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Introduction

Green infrastructures (GI) have a great potential for im-
proving the lives of city dwellers by improving air quali-
ty, reducing the effects of heatwaves, providing natural 
spaces for recreation and promoting food production, 
and embrace projects as diverse as urban and peri-ur-
ban agriculture, vertical farming, urban forests, green 
rooftops, parks and gardens, and green corridors. Al-
though these various forms of GI help to make cities 
more resilient and self-sufficient, we still need to en-
sure that their implementation is not counter-produc-
tive due to a rise in unsustainable uses of energy and 
water. Fortunately, there are many ways in which GIs 
can promote a more circular use of resources, especial-
ly in urban and peri-urban agriculture (hereafter referred 
to jointly as UA). In the field of Industrial Ecology, how 
a city receives, uses and disposes of its resources is 
known as Urban Metabolism (UM) and is defined as the 

sum of all the technical and socio-economic processes 
associated with the production and consumption of key 
resources (e.g. water, food and energy) that sustain the 
growth and maintenance of cities (Kennedy, at al 2007). 
The calculation of UM is a useful way of understanding 
how a city consumes resources and is both scientifical-
ly sound (i.e. it is based on the law of energy and mass 
conservation) and relevant to urban planners and dwell-
ers alike, and as such it is a precise accounting tool for 
understanding efficiency, waste and dissipative uses. 

The metabolism of a city can become more efficient 
and require fewer external resources by adopting re-
cycling and recovery methods in what has recently 
become known as the “circular economy” approach. 
In terms of UA (see Fig. 1), the adopting of a more 
cyclical use of resources within cities translates into 
the recovery of nutrients for fertilizing crops and 
wastewater and rain water for irrigation. Figure 1 
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Figure 1. conventional agriculture is characterized by a linear system whereby resources are extracted and eventually 
disposed of in the environment, thereby causing eutrophication and resource depletion. a more circular urban agricultural 
system minimizes external resource use through the recovery and management of valuable resources such as waste and 
wastewater from other urban systems.
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shows how a reduction in the use of virgin resources 
as a result of recovery loops in urban areas lessens 
the environmental impact of resource extraction and 
waste disposal. Urban wastewater and solid waste 
are huge sources of phosphates and nitrogen that are 
readily available for plant uptake. In many cities, rain-
water harvesting, which does not require energy-in-
tensive treatment, can act as a substitute for a signifi-
cant amount of irrigation water. 

The following sections explore how various UA strate-
gies can improve urban metabolism using the Barcelo-
na Metropolitan Area (AMB) as a case study (Fig. 2). 
Figure 2 also includes a table summarizing the most 
important land uses and urban metabolism indicators 
in the AMB. 

Which nutrient recovery techniques are most 
environmentally friendly in urban systems?

Hydroponics is an attractive alternative to conven-
tional soil-based agriculture in urban systems be-
cause urban soil often contains heavy metals and 
other contaminants. These soil-less systems also al-
low for more precise water and nutrient manage-
ment because their porosity and humidity, amongst 
other factors, are stable and known. Nutrient man-
agement is especially important because enhancing 
nutrient recovery in urban agriculture helps close ma-
terial cycles and reduce eutrophication and resource 
depletion (Boneta et al., 2019; Sanjuan-Delmás et al., 
2018). Since 2014, the European Union recognizes P 
as a critical resource (European Commission, 2014), 
and encourages P recovery from local sources by en-
forcing a shift towards a more circular use of nu-
trients.

To explore various nutrient recovery options, we study 
here how three recovery processes – namely, direct 
leachate recirculation (DLR), chemical precipitation 
(CP) and membrane filtration (MF) – can be used to 
recover phosphorus, magnesium, potassium and cal-

cium from the leachates of hydroponic tomato pro-
duction for re-use in the same hydroponic urban agri-
cultural system. Tomatoes (type Lycopersicon 
esculentum) were grown from 12 January to 18 July 
2017 (a total of 187 days). Harvesting began in the 
second week of April in the 125-m2 integrated rooftop 
greenhouse (i-RTG) of the ICTA building on the cam-
pus of the Autonomous University of Barcelona. 

As its name implies, DLR is simply a partially closed 
water and nutrient system in which leachates are 
re-introduced into the irrigation system, thereby re-
ducing the amount of fresh water and chemical ferti-
lizer needed. Although several different CP technolo-
gies exist, we chose the Crystalactor® technology 
from DHV (Royal Haskoning DHV, 2019) because it is 
applicable to a wide range of water systems, includ-
ing those that are suitable for small production sys-
tems in urban hydroponics. The reaction involves the 
precipitation of struvite (also known as MAP or mag-
nesium-ammonium-phosphate) by reacting calcium, 
magnesium or potassium salts in the wastewater 
containing soluble ammonium and phosphate com-
pounds (Piekema and Giesen, 2001). The MB tech-
nology selected was the microfiltration of wastewa-
ter followed by reverse osmosis to concentrate 
recovered nutrients (MRWA, 2009; Stoughton et al., 
2013). The Life Cycle Assessment (LCA), explained 
in more detail in Rufí-Salís et al. (2020a), describes all 
the infrastructure, electricity, chemicals and trans-
port required by each technology for recovering the 
450 g of P that were leached during the experiment, 
which ended up producing approximately one tonne 
of tomatoes. 

We applied Life Cycle Analysis (LCA) methodology to 
evaluate the environmental impact of meeting the 
nutrient demands of the tomato crop cycle of (i) each 
of the three nutrient recovery technologies and (ii) 
the business-as-usual (BAU) scenario of no recovery, 
which involves discharging leachates into the envi-
ronment after wastewater treatment (as occurs cur-

Figure 2. the barcelona metropolitan area covers 636 km2 and is located in the catalan autonomous community (spain). 
the figure also shows the location of the region’s main wastewater treatment plants (WWtp) and agricultural areas.
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rently in the AMB). BAU consists of the production of 
mineral fertilizer with the same content of P as that 
recovered by the three technologies, and includes 
the impacts associated with discharging the same 
amount of fertilizer into the environment. The results 
of the LCA (summarized in Figure 2) show that the 
three technologies perform better than the BAU sce-
nario, in particular in terms of their eutrophication 
potential. 

Direct leachate recirculation (DLR) technology has 
the least impact of all the categories, which is mostly 
due to the small amount of electricity required for the 
pump and ultraviolet lamp. Furthermore, and just as 
importantly, DLR is less resource-intensive – be-
cause it does not require any chemicals to be used 
– and the recovery of nutrients reduces the potential 
for eutrophication. The need for energy-intensive 
chemicals in the CP technology, which gives similar 
results to the BAU, counteracts the benefits of re-
ducing the extraction of mineral fertilizers. To con-
clude, direct leachate recirculation results in the best 
environmental performance and its use could poten-
tially reduce by half the impact of fertilizing urban ag-
riculture. 

Can wastewater feed cities?

The recovery of phosphates (P) from wastewater in 
the form of struvite is an attractive solution for urban 
areas given the growing popularity of local crop pro-
duction and the treatment of large volumes of waste-
water in centralized treatment plants (WWTPs). To 
explore this possibility, we analyzed the potential P 
recovery and the life cycle environmental impact of 
integrating three recovery technologies, namely, 
REM-NUT®, Ostara® and AirPrex®, into the two main 
wastewater treatment plants in the AMB as a means 
of satisfying the annual P demand (36.5 tonnes) of ur-
ban and peri-urban agriculture in the region. All three 
technologies recover P in the form of struvite through 
chemical precipitation (see above), with varying de-
grees of efficiency and chemical and energy require-
ments. The LCA methodology is applied here and 
compared to the business-as-usual scenario of no nu-
trient recovery. 

The system analyzed is depicted in Figure 4. The over-
all impact of all the AMB’s urban sewer system and its 
crop production and subsequent consumption go be-
yond the scope of our study. Otherwise, all life cycle 
stages were contemplated, including the extraction, 
production and transport of all resources, the WWTPs 
(both infrastructure and operation) including the stru-
vite recovery processes, the production of mineral fer-
tilizer, and the transport of nutrients to agricultural are-
as. The data sources are given in Rufí-Salís, et al. 
(2020b). 

Our results show that all technologies are able to re-
cover between 5 and 30 times the amount of phos-
phates required to fertilize the whole AMB agricultural 
area annually, even if only one WWTP is operative. 
This is a truly positive finding as it makes it feasible to 
expand UA production, thereby ensuring that the 
AMB can become more independent in terms of food 
production. Moreover, because the requirements are 
met by each individual WWTP, it would be feasible to 
just modify one of them to avoid the environmental 
impact derived from the upgrade of the WWTP config-
uration. The Llobregat WWTP would be the most ap-
propriate for nutrient recovery for UA since it possess-
es EBPR nitrification/denitrification modules and so 
would cause the least impact in terms of new infra-
structure. 

In terms of the LCA results, the Besòs always ex-
erts a greater impact than the Llobregat (Fig. 5), 
mainly due to the fact that the Besòs annually treats 
more wastewater (125 million m3) than the Llobre-
gat (94 million m3). However, the Besòs would re-
quire the building of new infrastructures – which 
the Llobregat facility already has in place – to facili-
tate the struvite recovery processes. On the other 
hand, freshwater and marine eutrophication savings 
in the Besòs are significant improvements due to 
the ammonium extraction by struvite in the crystal-
lization process and the installation of a nitrifica-
tion-denitrification process. We believe thus that 
both Ostara® and AirPrex® are feasible technologies 
under scenarios of global warming, ecotoxicity and 
cumulative energy demand, whereas the REM-
NUT® alternative is the most suitable for reducing 
eutrophication.

figure 3. absolute life cycle environmental impacts of four 
different techniques: direct leachate recirculation (dlR), 
chemical precipitation (cp), membrane filtration (mf) and 
business-as-usual (bau). the impacts are calculated for 
the functional unit equivalent to satisfying the nutrient de-
mands of the tomato crop cycle under study. 
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figure 4. lca system definition aiming to determine the environmental impact of nutrient recovery for mineral fertilizer subs-
titution in the amb.

WASTEWATER TREATMENT PLANT

Primary Treatment Secondary Treatment

STRUVITE RECOVERY

REM-NUT Ostara AirPrex

WASTEWATER TREATMENTElectricity

Reagents

Electricity

Reagents

Aquatic environment

NH4+, NO3-

, PO43-

Sewer System

AGRICULTURA
L FIELDS

Soil

HMN2O

MAP

Transport process

Direct Emissions

System boundaries

Air

CH4, CO and other pollutants
from biogas cogeneration

YIELD

DAP (BaU)

figure 5. absolute life cycle environmental impacts of satisfying the phosphate demand of urban and peri-urban agriculture 
in the amb under the business-as-usual (bau) scenario and using three nutrient recovery technologies based on struvite 
precipitation: Remnut, ostara and airpex. 
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Conclusions

We explored nutrient recovery at two levels as a 
means of promoting circular resource use in urban ar-
eas: 1) the recovery of nutrients from leachates in an 
urban agriculture system to improve the efficiency of 
food production, and 2) the recovery of nutrients from 
the wastewater of an entire metropolitan area to 
quantify the potential for avoiding using mineral ferti-
lizers for local food production. For (1), we found that 
the direct leachate recirculation technology reduces 
global warming potential, eutrophication and fossil re-
source use by more than half compared to the busi-
ness-as-usual linear fertilization methods. Study (2) 
estimates that the nutrient recovery from the waste-
water treatment plants is up to ten times greater than 
the fertilizer demand from urban and peri-urban agri-
culture and thus provides ample opportunities for its 
expansion in terms of resources. Both strategies cut 
fossil fuel use by reducing transportation and mineral 
fertilizer production. These are just two examples of 
the large range of possibilities for creating synergies 
between UA and other urban systems that in the fu-
ture can help make cities more resilient and self-suffi-
cient in terms of food production. 

References

Kennedy C; Cuddihy J; Engel-Yan J (2007). The chan-
ging metabolism of cities. Journal of Industrial Eco-
logy 11(2):43–59.

Boneta, A., Rufí-Salís, M., Ercilla-Montserrat, M., 
Gabarrell, X., Rieradevall, J., 2019. Agronomic and 
environmental assessment of a polyculture rooftop 
soilless urban home garden in a Mediterranean City. 
Front. Plant Sci. 10, 341. https://doi.org/10.3389/fpls. 
2019.00341. Sanjuan-Delmás et al., 2018).

European Commission, 2014. Critical Raw Materials | 
Internal Market, Industry, Entrepreneurship and SMEs. 

[WWW Document]. URL. http://ec.europa.eu/growth/
sectors/raw-materials/specific-interest/critical_en  
(accessed 6.25.19). 

Royal Haskoning DHV, 2019. Royal Haskoning DHV, 2019. 
Crystalactor Water Technology [WWW Document]. 
(accessed 3.5.19). https://www.royalhaskoningdhv. 
com/crystalactor.

Piekema, P., Giesen, A., 2001. Phosphate recovery by 
the crystallisation process: experience and develop-
ments. Environ. Technol. 21. 

MRWA, 2009. Chapter 19: Membrane Filtration. Min-
nessota. 

Stoughton, K.M., Duan, X., Wendi, E., 2013. Reverse 
osmosis optimization. U.S. Dep. Energy 9–17. https://
doi.org/10.1002/9780470882634. 

Rufí -Salís 2020a. Rufí-Salís, M; Petit-Boix, A; Villalba, 
G; Gabarrell, X & Leipold S (2020). Exploring nutrient 
recovery from hydroponics in urban agriculture: An en-
vironmental assessment. Resources, Conservation & 
Recycling, doi: 10.1016/j.resconrec.2020.104683

Rufí-Salís 2020b. 5 Rufí-Salís M; Brunnhofer, N; Petit-
Boix, A; Gabarrell, X; Guisasola, A & Villalba, G (2020). 
Can wastewater feed cities? Determining the feasi-
bility and environmental burdens of struvite recovery 
and reuse for urban regions. Science of the Total Envi-
ronment, doi: 10.1016/j.scitotenv.2020.139783

Sanjuan-Delmás, D., Llorach-Massana, P., Nadal, A., 
Ercilla-Montserrat, M., Muñoz, P., Montero, J.I., Josa, 
A., Gabarrell, X., Rieradevall, J., 2018. Environmental 
assessment of an integrated rooftop greenhouse for 
food production in cities. J. Clean. Prod. 177,326–337. 
https://doi.org/10.1016/j.jclepro.2017.12.147.

https://doi.org/10.1002/9780470882634
https://doi.org/10.1002/9780470882634

	Anàlisi socioecològica integrada de la xarxa metropolitana
de parcs
	Gara Villalba
	Institut de Ciència i Tecnologia Ambientals (ICTA–UAB)


	Opportunities for green infrastructure to optimize the urban metabolism of resources
	Abstract
	Introduction
	Which nutrient recovery techniques are most environmentally friendly in urban systems?
	Can wastewater feed cities?
	Conclusions
	References

