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Abstract 
 
A vertical flow sand filter is a simple, effective and inexpensive system for treating greywater. The 
performance of sand filters treating artificial greywater was tested in the laboratory over a time period of 
113 days. The filters consisted of columns (0.2 m diameter) filled with sand to a height of 0.6 m. The 
hydraulic properties of the filters were measured as well as the inflow and outflow concentrations of 
COD, BOD5, total and phosphate phosphorus and total-, ammonia- and nitrate nitrogen. To get a better 
quantitative understanding of the treatment processes inside the filters, the HYDRUS-CW2D computer 
software was used to simulate the filters. The simulation of water flow through the filter could be well 
fitted to the measured flow by adjusting three model parameters: the air entry value, the pore size 
distribution index, and the pore connectivity parameter. For the COD reduction the simulated results 
agreed well with experimental data after an adjustment of the microbial lysis parameters of HYDRUS-
CW2D. The simulated reduction of COD was 65 %, while a 72 % reduction was measured for the filters 
in the lab. Simulated reduction of phosphorus in the sand filter effluent corresponded well to the 
measured reduction: the simulated reduction of phosphorus was 72 % while the experimental filters 
achieved a 79 % reduction. Also, the simulated effluent concentrations of nitrate compared quite well to 
the measured values. Almost no reduction (4 %) in total nitrogen took place in the experimental filters,  
which agreed with the simulated reduction (0 %). For the phosphorus and nitrate components in 
HYDRUS-CW2D, so far no changes have been made to the default parameters. 
 
 

1. Introduction 
 
Physical water scarcity affects one fifth of the world’s population today, and over the coming 
years water scarcity is likely to increase (Molden, 2007). About 90 % of the globally produced 
wastewater is left untreated, resulting in extensive pollution of natural water resources (Drechsel 
et al., 2010). An estimated 5.4 billion people have access to pit toilets or no toilet, which means 
their household wastewater is constituted of greywater (water from bath, shower and wash) 
(WHO, 2006). Greywater contains suspended solids, various household chemicals, oil, and to 
some extent, pathogenic microorganisms. Source-separated greywater is, however, usually less 
polluted than common wastewater or industrial wastewater (Morel and Diener, 2006). Greywater 
can, after suitable treatment, be a sustainable resource for irrigation, cleaning and strengthening 
the groundwater by infiltration (WHO, 2006). A vertical flow sand filter could prove to be a 
simple, effective and inexpensive system for treating greywater.  
 
The performance of a sand filter treating artificial greywater was tested in the laboratory over a 
time period of 113 days. The filter consisted of a column (0.2 m diameter) filled with sand to a 

mailto:sahar.dalahmeh@slu.se�
mailto:Cecilia.Lalander@slu.se�


2 
 

height of 0.6 m. Duplicates of the sand filter were simultaneously tested. The filters were 
intermittently loaded three times a day; the loading was performed as a rapid flush emerging 
from sprinklers installed on top of the filter columns. The size and timing of the loadings were 
intended to correspond to the greywater yield of a typical rural community household in Jordan 
(Abu Ghunmi et al., 2008). The hydraulic properties of the filters were measured as well as the 
inflow and outflow concentrations of COD, BOD5, total and phosphate phosphorus, and total-, 
ammonia- and nitrate nitrogen. 
 
To get a better quantitative understanding of the treatment processes inside the filters, the 
HYDRUS-CW2D computer software (Langergraber and Šimůnek, 2005) was used to simulate 
the filters. The simulation results were compared to the measured observations for verification. 
The idea was to verify if HYDRUS-CW2D could simulate the capacity of a system using vertical 
flow sand filters for treatment of household greywater. 
 
The simulation of water flow through the filter could be well fitted to the measured flow by 
adjusting three model parameters: the air entry value (α, [cm-1]), the pore size distribution index 
(n, [-]), and the pore connectivity parameter (l, [-]). The simulation of reactive transport of 
nutrients within the filter compared quite well to the experimental observations. The simulated 
reduction of COD was 65 % while a 72 % reduction was measured for the filters in the lab 
(Table 5). Simulated reduction of phosphorus in the sand filter effluent corresponded well to the 
measured reduction: the simulated reduction of phosphorus was 72 % while the experimental 
filters achieved a 79 % reduction (Table 5). Also, the simulated effluent concentration of nitrate 
compared quite well to the measured values. Almost no reduction (4 %) in total nitrogen took 
place in the experimental filters, which agreed with the simulated reduction (0 %) (Table 5). 
 
HYDRUS-CW2D was to a large extent successfully used to simulate the capacity of a system 
using vertical flow sand filters for the treatment of household greywater. Using HYDRUS-
CW2D for running simulations has so far improved our understanding of the lab scale sand 
filters by elucidating that some water bypasses the filter by running alongside the filter column 
walls. The simulations also indicated that the biological activity and COD reduction mainly took 
place in the very top of the filter, thereby agreeing with experimental observations. 
 
 

2. Materials and Methods 
 
The experimental setup consisted of a column (0.2 diameter) filled with sand up to 60 cm. 
Several characteristics of the sand were measured (Table 1). To facilitate drainage and 
distribution of loadings, a 0.1 m layer of coarse gravel was placed at the bottom of the column. 
Some large pieces of gravel were placed on top of the sand to even out the distribution of 
incoming greywater. The loadings were set to be automatically conducted as short, intermittent 
bursts following the same schedule (Table 2) each day for 113 days.  
 
The artificial greywater was prepared by mixing standard nutrient broth, dishwashing gel, 
shampoo, washing powder and maize oil with tap water. To include indigenous bacterial flora, a 
small amount of wastewater from a nearby Swedish municipal sewage treatment plant was also 
added. Various characteristics of the artificial greywater were measured (Table 3). 
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Table 1. Characteristics of the sand filter material used in the experiment set up (Dalahmeh et al., 2012). 
 

Parameter Sand 
pH [SU] 7.9 
Loss on ignition [%] <1 
Effective size [mm] 1.4 
Uniformity coefficient [-] 2.2 
Bulk density [kg m-3] 1690 
Particle density [kg m-3] 2570 
Porosity [%] 34 
Surface area [m2g-1] 0.136 
Hydraulic conductivity [cm h-1] 360 

 
 

Table 2. Loading schedule for the irrigation of the filter. 
 

Time 9:00 16:00 20:00 
Amount of water [L] 0.7 0.1 0.2 

 
 
Table 3. Characteristics of the artificial greywater used in the experiment set up (Dalahmeh et al., 2012). 

 
Parameter Concentration in artificial greywater 
pH [SU] 7.8 ± 0.3 
Electrical conductivity, EC, [µS cm-2] 1960 ± 140 
Biochemical oxygen demand, BOD5, [mgL-1] 425 ± 56 
Chemical oxygen demand, COD, [mgL-1] 890 ± 130 
Total organic carbon, TOC, [mgL-1] 304 
Methylane blue activity substances, MBAS, [mgL-1] 30 ± 10 
Total phosphorus, Tot-P, [mgL-1] 4.2 ± 0.2 
PO4-P, [mgL-1] 2.1 ± 0.4 
Total nitrogen, Tot-N, [mgL-1] 75 ± 10 

 
 
The filter effluent was collected in a bucket placed on top of a digital scale connected to a 
computer that recorded the weight once a minute. Weight and time recorded in this manner gave 
a thorough estimate of the cumulated effluent flow of the filter. Samples from both influent 
greywater and filter effluent were collected and analyzed regularly during the experiment. 
 
To get a better quantitative understanding of the treatment processes inside the filter, the 
HYDRUS-CW2D computer software was used to simulate the filter. HYDRUS-CW2D was first 
used to model the hydraulics of the filter. A large number of simulations with varied empirical 
coefficients α, n, and l were carried out and compared to the experimental data. The areas 
between simulated curves and measured curve for cumulative water flow were calculated and 
used as a measure to determine the best fit (Table 4), as the least area indicates the best fit. 
 
After a good fit to measured values had been established, the reactive transport of nutrients was 
also modeled. Some assumptions were made to adjust the concentrations of pollutants in the 
artificial greywater (Table 3) to values of the components in CW2D. COD in CW2D is divided 
into three fractions: readily biodegradable soluble COD (CR); slowly biodegradable soluble 
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COD (CS) and inert soluble COD (CI). It was assumed that CR equals measured BOD5 (Table 
3). BODu was taken into consideration to determine the CS fraction. BODu can be expected to 
equal the total amount of biodegradable COD (Ghunmi, 2011). It was assumed that BODu could 
be determined from the measured BOD5 by dividing BOD5 with a factor 0.7, according to 
literature values (Ghunmi, 2011). The calculation of CR, CS, and CI was thereafter done by: 
 
 CR = BOD5 (1) 
 CS = BOD5/0.7-CR (2) 
 CI = COD-CR-CS (3) 
 
To evaluate the performance of the filters, the efficient % reduction (%red) was calculated for 
each parameter with available data by using: 
 

 % *100in out

in

c cred
c
−

=  (4) 

 
where cin is the influent concentration and cout is the filter effluent concentration. 
 
 

3. Results 
 
3.1. Hydraulic Model 
 
When configuring the empirical coefficients, different sets of values of coefficients α, n, and l, 
gave a broad variety to the outcome of the simulated cumulative flow. The values that were 
finally judged to give a good enough fit of simulated data onto the experimental data are 
presented in Table 4. 
 

Table 4. Values of empirical coefficients used in the final simulation. 
 

Empirical coefficients Estimated best fit values 
Air entry value, α [cm-1] 0.06 
Pore size distribution index, n [-] 2.68 
Pore connectivity parameter, l [-] 1 

 
Observations from the duplicate sand filter showed that there were some variations in the 
hydraulic behavior between the same type of filters (Figure 1). The simulated cumulative water 
flux was deemed as a good enough intermediate fit to the two sets of experimental data, although  
the simulated water flux deviated somewhat from the measured flux after the second loading 
(Figure 1). 
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Figure 1. Cumulative water fluxes: simulated data compared to experimental data from the main 

sand filter (SAND1) and its duplicate (SAND2). 
 
 
3.2. Reactive Transport Model 
 
The simulated heterotrophic bacteria appeared to grow continuously (Fig. 2a) while the 
autotrophic bacteria appeared to reach a steady state of constant growth after 30 days. The 
simulated microorganisms appeared to be concentrated to the top 20 cm of the filter, with the 
largest concentrations (17.6 mg COD g-1 DW; 12 µg COD g-1 DW and 13 µg COD g-1 DW for 
heterotrophic bacteria, Nitrosomonas, and Nitrobacter, respectively) at the very top of the filter 
(Figure 2b).  
 
From the empirical experiment, the measured values of effluent pollutant concentrations were 
considered as steady state values. To compare measurements with simulated observations, the 
mean values of the simulated effluent pollutant concentrations were calculated for days 56-113 
(Table 5). CR, CS, and CI concentrations in the simulated inflow (Table 5) were calculated based 
on the concentrations in the artificial greywater (Table 3), according to equations 1-3. 
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Figure 2. (a) Growth of heterotrophic microorganisms at different depths in the filter, 0 cm being 
the top of the filter. (b) Amount of microorganisms over a filter depth during day 113 of the 
simulation. 

 
 
 

Table 5. Simulated and measured mean values of the filter effluent concentrations of pollutants (from 
simulation timespan 56-113 days). 

 
Parameter Simulated 

greywater 
concentrations 

[mgL-1] 

Measured filter 
effluent 

concentrations 
[mgL-1] 

Simulated filter 
effluent 

concentrations 
[mgL-1] 

Measured 
%red [%] 

Simulated 
%red [%] 

CR 425 108 0 75 99.9 
CS 180 46 0 74 100 
CI 278 91 308 67 - 
COD 885 245 308 72 65 
IP 2 0.4 0.5 83 78 
TP 4.2 0.9 1.2 79 72 
NO3N 1 57 47 - - 
NH4N 0.5 4 0.1 - 79 
NO2N* - - 0 - - 
TN** 75 72 - 4 - 
* NO2N was not measured 
**simulated TN could not be established within the model 
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4. Discussion 
 
The simulation of flow dynamics was considered successful since a close fit of simulated and 
measured data was achieved for the cumulative flux. It was demonstrated that calibration of 
empirical coefficients α, n, and l was necessary to achieve a good fit. The coefficients were 
chosen by matching the curves of simulated and measured cumulative fluxes, similar to a study 
of the simulation of a subsurface vertical flow constructed wetland for CSO treatment (Dittmer et 
al., 2005). It is possible that a measured retention curve for the sand used as filter material could 
provide further insight on which empirical coefficient values to use (van Genuchten, 1980).  
 
The measurements on the physical filter indicated that the filter operated under pseudo steady 
state conditions because the observed concentrations of pollutants in the filter effluent did not 
vary from day to day. However, the simulations demonstrated constant growth of heterotrophic 
microorganisms in the filter (Fig. 2a), which contradicts the observed behavior of the physical 
filter. In order to calibrate the simulated growth of biomass, some quantitative measurements of 
biomass should be performed on the physical filter. A study of microbial biocoenosis has been 
carried out on vertical subsurface flow constructed wetlands treating municipal wastewater 
(Tietz et al., 2006). The result of the study by Tietz et al. (2006) was used further in a 
comparative study of measured and simulated distributions of microbial biomass in subsurface 
vertical flow constructed wetlands (Langergraber et al., 2007). In the study, carried out by 
Langergraber et al. (2007), different heterotrophic lysis rate constants were varied to fit 
simulated data to measured data of biomass, which proved successful. A similar attempt to 
calibrate the simulated biomass growth in vertical flow sand filters treating greywater would be a 
suitable continuation in order to correct the current model. 
 
Regardless of the inconsistency of the constant growth of biomass in the simulations, the 
simulated performance matched the performance of the physical filter quite well. The simulated 
reduction of COD was 65 % while a 72 % reduction was measured for the physical filter (Table 
5). Simulated reduction of phosphorus in the sand filter effluent corresponded well to the 
measured reduction: the simulated reduction of phosphorus was 72 %, while the physical filter 
achieved a 79 % reduction (Table 5). Also, the simulated effluent concentrations of nitrate 
compared quite well to the measured values. Almost no reduction (4 %) in total nitrogen took 
place in the physical filter, thereby agreeing with the simulated reduction (0 %) (Table 5). 
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