installed 
by a engineering/consulting firm. According to Roy (personal communication), it was 
not simple to get the system running, and few experts in the field exist. 

o Is there a sorptive material to be replaced? No, it can be regenerated  
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o Is there a residual to be disposed of? Yes, the regenerant 

 If so, how is it disposed of? Phosphorus can be precipitated out of the 
regenerant using a chemical flocculant and used as a fertilizer. 

 How often is this required, and what are the quantities? Once a week, or 
every 50,000 gallons, for one technology. The quantity is six times the resin 
volume. 

• Phosphorus-Recycling Capability 

o How available is the phosphorus removed from wastewater for plant uptake? 
The phosphorus can be precipitated out of the regenerant using a chemical flocculent 
to create a fertilizer. In the system in Florida, ferric sulfate is added to the system and 
the precipitate is dried and applied to agricultural fields. 

o Are there any environmental or health barriers to recycling the phosphorus to 
agriculture, e.g., contamination with heavy metals? No, as long as the treated 
effluent does not contain significant quantities of the heavy metals. 

o How concentrated is the phosphorus (this affects economic viability of 
recycling)? In one system, about 135 times the influent P concentration, or 4700 
ppm. The concentration is affected by the ratio of the volume treated to regenerant. 

• Other Treatment Effects 

o As phosphorus is removed, is there a significant change in the chemical makeup 
of the remaining solution (e.g., pH, D.O., electrolytes, other secondary 
compounds)? None expected, says the manufacturer. 

o What other wastewater treatment benefits are achieved by the alternative, in 
addition to phosphorus removal? E.g., nitrification, denitrification, reduction in 
BOD, reduction in TSS? Quantify. Removal of arsenic 

• Impact on Landscape 

o Is the alternative visible or underground?  

• Design 

o On what type of sites (soils, etc.) is the technology appropriate to use? Site soil 
does not effect system 

o Any odor issues to consider in siting the technology? No. 
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o What are the dimensions (size) of the technology? The one system currently in use, 
designed to treat 40 gal/min, consists of two cylinder-shaped chambers, 18 inches in 
diameter by 6 ft high, or approximately 4 cubic ft in volume (personal 
communication, Brian Roy, Royal Consulting Services). 

o How easily can the technology be used in a retrofit situation? Unknown 

o Are any changes in user behavior required for this technology to work? No, 
although the operator of one technology must be trained and licensed to handle 
caustic chemicals. This makes the technology most suitable for cluster systems. 

• Energy Requirements 

o How much electricity is needed to operate the system? Specify whether 
electricity use is flow dependent or not. If it is not flow dependent, use units of 
kWh/year for a system of a specified size. If it is flow dependent, use units of 
kWh/year per 100 gallons/day treatment. Specify where the electricity is used. 
Minimal: the system requires a pump and controls for the automated system. 

o How much non-electric energy is used to operate the system, e.g., diesel to 
transport waste products? Specify whether energy use is flow dependent or not. 
Specify how and where the energy is used, so that the project leader can use a 
common set of assumptions for each technology to convert to energy use. E.g., 
“The 1000 gallon septic tank is emptied every three years and the septage is 
hauled by truck to a wastewater treatment plant.” Zero 

• Cost 

o What is the installation cost? It’s hard to say for a system at this stage of 
development. The total cost of the system in Florida for agricultural wastewater 
exceeds $12,600; however, smaller systems would presumably be needed to treat 
residential waste from single-family homes. 

o What are the operating and maintenance costs? Unknown 
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Extended Aeration Activated Sludge 

Manufacturer: Generic technology 

Type of Phosphorus-Removal Technology (check one): 

 Source reduction 

 Source separation 

 Septic tank or substitute for septic tank 

 Post-septic tank, pre-SAS 

 Soil absorption system 

 Other 

Describe the Technology and How It Removes Phosphorus: 

General Description:  

Detailed evaluation of a package treatment plant with mechanical, biological, and chemical 
treatment that is designed for a single household. The biological treatment is a continuous 
process in a submerged, suspended packed-bed filter. The treatment plant is preceded by a septic 
tank. 

Technical Description: 

Septic tank effluent flows to the unit, where it first undergoes three biological steps 
(manufacturer’s website; af Petersens 2003; Hellström et al. 2003). In all of the biological steps, 
the chambers are filled with polyethylene cones, about 3 cm high and 3.5 cm in diameter, which 
have a surface area of 330 m2/m3. In the first step, without aeration, nitrate in recirculated 
effluent is converted to nitrogen gas. In the second step, air is blown in for aerobic breakdown of 
organic matter. The third step, also with aeration, is designed for nitrification of ammonia. Part 
of the effluent is then recirculated to the first biological step, and part continues to a dosing 
chamber for the chemical precipitant. (No information was found on what chemical is used.) A 
final chamber is the settling chamber for the phosphorus sludge. 
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Answer the following questions, give the reference for all information, and describe briefly how 
the tests were conducted. Use ranges of numbers wherever appropriate, and, if known, note what 
the frequency distribution is within the range and what determines where within the range a 
system falls. 

• What is the appropriate application of this alternative? Check as many as apply: 

 Single-family residence 

 Cluster system 

 Large system, over 3,500 gallons per day 

 Commercial system (restaurant, strip mall, etc.) 

• Proven Track Record 

o How long has the phosphorus-removal alternative been used? The unit 
investigated has been around since at least the competition for inclusion in that 
research, which occurred in the winter of 1998/1999. 

o How many different units have been used? Thousands of units of the technology in 
general. Of the one investigated in detail, 67 units had been installed in Sweden as of 
February 2002 (af Petersens 2003). 

o Under what conditions have they been used? Swedish single-family homes, 
especially in the southern part of the country. 

o Describe the number and sources of data to support claims of phosphorus 
removal. E.g., manufacturer testing, third party evaluation, etc. Independent data 
from a third party evaluation. Two units were used in single-family houses in this 
three-year study just south of Stockholm that began in early 2000. Also independently 
evaluated by the Fastighetskontor (Real Estate Administration) of the municipality of 
Västerås, according to af Petersens (2003). It’s not clear that af Petersens used the 
Västerås data; we have not seen them. 

• Phosphorus-Removal Capability 

o What percentage of phosphorus is removed? If known, answer in terms of a 
range, and what affects the range (including age of system or medium used). The 
manufacturer says 90-99% of phosphorus is removed, according to af Petersens 
(2003). Data from the two units tested by Stockholm Water show lower removal 
rates. One unit had a crack in the wall and was replaced with a newer model which 
was in operation September 2001 - December 2002; the new unit had an average 
removal of 90% (Hellström et al. 2003). For the first two years of the study, 
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phosphorus in the effluent “was high for long periods of time, because of too low 
dosage of the precipitant or because of problems with the doser. In 2002, effluent 
concentrations were noticeably lower for both units...” The data (Fig. 30 in Hellström 
et al. 2003) show effluent total phosphorus concentrations scattered widely between 1 
and 20 mg/L the first two years, and almost all samples at or below 4 mg/L during the 
final 15 months. 

o How is phosphorus measured and reported? E.g., phosphate P, Ptot. PO4-P, Ptot 

o How does phosphorus concentration affect removal capability? No information. 

o Do other water chemistry factors (e.g., pH, BOD, TSS, NO3
-, NH3

+) affect 
removal capability? No information. 

• Robustness of the System 

o How is the system’s performance affected by variations in flows and in 
wastewater composition? From examining graphics of data from Figures 26 and 30 
in Hellström et al. (2003), it seems that the range of influent phosphorus 
concentrations did not change systematically from the beginning to end of the study. 
Yet the effluent concentrations were much lower in the final 15 months of the study. 
So performance could vary quite a bit, apparently, even without large variations in 
flow and wastewater composition. 

o Under what climatic conditions were the tests conducted? Stockholm: 
Comparable to Boston in the winter and coastal Maine in the summer. 

o How does ambient temperature affect the system? Visual inspection of the data 
graphics shows no temperature effects. 

o What range of applications is the alternative designed for? Single-family house. 

• Maintenance Requirements 

o How often is maintenance required? When the unit is operated at capacity, the 
sludge should be pumped twice annually, and visual inspection ought to occur once a 
month, according to af Petersens (2003). The chemical precipitant is refilled when 
needed, about twice annually. Yet according to (Hellström et al. 2003), the standard 
service contract includes one visit with inspection annually, plus any repairs needed. 
Of the two units in Stockholm Water’s test, one was completely replaced after just a 
few months (incorrect installation) and the other was completely replaced after 18 
months or so (crack in wall). The chemical dosing pump in one unit was replaced 
twice and its control unit once; the other unit’s chemical dosing pump was replaced 
once. 
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o How does lack of maintenance affect system performance? Presumably, sludge 
not pumped would carry over into the soil absorption system. If there were problems 
with any of the pumps or the control of the chemical dosing, nitrogen and phosphorus 
removal would be impaired. 

o What type of maintenance is required? How difficult is it to perform? Visual 
inspection monthly, sludge pumping twice a year, chemical refilling twice a year, 
detailed inspection once a year. 

o Is there a sorptive material to be replaced? No. 

o Is there a residual to be disposed of? Yes 

 If so, how is it disposed of? Not discussed in literature. Probably the same 
way as septage. 

 How often is this required, and what are the quantities? Twice a year. 
Quantities not reported. They can be estimated from Hellström et al. (2003), 
who reported that the total volume of the original units was 2 m3, and the 
newer, replacement unit was 4 m3. If the sedimentation chamber is half the 
volume, and it is allowed to get 75% full, then the older units would produce 
1.5 m3 (400 gallons) of sludge annually, and the newer unit would produce 3 
m3 (800 gallons) annually. 

• Phosphorus-Recycling Capability 

o How available is the phosphorus removed from wastewater for plant uptake? No 
information. 

o Are there any environmental or health barriers to recycling the phosphorus to 
agriculture, e.g., contamination with heavy metals? None noted. In the Stockholm 
Water study (Fig. 35, Hellström et al. 2003), the cadmium, mercury, and lead levels 
in the sludge were roughly 8 mg/kg P, 3 mg/kg P, and 225 mg/kg P, respectively. 
This is about 10% of the levels in the septic tank sludge for the same facility, and the 
sludge levels for these three metals were less than one third as high as those of the 
sludge from Bromma wastewater treatment plant, which is considered to have high 
quality sludge for agriculture. 

o How concentrated is the phosphorus (this affects economic viability of 
recycling)? 69 g/kg dry weight of the sludge. No information on moisture content of 
the wet sludge. 
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• Other Treatment Effects 

o As phosphorus is removed, is there a significant change in the chemical makeup 
of the remaining solution (e.g., pH, D.O., electrolytes, other secondary 
compounds)? None reported. 

o What other wastewater treatment benefits are achieved by the alternative, in 
addition to phosphorus removal? E.g., nitrification, denitrification, reduction in 
BOD, reduction in TSS? Quantify. Stockholm Water study: Nitrogen removal 60-
90% for one unit, 35-70% for the other. BOD reduction is over 90%. Ammonia-N 
was at less than 4 mg/L in effluent from one unit and often between 20 and 40 mg/L 
for the other. 

• Impact on Landscape 

o Is the alternative visible or underground? In the ground. 

• Design 

o On what type of sites (soils, etc.) is the technology appropriate to use? No 
constraints. 

o Any odor issues to consider in siting the technology? The two users interviewed in 
the Stockholm Water study both reported odor problems from the units, though one 
said that they ceased toward the end of the study. 

o What are the dimensions (size) of the technology? For the newer, 4 m3 units: 2445 
mm high, 2240 mm in diameter, 400 kg (af Petersens 2003). 

o How easily can the technology be used in a retrofit situation? It requires a place in 
the ground between the existing septic tank and the soil absorption system. 

o Are any changes in user behavior required for this technology to work? No. 

• Energy Requirements 

o How much electricity is needed to operate the system? Specify whether 
electricity use is flow dependent or not. If it is not flow dependent, use units of 
kWh/year for a system of a specified size. If it is flow dependent, use units of 
kWh/year per 100 gallons/day treatment. Specify where the electricity is used. 
Independent of flow, 880 kWh/year, for aeration of the second and third biological 
steps and two air-lift pumps for movement of the water from chamber to chamber. 
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o How much non-electric energy is used to operate the system, e.g., diesel to 
transport waste products? Specify whether energy use is flow dependent or not. 
Specify how and where the energy is used, so that the project leader can use a 
common set of assumptions for each technology to convert to energy use. E.g., 
“The 1000 gallon septic tank is emptied every three years and the septage is 
hauled by truck to a wastewater treatment plant.” Sludge production of 
approximately 800 gallons per year in the newer, 4 m3 units. 

• Cost 

o What is the installation cost? 57,000 Swedish crowns (SEK) to purchase the unit in 
Sweden, installation extra. At exchange rate 1 USD = 7.47 SEK (2004.09.17), this 
converts to = $7,600. Construction and installation costs estimated to be $9,700 more 
than conventional septic system. 

o What are the operating and maintenance costs? In Sweden, about 6,000 SEK 
($750) annually. Operation and maintenance costs over 30-year life cycle estimated to 
be $35,000 more than conventional septic system. The total life-cycle costs are 
$44,000 (due to rounding). 
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Sequencing Batch Reactor 

Manufacturer: Generic technology 

Type of Phosphorus-Removal Technology (check one): 

 Source reduction 

 Source separation 

 Septic tank or substitute for septic tank 

 Post-septic tank, pre-SAS 

 Soil absorption system 

 Other 

Describe the Technology and How It Removes Phosphorus: 

General Description:  

There are many manufacturers. The one investigated in detail is a package treatment plant 
designed to be kept in the cellar. It uses a sequencing batch reactor and chemical precipitation of 
phosphorus. They are manufactured for 1-7 households or 5-35 P.E. (person equivalents). The 
company also makes package treatment plants for larger systems. The version described here is 
designed for 5 P.E. 

Technical Description: 

The system investigated consists of a collection tank, a sequencing batch reactor (SBR), and a 
sludge-drying unit. The collection tank, which can be the septic tank, evens out the flows in the 
SBR. Wastewater is pumped from there to the SBR, which has a capacity of 250 L (66 gallons) 
per batch. The SBR cycle is five hours long and consists of three hours aeration with dosing of 
an aluminum-based precipitant after two hours, sedimentation for 90 minutes, and emptying for 
30 minutes. The effluent continues to the soil absorption system, and the excess sludge is sent to 
one of two sludge filter bags (used alternately), where it is dried by air blown through it. When 
the activated sludge chamber is between cycles, it is aerated 30 minutes every hour. Some sludge 
is recirculated as return sludge, to the collection tank. 
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Answer the following questions, give the reference for all information, and describe briefly how 
the tests were conducted. Use ranges of numbers wherever appropriate, and, if known, note what 
the frequency distribution is within the range and what determines where within the range a 
system falls. 

• What is the appropriate application of this alternative? Check as many as apply: 

 Single-family residence 

 Cluster system 

 Large system, over 3,500 gallons per day 

 Commercial system (restaurant, strip mall, etc.) 

• Proven Track Record 

o How long has the phosphorus-removal alternative been used? The company 
reports being founded in 1982. 

o How many different units have been used? Many. The manufacturer of the unit 
investigated reports more than 3,500 package treatment plants in Norway. It is 
reported by af Petersens (2003) that about 3,000 have been sold in Norway and 350 in 
Sweden. 

o Under what conditions have they been used? Norwegian, Swedish. 

o Describe the number and sources of data to support claims of phosphorus 
removal. E.g., manufacturer testing, third party evaluation, etc. Independent data 
from a third party evaluation by Stockholm Water, the water/wastewater utility for 
Stockholm, Sweden (Hellström et al. 2003). Two units were used in single-family 
houses in this three-year study just south of Stockholm that began in early 2000. One 
unit was installed at the beginning of the study in a household with two adults. After 
that household was reduced to one adult, an additional unit was installed in a 
household with four persons, and it was in operation for approximately the last nine 
months of the study. Also independently evaluated by the municipality of Västerås, 
according to af Petersens (2003). It’s not clear that af Petersens used the Västerås 
data. 

• Phosphorus-Removal Capability 

o What percentage of phosphorus is removed? If known, answer in terms of a 
range, and what affects the range (including age of system or medium used). 
Phosphorus removal was estimated from test results in the Stockholm Water study, 
because of difficulties in testing. The incoming water test was taken in the collection 
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tank. However, they report that some sedimented solids were on the bottom of the 
tank and some of the return sludge flowed back into the collection tank. The small 
tank for sampling of the outgoing water also accumulated some sludge. With those 
caveats, the following estimates were reported: The first unit removed 0-70% of the 
phosphorus during the first 18 months of the study, when the single unit had many 
operational problems. During the last 9 months of the study, the first and added, 
second unit showed removal uniformly over 70% and predominantly over 80%. 

o How is phosphorus measured and reported? E.g., phosphate P, Ptot. Phosphate, 
Ptot. 

o How does phosphorus concentration affect removal capability? No information. 

o Do other water chemistry factors (e.g., pH, BOD, TSS, NO3
-, NH3

+) affect 
removal capability? No information. 

• Robustness of the System 

o How is the system’s performance affected by variations in flows and in 
wastewater composition? No information from the Stockholm Water data. 
According to the US EPA (2002), SBR technology produces more reliable effluent 
quality for individual homes than continuous flow-activated sludge or fixed-film 
systems, because spikes in flows and constituents are evened out. SBR reactors are 
not suited for seasonal use.  

o Under what climatic conditions were the tests conducted? Near Stockholm: 
winters comparable to Boston, summers comparable to coastal Maine. Reactors were 
kept in insulated buildings. 

o How does ambient temperature affect the system? It’s not clear what the ambient 
temperature was in the reactors in the insulated buildings. 

o What range of applications is the alternative designed for? The company builds 
systems for everything from one house to municipal size. 

• Maintenance Requirements 

o How often is maintenance required? According to af Petersens (2003), the sludge 
drying unit with its sludge sacks means that sludge can be removed by hand. The 
sludge can be composted and used in the garden (depending on local rules). A 
standard service contract with the company encompasses three visits per year. 

o How does lack of maintenance affect system performance? In the Stockholm 
Water study, a number of technical problems developed. Results ranged from effluent 
with high levels of suspended solids and phosphates to spills of wastewater onto the 
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floor of the room the unit was contained in. These incidents were mechanical failures, 
presumably not due to lack of maintenance. 

o What type of maintenance is required? How difficult is it to perform? The sludge 
sacks are emptied, the precipitant is refilled, the mechanical equipment is checked, 
and effluent quality is sampled. The sludge sacks can easily be changed by the user, 
who can also refill the precipitant. Other maintenance requires a trained service 
provider. The Stockholm Water employees recommend that the user have routines for 
inspection of the controls. No sludge pumping of the collection tank is required, 
according to af Petersens (2003) and Hellström et al. (Hellström et al. 2003). 

o Is there a sorptive material to be replaced? No. 

o Is there a residual to be disposed of? Yes 

 If so, how is it disposed of? Can be composted and used in garden, depending 
on local rules. 

 How often is this required, and what are the quantities? The information is 
not explicit. Apparently emptying the sludge sacks is not required more than 
three times a year, and the quantities are characterized as small (af Petersens 
2003; Hellström et al. 2003) Sludge dry matter content is 12-14% (Hellström 
et al. 2003). 

• Phosphorus-Recycling Capability 

o How available is the phosphorus removed from wastewater for plant uptake? No 
information. 

o Are there any environmental or health barriers to recycling the phosphorus to 
agriculture, e.g., contamination with heavy metals? No information. 

o How concentrated is the phosphorus (this affects economic viability of 
recycling)? 36 g/kg dry weight sludge, and the sludge is 12-14% dry matter. 

• Other Treatment Effects 

o As phosphorus is removed, is there a significant change in the chemical makeup 
of the remaining solution (e.g., pH, D.O., electrolytes, other secondary 
compounds)? None reported. 

o What other wastewater treatment benefits are achieved by the alternative, in 
addition to phosphorus removal? E.g., nitrification, denitrification, reduction in 
BOD, reduction in TSS? Quantify. BOD removal was at or above 75% at all times 
in the Stockholm Water study, and well over 90% when the units were functioning 
well. Nitrogen removal varied widely, mostly between 30% and 80%. 
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• Impact on Landscape 

o Is the alternative visible or underground? The version evaluated is designed to be 
in an insulated building—either the basement or a separate outbuilding. For single-
family homes only, a version is available which can be installed underground, with all 
moving parts still above ground (Goodtech Biovac AS 2004). 

• Design 

o On what type of sites (soils, etc.) is the technology appropriate to use? No 
particular restrictions. 

o Any odor issues to consider in siting the technology? None reported. 

o What are the dimensions (size) of the technology? 210×300×210 cm 

o How easily can the technology be used in a retrofit situation? Both the 
underground and in-house version could work, depending on whether there is room. 

o Are any changes in user behavior required for this technology to work? Some 
regular checking on the system is necessary to ensure it is working properly. The 
compressor makes a low noise which can be audible throughout the house. 

• Energy Requirements 

o How much electricity is needed to operate the system? Specify whether 
electricity use is flow dependent or not. If it is not flow dependent, use units of 
kWh/year for a system of a specified size. If it is flow dependent, use units of 
kWh/year per 100 gallons/day treatment. Specify where the electricity is used. 
450 kWh/year to run the aerator, pumps. 

o How much non-electric energy is used to operate the system, e.g., diesel to 
transport waste products? Specify whether energy use is flow dependent or not. 
Specify how and where the energy is used, so that the project leader can use a 
common set of assumptions for each technology to convert to energy use. E.g., 
“The 1000 gallon septic tank is emptied every three years and the septage is 
hauled by truck to a wastewater treatment plant.” A small amount of sludge 
which can be composted and used locally, or hauled away and composted. 
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• Cost 

o What is the installation cost? Purchase and installation cost 79,000 SEK in Sweden. 
At exchange rate 1 USD = 7.47 SEK (2004.09.17), this converts to $10,600. This 
presupposes there is unused space in the basement or elsewhere for the unit. 
Construction and installation costs estimated to be $11,000 more than conventional 
septic system. 

o What are the operating and maintenance costs? Around 3,000 SEK ($350) 
annually, in Sweden. Operation and maintenance costs over 30-year life cycle 
estimated to be $26,000 more than conventional septic system. Thirty-year life-cycle 
cost is estimated to be $37,000 more than a conventional septic system. 
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B-2 

Table B-1 
Summary of Plant Species and Biotic Communities Reviewed for Phosphorus-Removal Potential 

Category Common 
Name 

Latin Name Influent P 
(Mg/L) 

% P 
Removal 

Kg/Ha/Yr P 
Sequestered 

P As % Of 
Organism’s Dry 

Weight 

Reference 

Lemnaceae N/R N/R 600 N/R (Culley Jr. and 
Epps 1973) 

Lemnaceae     4.1 74-92 N/R N/R (Zimmo et al. 
2002) 

Lemnaceae       1.3-14.3 50-99 N/R 0.3-1.4 (Korner and
Vermaat 1998) 

Lemna minor 
L 

15 31-96.7 N/R N/R (Obek and Hasar 
2002) 

Lemnaceae      N/R 30-50 N/R 1.5 (Leng 1999)

Lemnaceae     N/R 12-92 N/R N/R (Oron et al. 1984) 

Lemnaceae     13 11-43 N/R N/R (Nhapi et al. 2003) 

Lemnaceae      N/R 16 220 0.8-1.8 (Reed 1995)

Aquatic 
Macrophytes 

Duckweed 

Lemnaceae      N/R 60-92.2 N/R N/R (Hammouda et al. 
1995) 
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Table B-1 
Summary of Plant Species and Biotic Communities Reviewed for Phosphorus-Removal Potential (Cont.) 

Category Common 
Name 

Latin Name Influent P 
(Mg/L) 

% P 
Removal 

Kg/Ha/Yr P 
Sequestered 

P As % Of 
Organism’s Dry 

Weight 

Reference 

Eichhornia 
crassipes 

N/R    N/R 1350 0.8 (DeBusk and Reddy 
1989) 

Eichhornia 
crassipes 

N/R     N/R 350-1125 N/R (Reddy and DeBusk
1987) 

Eichhornia 
crassipes 

N/R     N/R 896 0.4 (Tourbier 1976)

Eichhornia 
crassipes 

4.70-8.24     8-29 N/R N/R (NASA/NSTL 1980)

Aquatic 
Macrophytes 

Water 
Hyacinth 

Eichhornia 
crassipes 

N/R     74-87 N/R N/R (Tourbier 1976)

Aquatic 
Macrophytes 

Water 
Hyacinth 

Eichhornia 
crassipes 

4.74-6.72     4-19 N/R N/R (NASA/NSTL 1980)

Eichhornia 
crassipes 

2.6-5.8     35-80 N/R N/R (NASA/NSTL 1980)

Eichhornia 
crassipes 

4.74-6.18     3-23 N/R N/R (NASA/NSTL 1980)

Eichhornia 
crassipes 

3.44     1-43 N/R N/R (NASA/NSTL 1980)

Aquatic 
Macrophytes 

Water 
Hyacinth 

Eichhornia 
crassipes 

4.74-6.72     10-23 N/R N/R (NASA/NSTL 1980)

Eichhornia 
crassipes 

10 90 0.5-5 N/R (Reddy and DeBusk
1987) 
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Table B-1 
Summary of Plant Species and Biotic Communities Reviewed for Phosphorus-Removal Potential (Cont.) 

Category Common 
Name 

Latin Name Influent P 
(Mg/L) 

% P 
Removal 

Kg/Ha/Yr P 
Sequestered 

P As % Of 
Organism’s Dry 

Weight 

Reference 

Eichhornia 
crassipes 

1.95     85 N/R N/R (Cloris and Aruajo
1987) 

Eichhornia 
crassipes 

1.46     81 169 N/R (DeBusk 2001)

Eichhornia 
crassipes 

0.3     67 180 N/R (DeBusk 2001)

Eichhornia 
crassipes 

0.74     53 296 N/R (DeBusk 2001)

Eichhornia 
crassipes 

1.06     48 519 N/R (DeBusk 2001)

Eichhornia 
crassipes 

6.12-6.66     38 N/R N/R (NASA/NSTL 1980)

Eichhornia 
crassipes 

4.33 21 N/R N/R (NASA/NSTL 1980) 

Aquatic 
Macrophytes 

Water 
Hyacinth 

Eichhornia 
crassipes 

4.33     14 515 N/R (DeBusk 2001)

Aquatic 
Macrophytes 

Water 
Hyacinth 

Eichhornia 
crassipes 

4.68     10 113 N/R (DeBusk 2001)

Hydroponic       Ostinata
lettuce and 
sweet basil 

N/R 0.016 99 365 0.4-0.45 (Adler et al. 1996) 
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Table B-1 
Summary of Plant Species and Biotic Communities Reviewed for Phosphorus-Removal Potential (Cont.) 

Category Common 
Name 

Latin Name Influent P 
(Mg/L) 

% P 
Removal 

Kg/Ha/Yr P 
Sequestered 

P As % Of 
Organism’s Dry 

Weight 

Reference 

N/R       3-5 >95 N/R 2.1 (Craggs 2001)

N/R N/R >90 N/R N/R (Hemens and Mason 
1968) 

N/R       12 98 N/R N/R (Jackson and
Jackson 1972) 

N/R     3-5 76 N/R N/R (Bush et al. 1963) 

Macroalgae 
and Periphyton 

Periphyton 

N/R       3.1 48 1600 1.83 (Craggs 2001)

Reed Beds and 
Wetlands 

Alluvial 
cypress 
swamp 

N/R       N/R N/R 9 N/R (Mitsch and Dorge
1979) 

Schoeno-
plectus 
tabernae-
montani 

15    9-14 486 N/R (Tanner et al. 1999) 

Scirpus 
lacustris 

N/R    79-90 N/R N/R (Soto et al. 1999) 

Scirpus 
validus 

1.28    50 N/R N/R (Coleman et al. 2001) 

Reed Beds and 
Wetlands 

Bulrush 

Scirpus N/R    35 N/R N/R (Soto et al. 1999) 

Reed Beds and 
Wetlands 

Cattail Typha glauca N/R    N/R 65 0.25 (Bernard 1999) 
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Table B-1 
Summary of Plant Species and Biotic Communities Reviewed for Phosphorus-Removal Potential (Cont.) 

Category Common 
Name 

Latin Name Influent P 
(Mg/L) 

% P 
Removal 

Kg/Ha/Yr P 
Sequestered 

P As % Of 
Organism’s Dry 

Weight 

Reference 

Reed Beds and 
Wetlands 

Cattail Typha latifolia 1.28    80 N/R N/R (Coleman et al. 2001) 

Reed Beds and 
Wetlands 

Cattail, 
bulrush 

Typha 
latifolia, 
Scirpus 
americanas 

74.81    (Reddy et al. 2001) 30-45 33-39 N/R

Reed Beds and 
Wetlands 

Cattail, 
Phragmites, 
Iris 

Typha 
latifolia, 
Phragmites 
australis, Iris 
pseudacorus 

N/R    63-96 N/R N/R (Mander et al. 2000) 

Reed Beds and 
Wetlands 

Cattail, 
smartweed 

Typha 
latifolia, 
Polygonum 
punctatum 

52    96 N/R N/R (Schaafsma et al. 
2000) 

Reed Beds and 
Wetlands 

Cypress 
dome 

N/R       N/R N/R 0 N/R (Dierberg 1980)

Reed Beds and 
Wetlands 

Cypress 
dome 
receiving 
wastewater 

N/R       N/R N/R 1 N/R (Dierberg 1980)

Reed Beds and 
Wetlands 

Cypress 
swamp 

N/R       N/R N/R 3 N/R (Schlesinger 1978)
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Table B-1 
Summary of Plant Species and Biotic Communities Reviewed for Phosphorus-Removal Potential (Cont.) 

Category Common 
Name 

Latin Name Influent P 
(Mg/L) 

% P 
Removal 

Kg/Ha/Yr P 
Sequestered 

P As % Of 
Organism’s Dry 

Weight 

Reference 

Reed Beds and 
Wetlands 

Cypress 
swamp 
receiving 
wastewater 

N/R       N/R N/R 23 N/R (DeBusk 1984)

Reed Beds and 
Wetlands 

Cypress 
swamp 
receiving 
wastewater 

N/R       N/R N/R 15 N/R (Nessel and Bayley
1984) 

Reed Beds and 
Wetlands 

Flattened 
hemarthia  

Hemarthria 
compressa  

0.038-1.6    77 225 N/R (Liu et al. 2000) 

Reed Beds and 
Wetlands 

Floodplain 
Forest 

N/R       N/R N/R 1 N/R (Brown 1981)

Reed Beds and 
Wetlands 

Limpograss  Hemarthria 
altissma Poir 

0.038-1.6    77 102 N/R (Liu et al. 2000) 

Reed Beds and 
Wetlands 

N/R      N/R 9 73-85 N/R N/R (Laquali et al. 1998) 

Reed Beds and 
Wetlands 

N/R Datura 
innoxia 

9    29-47 N/R N/R (Vaillant et al. 2003) 

Reed Beds and 
Wetlands 

N/R      N/R 8.5 91 N/R N/R (Schönborn et al. 
1996) 

Reed Beds and 
Wetlands 

Napiergrass Pennisetum 
purpurem 

0.038-1.6    83 424 N/R (Liu et al. 2000) 
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Table B-1 
Summary of Plant Species and Biotic Communities Reviewed for Phosphorus-Removal Potential (Cont.) 

Category Common 
Name 

Latin Name Influent P 
(Mg/L) 

% P 
Removal 

Kg/Ha/Yr P 
Sequestered 

P As % Of 
Organism’s Dry 

Weight 

Reference 

Reed Beds and 
Wetlands 

Napiergrass Pennisetum 
purpurem 

0.038-1.6    83 333 N/R (Liu et al. 2000) 

Reed Beds and 
Wetlands 

Phragmites Phragmites 
australis  

N/R     N/R 19 0.11 (Kvet 1973)

Reed Beds and 
Wetlands 

Phragmites Phragmites 
australis  

N/R    N/R 7 0.05 (Peverly et al. 1993) 

Reed Beds and 
Wetlands 

Phragmites Phragmites 
australis 

10.6    6-22 89 0.2 (Meuleman et al. 
2002) 

Reed Beds and 
Wetlands 

Phragmites Phragmites 
australis 

10.6    6-22 19-70 0.2 (Meuleman et al. 
2002) 

Reed Beds and 
Wetlands 

Phragmites Phragmites 
australis 

1.5     99 N/R N/R (Bernard 1999) 

Reed Beds and 
Wetlands 

Phragmites Phragmites 
australis 

10.6    6 19 0.2 (Meuleman et al. 
2002) 

Reed Beds and 
Wetlands 

Reed Canary 
grass 

Phalaris 
arundindacea 

0.038-1.6    60 87 N/R (Liu et al. 2000) 

Reed Beds and 
Wetlands 

Reed canary 
grass  

Phalaris 
arundindacea 

0.038-1.6    60 262 N/R (Liu et al. 2000) 

Reed Beds and 
Wetlands 

Rice 
Yuanyou 1 

Oryza sativa 
L. 

0.038-1.6    76 749 N/R (Liu et al. 2000) 

Reed Beds and 
Wetlands 

Rice 
Suakoko 8  

Oryza sativa 
L. 

0.038-1.6    79 778 N/R (Liu et al. 2000) 
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Table B-1 
Summary of Plant Species and Biotic Communities Reviewed for Phosphorus-Removal Potential (Cont.) 

Category Common 
Name 

Latin Name Influent P 
(Mg/L) 

% P 
Removal 

Kg/Ha/Yr P 
Sequestered 

P As % Of 
Organism’s Dry 

Weight 

Reference 

Reed Beds and 
Wetlands 

Sedge Carex 
lacustris  

N/R    N/R 16 0.14 (Bernard and Solsky 
1977) 

Reed Beds and 
Wetlands 

(similar to 
Juncus) 

Zisaniopsis 
bonariensis 

47    72 N/R (Philippi et al. 1999) 

Reed Beds and 
Wetlands 

Teosinte  Olzea 
mexicana 

0.038-1.6    83 394 N/R (Liu et al. 2000) 

Reed Beds and 
Wetlands 

Water 
spinach  

Ipomoea 
aquatica 

0.038-1.6    81 473 N/R (Liu et al. 2000) 

Submerged 
Aquatic 

Coontail + 
southern 
Naiad 

Cerato-
phyllum 
Demersum + 
Najas 
Guadalu-
pensis 

N/R      48 10 N/R (Nungesser and
Chimney 2001) 

Terrestrial 
Macrophytes 
(non-woody) 

Alfalfa      N/R N/R N/R N/R (Crites et al. 2000) 

Terrestrial 
Macrophytes 
(non-woody) 

Barley      N/R N/R N/R 15 N/R (Crites et al. 2000) 

Terrestrial 
Macrophytes 
(non-woody) 

Bermuda 
grass sod 

Cynodon 
dactylon 

125, 200 
kgP/ha 

46   57-92 N/R (Vietor et al. 2002) 
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Table B-1 
Summary of Plant Species and Biotic Communities Reviewed for Phosphorus-Removal Potential (Cont.) 

Category Common 
Name 

Latin Name Influent P 
(Mg/L) 

% P 
Removal 

Kg/Ha/Yr P 
Sequestered 

P As % Of 
Organism’s Dry 

Weight 

Reference 

Terrestrial 
Macrophytes 
(non-woody) 

Bromegrass      N/R N/R N/R 39.2-56 N/R (Crites et al. 2000) 

Terrestrial 
Macrophytes 
(non-woody) 

Buffalo grass 
sod 

Buchloe 
dactyloides 

103, 212 
kgP/ha 

57   59-121 N/R (Vietor et al. 2002) 

Terrestrial 
Macrophytes 
(non-woody) 

Corn      N/R N/R N/R 20 N/R (Crites et al. 2000) 

Terrestrial 
Macrophytes 
(non-woody) 

Costal 
Bermuda 
grass 

N/R     N/R N/R 33.6-44.8 N/R (Crites et al. 2000) 

Terrestrial 
Macrophytes 
(non-woody) 

Cotton      N/R N/R N/R 15 N/R (Crites et al. 2000) 

Terrestrial 
Macrophytes 
(non-woody) 

Fescue 
“Fuego” 

N/R      N/R N/R 8 0.32 (Downing 2002)

Terrestrial 
Macrophytes 
(non-woody) 

Fescue “AU 
triumphoSei” 

N/R      N/R N/R 8 0.31 (Downing 2002)

Terrestrial 
Macrophytes 
(non-woody) 

Fescue 
“Barcarella” 

N/R      N/R N/R 9 0.35 (Downing 2002)
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Table B-1 
Summary of Plant Species and Biotic Communities Reviewed for Phosphorus-Removal Potential (Cont.)  

Category Common 
Name 

Latin Name Influent P 
(Mg/L) 

% P 
Removal 

Kg/Ha/Yr P 
Sequestered 

P As % Of 
Organism’s Dry 

Weight 

Reference 

Terrestrial 
Macrophytes 
(non-woody) 

Fescue 
“Barolex” 

N/R      N/R N/R 9 0.37 (Downing 2002)

Terrestrial 
Macrophytes 
(non-woody) 

Fescue 
“Seine” 

N/R      N/R N/R 8 0.33 (Downing 2002)

Terrestrial 
Macrophytes 
(non-woody) 

Grain 
Sorghum 

N/R     N/R N/R 15 N/R (Crites et al. 2000) 

Terrestrial 
Macrophytes 
(non-woody) 

Kentucky 
Bluegrass 

N/R     N/R N/R 45 N/R (Crites et al. 2000) 

Terrestrial 
Macrophytes 
(non-woody) 

Orchard 
Grass 

N/R     N/R N/R 20.1-50.4 N/R (Crites et al. 2000) 

Terrestrial 
Macrophytes 
(non-woody) 

Orchard 
Grass 
“Baridana” 

N/R      N/R N/R 8.43-12.1 0.34 (Downing 2002)

Terrestrial 
Macrophytes 
(non-woody) 

Orchard 
Grass 
“Cambria” 

N/R      N/R N/R 8.40-9.34 0.32 (Downing 2002)

Terrestrial 
Macrophytes 
(non-woody) 

Orchard 
Grass “Orion” 

N/R      N/R N/R 7.18-12.7 0.34 (Downing 2002)
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Detailed Data Table Used in Biota Screening Process 

Table B-1 
Summary of Plant Species and Biotic Communities Reviewed for Phosphorus-Removal Potential (Cont.) 

Category Common 
Name 

Latin Name Influent P 
(Mg/L) 

% P 
Removal 

Kg/Ha/Yr P 
Sequestered 

P As % Of 
Organism’s Dry 

Weight 

Reference 

Terrestrial 
Macrophytes 
(non-woody) 

Orchard 
Grass “Pizza” 

N/R      N/R N/R 8.40-11.4 0.37 (Downing 2002)

Terrestrial 
Macrophytes 
(non-woody) 

Potatoes      N/R N/R N/R 20 N/R (Crites et al. 2000) 

Terrestrial 
Macrophytes 
(non-woody) 

Quackgrass      N/R N/R N/R 28.0-44.8 N/R (Crites et al. 2000) 

Terrestrial 
Macrophytes 
(non-woody) 

Redtop, 
rough 
bluegrass, 
reed canary 
grass 

Agrostis alba, 
Pao trivialis, 
Phalaris 
arundinacea 

0.48    >90 N/R N/R (Adler et al. 1996) 

Terrestrial 
Macrophytes 
(non-woody) 

Reed Canary 
grass 

N/R     N/R N/R 39.2-44.8 N/R (Crites et al. 2000) 

Terrestrial 
Macrophytes 
(non-woody) 

Ryegrass      N/R N/R N/R 56.0-84.0 N/R (Crites et al. 2000) 

Terrestrial 
Macrophytes 
(non-woody) 

Ryegrass 
“Barfort” 

N/R      N/R N/R 8.10-10.2 0.34 (Downing 2002)
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Detailed Data Table Used in Biota Screening Process 

Table B-1 
Summary of Plant Species and Biotic Communities Reviewed for Phosphorus-Removal Potential (Cont.) 

Category Common 
Name 

Latin Name Influent P 
(Mg/L) 

% P 
Removal 

Kg/Ha/Yr P 
Sequestered 

P As % Of 
Organism’s Dry 

Weight 

Reference 

Terrestrial 
Macrophytes 
(non-woody) 

Ryegrass 
“Bellramo” 

N/R     (Downing 2002) N/R N/R 7.90-10.3 0.34

Terrestrial 
Macrophytes 
(non-woody) 

Ryegrass 
“Bg-34” 

N/R      N/R N/R 9.34-11.9 0.35 (Downing 2002)

Terrestrial 
Macrophytes 
(non-woody) 

Ryegrass 
“Bronsyn” 

N/R      N/R N/R 9.29-9.63 0.34 (Downing 2002)

Terrestrial 
Macrophytes 
(non-woody) 

Ryegrass 
“Elgon” 

N/R      N/R N/R 8.92-9.78 0.35 (Downing 2002)

Terrestrial 
Macrophytes 
(non-woody) 

Ryegrass 
“Glenn” 

N/R      N/R N/R 8.43-10.5 0.36 (Downing 2002)

Terrestrial 
Macrophytes 
(non-woody) 

Ryegrass 
“Herbie” 

N/R      N/R N/R 9.01-10.2 0.35 (Downing 2002)

Terrestrial 
Macrophytes 
(non-woody) 

Ryegrass 
“Tonga” 

N/R      N/R N/R 7.01-11.3 0.34 (Downing 2002)

Terrestrial 
Macrophytes 
(non-woody) 

Soybeans      N/R N/R N/R 11.2-20.2 N/R (Crites et al. 2000) 
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Detailed Data Table Used in Biota Screening Process 

Table B-1 
Summary of Plant Species and Biotic Communities Reviewed for Phosphorus-Removal Potential (Cont.) 

Category Common 
Name 

Latin Name Influent P 
(Mg/L) 

% P 
Removal 

Kg/Ha/Yr P 
Sequestered 

P As % Of 
Organism’s Dry 

Weight 

Reference 

Terrestrial 
Macrophytes 
(non-woody) 

Sweet Clover N/R N/R N/R 20 N/R (Crites et al. 2000) 

Terrestrial 
Macrophytes 
(non-woody) 

Tall Fescue N/R N/R N/R 30 N/R (Crites et al. 2000) 

Terrestrial 
Macrophytes 
(non-woody) 

Wheat      N/R N/R N/R 14 N/R (Crites et al. 2000) 

Terrestrial 
Macrophytes 
(Trees) 

Eucalyptus Eucalyptus 
globules 

N/R    N/R 11.6-18.3 N/R (Guo et al. 2002) 

Terrestrial 
Macrophytes 
(Trees) 

European 
Larch 

Larix 
deciduas 

N/R     N/R 1 N/R (Son and Gower
1992) 

Terrestrial 
Macrophytes 
(Trees) 

N/R Salix 
viminalis 
“Bjorn”  

10 N/R 17 N/R (Gregersen and Brix 
2001) 

Terrestrial 
Macrophytes 
(Trees) 

N/R Salix 
viminalis 
“Jorr”  

10 N/R 19 N/R (Gregersen and Brix 
2001) 

Terrestrial 
Macrophytes 
(Trees) 

N/R Salix 
viminalis 
“Tora”  

10 N/R 15 N/R (Gregersen and Brix 
2001) 
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Detailed Data Table Used in Biota Screening Process 

Table B-1 
Summary of Plant Species and Biotic Communities Reviewed for Phosphorus-Removal Potential (Cont.) 

Category Common 
Name 

Latin Name Influent P 
(Mg/L) 

% P 
Removal 

Kg/Ha/Yr P 
Sequestered 

P As % Of 
Organism’s Dry 

Weight 

Reference 

Terrestrial 
Macrophytes 
(Trees) 

N/R Fraxinus 
excelsior L.  

5.2    4-7 N/R NL (Nemcova et al. 1999)

Terrestrial 
Macrophytes 
(Trees) 

N/R Prunus padus 
L.  

5.2    3-6 N/R N/R (Nemcova et al. 1999)

Terrestrial 
Macrophytes 
(Trees) 

N/R Salix cinerea 
L.  

5.2    24-28 N/R N/R (Nemcova et al. 1999)

Terrestrial 
Macrophytes 
(Trees) 

N/R Populus 
tremula L.  

5.2    14-17 N/R N/R (Nemcova et al. 1999)

Terrestrial 
Macrophytes 
(Trees) 

N/R Alnus 
glutinosa L. 

5.2    16 N/R N/R (Nemcova et al. 1999)

Terrestrial 
Macrophytes 
(Trees) 

N/R Alnus cordata 
L.  

5.2    9 N/R N/R (Nemcova et al. 1999)

Terrestrial 
Macrophytes 
(Trees) 

Norway 
spruce 

Picea abies NR     N/R 3 N/R (Son and Gower
1992) 

Terrestrial 
Macrophytes 
(Trees) 

Poplar Populus 
deltoidsnigra 

N/R     N/R 7.5-11.2 0.11 (Flaherty 2002)
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Detailed Data Table Used in Biota Screening Process 

Table B-1 
Summary of Plant Species and Biotic Communities Reviewed for Phosphorus-Removal Potential (Cont.) 

Category Common 
Name 

Latin Name Influent P 
(mg/L) 

% P 
Removal 

Kg/Ha/Yr P 
Sequestered 

P As % Of 
Organism’s Dry 

Weight 

Reference 

Terrestrial 
Macrophytes 
(Trees) 

Red oak Quercus ruba N/R     N/R 1 N/R (Son and Gower
1992) 

Terrestrial 
Macrophytes 
(Trees) 

Red pine      Pinus 
resinosa 

N/R N/R 2 N/R (Son and Gower
1992) 

Terrestrial 
Macrophytes 
(Trees) 

White pine Pinus strobes N/R     N/R 2 N/R (Son and Gower
1992) 

N/R = Not Reported 
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Welcome to the first edition of the Greenwood Lake Decentralized Wastewater Demonstration 
project newsletter. The purpose of this newsletter is to provide information and educate 
stakeholders and interested parties of the New York portion of the Greenwood Lake Watershed 
about the Orange County Water Authority’s Decentralized Wastewater Demonstration Project. 
 
 
 
 

 
 

The Orange County Water Authority (OCWA) is conducting this project to demonstrate practices and 
technologies capable of reducing phosphorus pollution from septic systems in the New York portion of 
the Greenwood Lake watershed (the “study area”). The other primary goal is utilizing technologies that 
minimize electricity consumption. Therefore, the treatment approaches we use will not include big 
pumps, blowers, or other energy-intensive technologies. Instead we will demonstrate reliable, low-
energy wastewater technologies that can help improve water quality, with an overall goal of developing 
relatively affordable options that can be used more widely in Greenwood Lake and other communities. 
The project is funded by the US Environmental Protection Agency with a grant obtained through Senator 
Charles Schumer’s office, by the New York State Energy Research and Development Authority 
(NYSERDA), and by the OCWA. The Village of Greenwood Lake, Town of Warwick and the County 
Planning have provided valuable information and in-kind support.   This project will provide a real-world 
demonstration of several management options that may be part of a sustainable wastewater strategy for 
the community, and a plan to provide guidance for local leaders and residents about next steps for 
implementation of system upgrades and other management steps.  After the demonstration systems are 
installed, they will be monitored for one year and the final report and plan are expected to be completed 
by the end of 2010.   
 
Why is phosphorus important?  Excess phosphorus acts as fertilizer and causes blooms of algae and 
excessive growth of nuisance vegetation in Greenwood Lake that impair its use as a recreational 
resource and scenic amenity (see article “P Soup”). In downstream areas in New Jersey, where water 
originating in Greenwood Lake is part of the region’s drinking water supply, excess plant growth can 
result in a need for higher chlorination levels in drinking water, and cause other impacts with direct 
human health implications. Under the requirements of the federal Clean Water Act, the states of New 
York and New Jersey have classified the water quality of Greenwood Lake as impaired due to excess 
total phosphorus concentrations. These agencies have concluded that stormwater runoff and septic 
systems are the primary causes of the high phosphorus concentrations in Greenwood Lake. A Total 
Maximum Daily Load (TMDL) – a calculation of the maximum amount of a pollutant that a water body 
can receive and still meet water quality goals — has been developed to provide a target for reduction of 
phosphorus in the watershed. According to this TMDL, a 43% reduction in phosphorus loading from 
septic systems located within 200 meters of the lake is needed to meet water quality standards.  
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Interpreting Soil 
Properties 

 
 
 
 
 
 

____________________ 
 

“We were 
impressed with the 

level of interest 
residents showed 
in the project...” 

 
____________________ 

 
 
 
 
 
 
 

 
 

Performing a 
Percolation Test 

 
 

 
 
 
 
 

Like many small communities in the U.S., the Village of Greenwood Lake and adjoining areas in the 
Town of Warwick contain older, onsite septic systems installed before the existence of wastewater 
regulations. A typical system consists of a septic tank that discharges settled wastewater to a leach 
field or seepage pit. Cesspools are also in use. Older systems may be undersized for current uses, in 
part because they were built when most homes were only used in the summer, but are now being 
utilized year round. Effective treatment of wastewater requires enough contact with soils to remove key 
pollutants, and a thin soil layer above bedrock or groundwater is not adequate. These older systems, 
therefore, may be effective in getting wastewater under the ground, but may do little to treat it because 
of shallow soils over bedrock or groundwater close to the surface (and sometimes both). The 
wastewater then flows downhill toward Greenwood Lake. This incomplete treatment of wastewater is 
believed to be an important cause of water quality degradation in the lake. This demonstration project 
is designed to develop comprehensive solutions for effective wastewater management at the 
community and watershed level. 
 
The OCWA has retained a consulting team including Stone Environmental, Inc. of Montpelier, VT and 
Fuss & O’Neill, Inc. of Manchester, CT for this project. The overall scope includes a wastewater needs 
assessment for the watershed (see related Needs Assessment article) and design and construction 
management for two innovative onsite wastewater treatment systems in Greenwood Lake.  Another 
consultant to the OCWA who’s based in Orange County, Simon Gruber, worked on obtaining the 
project funding and is coordinating public outreach, education and several upcoming related training 
workshops.  At the end of this project, a wastewater management plan for the New York portion of the 
Greenwood Lake watershed will be produced with the demonstration project results, as well as other 
treatment options, and including discussion of potential next steps for meeting the wastewater 
treatment needs of the Village of Greenwood Lake and Town of Warwick.  
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

Two different advanced onsite wastewater treatment systems will be installed at two properties around 
Greenwood Lake: the Grace Evangelical Lutheran Church on Waterstone Road and a private 
residence on Grove Street.  At the Church, the treatment system will also treat wastewater from the 
adjacent parsonage and sexton’s house on the church property, and therefore is called a cluster 
system. A single use or individual system will be installed at the Grove Street residence.  
 
This summer, the project consultants are evaluating innovative technologies available for treating 
phosphorus and designing a wastewater system for each property that will provide a high level of 
treatment while minimizing electricity consumption. They will monitor the systems for one year to 
evaluate the performance of these technologies, and this information will be used to develop 
recommendations to community leaders and property owners about how they may be used on other 
residential and commercial properties in the Greenwood Lake watershed.  
 
Last year, the project team solicited applications from property owners in the Village of Greenwood 
Lake and the Town of Warwick interested in hosting a demonstration system. OCWA described the 
project and distributed application materials at public meetings in the Village of Greenwood Lake and 
the Town of Warwick. The Greenwood Lake News published an announcement as well. More than 30 
property owners interested in being considered submitted applications.  
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David Church, Executive Director of OCWA, said, “We were impressed with the level of interest residents showed in the project and 
in their appreciation of the importance of improving water quality in Greenwood Lake. We only wish the project’s funding allowed for 
installation of more demonstration systems.” Dave Braun, Project Manager at Stone Environmental, noted “It was difficult to pass 
over promising sites, but we believe we ultimately selected the two sites that will most fully achieve the goals of the demonstration 
project.” 
  

 
 

Digging Test 
Pits 

(Operator: Fran 
Reichal, Town of 

Warwick) 
_______________ 

 
Site Selection 

Criteria: 
 

• Occupied year- 
round by 2 or 
more people 

 

• Conditions 
suitable for 
permitting with 
OC Health Dept 
& Construction 
needs 

 

• Electric 
accessibility & 
reliability 

 

• Etc: See article 
for more criteria 

 

The process used to select the demonstration sites was objective and rigorous, and included consideration 
of background information obtained through a community-wide wastewater needs assessment (see related 
article in this newsletter.)  From the applications received, the 12 most promising sites were inspected by the 
project consultants. They studied site conditions and verified application information. In consultation with the 
OCWA, they reviewed them based on how closely each site matched the following requirements: 
 
 Property must be occupied year-round (by two or more people for residential properties) 
 Site and soil conditions must be suitable for obtaining permits from the Orange County Dept. of Health   

      and local government 
 Site and soil conditions must be suitable for construction of an advanced wastewater treatment and  

      dispersal system, including monitoring devices 
 Access to electricity and suitable available power must be available to reliably operate the demonstration  

      system 
 Access to the property must be unrestricted during the site evaluation, system construction, and the  

      subsequent one-year monitoring period 
 Existing wastewater system, or a component thereof, must not meet current regulations 
 Property must be located within the Greenwood Lake Watershed, ideally within 200 meters of the lake 
 Property must not have a separate system for graywater (water from sinks, showers and laundry) 
 Applicable setback distances to drinking water wells must be met by any new demonstration system 

 
Following this screening, project scientists and 
engineers characterized soils at the three highest 
ranked sites, which as it happened were all  
located in  the  Village of  Greenwood  Lake.  At 
each site, they  interpreted  soil properties in deep 
test pits, performed percolation  tests  to    
measure   how    fast    water  drains  into  the  
soil,  
and collected soil samples to characterize the phosphorus binding 
potential of the soils. According to soil scientist and engineer Bruce 
Douglas of Stone Environmental, “We wanted to understand the 
suitability of the soils for infiltration and treatment of wastewater. Two of 
the sites tested will showcase the phosphorus treatment technologies 
very well, while a third would have required significant modifications to 
make it suitable.” 
 
Based on this detailed site characterization, the Grace Evangelical 
Lutheran Church on Waterstone Road and a private residence on Grove 
Street were selected for installation and monitoring of demonstration 
systems.  These systems will incorporate phosphorus removal and 
energy efficiency technologies. Following final design of these systems 
and after required permits are obtained, systems will be installed in the 
Fall of 2009 and monitored for one year. Results of the monitoring and 
overall performance, costs and other information will be shared with local 
leaders and residents in Greenwood Lake, as well as other agencies and 
organizations working to implement sustainable, cost effective 
wastewater solutions elsewhere in the region. 
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The first step in the overall project was to complete a wastewater needs assessment. A key tool used in this process is a 
geographic information system, or GIS, consisting of digital mapping and database information that enables visualization and 
analysis of geographic data and other information. Analysis of properties in the study area, which was conducted to define the 
scope of the wastewater treatment challenge, has found that site conditions limit conventional options for onsite wastewater 
disposal in most areas. The results of this analysis have guided the selection of 
properties for installation of advanced wastewater treatment demonstration systems 
(see article “Two Properties Selected as Wastewater Demonstration Sites”) and will 
be used in developing a comprehensive wastewater management plan for 
Greenwood Lake, this project’s final product. 
 
By analyzing existing mapped data using the GIS, the team considered four scenarios 
to assess limitations for safely disposing of wastewater via individual or cluster septic 
systems. Generally, the Greenwood Lake watershed is characterized by steep slopes, 
shallow bedrock, and/or shallow groundwater, conditions that are not conducive to 
effective wastewater treatment by conventional septic systems over the long term.                      
                 Photo: Greenwood Lake Shoreline   
 
Scenario 1 - The team identified those properties suitable for septic systems after excluding required regulatory setbacks, which 
are horizontal distances from features such as water bodies, wetlands, buildings, property boundaries, and drinking water wells. 
Areas with slopes greater than 15% were also excluded. Under these constraints, approximately 33% of all developed parcels have 
less than 200 square feet of land area available for onsite wastewater treatment and disposal. The options for onsite wastewater 
treatment are very limited on these parcels. 
 
Scenario 2 - The team identified those properties suitable for septic systems after considering the Scenario 1 setbacks plus 
required isolation distances between a private water supply well and a leachfield. When onsite well isolation requirements are 
considered for properties with water supply wells, the percentage of parcels with less than 200 square feet of available area 
increases to approximately 45%. 
 
Scenario 3 - In reviewing wastewater treatment system designs, the Orange County Department of Health has historically shown 
flexibility regarding setbacks from buildings and property boundaries, to allow replacement and repair of substandard systems on 
small lots. In scenario 3, therefore, the required setback between a building and a septic system was reduced from 20 feet to 10 
feet and the property boundary setback was reduced from 10 feet to 5 feet. Slopes greater than 15% were excluded, but no onsite 
well isolation requirements were assumed.  Based on these assumptions, the percentage of all developed parcels which have less 
than 200 square feet of land area available for onsite wastewater treatment and dispersal is 24%.  
 
Scenario 4 - Inadequate vertical distance to seasonal high groundwater and/or bedrock also constrains the available options for 
onsite wastewater treatment and dispersal on many lots. According to policies of the Orange County Department of Health (which 
follow the State’s codes), conventional leachfields must have at least four feet of well-drained soil. Where bedrock or seasonal high 
groundwater is within four feet of the ground surface, raised systems or mound systems are typically used. Approximately 24% of 
developed parcels in the study area have soils that are potentially suitable for traditional in-ground leachfields. Approximately 35% 
of developed parcels have soils that are potentially suitable for raised systems or mound systems. The remaining approximately 
40% of developed parcels have soils that have significant limitations for installing onsite septic systems that meet the existing 
Department of Health standards.   

Did you know…?    From the mine to the lake 
 

There is growing concern that known reserves of phosphorus on the planet are running out. Effectively, we have mined deposits of phosphorus 
and spread it all over the landscape, from whence a portion flows to water bodies in a much diluted state. By one estimate, there is only a 50-100 
year supply of phosphorus remaining among all known reserves. Florida produces most of the phosphorus fertilizer sold in the U.S. Concerns 
about dwindling phosphorus reserves are contributing to a growing interest in developing technologies to capture phosphorus from wastewater in 
a recyclable form. 
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The needs assessment also found that: 
 

1. There are approximately 2,678 developed parcels in the study area that typically use onsite systems for wastewater 
management. 

2. Approximately 78% of properties were developed prior to 1970. Of these, 11% of onsite systems have been repaired or 
upgraded since 1999. 

3. 1483 parcels are served by municipal or community drinking water systems and 1228 parcels are served by onsite wells or 
seasonal water systems. 

4. Approximately 1,513 developed parcels are located within 200 meters of Greenwood Lake (which is the area addressed in 
the TMDL for the lake – see introductory article). 

5. Shallow depths to bedrock and steep slopes dominate the hillside portion of the study area. 
6. Shallow depths to groundwater are evident in the lower hillside areas and in low lying areas near the lake, and north of the 

lake. 
The OCWA decentralized wastewater planning and demonstration project will result in a wastewater management plan that will 
incorporate the needs assessment findings, provide additional background information and analysis about how these findings might 
guide decision-making by community leaders and property owners, and provide recommendations for next steps towards 
developing a sustainable wastewater management strategy for the study area.  
 
 
 

 
 

 

 

 
 
Local leaders and many residents are aware that Greenwood Lake suffers from too much phosphorus.  As described elsewhere in 
this newsletter (see introductory article), excess phosphorus causes overgrowth of algae and other nuisance vegetation in lakes. 
The question that dominates the discussion is: How can the amount entering the lake be reduced? The answer to this question is 
surprisingly complex.   
 
Phosphorus (typically abbreviated with the letter P) fuels the biological productivity of lakes in this part of the world. Lakes rich in 
phosphorus tend to have low water clarity, taste and odor problems. In their bottom layer (the hypoliminion) they have low 
dissolved oxygen levels, which can result in fish kills.  This is the “P soup” phenomenon.  A lake with these conditions is described 
by scientists as “eutrophic,” and the process leading to this is called eutrophication. People appreciate phosphorus on land where it 

is a needed fertilizer, but  we enjoy our lakes most when they are in effect starved 
of phosphorus. 
 
Just about all human activities in a watershed, from forestry to agriculture and 
development, increase the amount of phosphorus draining from a watershed to a 
receiving water body, such as Greenwood Lake. Phosphorus enters the lake in 
several forms: 1) dissolved forms, such as from onsite wastewater treatment 
systems; 2) attached forms bound to and contained in eroded soil particles; 3) and 
in leaf litter and other plant debris. In a developed watershed, it is practically 
impossible to reduce the amount of phosphorus entering a lake to levels that 
existed before humans dominated the landscape. 

Photo: Excessive algae growth from nutrient loading       
 
It does not take much phosphorus to have a dramatic effect. The average phosphorus concentration in Greenwood Lake as 
recently measured is about 31 parts per billion. At this level all the phosphorus in Greenwood Lake at any given time could fit into 
the bed of a large pickup truck, but it’s still enough that we expect to see algae blooms and low water clarity at certain times of the 
year. Water quality would be dramatically better at 10 parts per billion, which is typical of some Adirondack lakes. At 50 parts per 
billion, we would expect frequent nuisance algae blooms, taste and odor problems, and fish kills due to low dissolved oxygen 
levels. Avoiding the green “P soup” problem is of utmost importance.  
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Sources of phosphorus entering Greenwood Lake are many, but the main categories are stormwater and wastewater. Rainfall 
runoff washes fertilizer off lawns and phosphorus-containing sediments off paved surfaces, and erodes phosphorus-rich soils from 
stream channels and gullies. The OCWA’s decentralized wastewater planning and demonstration project addresses only the 
wastewater sources. Other work is ongoing to address phosphorus in stormwater, including work by the consulting firm Princeton 
Hydro, which is working with the Town of Warwick and the Village of Greenwood Lake with state funding to examine ways to 
reduce phosphorus in stormwater runoff. Direct atmospheric deposition on the lake is also a minor source of phosphorus. 
 
According to a 2002 report of the USEPA, each person’s contribution of phosphorus in bodily 
wastes is 1-2 grams per day. Of course it depends on what and how much you eat. Urine is the 
largest source of phosphorus in domestic wastewater. Other important sources include automatic 
dishwasher detergents, ground up food from garbage disposal units and tap water. 
 
One of the simplest ways for a household to reduce the amount of phosphorus entering its 
wastewater  is to  switch  to a  dishwashing  detergent that  is phosphorus free.  Another  key  step  
where they   are   used is   to  eliminate   garbage  disposals,   which   will   not   only   reduce Phosphorus   entering  wastewater,  
but   can  greatly  improve  waste  treatment in the septic  tank. The greatest source reduction can be had by installing 
unconventional plumbing fixtures, such as a composting toilet or a urine diverting toilet. (Some dairy farms are experimenting with 
low-phosphorus feeds to reduce phosphorus pollution, but we’re not aware of any similar diets for people!) 

Photo: Storm Drain 
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After wastewater leaves the home, it typically enters a septic tank. In the tank, microbes decompose most of the organic waste and 
convert organic  forms of nitrogen  and phosphorus to  ammonia and orthophosphate. If a typical  tank is pumped every three years  

 

is required in the Village of Greenwood Lake since 2001 and in parts of the Town of Warwick since 2008, a small percentage 
(about 5%) of the phosphorus that has entered the tank since the last 
pump-out is removed by the septage hauler. Most of the phosphorus is 
carried in the wastewater flowing from the tank to the dispersal system 
(typically a leachfield or seepage pit), where it enters the soil. In a well 
functioning leachfield, phosphorus will become bound to soil particles. 
However, as onsite systems age the binding potential of soil decreases as 
it becomes saturated with phosphorus.  Phosphorus may migrate through 
the soil and groundwater and eventually discharge in surface waters, in 
this case Greenwood Lake. The US Environmental Protection Agency has 
stated that older onsite systems pose “the potential for serious 
environmental degradation, as witnessed by the thousands of inland 
lakes where older, onsite development is increasingly being cited as the 
primary reason for lake eutrophication.” 
 
In Greenwood Lake, there are many houses built on small lots with 
shallow depths to bedrock or groundwater. The area available for 
wastewater dispersal is restricted by steep slopes and required setback 
distances from private wells, waterbodies, buildings, and property 
boundaries. In the remaining available area, there may be an inadequate 
volume of soil to bind the phosphorus from onsite wastewater systems 

over the long term. If the capacity of the soil to bind phosphorus is exceeded, a phosphorus plume will move toward the lake. One 
strategy to improve phosphorus treatment in the soil is to disperse wastewater at shallow depths. In a conventional leachfield, 
effluent is typically dispersed at 2 feet below ground surface. Dispersing wastewater at shallower depths of 6-12 inches below 
ground surface increases the soil volume available to bind the phosphorus, and generally improves other aspects of treatment as 
well. 

Sources of phosphorus in typical domestic wastewater 
The phosphorus contributions among the sources indicated 
are highly variable. The percentages indicated here assume:  
1) The residence is served by a municipal water supply that 
adds phosphorus for corrosion inhibition (note that the Village 
of Greenwood Lake adds approximately half the typical 
amount); 2) A statewide ban limits the content of phosphorus 
in laundry detergents to 0.5% (as in New York State); 3) An 
automatic dishwasher is used with a common brand of 
detergent; and 4) A garbage disposal is used to dispose of 
kitchen wastes in household plumbing drains. 

 
On sites that are not suitable for a traditional onsite wastewater dispersal system with the soils needed to remove phosphorus over 
the long-term (30+ years), there is a need for advanced treatment. Phosphorus treatment technologies for small wastewater flows 
are still in the early stages of development. Many technologies and filtration materials are being promoted, but there is limited data 
to inform selection of technologies and system designs. Most technologies do not have long-term performance data from full-scale 
systems. Based on the available data, the OCWA’s project team evaluated information about 12 filtration materials, as well as 
chemical additions that have shown some promise for removing phosphorus from wastewater. Filtration materials include 
engineered filter media, industrial by-products such as various slags from steel manufacturing, fly ash, crushed brick, and natural 
materials.  
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The project team is currently considering which phosphorus treatment approaches are most appropriate for the demonstration 
sites selected in Greenwood Lake. More information on the selected technologies and media will be forthcoming over the next 
several months.  This is a demonstration project and we will continue sharing the findings of our research and demonstration work 
in a series of newsletters, public meetings, workshops for professionals in the field of onsite wastewater management, and a final 
report. Please stay tuned!  
 

Did you know?  Interesting facts about Phosphorus  
• There is growing concern that known reserves of phosphorus on the planet, which are used to support major portions of our 

agricultural system, are running out.  By one estimate, there is only a 50-100 year supply of phosphorus remaining among all known 
reserves. Florida produces most of the phosphorus fertilizer sold in the U.S. Concerns about dwindling phosphorus reserves are 
contributing to a growing interest in developing technologies to capture phosphorus from wastewater in a recyclable form. 

 

• While septic tanks remove only a small fraction of phosphorus from sanitary wastewater, periodic pumping is critical because it 
prevents overloading of the leachfield (or the soil surrounding a seepage pit) with solids and grease. Leachfields overloaded with 
wastewater solids and grease does not provide effective treatment. The soil can be highly effective at removing phosphorus from 
septic tank effluent if it is not overloaded. Finer textured soils and soils containing higher amounts of iron and aluminum are generally 
most effective for phosphorus removal.  Regular pumping is therefore critical for effective system performance and can help maximize 
the natural phosphorus removal capacity of soils in the leachfield.  

 
In Greenwood Lake, there are many houses built on small lots with shallow depths to bedrock or groundwater. The area available 
for wastewater dispersal is restricted by steep slopes and required setback distances from private wells, waterbodies, buildings, 
and property boundaries. In the remaining available area, there may be an inadequate volume of soil to bind the phosphorus from 
onsite wastewater systems over the long term. If the capacity of the soil to bind phosphorus is exceeded, a phosphorus plume will 
move toward the lake. One strategy to improve phosphorus treatment in the soil is to disperse wastewater at shallow depths. In a 
conventional leachfield, effluent is typically dispersed at 2 feet below ground surface. Dispersing wastewater at shallower depths of 
6-12 inches below ground surface increases the soil volume available to bind the phosphorus, and generally improves other 
aspects of treatment as well. 

There’s phosphorus in my tap water?  Many community drinking water systems in the northeastern U.S., including the Village of Greenwood Lake’s, add 
phosphorus to treated drinking water to minimize corrosion and leaching of lead and copper from household plumbing. Most of this phosphorus passes through the 
distribution system into your home or business. When you run the tap, shower, or flush the toilet, this phosphorus enters the wastewater stream along with the 
phosphorus you generate inside the home. Also, when municipal water is flushed down a storm drain, off a dock, or is released due to hydrant flushing, the 
phosphorus concentration in this water is more than the current average concentration in Greenwood Lake. The Village of Greenwood Lake recently reduced the 
concentration of phosphorus in its treated water by approximately 50% and is now seeking alternatives to using phosphorus for corrosion inhibition.
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On sites that are not suitable for a traditional onsite wastewater dispersal system with the soils needed to remove phosphorus over 
the long-term (30+ years), there is a need for advanced treatment. Phosphorus treatment technologies for small wastewater flows 
are still in the early stages of development. Many technologies and filtration materials are being promoted, but there is limited data 
to inform selection of technologies and system designs. Most technologies do not have long-term performance data from full-scale 
systems. Based on the available data, the OCWA’s project team evaluated information about 12 filtration materials, as well as 
chemical additions that have shown some promise for removing phosphorus from wastewater. Filtration materials include 
engineered filter media, industrial by-products such as various slags from steel manufacturing, fly ash, crushed brick, and natural 
materials. The project team is currently considering which phosphorus treatment approaches are most appropriate for the 
demonstration sites selected in Greenwood Lake. More information on the selected technologies and media will be forthcoming 
over the next several months. This is a demonstration project and we will continue sharing the findings of our research and 
demonstration work in a series of newsletters, public meetings, workshops for professionals in the field of onsite wastewater 
management, and a final report. Please stay tuned!  
 
 
 
 
 
 

While septic tanks remove only a small fraction of phosphorus from sanitary wastewater, periodic pumping is critical because it 
prevents overloading of the leachfield (or the soil surrounding a seepage pit) with solids and grease. Leachfields overloaded with 
wastewater solids and grease does not provide effective treatment. The soil can be highly effective at removing phosphorus from 
septic tank effluent if it is not overloaded. Finer textured soils and soils containing higher amounts of iron and aluminum are 
generally most effective for phosphorus removal.  Regular pumping is therefore critical for effective system performance and can 
help maximize the natural phosphorus removal capacity of soils in the leachfield.  
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Educational resources:  
 
The National Small Flows Clearinghouse is a good source of educational and technical information about onsite and small 
community wastewater technologies and management issues for homeowners, local officials, engineers and other audiences. Call 
(800) 624-8301 or visit http://www.nesc.wvu.edu/wastewater.cfm 
 
The NY State Federation of Lake Associations has information about water quality management and restoration in lakes, including 
a link to the newly revised Diet for a Small Lake handbook.  http://www.nysfola.org/ 
 
The Center for Watershed Protection is an educational and research organization with a lot of resources on stormwater 
management, watershed planning and protection and related issues.  http://www.cwp.org/ 
 
Credits:   Written by Dave Braun, Stone Environmental Inc. 
  Edited by Eenika Cruz, OCWA Administrator and Simon Gruber, Project Consultant 
  Graphic design by Eenika Cruz 
 
     

For more information about this project contact: 
 

O

 
 

Orraannggee  CCoouunnttyy  WWaatteerr  AAuutthhoorriittyy  ((OOCCWWAA))  
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A Breakthrough in Total Phosphorus Removal

SorbtiveTMMEDIA  captures high levels of Total Phosphorus (TP) and thus achieves low TP effl uent 

concentrations, dramatically outpacing conventional stormwater management media. TP consists of both 

dissolved phosphorus and particulate-bound phosphorus.  The total phosphorus in stormwater runoff is 

typically composed of 50% particulate-bound and 50% dissolved phosphorus.

Unlike conventional Stormwater Best Management Practices (BMPs), SorbtiveMEDIA captures dissolved 

phosphorus (DP) through sorption, allowing high levels of TP removal to be achieved.  With a high specifi c 

surface area that sorbs and retains large pollutant loads, SorbtiveMEDIA provides between 100 and 1,000 

times more pollutant removal capability compared to conventional media; unlike other media, it does not 

desorb, nor (leach) other pollutants.

This paper explains the science behind SorbtiveMEDIA, and its immediate and long-term advantages over 

conventional stormwater management media. 

What is SorbtiveMEDIA?
SorbtiveMedia is applied as part of a variety of Stormwater BMPs to capture high levels of TP, as well as Total 

Suspended Solids (TSS), and other sediment-associated pollutants.  

SorbtiveMEDIA is distinct from conventional stormwater fi ltration media in part because of its fast-reactive 

kinetics and its long-lasting Bed Volume capacity for capturing dissolved phosphorus. SorbtiveMEDIA utilizes 

a high surface area and oxide coating, which sorbs dissolved phosphorus and physically fi lters particulate-

bound phosphorus by capturing fi ne sediment (TSS).

It achieves high TP removal through two phosphorus removal mechanisms:

Physical Filtration – removal of particulate-bound phosphorus and sediment; and 

Sorption – physio-chemical removal of dissolved phosphorus, which is the biologically available portion.

SorbtiveMEDIA provides a cost effective solution due to its high sorption capacity, fast reacting kinetics and 

superior treatment life-cycle.

•

•
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Capturing Dissolved Phosphorus
BMPs relying only on physical removal mechanisms such as sedimentation or fi ltration typically have a TP 

removal effi ciency of just 40 to 50% because they do not capture dissolved phosphorus -- which comprises 

50% of the total phosphorus load.  

When using SorbtiveMEDIA, much higher TP removal rates (up to 90%) can be achieved.  For critical 

watersheds, SorbtiveMEDIA can also achieve low TP effl uent concentrations (< 0.1 mg/L), providing a cost 

effective means to ensure that water quality objectives are being met, no matter what the Total Maximum 

Daily Load (TMDL).  

SorbtiveMEDIA is available in various forms – from small granular particles to large stone-size pieces – to 

deliver high TP removal and low TP effl uent concentrations in constrained sites.  

Applications
SorbtiveMEDIA can be applied with a broad range of stormwater fi ltration and infi ltration treatment systems 

and Low Impact Development (LID) practices (e.g., permeable pavement bedding) to achieve water quality 

goals.  It can also be used to retrofi t existing proprietary and non-proprietary structural BMPs like sand fi lters 

and proprietary fi lter systems by replacing conventional media. 

Each SorbtiveMEDIA application is designed to meet the site’s specifi c water quality objective (% TP removal, 

effl uent mg/L discharge limit, or annual load reduction pounds/acre/year), local hydrology, BMP type, water 

quality design requirements, desired maintenance frequency, site type and associated loadings.  

SorbtiveMEDIA is available in several gradations to accommodate any stormwater treatment system or 

phosphorus regulation, and is a practical for application in the following BMPs:

Proprietary fi lter systems

Radial stormwater fi lter cartridges

Sandfi lters

Infi ltration trenches & dry wells

Bioretention cells

•

•

•

•

•
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Permeable interlocking paver bedding or joint fi ll

Soil amendment

Decorative / Functional landscaping

To achieve high removal levels of critical pollutants such as phosphorus, commonly a minimum of 85% to 

90% Water Quality Volume (WQV) will need to be treated. Local hydrology, BMP type, pre-treatment upstream, 

water quality design requirements, desired maintenance frequency, site type and associated loadings are 

also considered in the implementation of SorbtiveMEDIA and sizing of systems.  Consult your local Imbrium 

representative for assistance.

Performance 
SorbtiveMEDIA can be applied to stormwater treatment systems to passively deliver very high TP removal rates 

or very low TP effl uent concentrations (< 0.1 mg/L).  For example, fi eld demonstrations of SorbtiveMEDIA in 

proprietary stormwater fi ltration radial cartridges have shown TP effl uent concentrations of less than 0.1 mg/

L.  This performance was achieved in addition to achieving over 60% DP removal and nearly 90% sediment 

removal (Suspended Sediment Concentration) at a maximum hydraulic loading of 2 gpm/ft2 (1.4 L/m2-s).  

SorbtiveMEDIA’s high sorption capacity, fast reaction kinetics and optimal treatment life-cycle is also 

evidenced by its Breakthrough Bed Volumes (BV) in comparison to conventional media.

Performance objectives include: Percent (%) TP or DP removal; TP or DP effl uent mg/L discharge maximum 

limit; TP or DP annual load reduction pounds/acre/year; and maintenance frequency (media replacement).

Specifi cations
SorbtiveMEDIA is available in wide range of granular sizes all delivering high levels of specifi c surface area.  

A common media gradation for radial stormwater fi ltration cartridges and infi ltration BMPs is 0.8mm to 5mm 

(800 to 5000 microns), and for sand fi lters and bioretention an ASTM C 33 based gradation 0.150mm to 

4.75mm (150 to 4750 microns) would be used.

Typical properties of the 0.8mm to 5mm gradation are:

•

•

•
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Bulk Density: 46 pounds/ft3   (0.74 g/cm3)
Specifi c Surface Area: 75 to 100 m2/g
Hydraulic conductivity: 1.5 cm/s

                                                                                                   

Test Results

Adsorption Isotherm Equilibrium Capacity (mg/g) of 
Dissolved Phosphorous (DP) 
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Adsorption Equilibrium Isotherm Testing was conducted on various media over a wide range of dissolved 

phosphorus concentrations to determine the sorption capacity for dissolved phosphorus available per media 

under realistic stormwater conditions.  Sorption capacity using the Freundlich Isotherm model , and selecting 
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a single point from the isotherms conducted is indicated by milligrams of dissolved phosphorus sorbed per 

gram of media based on an initial absorbent concentration of 1.25 mg/L of dissolved phosphorus.

Media quantities of 0.5 g and 40 ml of dissolved phosphate solution were mixed in a 50 ml polyethylene 

centrifuge tube on a bench shaker for 24 hours at a rate of 100 rpm and 20°C.  The centrifuge tube’s 

contents were then fi ltered through 0.45 μm syringe fi lter and the total dissolved phosphate concentration in 

the fi ltrate was measured.  The amount of dissolved phosphorus adsorbed by the media was then calculated 

from the difference between the initial and fi nal equilibrium concentrations, indicating the Adsorption Capacity (mg/g).

  Number of Bed Volumes (Bv) at Breakthrough of 
50% Dissolved Phosphorous (DP) Removal
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A Column Breakthrough Study was conducted on various media evaluating phosphorus adsorption under 

continuous loading to determine removal capabilities.  A known mass of media was packed inside a Tefl on PEA 

column.  A continual infl uent solution (0.5 mg/L DP concentration) fl owed through the media column, allowing 

for adsorption to occur. Dissolved phosphorus concentrations were periodically measured at the effl uent to 

determine removal capability and the number of Bed Volumes loaded prior to Breakthrough occurring.  

Phosphorus (DP) Removal
Phosphorus test solution
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Breakthrough indicates the number of liquid Bed Volumes (equal to the volume of media being tested) the 

media can be introduced to before a certain level of performance is no longer obtainable.  In this case, 

50% dissolved phosphorus removal was the indication of Breakthrough, quantifi ed by the number of Bed 

Volumes.

Consistent test conditions were maintained for all testing; pH = 7, Ionic Strength (KCl)= 0.01, 20 deg C.   

Phosphorus was measured by HACH DR/5000 Spectrophotometer using PhosVer 3 Ascorbic Acid Method 

(Standard Method 1998).  The ascorbic acid method was used to detect orthophosphate and a persulfate 

digestion was used to convert any other forms of phosphorus to orthophosphate.  All measurements were 

duplicated and high repeatability was assured by controlling experimental error within ± 5%.  Note (*) results 

for the sand media are conservatively estimated based on previous testing under similar conditions.

The 5-Point Advantage
1. Hydraulic Conductivity

Filtration and infi ltration stormwater treatment BMPs are primarily hydraulically design dependent on 

the granular media particle sizes.  SorbtiveMEDIA’s fast reaction kinetics allow for maximum hydraulic 

conductivity, while still achieving high levels of performance.  This optimizes the design, and reduces the 

BMP’s “footprint” compared to other conventional media.  SorbtiveMEDIA has a wide range of gradations 

– from small sand to gravel – which allows it to be used in virtually any stormwater treatment application.  

2. Flexibly Sized & Long Lasting

With signifi cantly higher sorption capacity and longevity as indicated by Bed Volumes compared to other 

technologies, use of SorbtiveMEDIA offers sizing fl exibility.  Either the total space or “footprint” requirement to 

remove the same amount of phosphorus is much smaller when using SorbtiveMEDIA, or sized with an equal 

volume of media will result in higher levels of phosphorus and lower maintenance frequency requirements.

3. Simple

Installation and replacement of SorbtiveMEDIA is simple and safe, not requiring special training or equipment. 

Switching to SorbtiveMEDIA is as simple as replacing the existing media in an existing stormwater fi ltration system. 

Whether SorbtiveMEDIA is used in residential, community or industrial applications, it is easy and safe to use. 
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4. Robust

Unlike other fi ltration media used in fi ltration cartridges (such as granulated perlite) SorbtiveMEDIA is not 

friable, so it does not crumble and disintegrate with transit, installation and use.  It also does not decompose 

and leach captured pollutants, unlike compost-based materials, preventing the long-term migration of 

pollutants downstream. 

5. Safe

SorbtiveMEDIA is a safe, non-hazardous solid granular material both before use and after use. Spent media 

can be easily disposed of in a landfi ll as per local regulations. Captured Phosphorus is bound tightly to and 

within the Sorbtive media, so under typical water chemistry conditions it does not leach or desorb.  Imbrium 

will also be investigating the potential to regenerate spent media, allowing for re-use in the near future.

For more information on SorbtiveMEDIA contact an Imbrium Systems representative

or visit www.imbriumsystems.com or call USA: 888.279.8826 / CANADA: 800.565.4801.

SorbtiveMEDIA is an oxide-
coated, high surface area 
reactive engineered media 
that performs absorption, 
surface complexation and 
fi ltration of stormwater  for 
total phosphorus removal.
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Abstract

The processes that affect removal and retention of nitrogen during wastewater treatment in constructed wetlands (CWs) are
manifold and include NH3 volatilization, nitrification, denitrification, nitrogen fixation, plant and microbial uptake, mineralization
(ammonification), nitrate reduction to ammonium (nitrate-ammonification), anaerobic ammonia oxidation (ANAMMOX),
fragmentation, sorption, desorption, burial, and leaching. However, only few processes ultimately remove total nitrogen from the
wastewater while most processes just convert nitrogen to its various forms. Removal of total nitrogen in studied types of constructed
wetlands varied between 40 and 55% with removed load ranging between 250 and 630 g N m−2 yr−1 depending on CWs type and
inflow loading. However, the processes responsible for the removal differ in magnitude among systems. Single-stage constructed
wetlands cannot achieve high removal of total nitrogen due to their inability to provide both aerobic and anaerobic conditions at the
same time. Vertical flow constructed wetlands remove successfully ammonia-N but very limited denitrification takes place in these
systems. On the other hand, horizontal-flow constructed wetlands provide good conditions for denitrification but the ability of these
system to nitrify ammonia is very limited. Therefore, various types of constructed wetlands may be combined with each other in order
to exploit the specific advantages of the individual systems. The soil phosphorus cycle is fundamentally different from the N cycle.
There are no valency changes during biotic assimilation of inorganic P or during decomposition of organic P by microorganisms.
Phosphorus transformations during wastewater treatment in CWs include adsorption, desorption, precipitation, dissolution, plant and
microbial uptake, fragmentation, leaching, mineralization, sedimentation (peat accretion) and burial. The major phosphorus removal
processes are sorption, precipitation, plant uptake (with subsequent harvest) and peat/soil accretion. However, the first three processes
are saturable and soil accretion occurs only in FWS CWs. Removal of phosphorus in all types of constructed wetlands is low unless
special substrates with high sorption capacity are used. Removal of total phosphorus varied between 40 and 60% in all types of
constructed wetlands with removed load ranging between 45 and 75 g N m−2 yr−1 depending on CWs type and inflow loading.
Removal of both nitrogen and phosphorus via harvesting of aboveground biomass of emergent vegetation is low but it could be
substantial for lightly loaded systems (cca 100–200 g N m−2 yr−1 and 10–20 g P m−2 yr−1). Systems with free-floating plants may
achieve higher removal of nitrogen via harvesting due to multiple harvesting schedule.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Constructed wetlands; Nitrogen; Phosphorus; Standing stock; Wastewater

1. Introduction

Constructed wetlands are engineered systems that
have been designed and constructed to utilize the natural
processes involving wetland vegetation, soils, and their

Science of the Total Environment 380 (2007) 48–65
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associated microbial assemblages to assist in treating
wastewater. They are designed to take advantage of
many of the processes that occur in natural wetlands, but
do so within a more controlled environment (Hammer
and Bastian, 1989). Synonymous terms to “constructed”
include “man-made”, “engineered” or “artificial” wet-
lands. The basic classification is based on the type of
macrophytic growth, further classification is usually
based on the water flow regime (Fig. 1). The paper deals
only with constructed wetlands with free-floating plants
(FFP), free water surface CWs with emergent plants
(FWS) and sub-surface CWs with horizontal (HSSF or
HF) and vertical (VSSF or VF) flows (Fig. 2) as data on
CWs with floating leaved plants and submerged plants
are still not abundant, and therefore it is not possible to
make sound evaluations.

2. Nitrogen

Nitrogen has a complex biogeochemical cycle with
multiple biotic/abiotic transformations involving seven
valence states (+5 to −3). The compounds include a
variety of inorganic and organic nitrogen forms that are
essential for all biological life. The most important in-
organic form of nitrogen in wetlands are ammonium

(NH4
+), nitrite (NO2

−) and nitrate (NO3
−). Gaseous nitrogen

may exist as dinitrogen (N2), nitrous oxide (N2O), nitric
oxide (NO2 and N2O4) and ammonia (NH3).

2.1. Nitrogen transformations in wetlands

The major nitrogen transformations in wetlands are
presented in Table 1. The various forms of nitrogen are
continually involved in chemical transformations from
inorganic to organic compounds and back from organic
to inorganic. Some of these processes require energy
(typically derived from an organic carbon source) to
proceed, and others release energy, which is used by
organisms for growth and survival. All of these
transformations are necessary for wetland ecosystems
to function successfully, and most chemical changes are
controlled through the production of enzymes and
catalysts by the living organisms they benefit.

2.1.1. Ammonia volatilization
Ammonia volatilization is a physicochemical process

where ammonium-N is known to be in equilibrium
between gaseous and hydroxyl forms. Reddy and
Patrick (1984) pointed out that losses of NH3 through
volatilization from flooded soils and sediments are

Fig. 1. Classification of constructed wetlands for wastewater treatment (Vymazal, 2001).
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insignificant if the pH value is below 7.5 and very often
losses are not serious if the pH is below 8.0. At pH of 9.3
the ratio between ammonia and ammonium ions is 1:1
and the losses via volatilization are significant. Algal
photosynthesis in wetlands as well as photosynthesis by
submerged macrophytes often creates high pH values

during the day. The pH of shallow flood water is greatly
affected by the total respiration activity of all the
heterotrophic organisms and the gross photosynthesis of
the species present. Stowell et al. (1981) reported that
volatilization of ammonia can result in nitrogen removal
rates as high as 2.2 g N m−2 d−1.

Fig. 2. Constructed wetlands for wastewater treatment (from top to bottom): CW with free-floating plants (FFP), CW with free water surface and
emergent macrophytes (FWS), CWwith horizontal sub-surface flow (HSSF, HF), CWwith vertical sub-surface flow (VSSF, VF) (based on Vymazal,
2001).
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2.1.2. Ammonification
Ammonification (mineralization) is the process

where organic N is biologically converted into ammo-
nia. Ammonia is converted from organic forms through
a complex, energy-releasing, multi-step, biochemical
process. In some cases, this energy is used by microbes
for growth, and ammonia is directly incorporated into
microbial biomass. A large fraction (up to 100%) of the
organic nitrogen is readily converted to ammonia
(Kadlec and Knight, 1996).

The ammonification process is essentially a catabo-
lism of amino acids and presumably includes several
types of deamination reactions. The oxidative deamina-
tion can be written as (Savant and DeDatta, 1982):

Amino acids→Imino acids→Keto acids→NH3 ð1Þ

and may be operative in the oxidized soil layer. On the
other hand, the reductive deamination (Rose, 1976)
presumably takes place in the reduced soil layer:

Amino acids→Saturated acids→NH3 ð2Þ

Kinetically, ammonification proceeds more rapidly
than nitrification (Kadlec and Knight, 1996). Mineral-
ization rates are fastest in the oxygenated zone, and
decrease as mineralization switches from aerobic to
facultative anaerobic and obligate anaerobic microflora
(Reddy and Patrick, 1984). Since depth of the aerobic
zone in flooded or saturated soils is usually less than
1 cm, the contribution of aerobic mineralization to the
overall N mineralization would be very small, compared
to facultative anaerobic and obligate anaerobic miner-
alization (Reddy and Graetz, 1988). Ammonification
rates are dependent on temperature, pH, C/N ratio,

available nutrients and soil conditions such as texture
and structure (Reddy and Patrick, 1984). The optimal
ammonification temperature is reported to be 40–60 °C
while optimal pH is between 6.5 and 8.5 (Vymazal,
1995). A wide range of ammonification rates are re-
ported in the literature, with values ranging between
0.004 and 0.53 g N m−2 d−1 (Reddy and D'Angelo,
1997; Tanner et al., 2002).

2.1.3. Nitrification
Nitrification is usually defined as the biological oxi-

dation of ammonium to nitrate with nitrite as an inter-
mediate in the reaction sequence. This definition has some
limitations where heterotrophic microorganisms are in-
volved but is adequate for the autotrophic and dominant
species (Hauck, 1984). Nitrification has been typically
associated with the chemoautotrophic bacteria, although it
is now recognized that heterotrophic nitrification occurs
and can be of significance (Paul and Clark, 1996). Ni-
trification is a chemoautotrophic process. The nitrifying
bacteria derive energy from the oxidation of ammonia and/
or nitrite and carbon dioxide is used as a carbon source for
synthesis of new cells. Paul and Clark (1996) pointed out
thatWarrington, in 1878, at Rothamsted, United Kingdom,
found that nitrification was a two-step process involving
two groups of microorganisms. One microbial group ox-
idized ammonium-N to nitrite-N and nitrite-N and another
oxidized nitrite-N to nitrate-N (Paul and Clark, 1996;
Schmidt et al., 2001, 2003):

NHþ
4 þ 1:5O2⇒NO−

2 þ 2Hþ þ H2O ð3Þ
NO−

2 þ 0:5O2⇒NO−
3 ð4Þ

NHþ
4 þ 2O2⇒NO−

3 þ 2Hþ þ H2O
ð5Þ

The first step, the oxidation of ammonium to nitrite, is
executed by strictly chemolithotrophic (strictly aerobic)
bacteria which are entirely dependent on the oxidation of
ammonia for the generation of energy for growth. In soil,
species belonging to the genera Nitrosospira, Nitrosovi-
brio, Nitrosolobus, Nitrosococcus and Nitrosomonas have
been identified. Nitrosomonas europaea is also found in
fresh waters (Grant and Long, 1981; Schmidt, 1982; Paul
and Clark, 1996). The chemoautotrophic nitrifiers are
generally aerobes that derive their C largely from CO2 or
carbonates. The probable reaction sequence for the
oxidation of ammonia to nitrite by Nitroso group bacteria
is (Hauck, 1984):

Ammonia
ðNH3=NH4Þ

Z hydroxylamine
ðNH2OHÞ

Z nitroxyl
ðNOHÞ

Z nitrohydroxylamine
ðNO2dNH2OHÞ

Z nitrite
ðNO−

2 Þ

ð6Þ

Table 1
Nitrogen transformations in (constructed) wetlands

Process Transformation

Volatilization ammonia-N (aq)→ammonia-N
(g)

Ammonification organic-N→ammonia-N
Nitrification ammonia-N→nitrite-N→

nitrate-N
Nitrate-ammonification nitrate-N→ammonia-N
Denitrification nitrate-N→nitrite-N→

gaseous N2, N2O
N2 Fixation gaseous N2→ammonia-N

(organic-N)
Plant/microbial uptake

(assimilation)
ammonia-, nitrite-, nitrate-N→
organic-N

Ammonia adsorption
Organic nitrogen burial
ANAMMOX (anaerobic ammonia

oxidaton)
ammonia-N→gaseous N2
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The second step in the process of nitrification, the
oxidation of nitrite to nitrate, is performed by facultative
chemolitrotrophic bacteria which can also use organic
compounds, in addition to nitrite, for the generation of
energy for growth. In contrast with the ammonia-oxidizing
bacteria, only one species of nitrite-oxidizing bacteria is
found in the soil and freshwater, i.e., Nitrobacter
winogradskyi (Grant and Long, 1981). Paul and Clark
(1996) reported, in addition to Nitrobacter, also a genus
Nitrospira (N. gracilus, N. marina) and Nitrococcus
mobilus to be found in marine environments.

Vymazal (1995) summarizes that nitrification is in-
fluenced by temperature, pH value, alkalinity of the
water, inorganic C source, moisture, microbial popula-
tion, and concentrations of ammonium-N and dissolved
oxygen. The optimum temperature for nitrification in
pure cultures ranges from 25 to 35 °C and in soils from
30 to 40 °C. Cooper et al. (1996) pointed out that the
minimum temperatures for growth of Nitrosomonas and
Nitrobacter are 5 and 4 °C, respectively. Paul and Clark
(1996) reported that optimum pH values may vary from
6.6 to 8.0, however, acclimatized systems can be op-
erated to nitrify at a much lower pH value (Cooper et al.,
1996). Approximately 4.3 mg O2 per mg of ammoniacal
nitrogen oxidized to nitrate nitrogen is needed. In the
conversion process, a large amount of alkalinity is
consumed, approximately 8.64 mg HCO3

− per mg of
ammoniacal nitrogen oxidized (Cooper et al., 1996).

The involvement of heterotrophs in nitrification was
first suggested in 1894 but only recently it has been taken
seriously as a soil process. Heterotrophic nitrifiers are
now known to be capable of producing NO3

− from both
inorganic and organic sources with intermediates shown
in Eq. (6). Because many of the heterotrophic nitrifiers
are also denitrifiers, it is easy to underestimate the
significance of this process in the nature (Focht and
Verstraete, 1977; Paul and Clark, 1996). Bacteria such as
Arthrobacter globiformis, Aerobacter aerogenes, My-
cobacterium phlei, Streptomyces griseus, Thiosphaera,
and Pseudomonas spp. have been found to nitrify. The
major organisms involved appear to be fungi, e.g., As-
pergillus flavus, Penicillium or Cephalosporium (Paul
and Clark, 1996).

Nitrification rates in wetlands were reported to be in
the range of 0.01–2.15 g N m−2 d−1 with the mean
value of 0.048 g N m−2 d−1 (Reddy and D'Angelo,
1997; Tanner et al., 2002).

2.1.4. Nitrate-ammonification
The first anoxic oxidation process to occur after

oxygen depletion is the reduction of nitrate to molecular
nitrogen or ammonia. The reduction of nitrate is per-

formed by two different groups of nitrate-reducing
bacteria: the denitrifying bacteria which produce N2O
and N2 as major reduction products (see Section 2.1.5),
and the nitrate-ammonifying bacteria which produce
NH4

+ as the major end product of the reduction of nitrate.
In sediments and soils, both denitrification and nitrate-
ammonification are observed (Keeney et al., 1972;
Sørensen, 1978). Different numbers of electrons are used
in the reduction of one molecule of nitrate in both nitrate-
reducing system: 5 in the case of denitrification and 8 in
the case of nitrate-ammonification. Therefore, more
organic matter can be oxidized per molecule of nitrate by
nitrate-ammonifying bacteria than denitrifying bacteria.
In addition, nitrate reduction is generally performed by
fermentative bacteria that are not dependent on the
presence of nitrate for growth under anaerobic condi-
tions. So nitrate-ammonifying bacteria may be favored
by nitrate-limited conditions (Laanbroek, 1990). Al-
though dissimilatory nitrate reduction seems to be more
energy efficient than denitrification, Van Oostrom and
Russell (1994) only found a 5% contribution of the first
process to the nitrate removal in an experiment with
Glyceria maxima constructed wetland.

2.1.5. Denitrification
Denitrification is most commonly defined as the

process in which nitrate is converted into dinitrogen via
intermediates nitrite, nitric oxide and nitrous oxide
(Hauck, 1984; Paul and Clark, 1996; Jetten et al., 1997).
From a biochemical viewpoint, denitrification is a
bacterial process in which nitrogen oxides (in ionic
and gaseous forms) serve as terminal electron acceptors
for respiratory electron transport. Electrons are carried
from an electron-donating substrate (usually, but not
exclusively, organic compounds) through several carrier
systems to a more oxidized N form. The resultant free
energy is conserved in ATP, following phosphorylation,
and is used by the denitrifying organisms to support
respiration. Denitrification is illustrated by the following
equation (Hauck, 1984):

6ðCH2OÞ þ 4NO−
3⇒6CO2 þ 2N2 þ 6H2O ð7Þ

This reaction is irreversible, and occurs in the presence
of available organic substrate only under anaerobic or
anoxic conditions (Eh=+350 to +100 mV), where
nitrogen is used as an electron acceptor in place of
oxygen. More and more evidence is being provided
from pure culture studies that nitrate reduction can occur
in the presence of oxygen. Hence, in waterlogged soils
nitrate reduction may also start before the oxygen is
depleted (Kuenen and Robertson, 1987; Laanbroek,
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1990). Gaseous N production during denitrification can
also be depicted by (Hauck, 1984):

4ðCH2OÞ þ 4NO−
3⇒4HCO−

3 þ 2N2O þ 2H2O ð8Þ

5ðCH2OÞ þ 4NO−
3⇒H2CO3 þ 4HCO−

3 þ 2N2 þ 2H2O

ð9Þ

Diverse organisms are capable of denitrification. In an
array are organotrophs, lithotrophs, phototrophs, and
diazotrophs (Paul and Clark, 1996). Most denitrifying
bacteria are chemoheterotrophs. They obtain energy
solely through chemical reactions and use organic com-
pounds as electron donors and as a source of cellular
carbon (Hauck, 1984). The genera Bacillus, Micrococ-
cus and Pseudomonas are probably the most important
in soils; Pseudomonas, Aeromonas and Vibrio in the
aquatic environment (Grant and Long, 1981). When
oxygen is available, these organisms oxidize a carbo-
hydrate substrate to CO2 and H2O (Reddy and Patrick,
1984). Aerobic respiration using oxygen as an electron
acceptor or anaerobic respiration using nitrogen for this
purpose is accomplished by the denitrifiers with the
same series of electron transport system. This facility to
function both as an aerobe and as an anaerobe is of great
practical importance because it enables denitrification to
proceed at a significant rate soon after the onset of
anoxic conditions (redox potential of about 300 mV)
without change in microbial population (Hauck, 1984).
Because denitrification is carried out almost exclusively
by facultative anaerobic heterotrophs that substitute
oxidized N forms for O2 as electron acceptors in re-
spiratory processes, and because these processes follow
aerobic biochemical routes, it can be misleading to refer
to denitrification as an anaerobic process. It is rather one
that takes place under anoxic conditions (Hauck, 1984).
It is generally agreed that the actual sequence of
biochemical changes from nitrate to elemental gaseous
nitrogen is:

2NO−
3⇒2NO−

2⇒2NO⇒N2O⇒N2 ð10Þ
Environmental factors known to influence denitrifi-

cation rates include the absence of O2, redox potential,
soil moisture, temperature, pH value, presence of
denitrifiers, soil type, organic matter, nitrate concentra-
tion and the presence of overlying water (Focht and
Verstraete, 1977; Vymazal, 1995). Paul and Clark (1996)
reported that the optimum pH range lies between pH 6
and 8. Denitrification becomes slow but may still remain
significant below pH 5 and denitrification by organo-
trophs is negligible or absent below pH 4. Denitrification

is also strongly temperature dependent. Rates of
denitrification increase up to a maximum in the region
of 60 to 75 °C and then decline rapidly above this
temperature (Bremner and Shaw, 1958; Keeney et al.,
1979; Knowles, 1982; Paul and Clark, 1996). Denitri-
fication proceeds at very slow but measurable rates, at
temperatures below 5 °C (Bremner and Shaw, 1958)
where relatively large mole fractions of N2O and NO are
reported. Molecular N2 is the major product at higher
temperatures (Broadbent and Clark, 1965).

The estimation of denitrification rates varies widely
in the literature between 0.003 and 1.02 g N m−2 d−1

(Engler and Patrick, 1974; Johnston, 1991; Reddy and
D'Angelo, 1997).

Studies on N conversion under low-oxygen and
anaerobic conditions have shown that ammonia can be
converted to dinitrogen by processes other than con-
ventional nitrification of ammonia to nitrate followed by
denitrification of nitrate to dinitrogen gas (Hunt et al.,
2005). Under low-oxygen conditions, the production of
nitrite from ammonia is favored over the production of
nitrate (Bernet et al., 2001). The nitrite can then be
denitrified to nitrous oxide and/or dinitrogen without
being converted to nitrate. This process has been termed
“partial nitrification–denitrification”.

2.1.6. Fixation
Nitrogen fixation is the conversion of gaseous

nitrogen (N2) to ammonia. Nitrogen fixation requires
nitrogenase, an oxygen-sensitive iron-, sulfur- and mo-
lybdenum-containing enzyme complex which also
brings about the reduction of other substrates containing
triple covalent bonds (e.g., nitrous oxide, cyanides or
acetylene) (Stewart, 1973).

In wetland soils, biological N2 fixation may occur in
the floodwater, on the soil surface, in aerobic and an-
aerobic flooded soils, in the root zone of plants, and on
the leaf and stem surfaces of plants (Buresh et al., 1980).
A wide variety of symbiotic actinomycetes (associated
with nodulated host plants) and asymbiotic (free-living)
heterotrophic bacteria and blue-green algae (=cyano-
bacteria) can fix nitrogen in wetlands (Johnston, 1991).
Even though the ability to fix nitrogen is distributed
among aerobic, facultative, and strict anaerobic bacteria,
most studies indicate that nitrogen fixation in soil is
greater under anaerobic that under aerobic conditions
(Buresh et al., 1980). Heterocystous blue-green algae
(cyanobacteria), the major group of nitrogen-fixing blue-
green algae, fix nitrogen under aerobic conditions in
heterocysts. Under anaerobic conditions heterocysts are
not formed and nitrogen fixation proceeds in vegetative
cells of blue-green algae (Vymazal, 1995). Nitrogen-
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fixing photosynthetic bacteria require anaerobic condi-
tions for growth (Buresh et al., 1980). Nitrogen fixation
within the soil layer of flooded soil systems is greater
under reduced than under oxidized conditions. It has
been reported that greatest nitrogen-fixing activity in a
flooded soils was found within the redox range from
−200 to −260 mV (Buresh et al., 1980). Nitrogen
fixation rates in wetlands vary widely in the literature
between 0.03 and 46.2 g N m−2 yr−1 (Buresh et al.,
1980; Whitney et al., 1981; Gopal, 1991). Kadlec and
Knight (1996) mentioned that nitrogen fixation requires
a significant amount of cellular energy which seems
wasted in a nitrogen-rich environment. Fixation rates in
wetlands receiving wastewater high in nitrogen are
therefore probably much lower or essentially negligible
compared to other nitrogen transformation processes.

2.1.7. Plant uptake (and assimilation)
Nitrogen assimilation refers to a variety of biological

processes that convert inorganic nitrogen forms into
organic compounds that serve as building blocks for cells
and tissues. The two forms of nitrogen generally used for
assimilation are ammonia and nitrate nitrogen. Because
ammonia nitrogen is more reduced energetically than
nitrate, it is preferable source of nitrogen for assimilation
(Kadlec and Knight, 1996). In nitrate-rich waters, nitrate
may become a more important source of nutrient
nitrogen. Macrophyte growth is not the only potential
biological assimilation process: microorganisms and
algae also utilize nitrogen. Ammonia is readily incorpo-
rated into amino acids by many autotrophs and microbial
heterotrophs.

Nutrients are assimilated from the sediments by
emergent and rooted floating-leaved macrophytes, and
from the water in the free-floating macrophytes (Wetzel,
2001). Various experiments have proven that minerals
can be taken up directly by shoots of submerged plants.
However, there is also no question regarding the uptake
capacity of nutrients by the roots of these plants
(Vymazal, 1995). The ability of rooted macrophytes to
utilize sediment nutrients may partially account for their
greater productivity in comparison with planktonic algae
in many systems (Wetzel, 2001).

Plant species differ in their preferred forms of nitrogen
absorbed, depending on the forms available in the soil
(Lambers et al., 1998). Most plants, however, are capable
of absorbing any form of soluble nitrogen, especially if
acclimated to its presence (Atkin, 1996). The NH4

+

preference is common in plant occupying habitats with
restricted nitrification, where NH4

+ prevails (Garnett et al.,
2001). In temperate climates, macrophyte uptake is a
spring–summer phenomenon. Both above- and below-

ground plant parts grow during this period, but death
phenomena are different. Plants such as Typha spp. or
Phragmites australis in northern climates have an obvious
annual cycle of aboveground biomass: new shoots start
from zero biomass in early spring and grow at a maximum
rate in spring and early summer. Late summer is a period
of reduced growth, and complete shoot die back occurs in
the fall (Kadlec and Knight, 1996). Vegetation nutrient
concentrations tend to be highest early in the growing
season, decreasing as the plant mature and senesce.
Patterns of seasonal changes in composition vary for both
the species and nutrients and broad generalization
probably cannot be made (Vymazal, 1995). As the rate
of biomass and nutrient accumulation diminishes,
translocation of nutrients and photoassimilate from leaves
to rhizome occurs. The rates vary among species and are
influenced by many environmental factors and may reach
even more than 50% (Vymazal, 1995).

Most of the biomass, and its contained nitrogen,
decompose to release carbon and nitrogen. This release
is important in the wetland nitrogen cycle — some
portion of the nitrogen is released back to the wetland
waters, some fraction is subjected to aerobic processes in
above-water standing dead plant material and litter, and
some may be translocated to rhizome. The above-water
decomposition favors oxygenative processes such as
nitrification. The belowground storage results in added
burial of the residual from rhizome decay and decom-
position. Thus, the movement of nitrogen through the
vegetation results in the enhancement of processes other
than those in soil, water column and the associated
biofilms (Kadlec and Knight, 1996).

The potential rate of nutrient uptake by plant is
limited by its net productivity (growth rate) and the
concentration of nutrients in the plant tissue. Nutrient
storage (standing stock) is similarly dependent on plant
tissue nutrient concentrations, and also on the ultimate
potential for biomass accumulation: that is, the maxi-
mum standing crop. Therefore, desirable traits of a plant
used for nutrient assimilation and storage would include
rapid growth, high tissue nutrient content, and the
capability to attain a high standing crop (Reddy and
DeBusk, 1987).

In the literature, there are many reviews on nitrogen
concentrations in plant tissue as well as nitrogen standing
stocks for plants found in natural stands and constructed
wetlands (e.g., Reddy and DeBusk, 1987; Vymazal,
1995; Vymazal et al., 1999; Mitsch and Gosselink,
2000). Reddy and DeBusk (1987) reported the nitrogen
standing stock for emergent species in the range of 14 to
156 g N m−2 but the authors indicated that more than
50% of this amount could be stored belowground.
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Aboveground N standing stock values were reported in
the range of 0.6–72 g N m−2 (Johnston, 1991), 22–88 g
N m−2 (Vymazal, 1995), 2–64 g N m−2 (Vymazal et al.,
1999) or 2–29 g N m−2 (Mitsch and Gosselink, 2000).
Nitrogen standing stock may amount up to 250 g N m−2

for water hyacinth (Eichhornia crassipes). Due to the
high productivity of this plant, the annual amount of
nitrogen removed via multiple harvesting may amount to
600 g N m−2 yr−1 (Vymazal, 1995, 2001).

2.1.8. Ammonia adsorption
Ionized ammonia may be adsorbed from solution

through a cation exchange reaction with detritus,
inorganic sediments or soils. The adsorbed ammonia is
bound loosely to the substrate and can be released easily
when water chemistry conditions change. At a given
ammonia concentration in the water column, a fixed
amount of ammonia is adsorbed to and saturates the
available attachment sites. When the ammonia concen-
tration in the water column is reduced (e.g., as a result of
nitrification), some ammonia will be desorbed to regain
the equilibrium with the new concentration. If the
ammonia concentration in the water column is in-
creased, the adsorbed ammonia also will increase. If the
wetland substrate is exposed to oxygen, perhaps by
periodic draining, sorbed ammonium may be oxidized
to nitrate (Kadlec and Knight, 1996). The Freundlich
equation can be used to model ammonia sorption on the
substrate (Sikora et al., 1995).

Ammonium ion (NH4
+) is generally adsorbed as an

exchangeable ion on clays, and chemisorbed by humic
substances, or fixed within the clay lattice. It appears
that these reactions may occur simultaneously. The rate
and extent of these reactions are reported to be in-
fluenced by several factors, such as nature and amount
of clays, alternate submergence and drying, nature and
amount of soil organic matter, period of submergence
and presence of vegetation (Savant and DeDatta, 1982).

2.1.9. Organic nitrogen burial
Some fractions of the organic nitrogen incorporated

in detritus in a wetland may be eventually become
unavailable for additional nutrient cycling through the
process of peat formation and burial. The values of
organic nitrogen burial have been reported for various
natural wetlands, however, in constructed wetlands
there are practically no data available.

2.1.10. ANAMMOX
Anaerobic ammonium oxidation (ANAMMOX) is

the anaerobic conversion of NO2
− andNH4

+ to N2 (Mulder
et al., 1995). It was demonstrated that in ANAMMOX

process, nitrate was used as an electron acceptor.
Redox balance calculations showed the following
stoichiometry:

5NHþ
4 þ 3NO−

3→4N2 þ 9H2O þ 2Hþ ð11Þ
During further examination of this process indications
were obtained that nitrite could also serve as a suitable
electron acceptor for ANAMMOXprocess (van de Graaf
et al., 1995):

NHþ
4 þ NO−

2→N2 þ 2H2O ð12Þ
More recently, it has become clear that nitrite is the key
electron acceptor More recently, it has become clear that
nitrite is the key electron acceptor (Strous et al., 1997).
The detailed biochemistry of the process is still under
investigation in laboratory experiments and wastewater
treatment plants (e.g., Schalk et al., 2000; Schmidt et al.,
2003; Strous and Jetten, 2004). According to ANA-
MMOX stoichiometry 1.9 g O2 is required for 1.0 g of
NH4-N, which includes the oxygen needed to convert
ammonia to nitrite (Sliekers et al., 2002). This is much
less than the oxygen requirement for standard nitrifica-
tion/denitrification. However, there are other demands
for oxygen such as heterotrophic metabolism. While
these organisms have been found in many natural
environments including conventional wastewater treat-
ment systems and grown in sufficient quantities for
scale-up reactors, it is still unknown the extent of these
reactions in constructed wetlands. Research is needed to
better understand how the microbes and the ammonia
oxidizing reactions compete in the ecology of varied
wetland systems (Hunt et al., 2005).

2.2. Removal/retention mechanisms

In Section 2.1, nitrogen transformations in treatment
wetlands are described. However, not all these processes
actually remove nitrogen from the wastewater. Mechan-
isms that ultimately remove nitrogen from wastewaters
include only ammonia volatilization, denitrification,
plant uptake (with biomass harvesting), ammonia
adsorption, ANAMOX and organic nitrogen burial.
Other processes (e.g., ammonification or nitrification)
“only” convert nitrogen among various nitrogen forms
but do not actually remove nitrogen from the wastewa-
ter. For example, ammonification converts organic
nitrogen to ammonia and thus increases the amount of
ammonia in the system. Also, not all the processes occur
in all types of constructed wetlands and the magni-
tude of individual processes varies among types of
constructed wetlands (Table 2). The major reason is the
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fact that FFP CWs are lacking soil processes, FWS CWs
have soil processes very limited and sub-surface CWs
lack processes in the free water zone. In fact, the mag-
nitude of processes which ultimately remove total
nitrogen from the systems is usually low, and therefore
removal of TN is commonly low in single-stage con-
structed wetlands.

Volatilization may be a significant route for nitrogen
removal in constructed wetlands with open water surface
where algal assemblages can create high pH values
during the day through their photosynthetic activity. In
systems with high concentrations of plankton or pe-
riphytic algae pH can reach values up to N10.0 during the
day, thus providing suitable conditions for ammonia
volatilization.

The process of ammonification as such does not
remove nitrogen from the wastewater in treatment
wetlands— it just converts organic nitrogen to ammonia
which is then available for other processes (e.g.,
nitrification, volatilization, adsorption, plant uptake).
Ammonification also takes place during decomposition
of wetland plants biomass and proceeds both under
aerobic and anaerobic conditions. Therefore, ammonifi-
cation occurs in all types of constructed wetlands.

Nitrification, similar to ammonification, does not
remove nitrogen from wastewaters. However, nitrifica-
tion coupled with denitrification seems to be the major
removal process in many treatment wetlands. Nitrifica-
tion takes place when oxygen is present in concentra-
tions high enough to support the growth of strictly

aerobic nitrifying bacteria. Nitrification occurs in all
types of constructed wetlands, however, the extent of
this process is determined by oxygen availability. Ni-
trification is a limiting process for nitrogen removal
from most types of constructed wetlands because am-
monia is the dominant species of nitrogen in sewage and
many other wastewaters.

Nitrate-ammonification is probably the less studied
process of nitrogen transformation in wetlands and there
is a lack of information about this process in treatment
wetlands and its role in treatment process. Nitrate-
ammonification occurs under conditions of low redox
potential values and, therefore, there is a potential that
this process may be important in treatment wetlands
where anaerobic conditions do occur, e.g., in treatment
wetlands with horizontal sub-surface flow. However, no
matter what the status of our knowledge is of this
process, nitrate-ammonification does not remove nitro-
gen from wastewater.

Denitrification is considered as a major removal
mechanism for nitrogen in most types of constructed
wetlands. The concentrations of nitrate, however, are
usually very low in wastewater (the exception is drain-
age water from the agriculture and some industrial
wastewaters) and, therefore, denitrification must be
coupled with nitrification. Different requirements for the
presence of oxygen for nitrification and denitrification
are the major obstacle in many treatment wetlands for
achieving higher nitrogen removal.

Fixation of gaseous nitrogen may contribute under
specific environmental conditions significantly to the
nitrogen cycle in wetlands. After the decay of the ni-
trogen-fixing organisms, nitrogen converted to organic
compounds is released to the water. This process is
neglected during the evaluation of nitrogen removal in
constructed wetlands for wastewater treatment and prac-
tically no data are available at present. It seems, however,
that in systems with free water surface fixation may take
place intensively via fixation by blue-green algae
(cyanobacteria).

Plant uptake is the major removal mechanism in
constructed wetlands with free-floating macrophytes.
The potential of emergent plants is quite low especially
in constructed wetlands for the treatment of municipal or
domestic sewage. It seems, however, that in tropical
regions where seasonal translocations are minimal, and
multiple harvest is possible, harvesting of emergent
plants could play a significant removal route especially
for lightly loaded systems.

Ammonium adsorption is limited to constructed
wetlands with sub-surface flow where the contact
between substrate and wastewater is efficient. In

Table 2
Potential magnitude of nitrogen transformations in various types of
constructed wetlands

FFP FWS HSSF VSSF

Volatilization Low Medium Zero Zero
Ammonification High High High High
Nitrification Low Medium Very

low
Very
high

Nitrate-ammonification ?? ?? ?? ??
Denitrification Medium Medium Very

high
Very
low

N2 fixation ?? ?? ?? ??
Microbial uptake Low Low Low Low
Plant uptake a Medium Low Low Low
Ammonia adsorption Zero Very low Very

low
Very
low

Organic nitrogen burial Very low Low Low Very
low

Fragmentation and
leaching

?? ?? ?? ??

ANAMMOX ?? ?? ?? ??

Processes that ultimately remove total nitrogen from wastewater are in
bold.
a With harvest.
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addition, substrates used for constructed wetlands
usually do not provide large amounts of sorption sites.
The clayey soils which are most effective in ammonia
sorption are usually not used for constructed wetlands at
present.

Organic nitrogen burial as removal mechanisms is
restricted to constructed wetlands with emergent veg-
etation and free water surface where the peat/litter layer
plays an important role in the removal of nutrients.

The removal of total nitrogen in constructed wetlands
with free-floating plants, free water surface CWs with
emergent vegetation and sub-surface flow CWs is
summarized in Table 3. The removal efficiency is similar
in all systems with a slightly higher removal found for
FFP CWs as a result of multiple harvesting. Removal of
total nitrogen in studied types of constructed wetlands
varied between 40 and 50% with removed load ranging
between 250 and 630 g N m−2 yr−1 depending on CWs
type and inflow loading. It is also important to note that
SSF systems have much higher inflow concentrations
due to the fact that these systems are commonly used as
secondary treatment stage while FFP and FWS systems
are commonly used as tertiary stage. Therefore, outflow
TN concentrations are higher in SSF systems. Also,
inflow TN concentrations in VSSF CWs are higher than
in HSSF because HSSF wetlands very frequently treat
diluted wastewaters from combined sewer systems. For
loadings, the same pattern has been found. When com-
paring inflow loading of constructed wetlands (Table 3)
and aboveground standing stocks for emergent macro-

phytes (Section 2.1.7), it is obvious that the amount of
nitrogen removed via harvesting is quite low and usually
does not exceed 10% of the inflow load for secondary
treatment systems. When inflow loading is low (cca
b100–200 g N m−2 yr−1) as in the case of tertiary
treatment, then removal via harvesting may be impor-
tant. It is also important to take into account the fact that
standing stock is limited and does not increase with
increasing loading rate in constructed wetlands for
wastewater treatment (Fig. 3).

VSSF CWs remove more ammonia-N than FWS and
HSSF wetlands due to the high oxygenation of VSSF
beds (Table 4). On the other hand, the potential to remove
nitrate is very low in VSSF wetlands and the increase in
nitrate concentration in the outflow is substantial. Both
FWS and HSSF wetlands remove nitrate. The results
presented in Tables 3 and 4 clearly indicate that single-
stage constructed wetlands are not able to remove
substantial amounts of total nitrogen unless it is achieved
at the expense of a large treatment area and, therefore,
hybrid systems may be a better solution when total
nitrogen is the main target value.

2.3. Removal of nitrogen in hybrid constructed
wetlands

Various types of constructed wetlands may be
combined in order to achieve higher treatment effect,
especially for nitrogen. However, hybrid systems com-
prise most frequently VSSF (VF) and HSSF (HF) sys-
tems arranged in a staged manner (Fig. 4). However,
there has been a growing interest in achieving fully
nitrified effluents. HF systems cannot do this because of
their limited oxygen transfer capacity. VF systems, on

Table 3
Removal of total nitrogen (TN) in various types of constructed
wetlands (mean values)

CW Type Unit TN in TN out Efficiency N

Concentrations
FFP mg l−1 14.6 6.6 54.8 14
FWS mg l−1 14.3 8.4 41.2 85
HSSF mg l−1 46.6 26.9 42.3 137
VSSF mg l−1 68.4 37.9 44.6 51

Loadings Removed load
FFP g m−2 yr−1 838 431 407 14
FWS g m−2 yr−1 466 219 247 85
HSSF g m−2 yr−1 644 394 250 113
VSSF g m−2 yr−1 1222 592 630 42

FFP = free-floating plants (results from southeastern USA), FWS =
free water surface systems (results from Australia, Canada, China,
New Zealand, Poland, Sweden, The Netherlands, USA), HSSF =
horizontal sub-surface flow (Australia, Austria, Brazil, Canada, Czech
Republic, Denmark, Germany, India, Mexico, New Zealand, Poland,
Slovenia, Sweden, UK, USA), VSSF = vertical sub-surface flow
(Australia, Austria, China, Denmark, France, Germany, Ireland,
Poland, Norway, The Netherlands, Turkey, UK). Based on Vymazal
(2001, 2005a,b).

Fig. 3. Relationship between nitrogen standing stock in aboveground
biomass of Phragmites australis in FWS CW at Everstekoog, The
Netherlands and inflow nitrogen loading (data from Toet et al., 2005).
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the other hand do provide a good conditions for ni-
trification but no denitrification occurs in these systems.
Therefore, there has been a growing interest in hybrid
systems (also sometimes called combined systems). In
combined systems, the advantages of the HF and VF
systems can be combined to complement each other. It is
possible to produce an effluent low in BOD, which is
fully nitrified and partly denitrified and hence has a
much lower total-N concentrations (Cooper, 1999).

2.3.1. VF–HF systems
Many of these systems are derived from original

hybrid systems developed by Seidel at the Max Planck
Institute in Krefeld, Germany. The process is known as
the Seidel system, the Krefeld system or the Max Planck
Institute Process (MPIP) (Seidel, 1965) and consists of
two stages of VF wetlands followed by one or more HF
stages (Fig. 4, left). In early and mid-1980s, several
hybrid systems of Seidel's type were built in France and
UK. In the 1990s and early 2000s, VF–HF systems were
built in many European countries, e.g. in Norway
(Mæhlum and Stålnacke, 1999), Austria (Mitterer-
Reichmann, 2002) or Ireland (O'Hogain, 2003) and
now this type is getting more attention around the world.
In VF–HF systems, the first stage provides suitable
conditions (aerobic) for nitrification while the second
stage provides suitable conditions (anoxic/anaerobic)
denitrification. In Fig. 5, a typical treatment effect of the
VF–HF system based on the original Seidel's concept is
presented. The Colecott system near Dublin, Ireland,
consists of 4 VF beds (total of 64 m2) at the first stage, 2
VF beds (60 m2) at the second stage and one HF bed

(60 m2) at the third stage. The system is designed for 60
PE.

2.3.2. HF–VF systems
In the mid-1990s, Johansen and Brix (1996) in-

troduced a HF–VF hybrid system (Fig. 4, right). The
large HF bed is placed first to remove organics and
suspended solids and to provide denitrification. An
intermittently loaded small VF bed is designed for
further removal of organics and SS and to nitrify am-
monia to nitrate. However, in order to remove total
nitrogen, the nitrified effluent from the VF bed must be
recycled to the sedimentation tank. Brix et al. (2003)
reported very good performance of a HF (456 m2)–VF
(30 m2) constructed wetland (55 PE) at Bjødstrup-
Landborup, Denmark, where NH4-N and TN concentra-
tions were reduced from 60 and 72 mg l−1 in the inflow
to 2 and 28 mg l−1 in the outflow, respectively. The
importance of recycling could be demonstrated from the
results given by Laber et al. (2003) for a HF (140 m2)–
VF (120 m2) hybrid system in Nepal. The system shows
an excellent removal of ammonia. However, removal of
total nitrogen would be very low because of nearly zero
denitrification in the last VF stage. The ammonia
nitrogen is oxidized to nitrate in the vertical-flow stage
but without recycling is then discharged (Fig. 6).

3. Phosphorus

Phosphorus inwetlands occurs as phosphate in organic
and inorganic compounds. Free orthophosphate is the
only form of phosphorus believed to be utilized directly
by algae andmacrophytes and thus represents amajor link
between organic and inorganic phosphorus cycling in
wetlands. Another group of inorganic phosphorus
compounds are polyphosphates linearly condensed and
cyclic. Organically-bound phosphorus is present e.g., in
phospholipids, nucleic acids, nucleoproteins, phosphory-
lated sugars or organic condensed polyphosphates
(coenzymes, ATP, ADP) (Vymazal, 1995). Organic P
forms can be generally grouped into 1) easily decompos-
able P (nucleic acids, phospholipids or sugar phosphates)
and 2) slowly decomposable organic P (inositol phos-
phates or phytin) (Dunne and Reddy, 2005).

The soil phosphorus cycle is fundamentally different
from the N cycle. There are no valency changes during
biotic assimilation of inorganic P or during decompo-
sition of organic P by microorganisms. Soil P primarily
occurs in the +5 (oxidized) valency state, because all
lower oxidation states are thermodynamically unstable
and readily oxidize to PO4 even in highly reduced
wetland soils (Lindsay, 1979).

Table 4
Removal of ammonia-N and nitrate-N in various types of constructed
wetlands (mean values)

CW
type

Inflow Outflow Efficiency
(%)

N

Concentration (mg l−1)
FWS NH4-N 12.9 5.8 55.1 64

NO3-N 5.6 2.2 60.7 57
HF NH4-N 38.9 20.1 48.3 151

NO3-N 4.4 2.9 38.5 79
VF NH4-N 55.0 8.7 84.2 80

NO3-N 0.7 24.4 62
Loading (g N m−2 yr−1)

FWS NH4-N 137 71 66 72
NO3-N 34 18 16 47

HF NH4-N 388 255 133 90
NO3-N 98 67 31 66

VF NH4-N 780 129 651 65
NO3-N 19.6 376 46

Based on Vymazal (2001, 2005a,b). For details see Table 3.
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3.1. Phosphorus transformations in wetlands

Wetlands provide an environment for the interconver-
sion of all forms of phosphorus. Soluble reactive
phosphorus is taken up by plants and converted to tissue
phosphorus or may become sorbed to wetland soils and

sediments. Organic structural phosphorusmay be released
as soluble phosphorus if the organic matrix is oxidized.
Insoluble precipitates form under some circumstances,
but may re-dissolve under altered conditions (Kadlec and
Knight, 1996). Phosphorus transformations in wetlands

Fig. 4. Hybrid constructed wetlands for wastewater treatment (based on Brix, 1998; Cooper, 1999).

Fig. 5. Removal of nitrogen in VF–HF constructed wetlands at
Colecott near Dublin, Ireland (data from O'Hogain, 2003).

Fig. 6. Removal of ammonia-N and nitrate-N in HF–VF constructed
wetland at Dhulikhel, Nepal (data from Laber et al., 2003). ST = septic
tank.
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are: peat/soil accretion, adsorption/desorption, precip-
itation/dissolution, plant/microbial uptake, fragmenta-
tion and leaching, mineralization and burial. Thus,
when evaluating a wetland ecosystem to retain P, all
these components should be quantified. Richardson
and Marshall (1986) found that soil adsorption and
peat accretion control long-term phosphorus seques-
tration in wetlands. However, sorption as well as stor-
age in biomass are saturable processes, meaning they
have a finite capacity and therefore cannot contribute
to long-term sustainable removal (Dunne and Reddy,
2005).

3.1.1. Peat/soil accretion
Most of these studies on phosphorus cycling in

wetlands have shown that soil/peat accumulation is the
major long-term phosphorus sink and that natural
wetlands are not particularly effective as phosphorus
sink when compared with terrestrial ecosystems
(Richardson, 1985). The sediment-litter compartment
is the major P pool (N95%) in natural wetlands, with
much lower plant pool and little in the overlying water
(Verhoeven, 1986; Richardson and Marshall, 1986) with
cycling between pools controlled by biological forces
(i.e., microbes and plants).

The peat accumulation rate in peatlands is very slow,
with the world average of accretion being only 1 to 2 mm
per year (Craft and Richardson, 1993). Concomitant with
peat building is P storage with values averaging 0.005 to
0.024 g m−2 yr−1 for unfertilized wetlands (Richardson,
1985). In nutrient-enriched wetlands long-term P accre-
tion can reach nearly 1 g m−2 yr−1 (Craft and Richardson,
1993). Craft and Richardson (1993) reported P accumu-
lation rates in organic soil freshwater wetlands in the
United States in the range of 0.06 to 0.90 g m−2 yr−1.
Research to date would suggest that permanent storage of
phosphorus inwetlands is below 1 gm−2 yr−1 and usually
averages around 0.5 g m−2 yr−1 (Richardson, 1985;
Richardson and Marshall, 1986; Craft and Richardson,
1993; Johnston, 1991). The retention of phosphorus in
constructed wetlands for wastewater treatment is usually
much higher (up to about 75 g m−2 yr−1) but it is
important to realize that P loading of natural wetlands is
several orders lower as compared to treatment wetlands
(Table 5).

3.1.2. Soil adsorption and precipitation
Adsorption refers to movement of soluble inorganic

P from soil porewater to soil mineral surfaces, where it
accumulates without penetrating the soil surface.
Phosphorus adsorption capacity of a soil generally in-
creases with clay content or mineral components of that

soil (Rhue and Harris, 1999). The balance between P
adsorption and desorption maintains the equilibrium
between solid phase and P in soil porewater. This phe-
nomenon is defined as phosphate buffering capacity,
which is analogous to the pH buffering capacity of a soil
(Barrow, 1983; Rhue and Harris, 1999).

In organic soils P adsorption has been related to either
high Al, Fe or Ca levels and P sorption capacity of
wetland soils may be predicted solely from the oxalate-
extractable (amorphous) aluminum content of the soil
(Richardson, 1985). The sorption of P by soil is con-
trolled by the concentration of phosphate in soil
porewater and the ability of the solid phase to replenish
phosphate into soil porewater. When soil particles
become saturated with P, and soil porewater has low
concentrations of P, there is a net movement of P from
soil to soil porewater until there is an equilibrium
between soil and soil porewater P concentrations.
Sorption is generally described as a two-step process:
1) phosphate rapidly exchanges between the soil pore-
water and soil particles or mineral surfaces (adsorption),
and 2) phosphate slowly penetrates into solid phases
(absorption). Similarly, desorption of P can also occur in
a two-step process (Dunne and Reddy, 2005).

One of the proposed mechanisms for the release of
phosphorus from soils upon submergence is the
reductive dissolution of Fe(III) and Mn(IV) phosphate
minerals (Patrick et al., 1973). Anaerobic soils release
more phosphate to soil solutions low in phosphate and
sorbed more phosphate from soil solutions high in sol-
uble phosphate than do aerobic soils (Patrick and
Khalid, 1974). The difference in behavior of phosphate
under aerobic and anaerobic conditions is attributed to
the change brought about in ferric oxyhydroxide by soil
reduction. The probably greater surface of the gel-like
reduced ferrous compounds in an anaerobic soils results
in more soil phosphate being solubilized when the

Table 5
Removal of total phosphorus (TP) in various types of constructed
wetlands (mean values)

CW Type Unit TP in TP out Efficiency N

Concentrations
FFP mg l−1 3.8 2.2 42.1 14
FWS mg l−1 4.2 2.15 48.8 85
HSSF mg l−1 8.75 5.15 41.1 149
VSSF mg l−1 10.5 4.25 59.5 78

Loadings Removed load
FFP g m−2 yr−1 200 127 73
FWS g m−2 yr−1 138 68 70 85
HSSF g m−2 yr−1 141 96 45 104
VSSF g m−2 yr−1 126 54 72 62

Based on Vymazal (2001, 2005a,b). For details see Table 3.
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solution phosphate is low and more solution phosphate
being sorbed when the solution phosphate is high
(Patrick and Khalid, 1974).

Precipitation can refer to the reaction of phosphate
ions with metallic cations such as Fe, Al, Ca or Mg,
forming amorphous or poorly crystalline solids. These
reactions typically occur at high concentrations of either
phosphate or the metalloid cations (Rhue and Harris,
1999). A variety of cations can precipitate phosphate
under certain conditions. Some important mineral pre-
cipitates in the wetland environment are (Reddy and
D'Angelo, 1994): Apatite Ca5(Cl,F)(PO4)3, Hydroxyl-
apatite Ca5(OH)(PO4)3, Variscite Al(PO4)·2H2O, Stren-
gite Fe(PO4)·2H2O, Vivianite Fe3(PO4)2·8H2O and
Wavellite Al3(OH)3(PO4)2·5H2O. In addition to direct
chemical reaction, phosphorus can co-precipitate with
other minerals, such as ferric oxyhydroxide and the
carbonate minerals, such as calcite (calcium carbonate),
CaCO3.

3.1.3. Microbiota uptake
Microbial uptake is very fast, but the magnitude

(amount stored) is very low. The uptake by microbiota
(bacteria, fungi, algae, microinvertebrates, etc.) is rapid
because these organisms grow and multiply at high
rates. It seems that the amount of microbial storage

depends also on trophic status of the wetland. In less
enriched sites the microbial uptake may store more
phosphorus as compared to more eutrophic sites
(Richardson et al., 1997).

Soil microorganisms participate in the solubilization
of soil P. Measurements of precise amounts of soil P
solubilized by soil organisms is complicated by the
concomitant mineralization of organic P (Paul and
Clark, 1996). Although bacteria are generally consid-
ered decomposers that simply mineralize organic P, they
have also been shown to regulate the P flux across the
sediment–water interface (Kleeberg and Schlungbaum,
1993) and contribute to terminal P burial through
production of refractory organic compounds (Gächter
and Meyer, 1993).

Of importance, and seldom recognized, is the amount
of P that can be sequestered by the algal component of
wetlands, especially in areas with open water. Vymazal
(1995) pointed out that the role of algae in wetlands is
mostly neglected despite the fact that algae can sig-
nificantly influence the nutrient cycling in wetlands. In
addition, attention is usually paid only to attached forms
(periphyton) while the role of plankton in wetlands has
been assessed only rarely. Algae and algal assemblages
can affect phosphorus cycling either directly (uptake,
release) or indirectly through photosynthesis-induced
changes in water and soil/water interface parameters
(pH, dissolved oxygen).

3.1.4. Plant uptake
Most of the phosphorus is taken up by plant roots,

absorption through leaves and shoots is restricted to
submerged species but this amount is usually very low.
Phosphorus uptake by macrophytes is usually highest
during the beginning of the growing season (in most
regions during the early spring), before maximum
growth rate is attained (Boyd, 1969; Vymazal, 1995).
Biomass increases, however, should not be counted as
part of the long-term sustainable phosphorus removal
capacity of wetlands (Kadlec and Knight, 1996).

An important response to seasons is the translocation
of nutrients within the plant. Prior to autumn senes-
cence, the majority of important ions is translocated
from shoot portions to the roots and rhizomes. These
stored nutrients are used during early spring growth
(Dykyjová and Květ, 1978; Garver et al., 1988).
Phosphorus storage in vegetation can range from
short- to long-term, depending on type of vegetation,
litter decomposition rates, leaching of P from detrital
tissue, and translocation of P from above- to below-
ground biomass. Phosphorus storage in aboveground
biomass of emergent macrophytes is usually short-term,

Fig. 7. Removal of phosphorus in HF constructed wetlands at Doksy,
Czech Republic (top) and in Kodijärve, Estonia (bottom, data for
Estonia from Vohla et al., 2005).
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with a large amount of P being released during the
decomposition of litter. The aboveground parts of most
macrophytes grow and decay on a cycle ranging from
the annual growing season in northern climates to faster
cycles in southern climates.

Phosphorus is released back from the biomass to the
wetland ecosystem after the plant decay. The decompo-
sition of aboveground litter and the resultant release of
nutrients to the water involve at least two processes. An
initial loss of soluble materials is attributed to abiotic
leaching. This process is quite rapid and accounts for the
majority of mass reduction during the early stages of
decomposition. The rapid initial release of nutrients by
leaching has been demonstrated in many wetland
plants — up to 30% of nutrients are lost by leaching
alone during the first few days of decomposition. Re-
leased nutrients may be incorporated into the protoplasm
of decomposer organisms where activities such as respi-
ration and denitrification account for additional nutrient
loses (Vymazal, 1995). However, dead roots decompose
underground, therefore adding refractory compounds to
sub-surface soils and leachates to the porewater in the root
zone. Thus, the aboveground portions of macrophyte
returns P to the water, while belowground portions returns
P to the soil (Reddy et al., 1999).

The concentration of phosphorus in the plant tissue
varies among species and sites and also it varies during
the season. Reddy and DeBusk (1987) reported the
nitrogen standing stock for emergent species in the
range of 1.4 to 37.5 g P m−2 with more than 50% of this
amount stored belowground. Aboveground P standing
stock values were reported in the range of 0.1–6.8 g P
m-2 (Johnston, 1991), 0.1–11 g P m-2 (Vymazal, 1995),
0.01–19 g P m−2 (Vymazal et al., 1999) or 3–15 g P
m−2 (Brix and Schierup, 1989). Phosphorus standing
stock may amount up to 45 g P m−2 for water hyacinth
(E. crassipes). Due to the high productivity of this plant,
the annual amount of phosphorus taken up by water
hyacinth could be as high as 126 g P m−2 yr−1

(Vymazal, 1995).

3.2. Removal/retention mechanisms in constructed
wetlands

In Section 3.1, phosphorus removal/retention
mechanisms in wetlands have been described. It is
clear, however, that the extent to which particular mech-
anisms are involved depends on the type of constructed
wetlands (Table 6). Also, it has been well established
that the mechanisms that remove P in constructed
wetlands include only sorption on antecedent substrates,
storage in biomass, and the formation and accretion of

new sediments and soils (Kadlec and Knight, 1996). The
first two processes, however, are saturable, meaning
they have a finite capacity and therefore, cannot
contribute to long-term, sustainable P removal (Dunne
and Reddy, 2005).

Peat/soil accretion is the major long-term phosphorus
sink in wetlands but it could be effective only in
treatment wetlands with high production of biomass and
water overlying the sediment as it is the case of free
water surface constructed wetlands with emergent
vegetation.

Adsorption and precipitation of phosphorus is
effective in systems where wastewater gets in contact
with filtration substrate. It means that constructed
wetlands with sub-surface flow have the major potential
for phosphorus removal via these mechanisms. From
those systems, horizontal-flow systems have higher
potential as the substrate is constantly flooded and there
is not much fluctuation in redox potential in the bed.
Vertical-flow systems, where wastewater is fed inter-
mittently, may not be as effective because the oxygen-
ation of the bed may cause desorption and subsequent
release of phosphorus. However, materials which are
commonly used for sub-surface flow CWS, i.e., washed
gravel or crushed rock, usually provide very low ca-
pacity for sorption and precipitation. Recently, several
filtration materials such as LECA (light weight clay
aggregates) have been tested in constructed wetlands.
The removal of phosphorus is very high (Vohla et al.,
2005; Jenssen and Krogstad, 2003) but it is important to
realize that sorption and precipitation are saturable and
the sorption decreases over time (Fig. 7).

Similar to nitrogen, due high inflow loadings (Table 5),
the amount of P removed via harvesting of emergent
macrophytes is low (see Section 3.1.4) but could be
important in CWs which have low inflow loading (cca
b10–20 g P m−2 yr−1). Plant uptake is a more important
route of phosphorus removal in systemswith free-floating
macrophytes. However, it is important to develop an

Table 6
Potential magnitude of phosphorus transformations in various types of
constructed wetlands

Type of CW FFP FWS HSSF VSSF

Soil accretion Very low High Zero Zero
Adsorption Very low Low High a High a

Precipitation b Zero Very low Very low Very low
Plant uptake c Medium Low Low Low
Microbial uptake Low Low Low Low

a When special filtration materials are used.
b When washed gravel or crushed rock is used.
c With harvest.
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efficient harvesting frequency in order to keep macro-
phytes at the optimum growth stage to ensure optimum
phosphorus removal.Microbial uptake is considered in all
treatment systems only as temporary storage of phospho-
rus with very short turnover rate. Phosphorus which is
taken up by microbiota is released back to the water after
the decay of the organisms. Wastewater treatment units
based on algal removal (e.g., high-rate algal ponds) are
not included in this review.

4. Conclusions

Removal of total nitrogen in studied types of
constructed wetlands varied between 40 and 50% with
removed load ranging between 250 and 630 gNm−2 yr−1

depending onCWs type and inflow loading.However, the
processes responsible for the removal may differ in
magnitude among systems. Single-stage constructed
wetlands cannot achieve high removal of total nitrogen
due to their inability to provide both aerobic and anaerobic
conditions at the same time. Vertical-flow constructed
wetlands remove successfully ammonia-N but very
limited denitrification takes place in these systems. On
the other hand, horizontal-flow constructed wetlands
provide good conditions for denitrification but the ability
of these system to nitrify ammonia is very limited.
Therefore, various types of constructed wetlands may be
combined (hybrid systems) with each other in order to
exploit the specific advantages of the individual systems.
The major phosphorus removal processes are sorption,
precipitation, plant uptake (with subsequent harvest) and
peat/soil accretion. However, the soil accretion, the only
non-saturable process, occurs only in FWS CWs.
Removal of phosphorus in all types of constructed
wetlands is low unless special substrates with high
sorption capacity are used. Removal of total phosphorus
varied between 40 and 60% in all types of constructed
wetlands with removed load ranging between 45 and 75 g
N m−2 yr−1 depending on CWs type and inflow loading.
Removal of both nitrogen and phosphorus via harvesting
of aboveground biomass of emergent vegetation is low
but it could be substantial for lightly loaded systems (cca
100–200 g N m−2 yr−1 and 10–20 g P m−2 yr−1).
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The Need for Phosphorus Removal from OWDTS 

o In recent years excess phosphorous loading has become recognized as a major  trigger of 
eutrophication and a water quality issue [1]. US EPA  latest Survey (2013) reported that 40% of the 
Nation’s River and Stream Miles have high levels of phosphorus [2]. 

 

o Just 10 g (0.35 ounce) of  phosphorus (PO4-P) promotes the growth of up to 1 kg (2.2 lbs) of algae [3-
4].  Phosphorus concentrations of just 0.01 to 0.02 mg L–1 are sufficient to induce eutrophication and 
harmful algae blooms (HABs) in surface waters [4].  
 

o Phosphorus retention by soils is FINITE PROCESS, e.g. soils can not adsorb P indefinitely [5 - 9]. 
  

o Growing scientific evidence  worldwide that septic systems effluents make significant contribution of 
Phosphorus loading of Lakes and streams [1] [10 - 16]. 

 

o Recent studies demonstrate that most cyanobacteria produce the neurotoxin beta-N-methylamino-L-
alanine (BMAA); BMAA has been implicated as a significant environmental risk in the development of 
neurodegenerative diseases such as Alzheimer's disease, Parkinson's disease, and Amyotrophic 
Lateral Sclerosis (ALS) [18-19]. 

 

o Global Climate Change will promote cyanobacterial growth and exacerbate HABs at much larger 
scales [20]. It will also diminish potable water supplies. 

 

o HABs impacts on potable water supplies and economy (lost property values, tourism and recreation) 
[21]. In 2009, the economic damages of HABs reached $2.2 billion/year, only from lost recreation and 
depressed property values in the US [22].  
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The Need for OWDTS Phosphorus Recovery and Reuse 

o As a key component of fertilizers, P is fundamental for the world’s food supplies, and an irreplaceable 
and essential element of life with its sole source as phosphate-bearing rocks [23-26].  

 

 

o P resources are non-renewable with global reserves estimated to reach their peak in the next 50-100 
years. The current rate of phosphate extraction is reported at 167 million tonnes per year with a 
growing demand that accounts for a 2% annual increase [23-26]. 
 

 

o With continuing decline of global phosphate reserves, the impacts are likely be immense, particularly 
in terms of rising food prices, growing food insecurity and widening inequalities between developed 
and developing countries [23-26]. 

 

o Growing global concern about P reserves initiated several national and international research 
networks on Sustainable Phosphorus, e.g. FAO Global P Network [27], The Global P Research 
Initiative [28], Arizona State University Sustainable P Initiative [29], CEEP Centre European d'Etudes 
des Polyphosphates [30]. 

  

o In 1999, the Swedish government set a rather ambitious goal of reusing 60 per cent of phosphorus 
from wastewater on productive land by 2015 [31]. 

  

o In 2013, the EU has initiated a debate on sustainable use of phosphorus, as the first step towards 
development of P recycling regulations [32]. 
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ODWTS Phosphorus Pollution 

o ODWTS (Septic tanks and N removal systems) effluents contain 10 mg/L Phosphorus                   
                    a single bedroom  house (450 gal/d) discharges  13.7 lbs P/year. 
o In 2002, the US EPA stated that older onsite systems pose "the potential for serious 

environmental degradation, as witnessed by the thousands of inland lakes where older, onsite 
development is increasingly being cited as the primary reason for lake eutrophication.” 

o In 1985, 24.6 million housing units in the US were served by septic systems; in 2007, an 
estimated 26.1 million of total U.S. housing units were served by septic systems [17], discharging 
357.6 million lbs P/year. 

o Phosphorus from ODWTS is a major concern for lakeshore communities; The seasonal nature of 
lakeshore communities also comes at the height of the algal growing season.  

o Poorly functioning septic systems or those too close to the lakes have been found to contribute 
as much as 29% of the phosphorus in the lakes in US and Europe [1] [10-16]. 

o Due to severe eutrophication problems in Baltic Sea Scandinavian countries developed and 
enforced Phosphorus removal regulations from ODWTS in 2006. In Sweden, every year 
approximately 11,000 new individual wastewater units are installed in new or old houses.  

         They all have to have P removal devices. 
o Quebec (Canada) developed P removal regulations for ODWTS in 2009 [18]. 
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Innovative Phosphorus Reduction Technologies 

Several Products and Technologies for ODWTs P removal have been commercially available for the past 
several years: 
 

1)  Phosphex™ system was developed by the University of Waterloo, Canada who gave an exclusive   
     license for the product use to Lombardo Associates (http://www.lombardoassociates.com/). 
  

2)  Lombardo Associates developed their own product, a PhosRid system which had been tested in in   
      several pilot projects in MA and NY (http://www.lombardoassociates.com/pdfs/phos-rid.pdf).  
 

The main disadvantages of  Phosphex™ and Phos-Rid systems are that they generate effluents with   
highly elevated pH (> 11) and high costs. 
 

3) PhosphoReduc LLC (www.phosphoreduc.com) developed PhosphoReduc ™ P Removal and   
      Harvesting system  PRH- G- 1000. Unlike Phosphex™  and PhosRid systems, PRH-G-1000 contains 
      a pH adjustment unit which ensures that pH is maintained at the EPA regulatory requirements. Moreover      
      it harvests up to 95% of the annual P load, e.g. 14 lbs/year from a single house ORWDTS. It is also   
      significantly  cheaper compared to Phosphex™  and PhosRid systems [33]. PhosphoReduc  obtained  
      letters of  approvals for technology use from VDH (2011), VT ANR (2012) and NY (2013) and   
      internationally in ROC Taiwan and Brazil. In May 2013 they installed the first system in NC:       
http://www.wateronline.com/doc/phosphoreduc-emerging-solutions-phosphorus-removal-reuse-0001 
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Innovative Phosphorus Reduction Technologies 

4) In Sweden, Swedish company BioPtech offers “Polonite” systems. Polonite is made from a calcium 

rich rock opoka which is a non renewable natural resource found to occur only in Poland; Opoka is mined 
in Poland and then shipped to Sweden, treated in large furnaces and than sold under brand name 
“polonite”. For these reasons Polonite systems are loosing their initial popularity on Swedish market. In 
addition they generate highly elevated pH effluents > 12 and require frequent replacement of the media 
(annual in most cases). Although Polonite systems have one distributor on the US market, the company  
would not be able to meet the demands for the US market. 
 

More recently, (6 months ago) two additional products emerged on the market in the USA; they use 
electro-chemical processes to achieve P removal: 
 

5) PremierTech DpEC Self-Cleaning Phosphorus Removal Unit  
 

6) FujiClean P removal process 
 

While both products claim significant P reductions there is very little information on the actual testing and 
field performance; electrodes are known to be prone to corrosion and there is no information on their 
frequency of replacement. According to the literature, some of the limitations of  the electro-chemical 
processes are: complicated electrical authentication of facilities, over consuming of electric power with no 
consideration of the concentration of influent, and dangers such as electric shock injury accidents. 
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The major barriers to the commercialisation of the existing OWDTS P removal Products and 
Technologies are: 
 

1. The lack of OWDTS P discharge standards and P removal Rules and Regulations; 
 

2. The lack of federal validation and certification programs for OWDTS P removal technologies (former  
NSF40 did not include testing and validation for P because P discharge standards and Rules do not 
exist) 
 

3. The Costs of Time required for technology validation and certification: 
 

   3.1. Where federal validation and certification programs exist (e.g. ETV Canada) the costs of testing 
are prohibitive, especially for small businesses (the former ETV (http://www.epa.gov/etv/) required $120-
140,000 for new technologies validation, the process required 24-30 months from the moment of 
application). 
 

  3.2. Individual State Permits do not require financial investments for the application and review 
process, however the process is also extremely lengthy, lasting in average 18-24 months from the 
moment of application. Moreover, the Individual State Permits require system installation and intensive 
12 months WQ monitoring by a third party, which requires $20-25,000 investment from the technology 
inventor. 
 

These barriers greatly diminish the aspirations for scientific and technological advancements of 
phosphorus removal technologies [23]. 

http://www.epa.gov/etv/
http://www.epa.gov/etv/
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1.   To date phosphorus recovery technologies are focused only on nutrients recovery from   
      wastewater treatment plants (e.g. Ostara process) and animal manure [34]. 
 
2.   A single house ORWTDS (including enhanced treatment units) has average P concentration of 10    
     mg/L ; at 450 gal/d, annual P discharge is 13.7 lbs/year, e.g. a 50 houses development discharges   
     approximately 700 lbs P/year. 
 

 

3.  As stated on slide 5, in 2007, an estimated 26.1 million of total U.S. housing units were served by     
     septic systems [17], discharging 357.6 million lbs P/year. 
 
4.  In considering P removal Rules and Regulations for ORWDTS, the additional financial burden on the   
     home owners represents an important issue. However, an increased deterioration of freshwater lakes   
     water quality due to HABs, already has serious economic implications on the lakeshore communities   
     (lost property values, recreation). Moreover, apart from diminishing potable water supplies, HABs  
     may have serious impacts on human health. 
 
5.   Technologies that can both Reduce and Harvest P for re-use as a P rich fertilizer have been   
      developed.   
 
6.   P harvesting from ORWDTS could be incorporated in Nutrient Trading Programs to off set the costs   
     of technology implementation on residential homes.  
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