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Abstract  

In wineries, wastewater production and solid waste generation can pose serious 

environmental threats. Winery wastewater production has a seasonal behavior and needs 

a treatment system that can adapt to these fluctuations while reducing costs, and 

environmental impacts and promoting other winery activities. The implementation of 

constructed wetlands (CWs) has been demonstrated to be a competitive solution for 

winery wastewater and sludge treatment. In this article, worldwide experiences over the 

last 25 years of CWs for winery wastewater treatment are reviewed. The review shows 

that the application of hybrid CWs coupled with anaerobic digestion can reduce more 

than 90% of the organic pollutants and solids from winery wastewater while avoiding 

clogging. These efficiencies and advantages can be also attained with French vertical 

systems. Not only CWs have a good technical performance, but they also reduce up to 

more than 90%  the environmental impacts associated with winery wastewater treatment. 

It is due to low energy requirements, no chemicals consumption and avoidance of off-site 

management and transportation practices. In terms of costs, CWs can reduce up to 60 

times the costs associated with winery wastewater treatment and management.  

More efforts should be made in order to define the social benefits of this 

technology and the quality of the recovered resources (e.g. treated water, fertilizer) in 

order to promote the circular economy without compromising human and ecosystem 

health. 

 

Keywords: Circular bioeconomy; life cycle assessment; wine industry; sustainability; 

nature-based solution. 
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1.  Introduction  

Every year, more than 100 million cubic meters of wastewater are generated worldwide 

from winemaking processes (Milani et al., 2020; Vlotman et al., 2022). This causes the 

wine production sector to have a particularly high water footprint (Saraiva et al., 2019). 

Winery wastewater (WWW) production and characteristics are highly variable 

depending on numerous factors such as winery location, scale, type of wine produced, 

winemaking processes involved, or disposal practices. Due to the uniqueness of each 

winery, the amount of WWW generated varies within a huge range. Indeed, between 0.5 

and 14 L of wastewater per liter of wine are produced in wineries, with an average value 

of 4 L (Flores et al., 2019; Oliveira and Duarte, 2010). 

The wine-producing sector is spread worldwide and is mainly present in Italy, 

France and Spain (which account for 48% of the total production), followed by the USA 

(9%), Argentina (5%), Australia (4.5%), Chile (4.5%), South Africa (4%) and Germany 

(3.5%) (OIV, 2020).   

Wineries generate huge volumes of wastewater with high organic loads that are, 

in most of the cases, partially treated or discharged untreated into the environment or in 

the vineyards. These bad practices can cause environmental and health problems such as 

surface and groundwater contamination, eutrophication, soil microbial imbalance, soil 

degradation, damage to the vegetation and odor disturbances (Buelow et al., 2015; Kumar 

et al., 2019; Litaor et al., 2015; Mosse et al., 2012).  

WWW comes from many winery operations such as grape crushing and pressing, 

rinsing of fermentation tanks, filtration, washing of surfaces, barrels and other 

equipment, aging and bottling (Ioannou et al., 2015; Musee et al., 2006). In some 

wineries, an additional discharge from domestic wastewater generated from tourism, 
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restaurant and workers' activities is mixed with WWW (De La Varga et al., 2013; Milani 

et al., 2020; Rozema et al., 2016; Serrano et al., 2011; Valderrama et al., 2012).  

In the last years, several technologies have been attempted to treat winery 

effluents, being conventional aerobic biological treatment (e.g. activated sludge) the most 

implemented one (Flores et al., 2019; UPC, 2018). Other treatments consist of 

physicochemical (e.g. photo-fenton) and anaerobic technologies (e.g. anaerobic fixed bed 

reactors) (Anastasiou et al., 2009; Ganesh et al., 2010; Ioannou et al., 2015; Litaor et al., 

2015; Lofrano and Meric, 2016; Rodríguez-Chueca et al., 2017). Apart from treated 

effluents, these systems usually produce sludge that also needs to be treated. However, 

conventional technologies were reported to not fulfill effluent quality requirements 

during peak flows and loadings (Bolzonella et al., 2010; Brito et al., 2007; Petruccioli et 

al., 2002; Rodríguez-Chueca et al., 2017) and are difficult and expensive to operate and 

maintain (Mosse et al., 2011; Wu et al., 2015). 

In this context, natural treatment solutions such as constructed wetlands (CWs) 

can be a suitable alternative to solve some of the challenges of this sector. CWs are 

designed and constructed to mimic and enhance natural wetland ecosystem processes. 

These systems are shallow basins that are filled with inert porous materials and planted 

with aquatic vegetation. Polluted water flows through the CWs and it is treated by 

chemical, physical and biological processes including sedimentation, filtration, retention, 

oxidation, reduction, precipitation, adsorption, transformation, degradation and 

volatilization (De La Varga et al., 2017; Kadlec and Wallace, 2009).  

CWs can be classified into different types according to hydraulics characteristics. 

In vertical subsurface flow (VF) CWs and horizontal subsurface flow (HSSF) CWs, the 

water table is below the substrate surface and the wastewater flows vertically and 
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horizontally through the bed, respectively. In free water surface (FWS) CWs, there is no 

porous material and the water surface is exposed to the atmosphere. In hybrid systems, 

different combinations of HSSF, VF and FWS CWs can be used (Langergraber et al., 

2020). In these systems, the advantages of each type of CW are combined to enhance the 

efficiency of treatment. Recently, French vertical flow wetlands have been gaining 

popularity due to their simplicity and treatment performance. Indeed, they receive raw 

wastewater and combine sludge and water treatment, avoiding the need for other 

treatment steps (e.g. primary treatment or sludge treatment units) (Dotro et al., 2017). 

These systems help to prevent clogging problems since the solids are retained and 

mineralised on the top of the beds.  

CW technology can also be used for sludge treatment alone (i.e. sludge treatment 

wetlands - STWs, also known as sludge drying reed beds). In this system, sludge is 

dewatered and stabilised by means of natural processes, producing a final product that 

can be used as fertilizer for agricultural purposes (Brix, 2017). This technology can be a 

suitable on-site solution for the management of sludge from the primary treatment (e.g. 

septic tank) and/or from the secondary treatment of activated sludge systems, where the 

sludge is usually centrifugated, transported and treated by a third party (Flores et al., 

2019, 2020). 

Since the 1990s, there has been a growing interest in the application of CWs for 

WWW and sludge treatment (Masi et al., 2015; Vymazal, 2014; Wu et al., 2015). CWs 

have been proven to be efficient, easy to operate and maintain and are a low-cost solution 

compared to other technologies as well as they produce low environmental impact and 

can be integrated into the landscape (Flores et al., 2020; Holtman et al., 2018; Licata et 

al., 2017). 
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Until the present, several researchers have presented studies on the design and 

impacts of CWs for WWW. Given the need for expanding these systems in the near future 

to render the sector more sustainable, it is key to understand well the state-of-art of this 

technology.  

In light of the above, this review aims to summarize the state of knowledge of 

CWs for WWW treatment focusing on full-scale on-site systems and highlighting 

technical, environmental and socio-economic benefits and drawbacks. While previous 

reviews considered only technical aspects (Masi et al., 2015), this paper gives a 

comprehensive overview of CWs for WWW treatment also in terms of environmental, 

economic and social aspects, resulting in a more holistic view of this sector than provided 

in earlier publications. Additionally, since 2015 several new CW systems for WWW 

treatment have been implemented. As such, this article provides a more updated insight 

into the topic. 

 

2. Methodology  

In this study, a methodology based on literature review was employed to evaluate the 

literature concerning the use of CWs for WWW treatment. The following combination 

of keywords was used to search publications in Scopus: “wine” AND “wastewater” AND 

“constructed wetland”, and the search was limited to documents in English. 

The search yielded more than 30 documents that dealt with the topic under study. These 

documents were screened to check their eligibility for this review. Articles reporting case 

studies (i.e. full-scale systems) of CWs for WWW treatment were selected. Those studies 

that did not report the essential information (i.e., dimensions, CW type) and that were not 

implemented at full-scale in wineries were discarded.  
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In addition to journal articles retrieved from Scopus, surveys, documents and data 

obtained from the WETWINE project (http://wetwine.eu/) were also considered 

http://wetwine.eu/) (UPC, 2018). The WETWINE project aimed to promote 

environmentally friendly and innovative solutions to treat effluents produced by wine 

industries in the South-West of Europe (SUDOE Programme).  

In the end, 28 case studies of full-scale CWs for WWW treatment were found to 

be eligible for this study. After reviewing all the publications, three main topics were 

considered to be central for the review as they are strongly related to sustainability. These 

topics are technical aspects, environmental aspects and socio-economic aspects. 

From each system included in the review, general, technical, operational and socio-

economic information was collected. As for general information, the data that was 

retrieved from each system was: location, type of wastewater treated, size of the winery 

and of the CW system, type of primary treatment and CWs, and macrophyte utilized. As 

for technical, operational and socio-economic details, the data collected was: hydraulic 

retention time (HRT), inflow, organic load rate (OLR), removal efficiency, effluent and 

sludge reuse, and costs per volume of treated water. 

This article is structured following the three issues described above. 

 

3. Results of the literature review 

3.1. Technical aspects 

Technical aspects are described in this section, including WWW and sludge 

characteristics, as well as the design of the reviewed CW system. Table 1, 2, 3 and 4 

summarize the characteristics of the systems reviewed. 

 

http://wetwine.eu/
http://wetwine.eu/
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3.1.1. Winery wastewater characteristics 

Several organic and inorganic complex compounds can be found in WWW. In 

Table 1, WWW characteristics from the different wineries reviewed are presented.  

It can be observed that the organic fraction is mostly easily biodegradable. 

Nevertheless, recalcitrant compounds such as polyphenols, tannins, or lignins are also 

present (13.1 to 1450 mg/L). This could inhibit microbial activity during wastewater 

treatment (Bhat et al., 1998). The biodegradable contaminants contain highly soluble 

sugars (e.g. glucose and fructose), alcohols in a major quantity (e.g. ethanol and glycerol) 

and organic acids which are responsible for decreasing WWW pH (e.g. tartaric, acetic, 

lactic and malic) (Arienzo et al., 2009; Vymazal, 2014).  

In the reviewed systems, the inorganic fraction contains sodium (1 to 1160 mg/L), 

potassium (12.4 to 8000 mg/L), calcium (1.8 to 2203 mg/L), magnesium (1.1 to 530 

mg/L) and heavy metals coming mainly from cleaning and disinfection agents (e.g. 

sodium hydroxide and potassium hydroxide), residual pesticides and other processes 

carried out at the winery (Anastasiou et al., 2009; Arienzo et al., 2009; Chapman, 1995). 

 

3.1.2. Sludge characteristics 

According to Ruggieri et al. (2009), the sludge produced from WWW treatment 

can contribute around 12% of the total organic waste produced in a winery. Sludge can 

contain high pollutant concentrations which need to be characterized to provide safe 

reuse and guarantee environmental and human health. Sludge comes from the primary 

treatment (e.g. septic tank, anaerobic digester) and/or from the secondary treatment (e.g. 

in an activated sludge system). It is usually centrifugated, transported and treated by third 
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parties. However, as mentioned above, it can be treated on-site with sludge treatment 

wetlands or even composted with other solid waste. 

Table 2 shows sludge properties from different wineries. According to the 

collected data, sludge from wineries is rich in organic matter and contains nutrients  

whose concentration varies depending on each winery practices, WWW quality and 

treatment system (e.g. average of 9.51 g/kg of nitrogen and 5.54 g/kg of phosphorus). 

However, sludge contains concentrated heavy metals, pathogens and some residual 

organic compounds.  

 

3.1.3. Constructed wetland design 

The reported first application of CWs for WWW treatment was set up as a pilot 

scale in a winery in California (USA) in the 90s (Shepherd et al., 2001). Since then, CWs 

for WWW and sludge treatment have been applied in several countries around the world, 

including France, Italy, Germany, Spain, South Africa, and Canada.   

A summary of the characteristics of the systems reviewed in this study can be 

found in Figure 1. Disaggregated data corresponding to the plots has been included in 

Tables 3 and 4, which contain, respectively, general information and technical aspects of 

the reviewed CWs. 

    Overall, different combinations of CWs and primary treatment have been 

reported up to date. A septic tank or an Imhoff tank with HSSF CWs is the most 

implemented solution in small wineries showing good performances (Table 3). The use 

of an anaerobic digester (i.e. upflow anaerobic sludge blanket (UASB), hydrolytic upflow 

sludge bed (HUSB)) with hybrid CW systems has been demonstrated to be an efficient 

solution in terms of reducing solids, organic matter and avoiding clogging risks (Flores 
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et al., 2021; Serrano et al., 2011). In some cases, STWs have been implemented to treat 

and reuse the sludge from the primary treatment in the same winery (Flores et al., 2021). 

Among all the combinations, successful experiences have been reported by implementing 

French vertical flow systems which showed excellent performance, especially during the 

peak loads that characterize WWW treatment systems (Masi et al., 2018a; Rizzo et al., 

2020).  

As can be seen, there is a similar proportion of systems using winery wastewater 

and a combination of winery and domestic wastewater. Mixing WWW with domestic 

wastewater could benefit the performance of the CWs in terms of having a supplement of 

nutrients and reducing the possible phytotoxicity risk and plant death if treated water is 

reused in agriculture (Arienzo et al., 2009). 

The inflow of the reviewed systems shows a very large range, thus, the reported 

dimensions of the CWs show high variations. 

It can be seen that the most common macrophytes used in the systems analyzed 

are Phragmites australis, Typha latifolia and Schoenoplectus tabernaemontani. As 

WWW has low nutrient concentration, some authors recommend the addition of 

fertilizers to facilitate macrophyte growing during the growing season (Milani et al., 

2020). 

Regarding removal efficiency, most systems reviewed performed well. Horizontal 

and vertical CW systems can reach up to around 90% of organic components removal 

(Parde et al., 2021). Additionally, hybrid and French vertical flow systems can reach up 

to 96-99% organic matter removal efficiency (Ávila et al., 2016; Masi et al., 2018a). As 

an exception, the two systems built in Bordeaux did not perform efficiently (only between 

50 to 70% BOD removal) as the design scheme of these systems was not capable of 
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fulfilling discharging requirements even when recirculation was applied (Rochard et al., 

2002).  

Publications reporting CWs for WWW treatment have indicated various issues 

occurring during the treatment process, including short-circuiting problems due to solids 

overloading and fine particle presence (Grismer et al., 2003), clogging problems during 

the vintage season due to higher organic loads (Masi et al., 2002; Masi et al., 2018a), and 

algal blooms in the FWS CWs (Masi et al., 2002). Most of these issues can be solved by 

improving the designs of the systems. While Grismer et al. (2003) did not describe a 

solution for the short-circuiting problems, other authors proposed using gravel as the 

preferred medium (Sundaravadivel and Vigneswaran, 2007; Williams et al., 1995). 

Regarding clogging, De la Varga et al. (2013) concluded that shallower HSSF had a 

higher risk of clogging and that the HUSB digester helps its prevention in CWs with a 

high suspended solids removal in comparison to other primary treatment systems (e.g., 

septic tanks and Imhoff tanks). Also, French vertical flow systems showed to be a suitable 

solution to avoid clogging (Rizzo et al., 2020). To deal with algal blooms in FWS CWs, 

Masi et al. (2002) inserted a gravel bed of small dimensions in the last stage of the FWS 

unit. This allowed for highly efficient water filtration before the last zone with deep water. 

Also, neutralization of pH in the inlet has been attempted to test if CWs performance 

increased but the results obtained in the WETWINE project were not enough to come up 

with a decision (WETWINE, 2019). 

On the whole, CW systems performance strongly depends on the design. Indeed, well-

designed CWs can reach appropriate removal efficiency, avoiding most of the 

aforementioned problems. In this sense, the analysis carried out in this review concluded 

that the optimal average design parameters are: i) OLR of 35 g COD m-2 day-1 and HRT 
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of 6 days for the HSSF CWs; ii) OLR of 50 g COD m-2 day-1 for VF CWs and, iii) OLR 

of 65 g COD m-2 day-1 OLR for French vertical flow systems. It can be observed that the 

design OLRs are higher compared to CW systems that treat municipal wastewater (Dotro 

et al., 2017; García and Corzo, 2008). However, they correspond to average values since, 

as mentioned above, the organic load fluctuates during the year with peak values up to 

more than 200 g COD m-2 day-1.  

Finally, from a technical point of view, CWs are feasible technologies to treat 

both wastewater and sludge from wineries. In particular, the application of hybrid CWs 

with a compatible primary treatment (e.g. HUSB or UASB) and French vertical flow 

systems can reduce more than 90% of the organic pollutants and solids from WWW while 

avoiding clogging. 

 

3.2. Environmental aspects 

Even though wine production is perceived as an environmentally friendly sector, 

there exist several potential environmental threats linked to the different stages of its 

lifecycle. Wineries need a high amount of resources (inputs) such as tap water, energy, 

fertilizers, cleaning products, packaging, or other raw materials. Besides, they generate a 

huge amount of waste and pollutants (outputs) such as wastewater, solid waste, 

greenhouse gas emissions, emissions to water, or emissions to the soil (Arcese et al., 

2012). 

Hence, when designing and operating a WWW treatment system, the 

consideration of the environmental impacts is decisive to choose the best available 

technology. For this purpose, life cycle assessment (LCA) and other quantification and 
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multicriteria analysis methodologies are helpful to provide a solid foundation during the 

decision-making process. 

Many studies have approached the environmental impacts of wine production, but 

system boundaries seldom consider the wastewater treatment process despite it being a 

major output. To the best of the authors’ knowledge, only three studies have addressed 

the environmental impacts and carbon footprint of WWW treatment analyzing and 

comparing different treatment technologies (Flores et al., 2020, 2019; Masi et al., 2018a).  

According to Flores et al. (2020), the implementation of CWs for WWW and 

sludge treatment can reduce the carbon footprint (CFP) up to 42 times (70-98%) 

compared to other practices and conventional technologies adopted (i.e. third-party 

management and activated sludge system). This is mainly due to the fact that CWs do not 

need chemicals nor excessive electricity consumption and can treat wastewater and 

sludge on-site, avoiding third-party transportation and management. Most of the CW 

systems reviewed have a passive operation where wastewater is fed by gravity.  

Additionally, systems that require electricity are only for the use of small pumps 

and valves which only operate a few hours per day. The overall environmental impact of 

electricity in CWs could range between 0% to 30% depending on the impact category and 

season of the year (Flores et al., 2019). Usually, WWW systems are implemented on-site 

only to meet the requirements for discharge into the sewage system. Thus, WWW is 

further treated in a municipal wastewater treatment plant. To avoid this, it is important to 

ensure proper WWW treatment to promote its reuse for irrigation or other purposes on-

site. This could reduce between 20 and 75% of the total impacts, as reusing treated water 

for irrigation could generate environmental benefits given that the use of clean water is 
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avoided (Flores et al., 2019). Within the literature reviewed, around 40% of the CW 

systems reused the treated wastewater for irrigation.   

Focusing on direct air emissions from a CWs system, the contribution to the CFP 

was reported at 30% during the vintage season and 5% during the rest of the year (Flores 

et al., 2020). The reason behind this huge difference was because CWs emitted greater 

greenhouse gas (GHG) emissions (i.e., N2O and CH4) during the vintage season as WWW 

had a higher organic load. GHGs mass emission per cubic meter of treated water could 

be up to 60 times higher during the vintage season (Flores et al., 2021). Despite the higher 

contribution of direct GHG emissions to the CFP in CWs in comparison with other 

conventional technologies, the indirect emissions caused by electricity and chemicals 

consumption are practically negligible, which therefore compensates for the overall 

environmental impacts. Overall, the CFP of CWs is up to 5 times lower compared to the 

conventional strategies for WWW treatment and management (i.e. third-party 

management, activated sludge system). 

Around 10% of the total cases reviewed considered sludge treatment and reuse for 

land application in the same winery. Treating sludge on-site avoids severe environmental 

impacts coming mainly from fossil fuel requirements and direct GHG emissions produced 

during transportation and conventional treatment (e.g. incineration) and disposal (e.g. 

landfill). Moreover, sludge reuse can compensate for negative impacts and avoid the 

production of conventional fertilizers or soil conditioners (Flores et al., 2019; Ruggieri et 

al., 2009).  

Masi et al. (2018a) estimated the energy consumption and CFP from different 

CWs to treat winery wastewater, including different WWW systems reviewed in this 

article (Masi et al., 2002; Rizzo et al., 2020; Serrano et al., 2011). The results obtained 
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showed that the lowest CFP was achieved by the French vertical flow system coupled 

with HSSF and FWS CWs due to the lower energy consumption. In the second place, 

there was the anaerobic digestion (HUSB reactor) coupled with hybrid CWs (VF+HSSF). 

In last place, there was the combination of conventional treatment (sequencing batch 

reactor, SBR) with the sludge treatment through STW.  

Finally, from an environmental point of view, CWs are decentralized technologies 

for winery wastewater treatment that help reducing up to more than 90% of environmental 

impacts associated with WWW treatment and management by avoiding wastewater and 

sludge transportation and reducing electricity and chemicals consumption compared to 

conventional solutions. 

 

3.3. Socio-economic aspects 

Even though past publications regarding the use of CWs for WWW and sludge 

treatment have focused more on technical aspects, some authors have also commented on 

the socio-economic benefits and disadvantages that such systems have. In the following 

sections, two main elements are reviewed, namely costs, and social considerations. 

 

3.3.1. Costs 

From an economic point of view, the most significant impacts are given by 

construction, operation, and maintenance. It needs to be noted that not all the reviewed 

publications report costs for the different lifecycle stages of the systems. 

Regarding costs for the construction of the systems, their value can range between 

0.23 to 2.30 € per cubic meter of treated water depending on the type of CW, the 

pretreatment, the total number of treatment stages and the inflow treated (Flores et al., 
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2020; Masi et al., 2002). Furthermore, building on already available infrastructure in 

wineries has the potential of reducing construction costs. This was the case of the 

Ornellaia winery, where an existing pond used for wastewater storage was converted into 

a combined FWS CWs and a polishing pond (Masi et al., 2002). 

In comparison to construction costs, the operation and maintenance costs of CWs 

are low (around 0.04 € m-3). According to Flores et al (2020), the use of CWs could allow 

reducing up to 60 times the operation and maintenance costs compared to conventional 

technologies or other external management options. Comparing the use of CWs alone or 

the combination of a conventional system (e.g. activated sludge systems) with sludge 

treatment through STW, the operational costs could be from 5 to 10 times higher in the 

latter (Masi et al., 2015). Indeed, on-site sludge treatment can avoid transportation and 

management costs (up to 92% of the costs). Besides, as claimed by (Ruggieri et al., 2009), 

co-composting sludge with solid organic waste (i.e. stalk) on-site can reduce 58% of the 

total waste management costs, which points to the economic feasibility of these systems.   

Electricity costs can also be significantly reduced thanks to CWs operation. 

Gravity-feeding systems for CWs or passive HSSF and FWS CWs can work without 

electricity. Small solar panels could also work in compatible climate conditions as pumps 

and valves electricity requirements are low. Comparing different approaches from this 

review, the combination of a conventional SBR with sludge treatment through STWs 

resulted to be the most expensive solution. On the contrary, the use of  French vertical 

flow wetlands was the cheapest option in terms of energy consumption (Masi et al., 

2018a), demonstrating again that this last option is among the most competitive ones.     

In light of the above, results from previous studies show that costs linked to the 

use of CWs for WWW are lower than those in which conventional systems (e.g. activated 
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sludge) are used. If the treated water is reused, the economic cost of using clean water is 

also avoided. Moreover, if other resources (e.g. bioenergy from biogas, biofertilizer from 

sludge) are recovered, wineries can save part of the total costs from conventional resource 

consumption.  

Finally, in terms of costs, CWs can reduce up to 60 times the costs associated with 

the treatment and management of WWW. 

 

3.3.2. Social considerations 

In CW systems, there is no need for specialized workers as the operation and 

maintenance of the systems are simpler than in conventional systems. Thus, the 

construction of these systems may provide job opportunities to local people. Additionally, 

CWs can very often be constructed with local materials, which can foster local 

development (Vymazal, 2021). 

Besides, CWs provide multiple ecosystem services (Yang, 2008; Semeraro, 2015; 

Snyder, 2019). For example, in social terms, the implementation of these natural systems 

improves the landscape quality around the wineries transforming it into a rich ecosystem 

with an esthetic appearance, zero noise production and a huge added value as a recreative 

area for visitors or educational purposes.  

Aside from employment and ecosystem services, there are other additional social 

factors that need to be examined in more detail, such as health issues. For instance, Hua 

(2003) mentions the potential of local health problems that might arise if the monitoring 

of CWs is not adequate. 

Despite the importance of the above aspects, to the best of the authors’ knowledge, 

no study has yet thoroughly assessed social issues concerning CWs for WWW.  
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4. Discussion: challenges and opportunities 

One of the major challenges detected from the review is related to the fluctuations 

that characterize WWW treatment. WWW flows present instantaneous, hourly, daily and 

seasonal variabilities where the highest loads and almost 80% of the annual volume are 

concentrated during the vintage season (Chapman, 1995; De La Varga et al., 2017; 

Serrano et al., 2011). Especially during this season, WWW is characterized by high 

organic content, high levels of salinity, high acidity and low nutrient content (Bustamante 

et al., 2005; Flores et al., 2019; Sheridan et al., 2011).  

For this reason, WWW treatment facilities must be adaptive to these seasonal 

changes and still have efficient removal rates to accomplish the legislation. Furthermore, 

WWW should be managed and treated in the same winery or community of wineries 

since it cannot be sent directly to a municipal wastewater treatment plant (Petruccioli et 

al., 2002; Ruggieri et al., 2009). It has been demonstrated that transporting and managing 

effluents outside of the winery can have huge environmental and economic impacts 

(Flores et al., 2020). 

Another major challenge is the selection of the most appropriate CW system to 

ensure environmental, economic, and social benefits. The environmental impacts 

analyzed in the reviewed studies show that the implementation of nature-based 

approaches could allow for obtaining more environmental benefits. CWs can decrease 

the impact in terms of climate change with respect to conventional treatment (e.g. 

activated sludge) by 40 times (Flores et al., 2019). In terms of water eutrophication, the 

decrease in the potential impacts is of 4 times with respect to conventional treatment 

(Flores et al., 2019). 
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However, land availability is indispensable when only CWs are desired for the 

whole WWW and sludge treatment. Land requirements of CWs are 5–10 m2/PE, 1–3 

m2/PE and 1–2.5 m2/PE for HSSF, VF and French vertical flow systems, respectively 

(Dotro et al., 2017; Parde et al., 2021). For hybrid systems, it showed to be around 2 

m2/PE (Ávila et al., 2016). As mentioned above, French vertical flow systems do not 

require any primary treatment, which further reduces the area footprint. Thus, when 

sufficient land is not available, French vertical flow systems seem to be the most feasible 

option.  

In the wineries that already have a conventional system (e.g. activated sludge), 

STW can be implemented to avoid sludge management outside of the wineries and reduce 

environmental and economic impacts (Flores et al., 2019).  

As mentioned above, there is a wide range of CW types that can be optimal and 

sustainable to treat WWW. For instance, hybrid CWs for WWW and sludge treatment 

with anaerobic digestion as a primary treatment showed to be a suitable solution (Tables 

1 and 2). Indeed, a UASB digester retains solids and reduces organic matter entering the 

CWs, which allows for avoiding the risk of clogging. Furthermore, this integral design 

promotes the circular bioeconomy by recovering resources such as treated water for 

irrigation purposes, stabilized sludge as a soil conditioner and biogas as an energy input 

in the same winery. Nonetheless, other systems can also be suitable depending on the 

context. For instance, French vertical flow systems have great potential especially when 

land availability is a concern. Moreover, these systems are simple to implement, maintain 

and operate. In fact, they treat sludge and wastewater in a single line avoiding the 

implementation of other units (e.g. for sludge treatment), reducing costs and easing their 

operation and maintenance (Masi et al. 2018a and b). 
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5. Conclusions  

This review aimed to summarize the state of knowledge of constructed wetlands 

(CWs) for winery wastewater and sludge treatment focusing on full-scale on-site systems 

and highlighting technical, environmental and socio-economic benefits and drawbacks.  

From a technical point of view, hybrid systems, coupled with anaerobic digestion, 

and French reed bed systems were shown to have the highest performance reaching high 

organic matter and solids removal efficiencies (>90%) while avoiding clogging. Only a 

few case studies considered, where needed, CWs for sludge treatment and reuse on-site, 

which allows for avoiding impacts given by sludge transportation and management. This 

solution can also be applied in wineries where a conventional system (e.g. activated 

sludge system) has been already implemented and sludge is transported and treated by a 

third party.  

From an environmental perspective, CWs can minimize the environmental 

impacts (>90%) compared to conventional solutions by reducing the use of chemicals, 

energy and transportation due to the need for third-party management. Other 

environmental benefits of CWs include promoting the circular economy and avoiding the 

use of raw materials. In the studied systems, this was achieved with the reuse of treated 

water for irrigation as well as the reuse of treated sludge as a fertilizer or soil conditioner 

in the vineyards. However, proper monitoring of the treatment system should be assessed 

to ensure that water and sludge qualities comply with the legislation and no harmful 

effects are caused in the ecosystem. 

From a socio-economic point of view, CWs can drastically reduce the costs (up 

to 60 times) associated with winery wastewater treatment and management compared to 
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conventional treatment and management (e.g. activated sludge, third-party management). 

However, further studies should be carried out in order to systematically assess the social 

benefits of CWs in the wine sector.  

Finally, future systems implemented should not only consider technical aspects 

but also environmental and socio-economic ones to promote sustainability in this sector 

and adopt a new waste-to-resource approach. In particular, more efforts should be made 

in order to define the social benefits of this technology and the quality of the recovered 

resources (e.g. treated water, fertilizer) in order to promote the circular bioeconomy 

without compromising human and ecosystem health. 
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