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A B S T R A C T   

There is an extensive body of knowledge pertaining to the treatment of winery wastewater and other acidic 
effluents in biosand reactors. This manuscript compares the performance of biosand reactors containing raw sand 
and fractionated sand. Fractionation of sand (particles <0.425 mm removed) increased the hydraulic conduc
tivity of the sand matrix 9-fold when compared to raw sand: from 0.285 mm⋅s− 1 to 2.50 mm⋅s− 1 and 0.129 
mm⋅s− 1 to 1.11 mm mm⋅s− 1 before and after start-up, respectively. Similar results for both sands were obtained 
in terms of organic removal performance (94 % and 95 %, respectively) and neutralization of acidic (pH 4.9) 
winery wastewater. Results indicate that one 5.6 m3 biosand reactor module containing 2.9 m3 of fractionated 
sand can theoretically treat 8102 L⋅d− 1, which is the approximate volume generated from wineries crushing 329 
to 547 t of grapes per annum. This is notably higher than the design flow rate of 1000 L⋅d− 1 in used in a pilot 
system containing raw sand. Furthermore, a zero-waste biosand reactor model is presented for treatment of 
winery wastewater. The strategy includes reuse of treated effluent for irrigation, anaerobic digestion of primary 
winery wastewater sludge and use of the digestate as an agricultural fertilizer, and re-purposing of the residual 
sand.   

1. Introduction 

Fermentation of grape juice to wine relies on the microbially medi
ated conversion of grape sugars to ethanol with the concurrent forma
tion of other metabolites which add to the complexity of the final 
product [1–4]. This winemaking process and ancillary operations 
generate solid wastes, by-products, and winery wastewater (WW). Many 
solid waste streams, including lees and marc, are valorised on-site or in 
dedicated biorefineries [5], but due to its nature, WW has little benefi
cial use. Winery wastewater fluctuates in physiochemical quality, with 
the highest organic and volumetric loads occurring during the crush/ 
harvest period [6–8]. After primary settling and pH adjustment, ‘bene
ficial’ irrigation is often used as a means of WW disposal, particularly in 
water stressed countries [9]. Depending on cellar activities and prac
tices, the WW can contain high concentrations of organic molecules and 
inorganics. For example, high sodium (Na) loads can emanate from the 
ubiquitous use of the relatively inexpensive and effective cleaning 
product, sodium carbonate (Na2CO3) [6]. Polyphenolics in WW can be 

phytotoxic, and highly saline WW may cause some soils to become sodic 
[6,10–12]. Irrigation with untreated WW can therefore pose a threat to 
the receiving environment. It is therefore prudent to remediate WW 
before discharge on land or to aquatic environments. 

There are several WW treatment options available which vary in 
cost, complexity, and efficiency. The challenge for designers of WW 
treatment systems is the seasonal variability in the quality and quantity 
of WW [13–15]. Depending on the local legislation, the amount of WW 
generated, and the location of the cellar, different levels of remediation 
may be required. While complex treatment systems may be effective, 
they are generally not applicable for smaller wineries due to cost and 
staff constraints [16]. Constructed/treatment wetlands have been 
extensively used as passive WW treatment systems, but typically have 
large spatial footprints and the WW may be phytotoxic to the plants 
[17]. Biosand reactors (BSRs), alternatively known as biological sand 
filters or unplanted constructed/treatment wetlands, are cost effective, 
require minimal maintenance and provide an environment for biodeg
radation of the organic fraction of WW and neutralization of acidic WW. 
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After start-up, the hydraulic conductivity (HC) of the BSRs decreases due 
to the formation of functional biomass. This is inversely correlated with 
organic loading and therefore reversible, so that the systems do not 
require backwashing after the crush season even after long-term oper
ation [18–21]. When operated in vertical mode, BSRs have smaller 
spatial footprints and higher specific organic removal rates (ORR) than 
other passive treatment systems, and can be retrofitted to existing 
treatment systems [21]. 

One of the challenges that has previously been associated with pilot 
BSRs is the large (up to 95 %) reduction in the HC of the sand due to 
build-up of biomass during WW treatment [21]. The biomass is a 
necessary functional component of BSRs and is most abundant during 
periods of high organic loading. During this time, it retards the flow of 
WW, causing a transient reduction in the hydraulic capacity of BSRs 
[18,21,22]. The size of sand particles is a critical factor governing the 
HC of soil and sand environments, with liquid flow rates increasing as 
particles increase in size [22,23]. It was therefore hypothesized that: (i) 
the hydraulic performance of BSRs during the crush period could be 
improved by fractionating the sand and using only the larger sand 
particles in the systems, and (ii) the smaller sand particles could be used 
for another purpose. For example, smaller sand particles are more 
desirable in self-compacting concrete (SCC) mixes [24]. The proposed 
dual usage of the sand feeds into the principles of a circular economy. 

In passive treatment systems, there is theoretically a balance be
tween hydraulic retention time (HRT) and remediation efficiency 

[25,26] and functional microbial communities are influenced by the 
character of sand particles in BSRs [27]. It was therefore recognized that 
the fractionation strategy could have a negative impact on BSR perfor
mance. Column replicates containing raw or fractionated sand (particles 
>0.425 mm) were therefore used to compare (i) The HC before and after 
build-up of biomass consequent to feeding with WW, (ii) organic 
removal rates, and (iii) WW neutralization rates. This study is the final in 
a series of studies pertaining to remediation of WW in BSRs. The 
manuscript therefore contains a section exploring the holistic use of 
BSRs and proposed ancillary methods for treating WW and WW sludge in 
the context of resource utilization and reuse for a bio-circular economy. 

2. Materials and methods 

2.1. Experimental set-up and operation 

The experimental set-up consisted of six identical clear 2000 mm tall 
polyvinyl chloride (PVC) columns with internal diameters of 105 mm 
(Fig. 1A). Each column contained approximately 20 kg of sand to a 
height of 1450 mm (Table 1). The columns were operated in triplicate 
with one set containing raw (unfractionated) sand and the second con
taining sand with all particles <0.425 mm removed (fractionated sand) 
(Fig. 2). The raw sand has an effective size, uniformity coefficient and 
fineness modulus of D10 = 0.36, 2.3 and 1.67 respectively and D10 =

0.36, 2.0 and 2.78 respectively for the fractionated sand. To prevent 

Fig. 1. Layout of experimental set-up of column experiment together with outlet piping (A), exploded view of outlet filter of column (B), stainless steel number 100 
mesh and the stainless-steel laser cut base with 4 × 4 mm square openings (C). 

Table 1 
Operational parameters of sand columns.  

Sand type Sand height Sand weight HRT HLR 

(mm) (g) (h) (L⋅m3 sand⋅day− 1) 

Raw 1450 ± 10.8 20,000 ± 0 36.7 ± 0.3 191.2 ± 1.4 
[1435–1460] [20000− 20,000] [36.3–36.9] [189.9–193.1] 

Fractionated 1444 ± 7.4 21,000 ± 408 37.6 ± 0.3 191.9 ± 1.0 
[1435–1453] [20500–21,500] [37.4–37.9] [190.8–193.1]  
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sand washout and to ensure permanent saturation but unimpeded flow 
when required during operation, a complex sealing system consisting of 
gaskets, mesh screens, spigots, backing rings and ball valves were 
installed at the bottom outlet of each column. To increase the column 
lengths for sand HC measurements, spigots and backing rings were also 
installed at the top of the columns (Fig. 1B, C). 

For the HC tests, the outlet piping was removed from the columns so 
that the flow was only restricted by the 50 mm ball valves. To increase 
the hydraulic head, temporary 2000 mm column lengths were joined to 
the top of the columns above the mesh and a stopwatch was used to 
measure the time it took for the water level to drop each 200 mm, with 
the final measurement being taken at a hydraulic head of 1520 mm. HC 
measurements for each column were conducted in triplicate. 

For the performance evaluation experiments, each column was fed 
with WW. The hydraulic loading rate (HLR) was calculated in terms of 
the volume of sand within the column as previously described [18] 
(Table 1). The columns were fed via IVAC volumetric pumps (Model 
597) at a rate of 2.4 L⋅day− 1 with operational parameters as shown in 
Table 1. All the pumps were fed from the same holding vessel to ensure 
influent consistency. 

Approximately 3 kg of sand was extracted from an operational BSR 
system containing functional biomass [21]. Distilled water was added to 
the extracted sand and sonicated. After the initial HC test, the columns 
were allowed to drain for 48 h then inoculated with 1 L of the super
natant fluid from the sonicated sand to the top of each column, which 
were then allowed to acclimate for 14 days. 

After inoculation, starting at days 0, 21, 42, 63, 84, 105 and 126, the 
columns were fed with different batches of WW at 100 mL⋅h− 1 for the 
allotted volume, sampled and outlet was closed till the next dosing 
(Table 2). During the start-up period (days 0 to 83), the WW was diluted 
with filtered water and the columns were fed with WW in increasing 
concentrations to allow the functional microbial communities to grad
ually acclimate to the WW. This ‘incremental priming’ has been shown 
to increase system performance in BSRs [28]. The systems were 

considered operational from day 84 (Table 2). 
[] = Range, HRT = hydraulic retention time, HLR = hydraulic 

loading rate. 

2.2. Sampling and characterisation of influent and effluent 

From the third feeding period (days 42–63), effluent samples were 
taken over the last hour of each feeding period and analysed immedi
ately. The pH was determined according to the manufacturer's in
structions using a CyberScan pH 300 meter and appropriately calibrated 
pH probe PHWP300/02K (Eutech instruments, Singapore). The elec
trical conductivity (EC) was determined using a hand-held Oakton 
ECTestr 11+ multirange, cup-style pocket conductivity meter (Eutech 
Instruments, Singapore Cat No: 35665-35) with a range of 0 μS/m to 20 
mS/m. The COD concentrations were determined using a Merck 
(Merck®, Whitehouse Station, USA) Spectroquant® Pharo instrument 
and Merck Spectroquant® cell tests (cat. no. 1.14895.0001, 
1.14541.0001 and 1.14691.0001) according to manufactures in
structions. The total phenolic concentrations were determined using the 
Folin-Ciocalteu micro method [29] using a Merck®Folin-Ciocalteu re
agent (Cat No: 1.09001.0500). Total Alkalinity was measured using the 
Merck titrimetric method with titration pipette MQuant catalogue 
number (1.111109.0001), according to the manufacturer's instructions. 

2.3. Characterisation of sand 

The particle size distribution was performed using the SANS 3001 
(Method AG1, PR5, AG21) by Cetlab, South Africa. 

Fractionated samples of sand analysed by automated scanning elec
tron microscopy using a FEI QEMSCAN® (Quantitive Evaluation of 
Minerals by SCANning Electron Microscopy) instrument (Thermo Fisher 
Scientific, Waltham, USA) and iDiscover™ software. The roundness and 
aspect ratios of the different mineral fractions determined using the 
iDiscover™ software were used to compare the shapes and sizes of 

Fig. 2. Particle size distribution curves for raw and fractionated sand.  

Table 2 
Feeding schedule and physicochemical analysis of influent winery wastewater.  

Period Volume COD TN TP TPP pH Alk Con 

(day) (L) (mg⋅L− 1) (mg⋅L− 1) (mg⋅L− 1) (mg GAE⋅L− 1) (pH) (mg HCO− ⋅L− 1) (μS⋅m− 1) 

Days 0–211  4*  101  0.0  0.0  3.6  6.8  92  161 
Days 21–421  4*  206  0.0  0.0  2.4  6.8  67  153 
Days 42–631  8*  492  0.5  1.6  10.3  6.8  116  230 
Days 63–841  8*  961  2.6  5.8  16.4  6.6  134  438 
Days 84–1051  13  1013  20.8  21.1  17.7  6.8  183  470 
Days 105–1262  21  2538  73.1  9.2  55.3  5.6  409  1286 
Days 126–1303  8  4681  89.3  29.6  38.2  4.9  311  1551 

COD = chemical oxygen demand, TN = total nitrogen, TP = total phosphate, TPP = total poly-phenolics, GAE = gallic acid equivalents, Alk = Alkalinity, HCO =
bicarbonate, Con = electrical conductivity, S = siemens, 1,2,3 

= batch number of the winery wastewater. 
* Wastewater diluted with filtered water. 
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particles with different mineral composition as previously described 
[23,30]. 

3. Results and discussion 

3.1. Hydraulic performance 

The saturated HC is the intrinsic value which describes the rate at 
which fluid moves though a saturated porous media and is affected by 
the porosity of the medium, particle packing, particle size [23] and 
uniformity of the particles [22]. In this study, indices obtained via 
QEMSCAN® were used to compare the morphologies of the raw and 
fractionated sand [23,30]. For the raw sand, the quartz and calcite 
contributions were 81.3 % (wt.wt.) and 17.6 % (wt.wt.), while for the 
fractionated sand, they were 74.0 % (wt.wt.) and 9.6 % (wt.wt.) 

respectively. Computer generated images of the morphology and 
mineralogy of the raw and fractionated sand obtained using via 
QEMSCAN are shown in Fig. 3. Additional information of the character 
of the raw sand can be found in literature [22,23]. 

It was previously established that the HC of the sand with the smaller 
fractions (>0.6 mm) removed exhibited a significantly higher (p < 0.05) 
HC (2.75 ± 0.02 mm⋅s− 1) than the raw sand (0.41 ± 0.10 mm⋅s− 1), but 
the relative losses in HC due to the formation of functional biomass were 
not determined [19,22]. In this study, the HC results before and after 
biomass formation were very similar to those obtained in an earlier 
experiment conducted using columns containing a batch of sand from 
the same quarry site fed with synthetic WW for 14 weeks [22]. The 
initial comparative HC values of the raw sand batches were: 0.28 ± 0.05 
mm⋅s− 1 (this study) and 0.284 mm⋅s− 1 [22], with respective reductions 
in HC due to the growth of functional biomass of 52.3 ± 6 % and 52 %. 

Fig. 3. Computer generated (QEMSCAN®) images of the raw (A) and fractionated (B) sand particles.  

Fig. 4. The hydraulic conductivity of raw and fractionated sand measured in experimental columns before and after feeding with winery wastewater.  
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For the fractionated sand, the initial HC of 2.50 ± 0.20 mm⋅s− 1 reduced 
by 55.4 ± 2 % after feeding with WW for 19 weeks, but the HC (average 
1.15 ± 0.081 mm⋅s− 1) was still >4 fold higher than the initial HC of the 
raw sand (Fig. 4). 

The HC results were applied to a pilot BSR system with a novel design 
[21] shown in Fig. 5. In the system, pre-settled WW is applied to the 
surface of the BSR modules and flows passively through the system as 
indicated in the diagram. The adjustable outlets allow the HLR to be 
manipulated by changing the hydraulic head to the maximum rate 
dictated by the HC. It was found that the range of possible flow rates was 
considerably greater when using fractionated sand in comparison to raw 
sand in the BSR modules (Fig. 6). 

When the pilot system was operated with raw sand and a hydraulic 
head of 0.8 m, the maximum achievable flow rate during the crush 
season was <250 L⋅d− 1 per module [21]. By applying the HC results 
obtained in the column experiments containing fractionated sand, it was 
calculated that this rate could theoretically be increased to 114,681 
L⋅d− 1 (before) and 5455 L⋅d− 1 (after) biomass accumulation during the 
crush season. This would reduce the HRT for the reactor module to 17.8 
h during the crush season (Fig. 6). In reality, the maximum operational 
flow, with a hydraulic head of 0.8 m, would be limited to 8102 L⋅d− 1 

which equates to a HLR of 3212 L⋅m− 3of sand.d− 1 in order to provide 
sufficient HRT (12h) for bioremediation of the WW. In other words, 
when calculating the WW volume generated/tonne of grapes crushed 
previously formulated [31], one BSR module containing fractionated 
sand would be required for wineries that crush 547 t or 329 t of grapes, 
respectively, producing 50 % or 80 % of their WW during the crush 
season. In comparison, a single BSR module would be capable of treating 
the WW from wineries crushing approximately three times as many 
grapes when applying the WW generation volume of 3.05 m3 WW/tonne 
of grapes crushed formulated by another group of researchers [32]. 

3.2. Remediation performance of biosand filters with fractionated and 
raw sand 

3.2.1. Organic removal rates 
Due to the organic nature of WW, the organic fraction was measured 

using COD as a proxy [6]. It has been conclusively established that BSRs 
containing raw sand are capable of significantly reducing the COD of 

Fig. 5. Cross-section of a novel biosand filter module. 
(Adapted from Holtman et al. [21]). 

Fig. 6. Potential ranges of flow rates that can be achieved in biosand reactors 
containing raw (A) and fractionated (B) sand before and after biomass accu
mulation. The theoretical flow rates, used in Table 3, after biomass accumu
lation are denoted with a red circle. (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of 
this article.) 
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WW, including the concentrations of polyphenolics [18,21,33,34]. A 
pilot system containing raw sand was able to treat WW at higher organic 
loading rates (279 g COD⋅m− 3 of sand⋅day− 1) with a smaller spatial 
footprint than reported for other passive systems (constructed/treat
ment wetlands) [21]. 

In this study, the use of fractionated sand had a positive influence, 
not only on hydraulic performance, but on COD removal efficiency 
(Fig. 7A). The COD removal efficiencies in the columns containing raw 
and fractionated sand ranged from 71 % to 94 %, and 74 % to 95 %, 
respectively. For the final sampling instance (with the most concen
trated WW), the organic removal efficiency in the columns containing 
fractionated sand was 95 % (±1 %) with influent and effluent concen
trations of 4681 mg⋅L− 1 and 222 mg⋅L− 1 (±43), respectively. This was 
comparable with the 94 % (±1 %) organic removal efficiency and 
effluent concentration of 298 mg⋅L− 1 (±61) obtained with the raw sand 
(Fig. 7A). The trend continued with the removal of total polyphenolics 
with the fractionated sand columns having slightly higher removal ef
ficiencies (87 % to 94 %) than the raw sand columns (87 % to 93 %) with 
influent values ranging from 10.4 to 55.3 mg GAE⋅L− 1 (Fig. 7B). 

3.2.2. Neutralization of acidic winery wastewater 
Winery wastewater is typically acidic, which may have a negative 

impact on the receiving environment. It has been established that BSRs 
are capable of neutralizing acidic WW and increasing the sodium 
adsorption ratio (SAR) [18]. The main pH adjustment mechanism in 
BSRs is via abiotic dissolution of calcite [19,23], but biotic mechanisms 
are also involved [19]. It is possible that some calcite solubilises and 
then re-precipitates when the WW flows through BSRs and becomes less 
acidic. However, QEMSCAN results have shown that no other Ca-based 
minerals such as anhydrite or gypsum are formed [19,23]. The longevity 
of BSR systems in terms of calcite dissolution capacity is beyond the 

projected life of the systems, with a lifespan of 37 years being calculated 
using data from column and in-situ experiments for systems containing 
approximately 10 % calcite. Furthermore, it has been shown that loss of 
calcite particles does not have a deleterious effect (p > 0.05) on the HC 
[23]. 

In this study, the pH in the final effluent from the columns containing 
both raw and fractionated sand was slightly alkaline, with no significant 
(p > 0.5) differences between effluent values. In the final sampling 
instance, the pH of the acidic WW increased from 4.86 to 8.13 (±0.17) 
and 8.10 (±0.14) after treatment in the columns containing raw and 
fractionated sand, respectively (Fig. 7C). There were temporal changes 
over the sampling period for both total alkalinity and EC of the effluent 
WW (Fig. 7D, E). Both of these parameters increased when the columns 
were fed with more concentrated WW with lower pH values, supporting 
previous results that showed that calcite dissolution increases with de
creases in acidity [19,23]. Overall, the result showed that fractionation 
of sand did not have a negative impact on the WW pH neutralization 
mechanisms. 

3.2.3. Comparison of hydraulic and organic loading of biosand reactors 
with other passive treatment systems treating winery wastewater 

The theoretical organic loading rates (OLR) and HLRs loading rates 
measured in the pilot BSR system containing raw sand were notably 
higher than in other passive systems treating WW, translating into a 
comparatively lower spatial footprint [21]. Based on the results ob
tained from this study when using fractionated sand and applying a 
hydraulic head of 0.8 m (Fig. 5), the theoretical OLRs and HLRs after 
biomass accumulation during the crush season were typically an order of 
magnitude higher than in other systems, including the pilot BSR system 
containing raw sand (Table 3). 

Fig. 7. Results of A) chemical oxygen demand, B) total polyphenolics, C) pH, 
D) alkalinity and E) electrical conductivity of influent and samples taken from 
experimental columns containing raw and fractionated sand. 

Table 3 
Comparison of hydraulic and organic loading rates of biological sand reactors 
and other passive systems treating winery wastewater.  

HLR HLRVol OLRVol Ref 

mm⋅d− 1 L⋅m− 3⋅d− 1 g 
COD⋅m3⋅d− 1 

14.6* 41.7* 32.9 to 124.5 [35] 
7.3* 20.8* 16.4 to 62.1 
14 14 (VF) 152* (VF) [36,37] 
24.8 43–82 

(HF1) 
54* (HF1) 

36.3 22–41 
(HF2,3) 

27* (HF2,3) 

77–215 55–154* 
(VF) 

31–333* (VF) [25] 

13–36 43–120* 
(HF1) 

12–183* 
(HF1) 

13–36 22–60* 
(HF2,3) 

6.0–92* 
(HF2,3) 

34 28* 37–176* [38–40] 
333* 150 152 [18,22] 
23 1) 25* 1) 350* [41,42] 
45 2) 50* 2) NG 
78.3 57.0 260.4 [21] Year 1 
206.5 150.3 322.9 [21] Year 2 
425 223 447# This study: raw sand after biomass 

accumulation during the crush season 
4110 2163 4326# This study: fractionated sand after 

biomass accumulation during the crush 
season 

HLR = hydraulic (surface) loading rate, HF = horizontal (subsurface) flow, VF =
vertical (subsurface) flow. 

* Calculated, HLRVol = volumetric hydraulic loading rate, OLRVol = volu
metric organic loading rate. 

# Theoretical value with assumed influent of 2000 mg (COD).L− 1 

(Adapted from [21]). 
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3.3. Sustainable and circular economy approach for valorisation of 
winery wastewater: towards zero waste for wineries 

Circular economy principles have been envisaged, evaluated, and/or 
applied in the wine industry for a range of products, services, and solid 
wastes/by-products. These include wine packaging [43], multiple 
external and internal stakeholder engagements and activities [44], 
biorefineries for the extraction of tartrates, antioxidants and other value- 

added products from grape pomace and lees [7,8], and the use of solids 
wastes for animal feed and composting. 

Passive systems such as constructed/treatment wetlands and BSRs 
are sustainable options for remediation of WW [17,18,20,21,45]. 
Building on the results obtained from previous studies, a circular 
economy and zero waste model for WW remediation and valorisation 
based on the use of BSRs is proposed (Fig. 8). The intention is to promote 
the design and implementation of integrated sustainable systems for 

Fig. 8. Schematic of proposed ‘zero waste’ biosand reactor-based system for valorisation of winery wastewater.  

Table 4 
Design criteria for biosand reactor systems treating winery wastewater and/or digesting primary winery wastewater sludge.  

Parameter Units Tonnes of grapes crushed 

10 100 500 1000 2000 5000 10,000 20,000 

Calculated volume of wastewater produced yearly* m3⋅year− 1  37  313  1387  2633  4996  11,654  22,116  41,971 
Produced 80 % of wastewater in crush# m3⋅day− 1  0.3  2.7  12  23  43  100  190  361 
Produced 50 % of wastewater in crush# m3⋅day− 1  0.2  1.7  7.5  14  27  63  119  226 
Number of 5.6 m3 BSR modules required for 80 % wastewater in crush# Each  1  1  2  3  6  13  24  45 
Number of 5.6 m3 BSR modules required for 50 % wastewater in crush# Each  1  1  1  2  4  8  15  28 
Calculated volume of sludge produced per year kg⋅year− 1  84  709  3137  5953  11,297  26,349  50,004  94,896 
Produced 80 % of sludge in crush# kg⋅day− 1  0.7  6.1  27  51  97  227  430  816 
Produced 50 % of sludge in crush# kg⋅day− 1  0.5  3.8  17  32  61  142  269  510 
Calculated volume of methane produced per year ML CH4  11  92  405  769  1460  3406  6464  12,266 
Produced 80 % of methane in crush# ML CH4⋅day− 1  0.1  0.8  3.5  6.6  13  29  56  106 
Produced 50 % of methane in crush# ML CH4.⋅day− 1  0.1  0.5  2.2  4.1  7.9  18  35  66 
Potential power produced per year kW  23  192  851  1616  3066  7152  13,574  25,760 
Produced 80 % of electricity in crush# kW⋅day− 1  0.2  1.7  7.3  14  26  62  117  222 
Produced 50 % of electricity in crush# kW⋅day− 2  0.1  1.0  4.6  8.7  16  38  73  138  

* Calculated using Sheridan 2003 [31] 
# Converted to a daily flow rate for a winery producing ether 50 % or 80 % of their wastewater during a 3 month crush season, ML = Mega litres. 
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reuse and recycling of WW and primary winery wastewater sludge 
(PWWS) in order to contribute to minimizing waste formation and 
maximizing resource recovery in wineries [46]. 

In comparison to other passive treatment systems, BSRs containing 
fractionated sand (particles >0.425 mm) are envisaged to have even 
smaller spatial footprints and higher OLRs than previous systems con
taining raw sand (Section 3.2.2. [19]). As alluded to in Section 3.1, it is 
feasible that these ‘new’ BSR systems can be implemented at wineries 
crushing around 547 t of grapes and generating 1507 m3 of WW or less 
per annum, taking into account 50 % peak flows during the crush period. 
This amount of WW can theoretically be treated using just one 5.6 m3 

BSR module containing 2.9 m3 of sand. The WW treatment capacity can 
be increased by adding additional modules where practically possible 
(Table 4). Alternatively, the size of the modules may be increased. While 
sand containing larger particles is more desirable for use in BSRs, the 
cost of fractionating the sand can be offset by using the finer sand 
fractions, for example, SCC in the building industry [24]. 

Remediation of WW using BSRs renders it suitable for irrigation 
purposes, reducing water consumption which is important in water- 
stressed wine-producing areas such as South Africa, Australia and Cal
ifornia, USA [47,48]. 

Before WW is remediated in BSRs, the solids are removed using 
primary settling. In a survey conducted in South Africa, 25 % of wineries 
indicated that they use commercial companies to remove PWSS and 
dump it in landfills. This is an economic and environmental burden on 
the industry and is more likely to take place in medium and larger 
wineries than smaller wineries. In addition, medium-large wineries tend 
to dispose of PWWS more frequently than smaller wineries [49,50]. In 
another study, it was found that the Na in WW does not partition into the 
PWWS, and that it is amendable to anaerobic digestion (AD), generating 
up to 206 ± 2.7 mL CH4/gVSadded [5]. These results suggest that it may 
be feasible for biogas generated from co-digestion of PWWS and other 
available organic substrates to be used as part of a renewable energy mix 
in wineries [5,51]. In addition, it was shown that the digestate from AD 
of PWWS has potential as an organic agricultural fertilizer as it contains 
micronutrients and high concentrations of N (21.5 to 27.7 g/kg dry 
weight) and C (229 to 277 g/kg dry weight) [5]. 

In summary, based on the results of this research and previous 
findings, the a zero waste model is proposed which consists of the 
following objectives: (i) to fractionate sand and use the fraction with 
larger particles (>0.425 mm) in BSRs and the smaller fraction in high 
performance concrete i.e. SCC, (ii) to remediate WW in BSRs and use the 
treated effluent for irrigation, (iii) to digest PWWS and use the biogas for 
energy and the digestate as an agricultural fertilizer (Fig. 8). Data for 
different size categories of wineries generating different volumes of WW 
are provided in (Table 4). 

The volume and character of WW is incumbent on cellar practices 
and differs from winery to winery [6,32,52]. In most cases, the highest 
volume of WW (up to 80 %) is usually generated during the standard 
three-month crush period, but this figure can vary quite widely. For 
example, some wineries do not crush while other do not bottle on site 
and a number of wineries have bottling facilities which will result in 
greatly different flow rates with the latter generating considerable 
quantities outside the crush season [17,53,54] Table 4 provides data 
that can assist practitioners to capacitate integrated BSR systems for 
different sized wineries based on the amount of grapes crushed per 
annum and maximum peak flows (50–80 % during crush period). The 
amount of methane generated can be estimated using the volume of total 
sludge (TS) 2261 mg TS⋅L− 1 of wastewater [49], in press, converting the 
TS to volatile solids (VS) TS:VS ratio of 0.675 and VF to methane 191.5 
mLCH4⋅gVS− 1 [5]. In addition the average calorific value of 6 kWh⋅m3 

and a conversion efficiency of 35 % was used to calculate the electricity 
generation [56]. For example, a winery crushing 1000 t of grapes would 
require 3 BSR modules with fractionated sand, if 80 % of the WW is 
produced in the crush. The sludge would potentially yield 1266 kWh of 
electricity from the methane. 

4. Conclusion 

To conclude, a circular economy approach for the treatment and 
valorisation of waste gives a purpose and a value to waste. The BSR 
system containing raw sand has a proven track record in terms of 
treatment of WW. Previously, a drawback was associated with reduction 
in HC due to the accumulation of functional biomass during the crush 
season that reduced the BSR treatment capacity to below the design 
limit. This study showed that the HC and flow rate can be increase 9-fold 
by using fractionated sand with the smaller particles removed. With the 
experimental test setup, BSR columns containing fractionated sand also 
showed excellent organic removal efficiencies and increased the pH of 
acidic WW. With a zero-waste model, it is suggested that the larger 
fraction of sand (>0.425 mm) is used in BSRs and the smaller fraction in 
high performance concretes. The solid fraction of WW can be anaero
bically digested producing biogas which may be used for energy and 
digestate used as an agricultural fertilizer. The quality of the remediated 
WW is acceptable for irrigation purposes. 
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