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Constructed wetlands have been shown to consistently remove a wide range of pollutants from
contaminated water. However, no wide-ranging studies exist on the economic viability of this technology.
This paper performs a high-level economic comparison between wetland remediation and conventional
water remediation technologies, for a wide range of contaminant inputs, outputs, and flow rates. The cases
considered are nutrient removal from wastewater, and remediation of low-pH and circumneutral acid mine
drainage (AMD). The first-order P-k-C* model is used for nutrient removal, while a zeroth-order model is
used for AMD remediation, with removal rate data taken from the literature. The number of wetland cells
employed was found to significantly affect the overall cost of nutrient removal, allowing savings of up to
86% and 42% for biochemical oxygen demand and phosphorus removal, particularly for low concentrations
and flow rates. For integrated secondary and tertiary treatment, wetland remediation was economically
competitive down to stringent effluent standards. A sensitivity analysis was performed on sizing and costing
parameters of nutrient removal wetlands, with required wetland size found to be most strongly correlated
with the assumed removal rate, and land costs found to have relatively little effect on overall costs. Wetland
remediation of AMD was only found to be economically favourable for less severe conditions and lower
flow rates when treating low-pH drainage, and was heavily influenced by the acidity removal rate.
However, the majority of site data from literature was found to fall within this range of conditions. For
circumneutral AMD, wetland remediation was found to be cheaper for all simulated cases. The feasibility of
offsetting wetland remediation costs through biomass valorisation was investigated for a range of products,
with area requirements for minimum economic production identified as the principal barrier.
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Water impact

Constructed wetlands have been shown to effectively remove many types of contaminants from wastewater. This study estimates costs of wetland
remediation for two major sources of pollution, across a wide range of conditions, comparing them to conventional remediation costs. By identifying many
cost-effective conditions, it hopes to stimulate further uptake of this environmentally-friendly technology, and further studies on wetland design.

Introduction will have increased by 55% relative to 2000, and climate
change is expected to increase water stress globally.*®° There
is therefore significant pressure for economic and effective
treatment and re-use of wastewater.

Three of the major global pollutants are nutrients:
phosphorus, nitrogen, and organic wastes (characterised by
the biochemical oxygen demand, BOD)." Increased nutrient
concentrations in waterways can lead to unsustainable algal
growth, forming algal blooms which deplete oxygen levels,
consume dissolved inorganic carbon, and may both increase
the pH of surface waters and cause ocean acidification.”*™?
The result is possibly irreversible damage to local ecosystems,
and the services which they provide.""'* Dodds et al. have

Pollution of global waters has been highlighted as one of the
major problems facing society.'> The increasing
contamination of waterways has wide-ranging damaging
impacts, from local ecology to human health."*>° 1In
addition, such contamination has a severe economic impact,
with the World Bank estimating that countries need to spend
$150bn a year in order to meet sustainability targets.”
Additionally, by 2050 the OECD projects that water demand
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estimated the economic impact of freshwater eutrophication
in the United States to be $4.3bn per y.'> Anthropogenic
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activity has been shown to have a significant impact on
nutrient concentrations in surface waters, mainly from
agriculture, industry, and urban activity."*'*® 80% of global
municipal wastewater, and 90% of the sewage from
developing countries, is discharged without treatment,
contributing to the 2 million tonnes of effluent entering
worldwide waterways each day.® 1In addition, global
agriculture drainage is estimated to account for 57% of
wastewater from freshwater sources, with high nitrogen and
phosphorus loadings from fertilisers and excreta, but also
often requires wastewater to be re-used.">*'® Following
physical separation of larger particles, BOD and nitrogen
removal from wastewater is often performed using biological
systems such as activated sludge, trickling filters, and
oxidation ponds.****  Phosphorus removal may be
accomplished via a variant of the activated sludge process, or
via  chemical precipitation of metallo-phosphorus
compounds.””?**?* These technologies, while effective in
economically developed countries, may be considered too
expensive and energy- and resource-intensive for many
developing countries in which wastewater treatment is not a
priority investment.®>*

Acid mine drainage (AMD) is an acidic discharge with
typically elevated metal content, generated during and
following mining activity and which may last for decades or
5 Formation of AMD is naturally slow and has
limited environmental impact, but human mining activity
significantly accelerates its generation by increasing the
exposure of sulfide-containing rocks to air and water.>
Several localised studies have been carried out to quantify
the prevalence of AMD-polluted waterways, estimating that
up to 16 000 km, 4500 km, and 600 km of U.S, European, and
British waterways are being affected respectively.>*® The
costs of clean-up for the U.S and Canada have been estimated
at up to $72bn and $5bn respectively.>**° The most common
remediation technology is the addition of alkaline substances
such as lime or calcium carbonate to increase the pH of AMD
3132 This raises the pH of the water and leads to the
oxidation and precipitation of metals as oxides, hydroxides,
and oxyhydroxides.>® The principal drawbacks with the
conventional methods outlined are cost and the need for
long-term maintenance, with the later especially important
when considering the long lifetime of AMD.*

Wetland  remediation using  man-made
constructed wetlands to treat contaminated wastewater,
simulating the “biological filter” effect of natural wetlands.
Contaminant removal occurs through a complex series of
interactions with the soil, vegetation, water, and microbial
populations.®® Three broad design categories have been

outlined based on flow direction and location: vertical flow,
34,35

centuries.

waters.

involves

horizontal sub-surface flow, and horizontal surface flow.
However, other design considerations include plant species,
substrate, retention time, contaminant loading, and
depth.***® This technology has been shown to remove many
contaminants, including metals, acidity, nutrients,
pathogens, pesticides, and pharmaceuticals, and has thus
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been applied to a wide range of wastewaters from many
different sources.”>***”° Uptake has been steadily
increasing around the world: there were estimated to be over
1200 constructed wetlands in the UK in 2008, and there are
thousands in operation in North America.>**>*° These range
from 4000 single-home horizontal flow designs in Kentucky,
to a 6000 ha wetland in Florida removing phosphorus from
stormwater runoff for flows of up to 8000000 m* d™*.>**!

Constructed wetlands (CWs) have been repeatedly highlighted
as suitable wastewater treatment technologies for smaller
communities in developing countries.**™** This is due to
their lower resource requirements relative to wastewater
treatment plants, and to the generally warmer tropical and
subtropical climates in such countries, shown to improve
constructed wetland performance.*®*°">* However, studies on
wetland remediation in developing countries tend to either
analyse the possible advantages of this technology, or focus
on the promising performance of individual wetland systems
to promote their use. There is thus a lack of studies reviewing
their use over a large region, making quantifying the uptake
of CW systems in developing countries challenging, although
several studies have qualitatively suggested that uptake may
be fairly limited.””*®>* The most notable exception is in
China, where multiple comprehensive reviews have studied
the deployment and performance of constructed
wetlands.”>**® In China, the ratio of CW capacity to
wastewater treatment plant capacity increased from 0.06% in
2003 to 0.83% in 2010, with this ratio showing a continually
increasing trend.”"”® These systems were found to treat a
wide range of different effluents, with the most common
being domestic sewage, and were found to be most used in
regions with more tropical climates.>®

Wetland remediation is often reported as being a low-
maintenance and low-cost alternative to conventional
remediation of several types of wastewater. While the former
claim is relatively self-evident, the latter tends not to be
substantiated. Comparative economic studies do exist, but
are generally case-specific and thus do not provide a general

overview of the economic viability of wetland
remediation.”’*® This paper presents a high-level
comparison of wetland and conventional remediation, and
identifies the most promising areas for wetland
implementation.

Methodology

In this study, the costs of wetland treatment of wastewater
for nutrient removal (BOD, phosphorus, and nitrogen) are
determined for a range of influent and effluent conditions.
These are compared to those of conventional treatment
found in the literature to identify the most economically
favourable range of conditions for wetland remediation. The
effect of uncertainty in the sizing and costing parameters are
investigated semi-quantitatively. In addition, the relative
costs of wetland and conventional remediation are presented
for remediation of both circumneutral and low-pH acid mine

This journal is © The Royal Society of Chemistry 2020
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drainage (AMD), under different contaminant removal rates
and wetland designs. The economic impact and feasibility of
biomass harvesting and utilisation are discussed, with the
aim of improving the process economics of wetland
remediation.

Wetland design for nutrient removal (nitrogen, phosphorus,
and BOD)

For nutrient removal, the methodology of Kadlec and
Wallace, based upon the P-k-C* model, was used to size
wetlands to achieve effluent targets.*® Free water surface
(FWS) wetland designs were used in this study, due to the
higher availability of data. In this model, a given wetland is
designed and constructed as one or more cells, operating in
series. Each wetland cell is taken to behave as a number, P,
of tanks in series (TIS), termed the Pp. A higher P value
corresponds to a narrower range of residence times, and thus
a closer approximation to ideal plug flow, with lower output
concentrations. Kadlec and Wallace provide a methodology
for estimating Py for a given wetland cell, which depends
on both the system hydraulics and the contaminant being
removed.**

Within each wetland cell, a water balance is applied to
each tank in series, to account for changes due to
precipitation, evapotranspiration, and infiltration, as shown
in eqn (1). However, infiltration, evapotranspiration, and
precipitation were set to 0 in all analysis except Monte Carlo
simulations.

Qo= Qi ~A(I'+ Et = P) 1)

where Q is the volumetric flow rate, A is the wetland cell area,
I'is infiltration per unit area, Et is evapotranspiration per unit
area, and P is precipitation per unit area.

Within each tank, the model assumes a first-order areal
removal rate for each contaminant, with a fixed background
concentration. The mass balance for contaminant removal,
assuming no contaminant concentration in precipitation, is
shown in eqn (2). Eqn (1) and (2) are thus sequentially
applied to each of the Pr for all contaminants, and a
minimum wetland area which meets effluent targets for all
contaminants may be determined.

QoCo = QyC; — A'(I'Co - aEt-C, — k'(co - C*D (2)

where C is pollutant concentration, o is the transpiration
fraction of evapotranspiration, k is the first-order areal
removal rate of the contaminant, C* is the background
concentration of the contaminant. Subscripts i and o
represent input and output values respectively. Q, Et, I, and A
are defined as in eqn (1).

When sizing wetlands for given effluent standards,
exceedance multipliers were used to account for intra-
system variability in performance. These values represent
the frequency of deviation from the calculated effluent

This journal is © The Royal Society of Chemistry 2020
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concentration, and were compiled for different pollutants in
the work of Kadlec and Wallace.*® They are applied as
shown in eqn (3). 90% multipliers were used for this study,
meaning that the output concentrations are expected to be
at or below the target output concentration 90% of the
time.

Ctarget ( 3)

Cdesign = 07

where Cgesign is the output concentration used to design
the wetland, Ciargee is the actual output concentration
target, and ¥ is the exceedance multiplier for a given
frequency.

BOD removal. In the case of BOD removal, background
concentrations are significantly higher than for other
pollutants, due to the growth and decay of the wetland
biomass, and wetlands receiving higher levels of input are
reported to have higher background concentrations.*® A “4-
tier’ system is implemented in the data classifications of
Kadlec and Wallace: “super” (BOD input > 200 mg L),
“primary” (100 < BOD input < 200 mg L"), “secondary” (30
< BOD input < 100 mg L), and “tertiary” (BOD input < 30
mg L 7). Each class is calculated to have its own k-value and
background concentration. For the purpose of this study the
system was altered: each class was assumed to have the same
k-value of 37 m per year (the mean of the medians given for
primary, secondary, and tertiary classes), and background
BOD concentrations were linearly scaled (see ESIT for further
information).

Nitrogen removal. Wetland sizing for nitrogen removal
accounts for the different possible forms of nitrogen in the
wetland system: organic nitrogen (org-N), ammonia nitrogen
(NH4-N), and oxidised nitrogen (NO,-N). The sum of these
three components is total nitrogen (TN). Following the
guidance of Kadlec and Wallace,** it is assumed that
sequential conversion between the three species and ultimate
removal occurs as in eqn (4).

Org-N — NH,-N — NO,-N — removal (4)

Eqn (2) was thus modified to take into account such
sequential conversion, as shown in eqn (5)-(7).

Qo,org'co,org = Qiﬁorg'CLorg (5)
—A- (I'Co,org - a'Et'Coﬁorg - ko,org' <Co,0rg - C:rg> )

Qu,a'CD«,a = Qi,a'CiAa
A (I.Co‘a ~aEt-Coa~ ka: (CuAa - C:) + Korg* (Co.urg - C§r3)>
(6)

Qo,ux'Co,ox = Qi‘ox'Cifox
- A (I‘Co,ox —a-Et-Coox = kox' (Co‘ox - Cix) + ka' (Co‘a - C:))
(7)

where subscripts org, a, and ox refer to organic nitrogen,
ammonia nitrogen, and oxidised nitrogen respectively.
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Wetland design for AMD remediation

A low-pH buffering effect is observed in AMD: as the pH is
increased, dissolved metals are oxidised and precipitated in
the form of hydroxides leading to the release of protons.
Metal content can therefore be considered to contribute to
total acidity. While AMD total acidity should be measured
experimentally, it may be approximated by eqn (8), originally
given by Watzlaf et al. and adapted by Kirby and Cravotta.®*"
Only Fe, Al, and Mn are included in this formula, as they
tend to dominate metal content, but it may be extended to
include other metals. Assuming negligible alkalinity under
PH 5, eqn (8) can be considered to give the net acidity for
low-pH drainage.®® For higher-pH drainage, acidity is of less
concern and so eqn (8) is not used. Instead, such waters are
primarily characterised by their metal content, in particular
Fe and Mn.

Cre
55.8

C C
Total Acidity = 50- (10(3'1"*) +2oe 2 2._“) )

55.9 27

where total acidity is expressed in units of (mg CaCO; per
mL), and Cy corresponds to the total dissolved concentration
of element x, expressed in mg L.

The wetland designs investigated for AMD remediation
were aerobic FWS wetlands and two types of anaerobic
wetlands: horizontal sub-surface flow (HSSF) and vertical flow
(VF). Following guidance from literature, FWS wetlands were
used for circumneutral AMD, and HSSF and VF designs were
used for low-pH wetlands.®>** Typical ranges for zero-order
areal removal rates for acidity and metal content were
sourced from literature (see ESIT).°“*>*” These high-level
design models are appropriate for a high-level study looking
at overall trends. However, it should be noted that due to the
varied nature of AMD, and its complex and interacting
removal mechanisms in constructed wetlands, more detailed
models should be used for individual case studies.

Land pricing data was sourced from literature, with values
given in Table 1. Capital costs for HSSF and FWS wetlands
were taken from Kadlec and Wallace's manual on wetland
design, the only source which took economies of scale into
account.*® The relationships given are empirically fitted to
the costs of wetlands built in the U.S. These values were
compared to those of Brix et al. and Demchak et al. (both
given as a flat rate per unit area), and found to be relatively
consistent.®®®® The capital costs of VF wetlands were roughly
estimated as being twice as high as those of an anaerobic
HSSF wetland of the same area. This was based on the

Table 1 Assumed wetland construction costs and operational costs. All
prices are in 2018 USD, adjusted for inflation

Wetland Construction cost ($1000 Operational cost ($ per ha
type per ha) y)

FWS 242-4%°%° 7000

HSSF 812-4%7%*

VF 1624-4°7%

2106 | Environ. Sci.: Water Res. Technol., 2020, 6, 2103-2121
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relative pricing used in AMDTreat software and in the work
of Demchak et al.°** Review of several literature sources
revealed a range of reported operating costs, ranging from
around $2400-12 800 per ha y ', and so a mid-range value of
$7000 was assumed.>*7%7°

Additionally, the construction cost formula given by
Kadlec and Wallace was collated from literature, and it was
acknowledged that such reported costs often do not include
land costs or engineering costs. As a result, an additional
land cost of $20 000 per ha (covering most U.S. pastureland”®)
was added in addition to the construction cost for wetlands
for nutrient removal only, and a 50% indirect cost for all
wetlands (e.g. for contingency and engineering costs). Land
costs were not considered for wetlands treating mine
drainage as it was assumed such land would be considered
severely contaminated and therefore of little, if any, value.

Conventional costs of acid mine drainage remediation.
Chemical neutralisation of AMD represents the benchmark
remediation technology, and so a relevant comparison for
wetland remediation costs. Capital and operating cost curves
for conventional neutralisation were taken from a report by
the Canadian Centre for Mineral and Energy Technology.”’
These curves varied with influent acidity concentration and
flow rate, and linear interpolation and limited linear
extrapolation were used between given values in order to
estimate costs for a given system. Values were converted to
from 1994 CAD to 1994 USD using historical exchange rates,
and from 1994 USD to 2018 USD by using the Chemical
Engineering Plant Cost Index (CEPCI).

Results and discussion
Nutrient removal

Number of cells. The k values reported by Kadlec and
Wallace were determined from given wetland data, based on
an assumed or measured Prg value for each wetland cell. For
BOD removal, a Ppg value of 1 was used for each cell,
whereas for org-N, NH,-N, ox-N, and phosphorus (P) a value
of 3 was used. The contaminant removal mode detailed in
Methodology was applied to each wetland cell in series, with
perfect mixing assumed to occur between cells. A wetland
designed with more cells therefore has a narrower
distribution of residence times, leading to lower required
areas. In terms of overall costs, multiple lower-area cells do
not benefit as much from economies of scale for construction
(see Table 1), with this counterbalanced to a certain extent by
reduced operational costs and a reduced total area.

Fig. 1 shows the effect of varying the number of cells on
overall costs and areas, for varying input concentrations and
fixed output concentrations of BOD and phosphorus, at a
flow rate of 5000 m® d™". For a given wetland, all cells were
set to be of equal size. Trends for nitrogen removal are
similar to those for phosphorus removal, and relevant plots
are included in the ESL} Optimisation of the cell number can
lead to significant reductions in cost and area, for the three
contaminants. In all cases, total area rapidly decreases with

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Effect of varying the number of wetland cells on required overall area and treatment costs. All reductions are relative to using one single
cell. All biochemical oxygen demand (BOD) plots are for 5000 m® d* influent of varying concentration, with an output concentration of 30 mg L™
All phosphorus (P) plots are for 5000 m* d* influent of varying concentration, with an output concentration of 1 mg L™ Plots are A: reduction in
total cost for BOD removal, B: reduction in required area for BOD removal, C: reduction in total cost for phosphorus removal, D: reduction in
required area for phosphorus removal.

increasing cell number, before reaching a plateau. This trend  cells, and thus as the number of cells increases towards
is to be expected: there is assumed perfect mixing between  infinity the system approaches perfect plug flow. However, as
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the number of cells increases and required total area
decreases, individual cell size decreases and thus the cost per
unit area increases. These two competing effects lead to an
optimum cell number at which costs are minimised.

Possible area savings tend to be significantly larger for
BOD removal than P and nitrogen (N) removal, and increase
more rapidly with input pollutant concentration. This is due
to the much higher background concentrations in BOD
removal wetlands, which have also been assumed to increase
with input concentration (as detailed in the Methodology
section). While such reductions in area with increasing
wetland cells may appear surprisingly large, they are in line
with trends reported by Kadlec and Wallace, who do not

View Article Online
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investigate the effect on process economics.*® For all
pollutants, area and cost savings relative to one single cell
were found to be far more dependent on pollutant input and
output concentrations than on flow rate.

Nutrient removal costs. Full contour plots for the costs of
nutrient removal with input concentration and flow rate are
provided in the ESLf

Fig. 2 shows the cost of remediation for each nutrient, for
a range of input and effluent conditions. For removal of all
nutrients (BOD, P, TN), economies of scale are initially
significant, with an exponent of around 0.8 and as a result
volumetric treatment costs at 10000 m* d™* are around half
of those at 50m*® d™*. However, as size increases the exponent
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Fig. 2 Volumetric costs of nutrient removal using constructed wetlands, for a range of input and output conditions. Plots are A: biochemical
oxygen demand (BOD) removal, B: phosphorus (P) removal, C: total nitrogen (TN) removal, assuming input nitrogen made up of 50% organic

nitrogen and 50% ammonia nitrogen (NH4-N).
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increases to around 0.9, and volumetric costs tend to plateau,
leading to relatively little change above 5000 m® d™'. In the
ranges investigated, the volumetric costs for BOD removal
tend to be significantly lower than those for P and N removal,
and economies of scale tend to decrease more slowly with
flow rate. This is due to higher BOD removal rates, leading to
generally lower required areas. When designing for
simultaneous removal of multiple contaminants in a wetland
system, it is common for one contaminant to act as a
“bottleneck” and dictate required size and cost. From this
range of results it can be concluded that tertiary treatment
(i.e. P and N removal) will tend to significantly increase costs
relative to secondary treatment (only BOD removal),
particularly P removal. For all contaminants, particularly N
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and BOD, volumetric costs are more sensitive to changes in
effluent concentrations than influent concentrations. This is
due to the first-order removal rate model, which leads to

lower removal rates approaching the background
concentration.
No general method for estimating the costs of

conventional remediation was found, which typically takes
place through a form of activated sludge process, possibly
followed by further treatment. A direct comparison of costs
for wetland remediation and conventional remediation would
involve process design considerations for each input
condition due to the case-specific nature of wastewater
treatment, beyond the scope of this study. Calculated costs of
constructed wetland remediation were therefore compared
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with literature values for conventional secondary and tertiary
wastewater treatment,”>>”7%®” with results displayed in
Fig. 3. All sources were for countries with a similar level of
economic development to the U.S.A. All conventional costs
were adjusted to 2018 USD by first converting currencies
using historical exchange rates, and then applying the CEPCI
for the relevant years.

By comparing reported costs from various studies with the
equivalent costs calculated using this study's methodology,
high-level conclusions may be drawn. The following
conditions are identified as most economically competitive
for constructed wetland remediation:

e Treatment to secondary treatment standards, i.e. BOD
removal. Cost estimates for this category of wetland were
found to be over 25% cheaper than 86% of reported data.
Costs appeared to generally become more similar at higher
flow rates, e.g. above 30000 m® d™'. This is expected due to
economies of scale, although there are few high-flow data
points.

o Integrated secondary and tertiary treatment for P and N
removal, found to be over 25% cheaper than 91% and 81% of
reported data respectively. Removal of P appears to be
significantly cheaper than conventional remediation to levels
around 0.5 mg L™, with fairly little data available below this
threshold. Removal of N appears economically favourable to
outputs around 1 mg L™ NH,;-N. Wetland costs may be
considered to be generally cheaper up to around 10000 m?®
d™* for removal of both contaminants. Above this threshold
limited data was found, but appeared to favour conventional
remediation for N removal, and varied for P removal.

e Integrated second and tertiary treatment for small flow
rates (below around 500 m® d™), even for relatively stringent
discharge conditions such as phosphorus and ammonia
concentrations below 0.5 mg L™".

Small flow rates are found to be the condition where
constructed wetlands are most economically competitive, as
well as least land intensive. The application of wetland
wastewater treatment in smaller communities is thus most
promising, and there is likely the most available land near
such communities. Wetland remediation of wastewater was
found to be least economically viable for tertiary treatment of
secondary-treated wastewater, with costs significantly higher
than conventional alternatives (2-26 times higher). However,
this is primarily attributed to the studies considering
upgrading existing secondary treatment facilities, thus
avoiding significant costs. It may also be attributed to the
assumed first-order removal kinetics, leading to low removal
rates at low concentrations and thus large area requirements
in order to reach strict discharge limits.

The optimum number of cells was investigated for flow
rates between 10 and 50000 m® d™*. BOD inputs ranged from
50-300 mg L', P inputs from 5-45 mg L', and total nitrogen
from 30-100 mg L (assuming half organic nitrogen and half
ammonia nitrogen). Output concentrations were taken as 30
mg L' BOD, 1 mg L' P, and 5 mg L' ammonia nitrogen.
The optimum number of cells for BOD removal ranged from
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2 to 18 with maximum area of 10 ha, with both the size and
number of cells increasing with flow rate and input
concentration. Phosphorus and nitrogen removal were found
to require a similar number of cells, 2-16 and 1-13 cells
respectively. However, cell sizes were much larger, with a
maximum size of 55 ha and 54 ha for P and N removal
respectively.

Uncertainty. There is a degree of uncertainty with several
parameters used in the wetland sizing and costing approach
used in this study. Two sets of Monte Carlo simulations were
carried out to investigate the variability of results:

1. The variation of design parameters on output
concentrations. Wetlands were sized using the methodology
currently outlined for secondary and tertiary treatment of
municipal wastewater. Contaminant removal rates were then
varied based upon the frequency distribution given in the
work of Kadlec and Wallace.** Additionally, precipitation and
evapotranspiration factors were varied randomly between 0-2
em d™* and 0-1 cm d™* respectively. All output concentrations
were multiplied by the 90% exceedance multiplier to give the
target output concentration rather than the design output
concentration. As sizing parameters were varied, a range of
output effluent concentrations was obtained. The proportion
of this range below the target concentration was determined.
Correlation coefficients were also calculated, using all output
values and the corresponding varied input factors. Results
are displayed in Fig. 4.

2. The effect of economic parameter variation on overall
cost, for secondary and tertiary treatment of domestic
wastewater. Land costs were varied between 0 and 200000 $
per ha, construction costs were varied between 50% and
150% of the cost function used, operating costs were varied
between $2000 per ha y ™" and $12 000 per ha y™*, and indirect
costs were varied between 0% and 100% of total capital costs.
The parameters varied in the first Monte Carlo simulation
were kept constant. The range of calculated costs are
displayed in Fig. 5, as a mean with error bars representing
standard deviation.

Simulation 1 consistently shows that for secondary
treatment, around 50% of simulations give output effluents
below the design target. When investigating the parameters
used in each run, there is a clear correlation between the
output concentration and 1/k, with this effect far exceeding
that of precipitation and evapotranspiration. Median
k-values, as reported by Kadlec and Wallace,** were used in
this study, explaining the proportion of simulations reaching
the effluent target being around 50%. For tertiary treatment,
phosphorus removal is the limiting factor in wetland sizing,
thus displaying the lowest proportion of simulations with
output concentrations below the discharge limit, around
45%. As a result, there is therefore a strong correlation with
the 1/k value. Determination of the k-factor for the limiting
contaminant(s) at a specific site can therefore be identified as
the most important aim for real-life wetland design. For BOD
and N removal, the wetland is larger than required to reach
discharge limits, leading to a much higher proportion of

This journal is © The Royal Society of Chemistry 2020
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simulations achieving the effluent target. In addition, as
concentrations thus approach background concentrations,
they exhibit decreasing removal due to the first-order removal
rates, and the correlation with 1/k decreases significantly.
The proportion of simulations achieving target BOD effluents
increases with flow rate, likely due to the higher number of
cells used, with decreasing BOD background concentrations
in each cell.

Simulation 2 demonstrates that costs are moderately
sensitive to the assumed cost parameters, with the standard
deviation of overall cost equal to between one third and one
quarter of the mean value. However, considering the large
cost ranges investigated, these standard deviations are small
enough to maintain the high-level conclusions drawn from
comparison with literature. Investigation of correlations are
shown in Fig. 6. For smaller areas, construction costs appear
to have the highest influence on overall costs. However, as
the required wetland size increases, operation and
maintenance (O&M) costs eventually dominate as economies
of scale reduce the relative impact of construction costs and
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Fig. 5 Effect of varying economic parameters on simulated wetland
treatment costs in a Monte Carlo simulation, for secondary treatment
and tertiary treatment. Error bars represent one standard deviation in
the range of simulated results.
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indirect costs. The impact of varying land costs from 0 to
$200000 per ha is seen to have a very weak correlation to
overall remediation costs, offering flexibility in terms of
location.

Acid mine drainage remediation

Low-pH Drainage. The costs of anaerobic HSSF and VF
wetland remediation relative to chemical remediation were
calculated for low-pH AMD, using input acidity concentration
and flow rate as independent variables, for both maximum
and minimum acidity removal rate. Results are displayed in
Fig. 7. In addition, nine different AMD scenarios were
simulated to compare the costs of wetland remediation and
chemical neutralisation, based on the conditions simulated
by Skousen when comparing the costs of different chemical
remediation schemes.®® Their details are shown in Table 2,
and are plotted in Fig. 7. In the following analysis,
economically favourable conditions are considered to be
those where wetland remediation is found to be over 25%
cheaper than conventional remediation and economically
competitive where wetland remediation is found to be within
25% of the costs of conventional remediation.

Fig. 7 shows there is a range of conditions under which
wetland remediation of AMD appears to be economically
competitive or favourable relative to chemical remediation.
This is particularly true at low flow rates and/or acidities,
where the capital costs of building a chemical plant become
prohibitive. However, this may also be partly due to the zero-
order removal rate assumption, which may become less
accurate at low acidity inputs. For cases with flow rates under
around 0.02 m® s and acidities under around 300 mg L,
wetland remediation is economically competitive regardless
of acidity removal rate. However, results tend to be very
sensitive to the assumed acidity removal rate, which varies
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significantly in literature. When a high acidity removal rate is ~ competitive for a range of input acidities up to around 500
assumed, wetland remediation is found to be economically mg L™ above 0.04 m® s™'. However, in the case of a low
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Table 2 Simulated low-pH AMD scenarios. Cells highlighted in green represent cases where wetland remediation is economically favourable, orange
for economically competitive, and red for economically unfavourable. High rate and low rate refer to the assumed acidity removal rate

removal rate, only acidities up to around 180 mg L™ are
competitive for such flows. Additionally, as acidities increase
to high levels (above around 1500 mg L7%), the cost
effectiveness of wetland remediation is very sensitive to the
flow rate. As such, careful design and preparatory studies
would be required for wetland remediation at these
conditions.

As the economically favourable conditions are at low flows
and/or acidities, the associated areas tend to be of moderate
size. For HSSF designs, the required areas in these regions
are under 26 ha and 22 ha for high and low acidity removal
rates respectively. For VF designs, the required areas are
under 9 ha for both assumed removal rates. As wetland
remediation of AMD has yet to be implemented on a very
large scale, the low areas required at the most economically
viable conditions may encourage implementation of this
technology. Should the technology thus establish itself, a
subsequent decrease in capital costs may increase the range
of economically viable conditions to eventually include large
wetlands handling large and/or highly acidic flows.

The least economically viable are those with high flows
and acidity: flows with acidity above 1000 mg L™ and flows
above 0.06 m® s are economically unviable in all scenarios.
However, in the range of representative scenarios, the
majority are not within this region, and are either within or
closer to the economically viable zone:

e Scenarios 1 and 2 are always economically favourable,
regardless of acidity removal rate or wetland design. These
are the scenarios with the lowest flow rates and acidities
under 500 mg L.

e Scenario 3 is economically favourable for HSSF and VF
designs with high removal rates, economically competitive
for a low-rate VF design, and economically unfavourable for
low-rate HSSF designs. This demonstrates that acidity can
still be a determining factor in technology selection at low
flow rates.

e Scenario 4 is economically favourable under all
conditions except for an HSSF design with a low removal
rate, for which it is still economically competitive.

e Scenario 7 is economically favourable under high
removal rate and competitive for low removal rates.

This journal is © The Royal Society of Chemistry 2020

Scenario Flow rate (m3 Acidity (mg L™) Ratio VF Ratio VF Ratio HSSF Ratio HSSF
number s high rate low rate high rate low rate
1 100 0.10 0.16 0.10 0.21

2 0.004 500 0.26 0.44 0.27 0.60

3 2500 0.65 1.07 0.70

4 100 0.37 0.61 0.39

5 0.04 500 0.80

6 1500

7 100

8 0.08 500

9 2500

e Scenarios 5 and 8 are economically competitive for high-
rate designs, and economically unfavourable for low-rate
designs.

e Only scenarios 6 and 9 are clearly economically unviable
under all configurations.

Costs for VF and HSSF designs were compared for their
maximum and minimum acidity removal rates, and mid-
range rates. At minimum removal rates, HSSF designs were
found to be around 17-48% more expensive for economically
favourable and competitive cases. At maximum removal rates
for economically competitive and favourable conditions,
HSSF designs range from 10% cheaper at the lowest flow
rates and acidities, to 22% more expensive than VF designs.
Lastly, costs were compared for an HSSF design operating at
maximum removal rate, and a VF design at mid-range
removal rate. Under these assumptions, VF designs were
found to be 2-35% more expensive, with this figure
decreasing with acidity and flow rate. Due to the significant
effect of varying the removal rate within the reported ranges,
it would appear that neither design offers a clear advantage
in terms of costs. The main advantage of a VF design over an
HSSF design is thus the lower area requirement for a
generally similar cost.

Overall-site low-pH AMD data was sourced from literature,
in order to estimate the economic favourability and required
size of remediation wetlands for reported AMD cases.
Influent metal concentrations, pH, and flow rate were all
required for wetland sizing. The former two parameters were
relatively well-reported, but flow rates were less common.
Furthermore, many of the studies reporting flow rates were
for individual output streams at a given site, and not for
overall sites. As a result, data was sourced from a relatively
small number of studies,®*°> with the vast majority of figures
sourced from two studies: one on Pennsylvanian coal mines,
and the other on mines in the Iberian Pyrite Belt.”*** Results
are presented in Fig. 8.

For all wetland designs and removal rates, over half (55-
65%) of the simulated conditions were found to be
economically favourable for wetland remediation, 0-16%
were found to be economically competitive, and 19-9% were
found to be economically unfavourable. When looking at the
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Fig. 8 Simulated wetland performance for overall-site low-pH AMD, for case study data found in literature.

economically favourable and competitive conditions, the
mean wetland area for HSSF designs is 3.05-5.57 ha for low
and high removal rates respectively, with the corresponding
ranges for VF wetlands being 0.71-2.20 ha. Wetlands with
high removal rates have higher mean areas due to the higher
areas required for more severe inputs, under which the low
removal rate designs are not economically competitive. Thus,
under this set of literature data, wetland remediation would
appear to be able to play a significant role in remediation of
AMD, without requiring impractically large areas. However,
although 26 of the 31 data points had acidities within the
range of the examples provided by Skousen,®® only 8 had flow
rates within that range (with most being below 0.004 m® s™),
and only 7 had both acidity and flow rates within the range
of example conditions. This may be interpreted as either the
sample size or the example conditions not being widely
representative.

Circumneutral-pH drainage. Similarly, the costs of
aerobic FWS wetland remediation relative to chemical
remediation were calculated for circumneutral AMD, using
input Fe concentration and flow rate as independent
variables, for both maximum and minimum acidity removal
rate. Results are displayed in Fig. 9. Overall trends are
similar to those of low-pH AMD remediation: the most
economically favourable conditions are those of low flow
rate and/or input Fe. However, in this case all generated
conditions were found to be economically favourable, for
both high and low Fe removal rates and for higher flow
rates. It should be noted that even for large required
wetland areas (e.g. over 100 ha), costs are still significantly
lower than those for conventional treatment, suggesting that
practicality issues are likely to constrain wetland
remediation of large flows and metal inputs rather than
economic ones.

2114 | Environ. Sci.: Water Res. Technol., 2020, 6, 2103-2121

Biomass valorisation

The economic impact of constructed wetland biomass was
also investigated as part of this study. This was done by
determining the required profit per tonne of biomass
generated, under the previously stated assumption of 20
tonnes per ha y'. Wetlands treating low-pH and
circumneutral AMD were investigated, as well as wetlands
treating municipal wastewater to secondary and tertiary
levels. This analysis was carried out for wetlands greater than
0.5 ha in size, as the required profit quickly escalates to
infeasible quantities at low areas. Results are presented in
Fig. 10, and are directly proportional to the assumed biomass
yield per area.

There is significant variation between required profits
depending on the wastewater type, for a 10% reduction in
overall costs. Wetlands treating circumneutral-pH AMD and
municipal wastewater require profits of the order of $50-100
per tonne of dry biomass. HSSF wetlands treating low-pH
AMD require around $110-280 per tonne, while VF wetlands
treating low-pH AMD require around $270-630 per tonne.
The significantly lower costs for a given flow rate explain the
lower required profits for FWS wetlands treating
circumneutral-pH AMD and municipal wastewater. For
wetlands treating low-pH AMD, VF wetlands require a lower
area, which may explain the significantly higher required
profits relative to HSSF designs. The similarity between low-
removal-rate and high-removal-rate wetlands can be
explained: those with low removal rates have higher costs to
offset, but this is counterbalanced by the larger areas from
which to harvest. However, for all wastewater types, the
lowest required profits were for the largest wetlands, which
may already be considered to have technical limitations due
to their size.

This journal is © The Royal Society of Chemistry 2020
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Four possible revenue sources have been considered for
comparative purposes: directly selling reeds ($70 per t),”>°°
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biorefinery for bioethanol production ($420-1000 per t),”*°”
biorefinery for cellulose pulp production ($450-900 per
t),°*°® and production of reed pellets for fuel use ($140 per
t).>>° All revenue options are heavily dependent on the
achievable profit margin, which will vary with the scale of
operation. As a result, thorough analysis into the process
economics of each route and market size is required, which
has been considered beyond the scope of this study.
However, some preliminary analysis on the feasibility of
several options has been carried out by Croon in a 2014
study, which considers the utilisation of reed biomass
purchased at $70 per t.”® While technologically feasible, the
major obstacles to reed utilisation are identified as the costs
of harvest and transport to processing plants, and the large
scales needed for economical production. Integration of
wetland remediation with reed processing may allow harvest
and transport costs to be essentially absorbed into wetland
O&M costs: Croon's study concerns harvesting of natural reed
beds which have no such costs. Furthermore, harvest and
transport costs are reported to be in the range of $600 per
ha, corresponding to 9% of the O&M costs assumed in this
study, and significantly smaller than the uncertainty in O&M
costs based on review of literature.*

The major practical drawback would thus appear to be
required areas for minimum economic production. Croon
gives minimum economic productions of 50 000 t y ', 150 000
t y, and 60000 t y ' for bioethanol, pulp, and pellets
respectively. However, in 2016 26.2% of pulp mills in Europe
operated at under 100000 ty ', and 5.9% under 25 t y ', with
this latter figure instead being used as the minimum
economic production.'® The required areas for bioethanol,
pulp, and pellet production are thus calculated to be 19400
ha, 3600 ha, and 3000 ha. It should be noted that these
figures assume 35% cellulose content, no cellulose
degradation, 80% sugar release yield, and 90% ethanol yield,
and are therefore different to those calculated by Croon.
Required areas are clearly substantial, and would need to be
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Fig. 10 Required profit per unit dry mass of harvested wetland biomass, in order to offset 10% of total treatment costs. HSSF and VF represent
treatment of low-pH AMD using an HSSF and VF wetland design respectively. FWS represents treatment of circumneutral-pH AMD using a FWS
wetland design. Secondary treatment and tertiary treatment represent treatment of domestic wastewater using a FWS wetland design.
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distributed among a number of large wetland sites, which
tend to be least economically favourable. Therefore, this is
only likely to be feasible if wetland remediation were to
become more established.

In the case of bioethanol production, it may be possible to
blend wetland biomass with different feedstocks in a general
pretreatment process. In the NREL's technoeconomic analysis
of a lignocellulosic bioethanol plant producing 218000 t y*
of bioethanol from corn stover, feedstock costs (including
handling) were found to account for 34% of total bioethanol
production costs.'®® Therefore, the blending of wetland
biomass could still allow substantial cost reductions while
reducing the required wetland area. Additionally, the
magnitude of possible savings could reduce the required
minimum economic production capacity of smaller
bioethanol plants using only wetland biomass, thus reducing
area requirements.

Anaerobic digestion (AD) to produce biogas may represent
a more appropriate option for smaller-scale, more
disaggregated implementation of constructed wetlands.
Development of small-scale anaerobic digesters for localised
biogas production has been considered a promising route for
energy and fertiliser provision in small communities in
developing countries.'®*'** In addition to wetland biomass, a
range of feedstocks can be used in AD such as other types of
biomass or animal waste.'®> Small-scale AD may thus allow
the combination of wetland remediation of agricultural and
domestic wastewater with localised energy production.
Although digestion on a small scale for local use may not
significantly affect overall economics of wetland remediation,
its advantages could prove particularly attractive to small
communities in developing countries, and thus help instigate
more widespread adoption of CWs.

The effect of possible metal recovery was also investigated
for wetlands treating AMD, possible for instance through
ionic  liquid  pretreatment of  metal-contaminated
feedstocks.'® The theoretical maximum metal recovery was
found to be extremely low, even with the optimistic assumed
biomass metal uptake: around 2 kg ha™ y™ of Fe and Al, 1
kg ha™ y' of Mn and 100 g ha™ y™' of trace metals,
providing negligible economic impact. Uncertainty in the
values for biomass growth rate and metal uptake are very
unlikely to affect this conclusion. The reason for such low
uptake is that the main metal removal mechanisms in
wetlands involve immobilisation in the sediment.
Additionally, the wetland species typically used are metal-
tolerant or moderately metal-accumulating rather than hyper-
accumulating. While hyper-accumulating species may allow
more significant metal recovery, growth rates of such species
tend to be low, and their accumulating capacities tend to
only apply to a small number of metals per species. However,
despite the lack of economic benefit, the possibility of
utilising metal-contaminated wetland biomass would solve
the disposal issue from AMD wetlands.'*”'°® Additionally,
should metal concentrations in wetland sediment reach high
levels that require end-of-life disposal, the feasibility of
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treating the generated metal-concentrated sludge for metal
recovery may be investigated.

Conclusions

This study has demonstrated that constructed wetlands offer
an economically viable method for remediation of wastewater
under a wide range of conditions, for both nutrient removal
and remediation of low-pH and circumneutral acid mine
drainage. The P-k-C* model was used to size FWS wetlands
for removal of BOD, phosphorus, and nitrogen, which
incorporates a first-order areal removal model with a
background concentration. A wide range of input
contaminant concentrations and flow rates were simulated,
and the costs calculated for remediation to various effluent
standards. These costs were found by using a construction
cost function from literature, to which provisions for land
costs and indirect costs were explicitly added, and mid-range
O&M costs based on examination of literature.

Wetlands used for nutrient removal were found to have an
optimum number of cells, at which decreased area
requirements from improved hydraulic performance
counterbalance the increased cost of each smaller cell. By
optimising cell number, economic savings of up to 86% and
42% were found for BOD and P removal over the ranges
investigated. When compared to literature values, wetland
remediation was found to be most suitable for secondary
treatment of municipal wastewater, both at low and high flow
rates. When considering tertiary treatment of wastewater,
wetland remediation was found to be economically
competitive for integrated secondary and tertiary to stringent
standards (around 0.5 mg L' phosphorus and 1 mg L™
ammonia nitrogen), also particularly at low flow rates but
remaining competitive above 10000 m® d™'. For tertiary
treatment of post-secondary treatment wastewater, wetland
remediation were significantly more expensive than
conventional treatment methods. The uncertainty of the
sizing and costing estimates were investigated using two
separate Monte Carlo simulations. The first found a strong
correlation (r > 0.9, p < 0.01) between the wetland size and
the reciprocal of the contaminant removal rate, for the
“bottleneck” contaminant, with no significant correlation for
precipitation and evapotranspiration rates. The second found
costs to be most sensitive to variations in capital costs for
small wetlands, and to O&M costs with increasing size. Land
costs were found to have little impact on overall costs.

Wetland remediation of circumneutral AMD was found to
be economically favourable relative to chemical dosing under
all conditions investigated, and particularly at low flow rates
and Fe concentrations. For low-pH AMD, wetland
remediation was found to be economically competitive at a
fairly limited range of flow rates and acidities, with this range
particularly sensitive to the assumed acidity removal rate.
However, a significant proportion of simulated realistic AMD
conditions were found to fall within the economically
favourable and competitive zones, as well as a majority of

This journal is © The Royal Society of Chemistry 2020
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overall-site literature data. No clear economic advantage
which could be ascertained between VF and HSSF designs
due to the large ranges of removal rates from literature.
However, the VF design tended to require a lower area
requirement for similar costs.

The possibility of utilising the wetland biomass to offset
costs was explored, for direct biomass sale, production of
pellets, digestion to biogas, and biorefinery to bioethanol,
and pulp. While it was not possible to quantitatively
determine the most suitable product, practicality barriers
were identified, particularly regarding the required wetland
area. A biorefinery with metal recovery was found to have a
negligible economic impact but did, however, present a
method to utilise contaminated biomass which may otherwise
be regarded as a waste product of wetland AMD remediation.

There remains several areas for future work with regards to
high-level modelling of wetland remediation. The first, as
highlighted by the Monte Carlo analysis, is increased removal
rate data, with an aim to reduce the uncertainty introduced by
the wide range of removal rate estimates or to gain a better
understanding of high-level parameters affecting the removal
rate. Additionally, there remains scope for development of
high-level wetland remediation models. The P-k-C* model has
been shown to be the most suitable for SSF wetlands in a
review by Rousseau et al, and represents an improvement
upon the first-order k-C* model.'"” However, several of the
limitations of the first-order k-C* model outlined by Kadlec
may still be improved upon.'*® Multiple studies have tested a
first-order removal rate model for certain metals, but the use
of such a model for general wetland design would require
additional studies with well-reported design properties in
order to more confidently estimate the relevant removal rates,
background concentrations and Prg values.””''"''* While
sophisticated packages do exist for constructed wetland
performance, they are intended for detailed design of
individual wetlands, and may thus be considered too detailed
for this type of high-level estimate. Such models are included
in Meyer et al.'s review into the modelling of constructed
wetlands, who also emphasise the need for increased data
collection and availability."**
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