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Abstract

Since food demand and number of inhabitants of cities are expected to
grow globally in the near future, improving sustainability of food production
becomes increasingly important. An aquaponic system, the integration of
aquaculture in a hydroponic system, was studied using life cycle assessment
(LCA) in order to quantify its environmental sustainability. Additionally,
the water, carbon, nitrogen and phosphor flows were analyzed. The system
studied is the PaffBox, developed in Gembloux by the University of Liège,
with Ghent University performing the LCA. The PaffBox is compact and
suitable for the city, in order to gain the benefits of urban farming in addition
to those of aquaponics. Mass balances were derived from flow data, showing
feed to be the main source of nutrients. Clogging and evaporation are re-
sponsible for the largest portion of water losses while nutrient losses are due
to solid waste and backwash of the biofilter. All results of the LCA are pre-
sented per kg of lettuce, enabling comparison with other lettuce producers.
The PaffBox showed a larger impact on the environment than alternatives,
save for the water consumption category. The main contributor was the
high electricity requirement of the system, followed by additional infrastruc-
ture needs such as a shipping container for housing. The system was efficient
at saving water due to recirculation of water and avoided tilapia production.

Aangezien de vraag naar voedsel en het aantal inwoners in steden verwacht
wordt wereldwijd toe te nemen, wordt het verbeteren van de duurzaamheid
van voedselproductie steeds belangrijker. Aquaponics, de integratie van
aquacultuur in een hydroponisch systeem, werd bestudeerd met behulp van
levenscyclusanalyse (LCA) om de ecologische duurzaamheid ervan te kwan-
tificeren. Bovendien werden de water-, koolstof-, stikstof- en fosforstromen
geanalyseerd. Het bestudeerde systeem is de PaffBox, ontwikkeld in Gem-
bloux door de Universiteit van Luik, waarbij de Universiteit Gent de LCA
uitvoert. De PaffBox is compact en geschikt voor de stad, om naast aquapon-
ics ook de voordelen te genieten van stadslandbouw. Massabalansen werden
opgesteld, waaruit bleek dat voeder de belangrijkste bron van nutriënten
is. Verstopping van leidingen en verdamping zijn verantwoordelijk voor het
grootste deel van de waterverliezen, terwijl bij nutriënten dit te wijten is
aan vast afval en het spoelen van de biofilter. Alle resultaten van de LCA
worden per kg sla gepresenteerd, waardoor vergelijking met andere slapro-
ducenten mogelijk is. De PaffBox toonde een grotere impact op het milieu
dan alternatieven, behalve voor de water consumptie. De belangrijkste bij-
drager was de hoge elektriciteitsbehoefte van het systeem, gevolgd door de
nood aan extra infrastructuur zoals een schipcontainer voor de behuizing.
Het systeem was efficiënt in het besparen van water door recirculatie van
water en de vermeden productie van tilapia.
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1 Literature Study

1.1 Introduction

Cities have played a role in food supply since the rise of agriculture in
the fertile crescent. While cultivating plants and domesticating animals
had been a part of the human skill set for over 8000 years, it was in this
region that the first settlements grew into cities. From around 5500 B.C
onward, farming communities grew and became more organized, acquiring
additional knowledge such as irrigation [Morris, 2013]. Nowadays, many
agricultural activities have been transported to outlying zones, but urban
farming has certainly not disappeared. Moreover, the food sector might
require urban farming to make a comeback in modern times, as sustainability
gains importance. Likewise, innovations to make a transition to circular
economy are being researched, compared and implemented.

Figure 1: Linear (above) and circular economy (below) in a city
[Junge and Graber, 2014]

Cities receive inputs, which can accumulate or become cycled or transformed
in the city, and produce outputs in a system comparative to metabolism
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[Junge and Graber, 2014], as is shown in figure 1. These production and
consumption processes are part of the economy. Our current economy is
mostly linear, which is based on a simplified linear process, from extraction
to production, consumption, and waste generation, without taking possi-
ble pollution and resource depletion into account. Circular economy how-
ever, takes the planet’s finiteness into account. It ultimately attempts to
decouple value generation from resource extraction, closing loops and pre-
venting disposal of consumed goods in a landfill site. An infinite level of
recycling can of course not be obtained, thus a system in between both is
more likely, while aiming to achieve the system closest to a circular economy
[Sauvé et al., 2016]. In this context urban farming can contribute.

1.2 What is urban farming?

1.2.1 Definition

Urban farming can be defined as producing, processing and marketing of
food-, plant- and animal-based products, working on land and water dis-
persed throughout the urban and peri-urban areas [Pearson et al., 2010]. It
aims to integrate agriculture in a city’s surroundings, entailing greenhouses
or animal production, in a way that blends in with the urban environment,
such as green roofs and community gardens, and taking care not to dis-
turb its local economy and ecology [Rhonda Teitel-Payne and Nasr, 2016].
These production processes are complemented by all additionally required
activities, including processing and distributing foods or other products, col-
lection and reuse of waste and rain water, and even organization and educa-
tion of participants [Rhonda Teitel-Payne and Nasr, 2016]. Urban farming
in developed countries is usually done by intensive production methods and
with high degree of specialized work [Warner, 1995]. In developing coun-
tries most farmers involved are characterized by a lower level of productivity
[Orsini et al., 2013]. Both zones feature high competition for land, limited
space and proximity to markets [Warner, 1995, Orsini et al., 2013].

1.2.2 Urban Farming Worldwide

According to the UNDP (United Nations Development Programme), the use
of urban farming contributes to 15 to 20% of the world’s food production
[Pearson et al., 2010]. In Latin America and Africa, urban agriculture is the
most popular, with 50 and 40% of their population involved, respectively
[Armar-Klemesu et al., 2000]. Latin America is the most urbanized region
of the world with 79% of the population living in cities [Fuentes, 2015].
In Africa, urbanization is expected to grow to 62% by 2050 [Fuentes, 2015],
coming from 36% in 2000 [Orsini et al., 2013]. For the EU, the percentage of
urban population will presumably rise from 75 to 80% [Fuentes, 2015], while
for North-America, Oceania and Asia the growth is from 79 to 90, 70 to 76,
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and 37 to 66% between 2010 and 2050, respectively [Orsini et al., 2013]. On
a global scale, 70% of the population will live in cities [Orsini et al., 2013].
Subsequently, the population is assumed to grow to 9.6 billion by 2050
[Maguire et al., 2017], requiring more food, while today over a billion peo-
ple are already under-, over- or malnourished [Fuentes, 2015]. Feeding the
increasing population while minimizing environmental impacts and natural
resource depletion, and without compromising the socio-economic welfare,
is one of the main concerns of our time. To limit emissions of this endeavor,
food production will be required to either be in or near cities.

However, it must be remarked that a larger production alone does not solve
anything: the global food production already amounts to more than 1.5
times to feed everyone on the planet [Holt-Giménez et al., 2012]. Poverty
and inequality, not production are the main drivers for hunger. Productivity
can be raised in order to handle the growing population, but access to food
for the poor is more of an issue here. To ensure sustainable livelihoods for
resource-poor farmers, productivity and access to more land must be raised
especially for these farmers, while conventional farming already employed for
decades by the poor have a poor track record [Holt-Giménez et al., 2012].
However, the land used for urban agriculture in the developing world is
owned by farmers in only 20% of the cases, with public land or land owned
by a local landlord being more usual. The available land is scarce in many
cities due to increased migration towards the city, while ownership of land
already is often being seized by the older residents.

Urban farms can come in many shapes and forms. Allotments, both pri-
vately and collectively owned, can produce a great variety of food products
by conventional techniques, such as fruit trees, vegetables and other plants
or small farm animals. Both types can be utilized to stimulate local and af-
fordable food consumption, and can accommodate educational programs. A
common form of allotment is the collective land sharing, mostly exploited by
schools or non-profit organizations. A variant hereof starts as an urban park
or municipally owned garden, which is upgraded to include urban farming
[Fuentes, 2015].

Apart from these rather customary agriculture forms, set in an urban envi-
ronment, more technical forms specific to the industrialized landscape exist.
Interior gardens are indoor areas, commonly basements, in which natural
light is limited or unavailable, use modern lighting systems to stimulate pho-
tosynthesis [Fuentes, 2015]. Rooftop farms are another example of a farm
associated with a building, in this case utilizing the roof as a farming area,
termed open-air rooftop farming for its outdoor location. Additional equip-
ment can be built on-site: adding a greenhouse would imply having a closed-
air system, as air will heat up and remain inside of the greenhouse for a longer
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duration than expected in open air [Sanyé Mengual and Oliver i Solà, 2015].
Yet another method is to use even walls or other vertical surfaces of build-
ings, and has appropriately been named vertical farming [Fuentes, 2015].
Figure 2 shows an overview of the urban farm types at the building scale.

Figure 2: Urban farm types at building scale [Fuentes, 2015]

1.2.3 Pros and cons of Urban Farming

Environmental impacts from agriculture include nutrient run-off, which dif-
fuses nutrients, fertilizers, herbicides and pesticides in water streams where
they act as contaminants in the natural environment. Nitrate surplus eutro-
phies the environment, more so in intensive farming systems, which decrease
soil, water and air quality, biodiversity and ecosystems [Maguire et al., 2017].

In total, agriculture is responsible for 24% of greenhouse gas emissions,
with 80% hereof from livestock keeping, and for 33% of degraded soils. The
rising amount of monocultures further increases uniformity: 60% of global
biodiversity loss has been credited to food systems. Moreover, in the EU,
the amount of energy needed for agricultural purposes amounted to 17% of
its gross energy consumption [Maguire et al., 2017].

Agriculture in an urban environment can tackle some of those environmen-
tal problems without cutback in productivity, along with additional health
related, social and economic benefits. The proximity to its consumers im-
proves access to healthy foods (increased fruit and vegetable consumption,
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better food safety) and to work (increased physical activity, mental health,
workplace safety, innovation, employment and decreased local poverty).

This leads to many social benefits: social (re)integration into networks and
communities facilitates team building and social skill development and re-
duces isolation [Rhonda Teitel-Payne and Nasr, 2016]. The presence of ur-
ban farms and gardens can give the community easy access to green spaces
and infrastructures [Rhonda Teitel-Payne and Nasr, 2016].
Many environmental benefits can be gained from moving agriculture to ur-
banized areas, such as reduction of carbon footprint, storm water man-
agement, improved city air, water and soil quality, increased biodiversity,
the presence of pollinator plant, water conservation, stimulating recycling
of organic waste [Rhonda Teitel-Payne and Nasr, 2016] and micro-climate
regulation (by counteracting the urban heat island effect, which is described
as the heat difference between an urban environment and the outer zones)
[Lai and Cheng, 2009].

Urban farming is effective for perishable products due to its proximity to its
market. Resources such as wastewater or organic solid waste can be reused
for the purpose of sustainability [Warner, 1995], and in general, less water,
nutrients and land is required [Khan, 2018]. This can help to efficiently
use inputs and reduce transport [Orsini et al., 2013]. In addition, the tech-
niques used increase water and nutrient availability, preventing stress in
plants [Khan, 2018]. The advantages of rooftop farming include having no
competition with other land use outside of the building or inside of its rooms,
yet it does compete with other destinations for rooftops such as for solar en-
ergy production. Its capability to produce food very close to inhabitants is
another great asset [Buehler and Junge, 2016].

Usually, less complex forms of urban agriculture are practiced in developing
countries, as the increased sustainability is less of an incentive here com-
pared to self-sufficiency economical aspects. Most of the produce is aimed
at the producer’s livelihood, and most of the used lands are either tem-
porarily available for agriculture or not suitable to build on. This leads
to an increase in value of otherwise unused land in providing economic ac-
tivity, and although the size of the impact on macro-economics is difficult
to assess, it’s contribution to welfare is unmistakable, and more so for the
poorer class. Urban farming increases dietary diversity and calorie avail-
ability [Zezza and Tasciotti, 2010]. Decreased malnutrition and increased
quantity of food intake are expected, which in turns helps low-income farm-
ers deal with diseases and overall capacity to work or learn. Additionally,
as a greater part of food production is produced single-handedly, house-
hold earnings otherwise spent on food can be utilized for acquiring medical
treatment, or paying school fees or rent. This increases life quality of the
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farmer and other household members, and due to women being more of-
ten represented in urban farming in developing countries, this can lead to
empowerment of women. Moreover, urban farming can also bring environ-
mental improvements to agriculture in developed countries [Bryld, 2003].

For developing counties, often lacking in environmental legislation, the in-
creased welfare and development is bound to bring issues, such as an in-
creased amount of garbage wasted. Urban farming can help these countries
prevent or deal with those environmental issues: plants and trees in the
urban zone reduce dust and pollutant by absorbing them in the foliage, in-
crease humidity and reduce radiational heating by converting groundwater
to atmospheric water. Recycling organic waste through the application of
compost as fertilizer, the use of excreta in fish farming or other strategies
for the recovery of nutrients, are efficient ways to reinvent agriculture into
a more sustainable form [Bryld, 2003].

Likewise, disadvantages of urban farming can be identified. The required
investments can still be high, depending on the development and knowledge
required for the technique. The urban environment must also have available
space and an open mind toward these projects. Community commitments
may be required, and political interest may be lacking, more so if collab-
oration between multiple levels of government is required. Knowledge is
required, as it is for every production, to ensure this good food quality, to
ensure good business results in the case of companies, and to increase sus-
tainability instead of decreasing it [Warner, 1995].

This can be even more challenging in an urban environment where space
is limited, and conditions differ from the countryside. Pollutants are one of
the greatest concerns for every project attempting to grow food in these en-
vironments, not only because they usually emit greater outputs of harming
substances, but also because of their architecture. The abundance and size of
buildings block air passage and result in lower air mixing [Lai and Cheng, 2009].
This has the effect that pollutants remain in cities for longer durations,
leading to larger concentrations, some of which can enter our food and then
our bodies. This is related to the urban heat island effect. The higher
the temperature, the more secondary pollutants such as ozone are formed
[Lai and Cheng, 2009]. On top of that, the heat island increases the ther-
mal boundary layer height, meaning air layers have increased convergence
near the bottom, and increased divergence at the top of this boundary layer
[Lai and Cheng, 2009]. Generating strong convergence zones of air effec-
tively traps pollutants in the cities. The effect increases during weather
phenomena such as high temperatures, low wind speeds, low relative hu-
midity and cloudlessness [Lai and Cheng, 2009].
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Besides following food regulations, minimizing exposure to contaminants
becomes an important countermeasure. Therefore, location of the farm is
greatly important. Farming on polluted soils is not advisable, and certain
vegetables such as lettuce have a higher risk of contamination due to a higher
uptake of nitrates and heavy metals. However, these soils can still be useful
in urban farming, for example to grow inedible plants.

Some plants can even be used to deal with the aforementioned pollution by
the process of bioremediation, in which the plant takes up toxic waste from
the soil cleansing it while it grows. Evidently, not all plants are suitable. Not
only the soil, but also the proximity of other sources of pollution must be
taken into account when choosing the right location. Roads, railways and
the accompanying traffic, industrial, construction and mining operations
increase airborne heavy metal concentrations [Armar-Klemesu et al., 2000,
Orsini et al., 2013].

However, urban farming doesn’t always need to raise pollutant concerns.
Plants grown on hydroculture can be grown in places with polluted soils, as
the soil is no part of the farming system. Pollution can however still hap-
pen by air or through the use of irrigation water, substrates, nutrients and
pesticides. With the latter four lacking of free metal concentration, contam-
ination has been tested for metal accumulation and for an urban farm in a
zone with average air pollution levels for European cities, high traffic areas
and stable weather. This resulted in contamination well below EU-legislated
limits [Ercilla-Montserrat et al., 2018].

Additional limitations are to be expected in developing countries, including
soil infertility and access to land, agricultural inputs and technical knowl-
edge [Orsini et al., 2013]. Legislation is an issue as well, with urban farming
being illegal in practically all developing countries [Bryld, 2003]. This of-
ten leads to destruction of crops by the city council, even in times of food
shortages, by slashing them to pieces. Another social problem arises with
crops theft, amounting to up to nearly half of urban farmers having to deal
with thieves in Kenya [Bryld, 2003]. Urban agriculture is usually more land-
dependent than in developed countries, and competition for land means the
occupied space cannot be used to provide better housing facilities for the
homeless. Sufficient management and treatment of solid wastes, wastewa-
ter and gasses must occur to prevent bronchitis, dysentery or other disease
outbreaks. The use of chemical fertilizer is another potential threat to the
environment [Bryld, 2003].
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1.3 Aquaponics

Aquaponics has been experimented with since the 1970’s [Love et al., 2014].
It is derived from the combination of hydroponics and aquaculture, both
land independent techniques and as such, ideal for urban farming. The
aim is to produce plant-based products and fish respectively. One of its
benefits is to reuse the wastewater of the aquaculture process as a water
and nutrient source for hydroponic plant growth, converting fish excrement
and feed waste to plant biomass. As such, it can be a step towards a more
circular economy [Palm et al., 2018].

1.3.1 Hydroponics

A hydroponic system is a type of hydroculture, which aims to grow plants
without soil. Hydroponics utilizes water containing dissolved nutrients to
accomplish faster growth and better productivity [dos Santos et al., 2013].
The plants usually grow in granulated substrates made of clay, or special-
ized substrates like rockwool or agar [Battke et al., 2003]. The systems are
usually indoors [Lee and Lee, 2015].

Hydroponics is often performed in troughs which contain nutrient-rich water
and a substrate containing the plant. In some cases, the seeds are germi-
nated in a substrate floating on a specialized raft unit in a vessel containing
the solution [Arteca and Arteca, 2000]. Other systems make use of spray
nozzles to apply the nutritious solution to the plant [Akagi, 1990]. It is pos-
sible to grow a variety of crops in hydroponic greenhouses, including cereals
(rice, maize, wheat, oat, soybean, peas), vegetables (tomato, chili, brinjal,
green pepper, bell pepper, beet, potato, cabbage, cauliflower, cucumber,
onion, radish, lettuce), fruits (strawberry, melon), fodder crops (sorghum,
alfalfa, barley, bermuda grass, carpet grass), flowers (marigold, roses, car-
nations, chrysanthemum), condiments (parsley, mints, sweet basil, oregano)
and medicinal crops (aloe, coleus) [Khan, 2018].

Hydroponic systems that make use of a constantly aerated water reservoir
in which the plant roots are submerged, and where water is supplied con-
tinuously, are referred to as deep water culture (DWC) [Saaid et al., 2013]
and shown in figure 3. The media-filled type contains a growing media (e.g.,
pumice stones or clay beads) in the grow bed for nitrification. A siphon fills
and drains the water in order to supply oxygen by direct contact between
plant roots and the air. Clogging and oxygen deficits in the grow bed are
possible during a long-term operation [Wongkiew et al., 2017].

NFT (nutrient film technique) is a hydroponic setup consisting of culti-
vation channels. These allow flow through of the nutritious solution, and
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Figure 3: Deep water culture beds [Chang et al., 2012]

can be quite small, therefore reducing the stream to a water film. The flow
needs to be pumped from a reservoir into the channels and then, under the
effect of gravity, it will go down the slope of the channels. Here, water and
nutrients are taken up by the plant roots reaching down into the channels.
The surplus is looped back to the reservoir by tubes, allowing the reuse of
the solution [dos Santos et al., 2013].

In comparison of DWC with NFT, it must be highlighted that the low con-
struction cost, low fertilizer need, higher buffering of the nutrient solution
and its applicability in solar greenhouses as a heat storage medium make
DWC more favorable, while oxygen supply to roots is the main setback. Aer-
ation must therefore be managed more carefully than in NFT, as insufficient
oxygen levels can cause waterlogging in plant roots, and too much would be
a high and unnecessary cost [Zeroni et al., 1983, Saaid et al., 2013].

Other systems include wick, drip irrigation, ebb and flow (also known as
flood and drain), and aeroponics. A wick is a simplistic passive system us-
ing a capillary to supply nutritions and water to the substrate containing
the plants. drip irrigation uses a timer to drip solution drops to the plant at
intervals. Ebb and flow systems submerge the plants temporarily, flooding
and draining the system intermittently. The water returns to its reservoir
after drainage to make reuse possible. In aeroponics, nutrient solution is
delivered to the plants suspended in the air in a spray chamber, by spraying
them through nozzles [Lee and Lee, 2015].

Different control practices may be applied in a hydroponic system: a mea-
surement device for nutrition, CO2 concentrations, pH, water level, etc. is of-
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ten desirable [Saaid et al., 2013, Akagi, 1990]. This is also one of hydroponic
systems’ benefits compared to conventional agriculture: it is easy to moni-
tor and control environmental attributes. Other advantages are prevention
of soil-borne diseases and pests, its capability to reuse water and nutrients,
and the possibility to produce produce of a higher quality and at a higher
yield. These benefits explain why commercial hydroponics is a fast growing
industry, growing approximately fivefold in 10 years [Lee and Lee, 2015].

1.3.2 Aquaculture

Aquaculture is an alternative to fishing, that consists in the production of
freshwater or marine water-dependent species in farms. It has achieved an
annual growth of 6,9% from 1970 to 2006 [Bostock et al., 2010] and it is
assumed that by 2030, 60% of fish consumption will come from aquacul-
ture [Maguire et al., 2017]. Aquatic animal food production including other
species such as crustaceans and molluscs produces a variety of over 300
species, but the most common species have a large share in the annual pro-
duction. Carps (silver carp, grass carp, common carp and bighead carp),
cupped oysters nei, Japanese carpet shell, Nile tilapia, catla, whiteleg shrimp
and Atlantic salmon make up over half of the species mix by volume. A range
from smallholder pond keepers to multinationals can establish an aquacul-
ture system, from low to high intensity of production [Bostock et al., 2010].
Aquaculture is able to result in improved food security by increasing fish
production for a cheaper price and better infrastructure, but may cause
health hazards and environmental impacts through the use of pesticides.
Decreasing the need for fishing can combat overfishing and the likelihood
of extinction. Jobs are created in aquaculture, yet likely lost in fishing
[Hai et al., 2018].

Several types of systems have been developed, and are listed in figure 4.
Aquaculture is also categorized by the use of freshwater and marine ani-
mals. Freshwater culture, the most used system, utilizes freshwater ponds
or tanks filled with surface water. It is often carp-based and semi-intensive
which operates using inorganic and organic fertilizers, and supplementary
feeding with low-protein materials. More intensive systems with trout or
salmon have higher water utilization, stocking density and feed require-
ments. Some fish are not typical for a specific system, and the tilapia for
example can be found in systems ranging from extensive to highly intensive.
In addition to flow-through types, aquaculture can be performed in cages,
suspended in either ponds or rivers. However, the cage needs careful control
as it can cause environmental issues further downstream, eutrophying other
farms and ecosystems [Bostock et al., 2010].
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Figure 4: Aquaculture types (top to bottom: flow-through, cage,
flow-through with wastewater treatment, recirculation). Adapted from:
[Colt, 1991]

Coastal systems, utilizing brackish waters, are divided in the same cate-
gories: ponds, tanks and cages, and produce salt-water fish, molluscs, crus-
taceans and seaweed. It is less usual than freshwater aquaculture. The
penaeid shrimp, its most common pond-based variety, accounts for 58%
of the production [Bostock et al., 2010]. Floating cages are the most cost-
effective for marine fish production, with nets limiting the fishes’ move-
ment while allowing oxygen replenishment and dissolved and solid waste
removal. Other brackish water systems use onshore tanks, usually when
other options are unavailable [Bostock et al., 2010]. Lastly, marine mol-
luscs and seaweed are typical for marine systems, although they do require
more labour input. During the 1990’s there has been an improvement of
labour efficiency by application of specialized tools and larger production
sites [Bostock et al., 2010].

To sustain an aquaponic system, water is crucial, and pond or tank based
systems require its input. However, water usage can range from 2-20% of the
recipient volume daily, with water losses being due to evaporation and leaks,
and the used water can be discharged as wastewater [Rakocy et al., 2006],
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[Bostock et al., 2010], [Masser et al., 1999]. To decrease the water require-
ment, recirculation is implemented. The result is a recirculating aquaculture
system (RAS), which can greatly decrease water use to 7% of what flow-
through systems require [d’Orbcastel et al., 2009]. Water treatment units
such as denitrification reactors, sludge thickeners and ozone treatments can
be implemented to further decrease water need [d’Orbcastel et al., 2009].

Beside water re-use, RAS benefits from possible nutrient recycling, waste
management, disease management and pollution control. RAS is more en-
vironmentally friendly, yet its high capital investment requirement lead to
it comprising only a small part of aquaponic systems, compared to flow-
through systems, ponds and cages. Subsequently, RAS must carefully con-
trol disease possibilities, as it must rely on a healthy microbial community
for water purification. Accumulation of minerals, drug and certain feed com-
pounds is detrimental to the animals safety, health and its quality as a food
product [Martins et al., 2010].

1.3.3 Aquaponics

Aquaponics integrates a hydroponic system into a RAS to further reuse
the water and nutrients. It is possible but less common to have a flow-
through system where the plants receive nutritious water from the fish tank
but afterwards water is not reused [Buzby et al., 2016]. Figure 5 shows
an example of a typical aquaponic system with recirculation: wastewater
from the fish tanks will flow towards a filter for solid removal and then
into a bio-filter [Hai et al., 2018]. Here ammonia is oxidized to nitrite us-
ing Nitrosomonas, and subsequently to nitrate using Nitrobacter bacteria
[Hindelang et al., 2014].

Figure 5: Aquaponic system of tilapia and lettuce [Cohen et al., 2018]

The solution then flows into the hydroponic system where plants grow on the
remaining nutrients before being cycled back into the fish tanks. In this way
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wastewater is cleaned to avoid the toxic effect on fish health of nitrate when
high levels are reached (500 to 1000 mg NO−

3 -N/L, depending on the author
[Monsees, 2018, Hindelang et al., 2014]). Optimal NO−

3 concentrations for
plants are around 200 mg/L, thus not hindering fish growth [Monsees, 2018].

Nutrient uptake by fish is estimated 20-50% of nitrogen and 15-65% of
phosphor in the feed, with plants retaining 4-15% of N and 2-22% of P,
and bacteria about 7% of N and 6% of P [Schneider et al., 2005]. Addi-
tionally, CO2 provided by fish is used by plants, and the opposite is true
for O2 [Hai et al., 2018]. Uneaten feed or other solids are removed to keep
waste accumulation minimal. It is possible to turn this waste into fertilizer
for soil systems by composting or aeration [Hai et al., 2018]. If solid waste
accumulates in the plant growing zone, negative effects occur including re-
duced oxygen availability to plant roots and increased disease likelihood
[Buzby et al., 2016]. Co-products can be derived from waste: dead vegeta-
bles can be converted to humus by earthworms [Forchino et al., 2017].

Most aquaponic systems use media-filled beds (86%) or deep water culture
rafts (46%), with almost half using multiple hydroponic techniques, accord-
ing to a survey of over 800 practitioners [Love et al., 2014]. Popular vegeta-
bles included basil, tomatoes, and salad greens, grown by 70, 69, and 64%
of respondents respectively. 55% chose tilapia, a common fish in aquaponics
due to it being able to grow in high density in confinement, with poor water
quality, and being omnivorous. 45% raised multiple fish species, while most
grew multiple plants. In [Sace et al., 2013] a one fish system is compared
with one incorporating prawn production: the inclusion of prawn leads to a
higher weight of vegetable dry matter, yet not all plant species were suscep-
tible, to higher daily fish growth rate and lower FCR (Feed conversion rate),
meaning less food was required to achieve this result. Other systems studied
the combination of different fish species (bluegill, catfish, koi, tilapia) and/or
lobster (redclaw crayfish). Higher biodiversity in aquaponics is related to
lower vulnerability to diseases, yet negative interactions can occur and must
be prevented by physically separating some animals [Martan, 2008].

The classic approach is a coupled system, which uses one loop of water. In
decoupled systems, water flows are separated for plant and fish production
units and both subsystems are controlled independently. Water is trans-
ferred to the hydroponic system whenever it would be beneficial to plant
growth [Hai et al., 2018]. Where coupled aquaponics requires a trade-off,
decoupled systems are designed to maintain optimized conditions for both
units [Goddek et al., 2016]. A considerable increase in plant production can
be observed [Monsees, 2018], and better disease management, in exchange
for investment costs and water monitoring [Palm et al., 2018].
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1.4 Life Cycle Assessment

1.4.1 Definition

LCA (Life cycle assessment) is a method for evaluating the impacts of a
certain product on its environment. This encompasses impacts on both the
planet, such as resource depletion or waste accumulation, or impacts on
people and the ecosystem, such as health risks. LCA is characterized by
the inclusion of the whole life cycle of the product, starting from the ex-
traction of the required natural resources, the development, manufacturing
and processing steps, the use of the product, and waste management steps
taken for pollution prevention. All relevant inputs and outputs interact-
ing with the environment are considered, such as natural resources, wastes
and emissions. LCA can be used related to food products to determine
the impacts of several production methods of one unit of output, generally
one kg or tonne of the specific product, which is called the FU (Functional
unit) [Rebitzer et al., 2004]. Therefore it is a useful tool for a comparative
approach, such as customer choice, or for policy makers.

1.4.2 Methodology

LCA is an analytic methodology which has been normalized by ISO (Inter-
national Organization for Standardization) and was divided in four stages
by experts [Forchino et al., 2017], shown in figure 6. However, since LCA is
applied in an iterative manner, returning to previous steps is and reanalyzing
prior data is typically required.

Figure 6: Life cycle assessment phases [Forchino et al., 2017]
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Goal and scope definition is the first main phase of the LCA process. It con-
tains the reasons and objectives for researching the environmental sustain-
ability of the particular process or item, along with the intended audience
and applications of the study. Scope definition is done by describing general
information related to the assessment, among which the functional unit, and
a flow diagram linking unit processes by their respective relationship bonds
[Sanjuan Delmás, 2017].

The inventory analysis is the second phase of LCA, and consists of the
creation or use of an inventory of all qualitative and quantitative data, such
as used energy, raw material, generated waste and emissions, etc. from each
studied unit process. This collection is regularly shortened as LCI (Life cy-
cle inventory) [Sanjuan Delmás, 2017].

Impact assessment, the third phase (LCIA: Life cycle inventory assessment),
uses the data gathered in the inventory analysis step to calculate all inputs
and outputs in terms of the functional unit. As such the impact of produc-
ing 1 FU is derived. The result can be measured in several categories such
as global warming, eutrophication or fossil fuel depletion. After an impact
is linked to an impact category, the size of the impact must be multiplied
with a characterization factor in order to achieve a uniform indicator, after
which normalization, grouping and weighing can be included as optional
steps. The resulting indicators can be calculated at midpoint or endpoint,
and are resp. problem- and damage-oriented. Problem-oriented indicators
measure the size of total emissions to the environment, whereas damage-
oriented indicators are meant to characterize the damage done to human
health, nature or resources [Sanjuan Delmás, 2017].

Interpretation is the last main phase of the LCA procedure following ISO
regulations. It analyzes the results of the previous phases, evaluates their
completeness, sensitivity, completeness and conclusions [Sanjuan Delmás, 2017].

In many systems multiple products are produced, waste streams treated,
or services provided. In this case choosing a FU becomes more complicated.
These processes are still related to a single FU by either redefining the FU
or applying physical or economical functions to designate the outputs. One
method is the subdivision of the process into subprocesses, each responsible
for one or more of the products [Ekvall and Finnveden, 2001]. In system ex-
pansion, you include the function of the co-products. This means that your
LCA will no longer be about the original product, but about the original
product plus a co-product. The functional unit is therefore the sum of all
products considered [Heijungs, 2014]. Allocation is a method which uses a
specific relation to distribute the environmental impacts of the co-products.
Allocation can be done considering mass, economic costs or energy, each
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one dividing the impacts calculated between all products in a proportional
matter [Ekvall and Finnveden, 2001].

1.4.3 Case studies of aquaponics

LCA can be used to compare products from different production processes
by quantifying and analyzing indicators for the impact categories that are
relevant to the sector. In the case of aquaponics, several researchers have
compared aquaponics to other types of fish and vegetable production such
as: aquaculture [Boxman et al., 2017], lake- and pond-based aquaculture
and traditional lettuce cultivation [Cohen et al., 2018], aquaculture, hydro-
ponics and traditional lettuce production [Hollmann, 2017], or hydroponics
[Jaeger et al., 2019]. Forchino et al. [2017] compared the sustainability of
two different hydroponic systems, DWC and MFBS (Media-filled bed sys-
tem).

Another group of studies assessed a system in order to find its hotspots,
performing LCA on an indoor pilot plant [Gennotte et al., 2017], an urban
farm [Hindelang et al., 2014], two marine systems [Boxman, 2015], and a
micro aquaponic systems from recovered materials, compared to a larger
aquaponic system [Maucieri et al., 2018]. Forchino et al. [2018] integrated
economic analysis in the study through LCC (Life cycle costing) methodol-
ogy, while analyzing the system in its design phase. A review of these LCA
studies was performed, and an overview of important differences as well as
a short summary can be found in Table 1.

Following LCA methodology, the FU is defined. In aquaponics, different
FU can be found in literature, since multiple products are being produced.
The reviewed articles usually pick either fish or vegetable production, and
allocate the impacts between their products. Sometimes both were chosen
as the FU and the impacts were calculated for 2 FU’s [Hollmann, 2017],
in order to make comparisons between aquaculture or vegetable produc-
tion separately. Other studies chose system expansion, in which the FU
is comprised of both product and byproducts. Cohen et al. [2018] used
both 1 ton of tilapia and 5 tonnes of lettuce, with the 1:5 ratio based
on typical production ratio’s in literature [Goddek et al., 2015]. The same
fish/vegetable ratio was used by Hindelang et al. [2014], but sludge was
also included to get a 1:5:4 ratio. In Maucieri et al. [2018], the prod-
ucts of 1 year of operation were chosen as the FU. Multiple FU’s make
comparison more challenging, therefore the focus was on allocation. The
studies not following system expansion prefer mass allocation as the alloca-
tion method, [Hollmann, 2017, Forchino et al., 2017, Forchino et al., 2018,
Gennotte et al., 2017, Jaeger et al., 2019], however avoided burdens (or sub-
traction) was also applied [Boxman, 2015, Boxman et al., 2017].
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Impacts can be categorized based on their result on finite resources, ecosys-
tems, human health, etc. The impact categories most commonly assessed
in previous studies for aquaponics are GW (Global warming) and EU (Eu-
trophication). AC (Acidification), CED (Cumulative energy demand), and
WU (Water use) were also calculated frequently. These categories were re-
viewed where there was potential for comparison.

Figure 7: Comparison of global warming for the aquaponics case studies
from literature

Since aquaponics is a novel technique, only few systems have been studied,
and not all report values for each impact category. However, many studies
found comparable results. For GW, emissions were between 8.5 and 17.2 kg
CO2-eq/kg of fish. While comparing with vegetable production, the lowest
value calculated was 4.45 kg CO2-eq/kg lettuce, and the highest was 13.13.
Values were 2-3 times greater for the least performing system. Results are
visualized in figure 7.

EU fell in a range of 0.00075-0.013 kg PO−
4 /kg fish or 0.012-0.02 kg PO3−

4 /kg
lettuce, being 17 times more eutrophying for fish production, and 1.7 times
as high when comparing EU for lettuce. AC was found to be 0.054-0.123
kg SO2/kg fish and for vegetables 0.03 kg SO2/kg lettuce, showing acidifi-
cation was 2.3 times higher in the worst-case. Results can be seen in figure 8.

CED was between 100 and 299 MJ/kg fish and 10.6-275 MJ/kg lettuce,
while WU was 0.135 m3/kg fish and 0.01-0.3 m3/kg lettuce. It can be noted
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Figure 8: Comparison of eutrophication for the aquaponics case studies from
literature

that studies focusing on vegetable production were more interested in water
dependency while energy consumption was more relevant to those studying
fish production. Variability was greatest for WU, with the most water sav-
ing system using 30 times less water than the most water consuming, due
to the use of a drum filter in the worst system [Forchino et al., 2018]. CED
was 14-26 times higher for the least energy efficient system depending on
the FU chosen.

Aquaponics had lower CED and WU than aquaculture [Hollmann, 2017],
needing 3 times less energy per ton of fish [Boxman et al., 2017]. Compared
to traditional fish production, an additional need is avoided since the lat-
ter requires water treatment [Boxman et al., 2017]. Boxman [2015] assessed
multiple systems in the marine environment, and concluded that scenario 2,
the marine system without plant production and with denitrification, was
less impacting than scenario 1 having more intensive aquaponic plant pro-
duction without biofilter. Both were compared with a benchmark aquaponic
system [Boxman, 2015]. GW was lower for 6 out of 7 aquaculture systems
compared with aquaponics [Hollmann, 2017], while Hindelang et al. [2014]
describe higher or comparable impacts for the traditional fish cultivation for
GW. CED, EU and AC were significantly higher.

Compared to traditional field lettuce, aquaponics achieved lower WU and
higher CED, while the opposite was found for hydroponics [Hollmann, 2017].
Yield was lower for traditional production than aquaponics, and hydropon-
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ics performed best in this matter, requiring the least amount of land surface
for lettuce production. Climate was colder for the aquaponic system, in-
fluencing heat requirement and evaporation. Impacts (AC, EU, GW, LU)
were lower in hydroponics according to Jaeger et al. [2019], in which the
compared hydroponic and aquaponic systems were in the same greenhouse,
and the only nutrients in aquaponics came from fish feed. The difference in
CED was less obvious. Addition of a fertilizer to the water flow can con-
tribute greatly to the impacts [Jaeger et al., 2019], and is not applied in all
aquaponic systems.

Comparison between DWC and MFBS points out that MFBS had higher en-
vironmental impacts (AD, AP, CED, EP, GW) [Forchino et al., 2017]. The
same surface of land was used for both. The main difference can be credited
to the requirement of more inert material to sustain the plants. Since MFBS
can’t be performed with a substantial decrease of inert media without com-
promising plant stability, even when using another material. DWC requiring
less inert material makes it suitable for aquaponic systems, and is ideal for
lettuce culture, whereas MFBS can still be preferred for the cultivation of
heavier plants, such as aubergines [Forchino et al., 2017].

When performing LCA, it is possible to find a system’s hotspots. All impacts
can be related to a certain element of the system. In this way, the element
makes its own contribution to each impact category. The highest contrib-
utor to impacts of aquaponics is determined by LCA to be the energy re-
quirement [Maucieri et al., 2018, Boxman et al., 2017, Forchino et al., 2018,
Gennotte et al., 2017].

Optimizing energy needs are key, since they not only impact the environment
but are a significant cost for the farmer [Boxman, 2015], and a shift toward
renewable energy production is a logical solution [Forchino et al., 2017]. Im-
plementation of such an energy mix was compared to average energy mix
in the U.S.A. and to the one used for the system, and positively affects im-
pacts [Boxman et al., 2017]. Since pumping cost makes up for a large part
of energy need [Forchino et al., 2018], recirculating systems are subject to
a trade-off between energy needs and emissions to water. Other equipment
include lighting and the aeration system in the hydroponic bed. Lighting
need is difficult to decrease in a system [Forchino et al., 2018].

Because of the importance of oxygen uptake by roots, a different design
must be used in order to eliminate aeration need. NFT (nutrient film tech-
nique), applying a thin layer of water instead of submerging the plant, can
be used, however the need for additional equipment is possible, resulting in
uncertainty on these energy savings [Boxman et al., 2017]. Hollmann [2017]
experimented with hybrid-striped bass, a fish that can grow in colder tem-
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peratures than tilapia, and reduced energy need greatly. However nitrifi-
cation and lettuce growth slowed down considerably, and bass growth de-
creased as well, discouraging this approach [Hollmann, 2017]. It should also
be noted that the importance of energy need makes it so that a system in
hotter climates requiring significantly less heating and lighting is therefore
more sustainable [Hindelang et al., 2014].

Another large contributor is the need for fish feed [Boxman et al., 2017],
[Hindelang et al., 2014], explaining 98% of LU [Boxman et al., 2017], be-
cause of agricultural inputs used in feed. One possibility to decrease impacts
from feed, is to change the feed. Soy meal can replace fish meal decreasing
environmental impacts except for land use, which is further increased. Sub-
stitution for microalgae could provide a way out, since land unsuitable for
other plant growth can produce microalgae, and productivity is higher com-
pared to terrestrial plants [Boxman et al., 2017]. However, feeds producing
less emissions can increase NPPU [Jaeger et al., 2019]. Decreasing FCR is
a more efficient way to lower the impacts [d’Orbcastel et al., 2009], which
can be done by harvesting fish at a smaller size [Boxman et al., 2017], yet
this would require a change in people’s consumption pattern, which is hard
to realize [Mäkiniemi and Vainio, 2013].

Nitrogen and phosphorous emissions, as a consequence of suspended solids
from and dead vegetable removal and disposal, contribute greatly to the
impacts. Better waste removal or implementing waste reuse as a fertilizer
can be considered when optimizing aquaponics [Forchino et al., 2017].

Water consumption contributes very little to impacts [Maucieri et al., 2018,
Gennotte et al., 2017]. Since all studied systems implemented recirculation,
low water consumption was expected, and can explain the small size of
the contributions. Intensive systems are have fewer environmental impacts
than extensive systems, specifically less water pollution and total water con-
sumption [Boxman, 2015]. Plant production providing water treatment had
a great impact on the sustainability of the system, avoiding both additional
plant production and water treatment, and reducing local impacts from nu-
trient discharges [Boxman et al., 2017]. This advantage allows the improved
recirculation to become a key advantage to aquaponic systems.

21



2 Goal definition

This thesis intends to characterize environmental impacts from the produc-
tion of lettuce and fish in an integrated aquaponic system in the urban
environment. The goals and objectives for this research of sustainability
are:

• Modelling productivity data of the system over a 1-year period of
community-based production of tilapia and lettuce.

• Analyzing the mass and nutrient balances including water, carbon,
nitrogen, phosphor.

• Quantifying the system’s impacts on the environment using life cycle
assessment (LCA).

• Studying the hotspots of the PaffBox using the results from LCA cal-
culations.

• Comparing the system with alternative scenario’s with previous stud-
ies.

• Discuss the suitability of aquaponic systems as a step towards circular
economy.

The studied system is intended for a small urban community to promote
self-sufficiency and circular economy. Therefore, this thesis can also be used
to provide a better understanding of recirculating aquaponic systems, and
their strengths and weaknesses. As an educational tool, it also explains the
LCA methodology and calculations and can be useful to fill knowledge gaps
about this method.
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3 Materials and methods

3.1 Introduction

The aquaponic system studied is the PaffBox (Plant and fish farming box),
developed by the the laboratory of Integrated and Urban phytopathology
Agro-Bio Tech of the University of Liège and built on their site in Gembloux
[Delhaye, 2015]. The system is presented in section 3.2.

The system is a small urban farm that aims to provide food for a small
self-sustaining community. It is designed as a small and simple system, with
a minimal amount of inputs. This makes it easy to learn how the operation
and maintenance work without a scientific background. The system pro-
motes local growth of vegetables and fish, circular economy and community
interactions. Since the system was designed for experiments, certain ele-
ments were linked to scientific research instead of the production capacity
of the system, and were excluded from the study. The experimental data
acquired was listed in section 3.2.2, which was extrapolated in the section
3.3. In order to achieve comparison to alternative scenario’s, life cycle soft-
ware was used. The LCA is performed in section 3.4. The inventory of
infrastructure and operational elements can be found in section 3.4.2.

3.2 System description

The PaffBox is a recirculating aquaponics system featuring tilapia and veg-
etable growth, as described in section 1.3.3: Aquaponics. A mass flow dia-
gram of the system is shown in section 3.2.1 in Figure 13.

The PaffBox contains an aquaponic system built inside a shipping container
with a greenhouse (Euro-Maxi, Euroserre, B-3600 Genk) on top of it. The
system is shown in Figure 9. The container includes 2 fish tanks, the solids
filter, sump, biofilter, and pump. Two rows of hydroponic DWC (deep water
culture) beds were installed in the greenhouse, each with a top and bottom
compartment. The iron container measures 6 m long x 2.4 m wide x 2.3 m
high, and is insulated on the inside with polyurethane foam. 2 stone steps
can be seen at the door. The greenhouse has a height of 2.4 m and is made
of an aluminium structure with polycarbonate panels [Delhaye, 2015].

A pump (Pro-jet SE 20/8 Tri, Aquatic science, B-4040 Herstal) is present to
recirculate water through PVC pipes, achieving a flow rate of 39.84 L/min
entering the fish tanks from the hydroponic bed. This results in all water
being replaced every 20 min. The pump has a power of 0.55 kW, regulated
with an electric flow variator (VARFLW001B, Aquatic science, B-4040 Her-
stal).
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Figure 9: PaffBox container and greenhouse

In addition to the recirculating solution, water from tap or rain enters the
PaffBox by supplementing it to these tanks. Water is added whenever nec-
essary, since losses occur naturally by evaporation and transpiration, or
through leakages in pipes and waste removal. The water from rain is inter-
cepted in gutters around the greenhouse, and stored in an IBC (Intermediate
bulk container) at the back of the shipping container.

Fresh water enters in the fish tanks before travelling through a solids filter,
sump, pump, biofilter and the hydroponic beds respectively. Afterwards
most of it is recycled back to the fish tanks. The two fish tanks can contain
780 L of water each. From the fish tanks water flowed through the solids
filter, which was originally a gravity sieve filter (Ultrasieve midi, Aquatic sci-
ence, B-4040 Herstal), and was later replaced by a lamella separator. The
gravity filter retained solids of 300 µm or higher. It consists of two com-
partments and can adjust itself automatically to changes in the water level
[Delhaye, 2015]. Fish tanks and gravity filter are shown in Figure 10a and
10b respectively.

After the removal of solids, the remaining hydroponic solution flows towards
the sump. Auxiliary pipes lead to the sump in case of some issues, including
a bypass around the fish tank. This was foreseen for when water entering
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(a) Fish tanks (b) Gravity filter

Figure 10: Fish tank and gravity filter [Delhaye, 2015]

the fish tanks is undesirable. Another set of pipes exist in case of overflow
in the fish tanks: they are therefore originating from a higher position in
the fish tanks. The sump and pipe system can be seen in Figure 11a. The
water leaving the sump then enters the pump [Delhaye, 2015].

(a) Sump (b) Biofilter

Figure 11: Sump and biofilter

The next step is the biofilter (SHARK BEAD 45/25, Aquatic science, B-
4040 Herstal) to achieve nitrification. A part of the flow from the biofilter
returns to the sump in a waterfall to achieve oxygenation, necessary for
the microbial processes. The biofilter is shown in Figure 11b. The Nitro-
somonas bacteria perform the first step from ammonia to nitrite, according
to chemical reaction 1.

55NH+
4 + 5CO2 + 76O2 → C5H7NO2 + 54NO−

2 + 52H2O + 109H+ (1)

Nitrite reacts further to nitrate with the help of the Nitrobacter species in
accordance with chemical reaction 2.
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400NO−
2 +5CO2+NH+

4 +195O2+2H2O → C5H7NO2+400NO−
3 +H+ (2)

The nitrification reactions in equations 1 and 2 [Tyson et al., 2004] use the
conversion of the nitrogen holding compound as an energy source while
CO2 is used as a carbon source. Both reactions require aerobic conditions,
as shown by the oxygen consumption. Biomass (C5H7NO2) is generated,
albeit slow since the reactions release only small amounts of energy, which
is especially true for Nitrobacter. Nitrate-rich water from the biofilter flows
up to the greenhouse where the hydroponic beds are located [Delhaye, 2015].

The greenhouse (Euro-Maxi, Euroserre, B-3600 Genk) is made from an alu-
minum structure and polycarbonate panels. It has four windows of 70 cm
on 90 cm, equipped with automatic window openers (Ventomax, Orbensen-
teknik), which are programmed to open the window when temperature in
the greenhouse exceeds 25◦C. A fan supplies further ventilation in the green-
house [Delhaye, 2015].

Figure 12: PaffBox greenhouse with hydroponic beds

Four deep water culture beds are located here, placed in two rows each with
a top and bottom DWC bed. The beds are 0.50 m wide, 4.23 m long on
the left and 5.31 m long on the right side. The beds are made from recy-
cled plastic and have a Styrofoam panel floating on the hydroponic solution
entering. Holes are provided in the panel to accommodate in total 148
baskets containing a rockwool substrate and a plant. Insect proof screens
were installed for improved pest prevention. Extra lighting is added 20 cm
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above the bottom beds, providing an additional 150 µmol/m2 during the
light hours of the day, compensating for the shade the upper beds impose.
Burning by excessive direct sun light is prevented through the suspension of
a shading net inside the greenhouse, covering the top east and west panels
and the east side wall [Delhaye, 2015].

Plant production is located in the greenhouse. Vegetable growth was checked
at regular intervals. Iron is the most frequent deficiency in aquaponic sys-
tems, which presents itself as an interveinal chlorosis of the younger leaves
[Delhaye, 2015]. If plant growth was insufficient, iron kalate should be
sprayed to make up for the low iron levels. In the period of data collec-
tion however, this addition was not required. Gutters on the sides of the
greenhouse collect rain water, which is stored in an intermediate bulk con-
tainer (IBC) with a maximal capacity of 1000 L. The hydroponic solution
flowing through the DWC tanks is recirculated to the fish tanks, closing the
loop [Delhaye, 2015].

3.2.1 System boundaries

In the framework of the application of the LCA methodology, the system
can be described using a set of different levels, each being defined by a set
of boundaries. The system described in section 3.2 is the α-level. This level
is restricted to the main process being studied [Tran, 2010]. The α-level is
shown in Figure 13. The system is divided into 5 subsystems: α-1: Fish
tank, α-2: Solids filter, α-3: Sump, α-4: Biofilter, α-5: Hydroponic bed.

The β-level is defined by adding all other side productions necessary for
the production of the FU occuring in the same factory or production facility
[Tran, 2010]. In this case, the β-level is limited to one process, the seedling
production, since it is located at another greenhouse from the Gembloux
department of the university of Liège near the PaffBox .

This means most side processes related to the aquaponic system are located
in other factories, and have their own supply chain: these side processes are
therefore on another level, the γ-level, which is defined by the auxiliary re-
quirements not located on the same production facility as the main process.
Everything outside the γ-level is referred to as the environment. Inputs from
the natural environment are derived from it, and undesirable outputs such
as emissions are transferred to it [Tran, 2010]. In Figure A1 in Appendix A,
the system boundaries include the β-level and the γ-level. The following side
processes are added: β-1: Seedling production, γ-1: Feed production, γ-2:
Small fish nursery, γ-3: Water production, γ-4: Substrate production, γ-5:
Composting, γ-6: Municipal solid waste and γ-7: Wastewater treatment.
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3.2.2 Experimental design

The PaffBox has been studied by several other researchers from the de-
partment Agro-Bio Tech of the University of Liège. This study considers
the experimental data published in Delhaye [2015] and Delaide et al. [2017].
The collected data from Delhaye [2015] and Delaide et al. [2017] was extrap-
olated in order to achieve a one year round production. Since the PaffBox
has been operating for several years, expert knowledge provided by Jijakli
and Stouvenakers from the department Agro-Bio Tech was sufficient to ex-
trapolate over an extended timespan. 200 fish were added 20/04/2015 and
monitored until 01/07/2015. This period of time was studied by Delhaye
[2015]. In this timespan the fish increased in weight from 74 to 154 g per
fish. Different plants (vegetables and spices) were grown from 27/04/2015
until 22/06/2015, resulting in 5.503 kg of lettuce, 1.336 kg of basil, 299 g of
watercress, 331 g of dill, 2 g of oregano and 701 g of sorrel.

The system has been in use ever since, and additional data on productivity
and nutrient concentrations were used as presented in Delaide et al. [2017].
Nitrogen, phosphorus, and micro-nutrient concentrations (kalium, calcium,
magnesium, sulphur, natrium, iron, borium, copper, zinc and manganese)
were measured. Extrapolations were made for nitrogen and phosphor.

Qualitative flows were derived from the previously collected data for mass,
water, carbon, nitrogen, and phosphor. Figures A2 - A5 in Appendix A
display the α-level for different flows: water (A2) and nutrient flows: car-
bon (A3), nitrogen (A4), and phosphor (A5). The nutrient diagrams are
similar flows are similar but carbon has some unique flows: photosynthesis
and fish respiration, while volatilization of ammonia is considered in the
nitrogen flowchart. Mass balances were calculated for each of these flows.
Where data gaps were present, as it was for carbon contents in feed, fish
etc., information was gathered from literature or databases.

In some cases, improvements were made to the PaffBox and data was gath-
ered for an improved system whenever none was available for the older ver-
sion of the system. The improved PaffBox was not studied since data of
nutrient flows was lacking entirely for it. In the new system, the solids filter
was changed from a gravity sieve filter to a lamella separator. In addition,
the pipes were changed to a smaller size to prevent sedimentation of solids
and subsequent clogging of the pipes.

3.3 Extrapolations

Input and output data were extrapolated to achieve one year of operation.
Each resulting flow was divided by yearly lettuce production to calculate
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the flows per kg lettuce. Yearly operation of the PaffBox was calculated
based on research by Delhaye [2015] and Delaide et al. [2017], assumptions,
derived from expert insight on aquaponics by Jijakli and Stouvenakers, and
information from literature.

Most components added to the system contain a certain amount of water and
in some cases nutrients. For both lettuce and tilapia, these percentages were
used for the inputs (seedlings/small fish) and outputs (full grown crops/fish).
Nitrogen and phosporus concentrations were measured for lettuce, tilapia,
feed, hydroponic solution and waste [Delaide et al., 2017]. Carbon concen-
trations were calculated or taken from literature. The water cycle was based
on the description and quantification of water losses from [Delhaye, 2015],
completed with literature insights.

3.3.1 Tilapia

Tilapia production was based on the sustainable growth rate (SGR), as
shown in equation 3.

SGRi = 0.9 ∗ 0.01 ∗ 17.9 ∗M−0.56
i (3)

With Mi the average mass (kg) of the fish at day i. To derive the weight
(kg) of the fish on the next day, we use equation 4.

Mi+1 = Mi + SGRi ∗Mi (4)

Every aquaponic system must balance the needs of fish and vegetables re-
garding feed: a daily input of 60 g feed per m2 of grow bed is suitable for
lettuce production, while the fish might require less or more depending on
its size at the time. Data was gathered when fish were small, and 200 were
divided over the two tanks. If this many fish were to be extrapolated to
the point of reaching full size, the maximum density in the fish tanks would
be reached rather soon. After data collection, fish were taken out before
reaching a good market weight, in order to balance the system. This can
not be maintained in a sustainable system, and therefore it was assumed
for the extrapolated system that only 100 fish were added, so that the fish
could grow to a more reasonable size for market tilapia, 400 g, before some
fish would be extracted at regular intervals.

In the extrapolated system, 50 fish of 8.5 g each are added per tank in
a rotation so that fish are halfway achieving full size in one tank, and fish
in the other tank will reach full size at the same moment. The latter tank is
then emptied and 50 new fish are added. This system offers the best value
for feed per grow bed area possible, which is on average 59.7 ± 8.3 g/m2,
with values between 39.7 and 75.4 g/m2. Focusing on one tank 50 fish grow
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until the maximum density in the tanks is reached, which is around the
300th, 340th, 400th day at which 10 fish are removed per batch, weighing
433 g, 540 g and 718 g on average. The full grown size for tilapia was put
at 800 g. The remaining 20 fish in the tank will reach this weight at day
434 of the experiment, according to the calculations. The tank will then be
emptied and the cycle starts anew with 50 small fish.

The fish required a feed input per day, which was calculated as a portion of
its weight with equation 5.

Fi = Mi ∗ (5.818 ∗M−0.233
i + 33.863 ∗M−0.315

i )/3 ∗Ni (5)

With Fi the feed required on day i (kg) and Ni the number of fish.

Respiration was considered, as it influences the carbon flow, and investigated
by literature research. For a similar fish, climbing perch, measurements show
an oxygen consumption of 113 cc/kg/h, at 25◦C and atmospheric pressure,
and a respiratory coefficient of 1, signifying carbon dioxide is exhaled in the
same amounts as oxygen is consumed [Hughes and Singh, 1970]. For this
purpose, the weight of tilapia in the PaffBox was extrapolated over 11 peri-
ods, and the average of each period was used. Periods span either 60 days
or in between fish extractions, since taking out fish decreases respiration.
Equation 6 was used to determine the respiration in each period.

Rt = Rc/103 ∗M ∗ t (6)

With Rt the total oxygen consumed in respiration (L) for a certain period,
Rc the oxygen consumption (cc/kg/h), M the average weight of the fish in
that period, and t the time over which was respired, equaling the amount
of hours in that period. The respiration of all 11 periods was then summed
together to reach the total oxygen consumption. From this, the amount of
CO2 breathed out can be determined using the respiratory coefficient of 1
and the molar masses of O2 and CO2.

3.3.2 Lettuce

The PaffBox grew different vegetables and spices, however a simplified ver-
sion producing only lettuce in the hydroponic beds was preferred, greatly
decreasing the amount of parameters relevant in plant production and the
associated processes, such as transpiration and photosynthesis. The yield
was based on the average lettuce production in the PaffBox, derived from
[Delhaye, 2015] and [Delaide et al., 2017].

Coco-peat was tested as an alternative substrate to rockwool during the
experimental period of analysis, yet performed poorly. For this reason, cy-
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cles growing on coco-peat were excluded. The poor productivity it showed
can be explained by the high cation exchange capacity of coco-peat, which
promotes interactions with the nutrients in the solution, trapping them and
hindering growth [Delhaye, 2015]. The rockwool substrate used in other cy-
cles is inert and did not show this problem.

Lettuce cycles had a duration of 29 days [Delhaye, 2015], which was sim-
plified to 1 month, with a yield of 172 g useful product per plant and 148
plants grown per cycle. The greenhouse was heated sufficiently to expect full
lettuce growth throughout the year, excluding 1.5 months in winter in which
no plants were produced. Waste lettuce was extrapolated from the dry root
weight specified in [Delhaye, 2015] and a dry percentage of 12 (w/w)% for
roots from literature [Liao et al., 2006]. Seedlings entering were weighed at
1,25 mg per plant. Nutrients in the feed were converted by nitrification in
the biofilter and available for the lettuce plants. No other additions were
required for their growth.

In photosynthesis, plants affect the carbon cycle by taking carbon dioxide
out of the air and accumulating it in their mass, as by equation 7.

CO2 +H2O → [CH2O] +O2 (7)

In which [CH2O] is one sixth of a glucose molecule. According to Van Iersel
[2003], the efficiency of carbon assimilation, defined as the ratio between the
amount of carbon incorporated into dry matter to the amount of carbon fixed
in gross photosynthesis, lies between 60 and 68 (w/w)%. Non-assimilated
carbon is respired back into the air. To determine the exact efficiency,
equations 8 and 9 were used [Van Iersel, 2003].

1

CUE
= 1 + gr +mr/rGR (8)

R

P
= 1− CUE (9)

With CUE the carbon use efficiency, gr a growth coefficient, mr the main-
tenance respiration coefficient, rGR the relative growth rate, R the respired
amount of carbon and P the amount of carbon fixed in gross photosynthesis.
For lettuce, parameters gr and mr were 0.48 and 0.007 g carbon used for
respiration /g plant dry matter/day [Van Iersel, 2003]. rGR (g carbon fixed
/g plant dry matter/day) can be extrapolated from the lettuce productivity
and the percentage of carbon in the plant. CUE was found to be 0.6532.
Now, fixed and respired CO2 and assimilated glucose can be calculated.
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3.3.3 Water

Water can be lost through wastewater, solid waste, transpiration, evapora-
tion, small leaks, biofilter cleanup and crisis leaks, the latter being due to
clogging in pipes from sedimentation of biomass. It is also present in lettuce,
fish and feed and absorbed by the substrate. In the new system, new and
smaller pipes were put in place to increase flow velocity, which prevents sed-
imentation of waste in pipes. However, more solid waste is expected since
the accumulated waste no longer leaves during leakage.

Tilapia was assumed to have a water content of 76 (w/w)% [Suresh and Lin, 1992].
For feed, 21 (w/w)% of water is expected [Schneider et al., 2004]. This was
also derived for lettuce. 96% of wet weight was used for the shoot, calculated
from [Delhaye, 2015], while roots contain 88 (w/w)% water [Liao et al., 2006].
Substrates absorbed water until saturated. At this point 92% of its total
weight is water. Since the system starts from seedlings, the substrates are
already saturated with water upon entering the PaffBox. Substrates are re-
newed every cycle, and therefore leave saturated with hydroponic solution.
Lettuce growth has a substantial influence on the water need through the
losses of transpiration and evaporation. In [Delhaye, 2015], transpiration,
evaporation and small leaks were calculated as a single value, a sum of the
parts. To be more detailed, transpiration was calculated from literature
[Akhter et al., 2012], using equation 10.

Td = TLA/103 ∗ LADW ∗DW/t (10)

With Td the daily amount of transpiration (L) at 25◦C and atmospheric
pressure, TLA the amount of transpiration per leaf area (mL/cm2), LADW

the leaf area (cm2) per g dry weight, DW the dry weight (g) and t the
number of days required. The leaf area per dry weight and transpiration
per leaf area from [Akhter et al., 2012] were used, as only plant dry weight
was known. 28 days from [Akhter et al., 2012] were used to derive the daily
transpiration, similar to the 29 from [Delhaye, 2015].

The remaining water loss quantified for transpiration, evaporation and small
leaks [Delhaye, 2015] was divided among the subsystems according to sur-
face size from which water can evaporate, as small leaks were assumed to
be unimportant. The biofilter was excluded, as it is not open to air, so
the bigger component, evaporation, is not possible. The subsystems have
a total surface open to air of 12.25 m2, composed of hydroponic beds (9
m2, 73%), fish tanks (2 m2, 16%), sump (1 m2, 8%) and gravity filter (0.25
m2, 2%), and evaporation was divided proportionally. 34.77 kg of water/FU
evaporated, while 15.42 kg/FU transpired.
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Due to the nitrification, biomass is created in the biofilter. Therefore it
must be backwashed from time to time, cleaning the biofilter and dragging
out excess biomass build-up. The water consumption from this process was
calculated from [Delhaye, 2015]. 23.45 kg of water/FU were lost. For leaks,
occurring between subsystems, the water loss was divided between subsys-
tems equally as if leaving the pipes just after the subsystem. In total, 31.64
kg of water/FU was lost. Solid waste was composed of 54 (w/w)% water,
which accounts to 0.53 kg water out of 0.97 kg/FU.

3.3.4 Nutrients

As for the concentration of nutrients, the tilapia in the PaffBox consists
for 11 (w/w)% of carbon [Boyd et al., 2010], 0.69 (w/w)% of nitrogen and
0.061 (w/w)% of phosphor [Delaide et al., 2017]. Carbon present in feed is
derived from its contents of 40 (w/w)% protein, 12 (w/w)% lipids and 3.7
(w/w)% sugars [Delhaye, 2015]. This was then converted to 51 (w/w)% of
carbon. For lipids and sugars the percentage of carbon was derived from
the molar masses of carbon and common lipids and sugars, and number of
carbon atoms in these compounds. For proteins, a percentage of 50 (w/w)%
of carbon was taken, as shown in literature focusing on the nutrient levels
in fish feed [Craig et al., 2017].

%Cfeed = %Protein∗%Cprotein+%Lipid∗%Clipid+%Sugar∗%Csugar (11)

With %C being the percentages (w/w) of carbon in the feed and each com-
ponent. 2.34 and 0.83 (w/w)% of the feed mass was composed of respectively
nitrogen and phosphorus, as measured by Delaide et al. [2017], so the pre-
vious calculation was unnecessary for these nutrients.

For lettuce, 40 (w/w)% of the plant dry matter is made up of carbon
[Van Iersel, 2003]. Nitrogen and phosphor were measured as well, and con-
tribute to 1.73 and 0.92% of the dry weight, respectively [Delaide et al., 2017].

The loss of nutrients is directly linked to the loss of water. The largest
nutrient losses can be accounted to backwash of the biofilter, crisis leaks
due to clogging, sludge and wastewater removal. Water lost through evap-
oration and transpiration were assumed to not contain nutrients.

The nitrification process in the biofilter is responsible for a transformation of
nitrogen, and for biomass growth, as described in equations 1 and 2. Since
part of the water is recirculated to the sump to achieve a waterfall, the wa-
ter is oxygenated and O2 was assumed to be present in sufficient amounts,
while carbon or nitrogen could be limiting the reaction. An efficiency of
92% was chosen, which is the average value of the interval 86-98% from
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[Tyson et al., 2004]. Nitrifier biomass grown under these conditions will
eventually end up as waste whenever the biofilter is cleaned. This backwash
water has a mass concentration of 0.11% C, 0.03% N and 0.02% P, which was
derived from comparing the expected biomass accumulation from equations
1 and 2 with the nutrient balances. Since the hydroponic solution travels
through the system and sedimentation occurred in the pipes this waste can
end up in every subsystem. In fact, it was determined by balancing in- and
outputs that only 6% of the accumulated biomass will leave with the back-
wash.

Clogging in pipes and wastewater were responsible for a substantial nutri-
ent loss containing 0.14 (w/w)% C, 0.01 (w/w)% N and 0.0002 (w/w)% P,
which was set to the concentration of the hydroponic solution of the subsys-
tem from where it leaves. Substrate renewal is responsible for a very small
output of hydroponic solution, but was accounted for its capacity to retain
the nutrient containing water, therefore absorbing insignificant amounts of
carbon, nitrogen and phosphor.

3.3.5 Electricity

Electricity is expected to be impacting the LCA greatly, as it did in previous
studies. However data on electricity use in the PaffBox was limited to the
first period of data collection by Delhaye [2015], dating from 20/04/2015
to 01/07/2015. To have a better understanding of the electricity use, data
from 11/10/18 to 29/03/19 was collected to provide data in the winter pe-
riod. However, since improvements in the PaffBox were made, energy use
decreased in the second dataset. The average energy consumption of the
system was 37,38 kWh/day or 13643 kWh/year.

3.4 Life Cycle Assessment

While assessing the life cycle of a product or service, all steps from raw
material extraction, production and manufacturing, use of the product,
waste treatment and intermediate transport are considered in this study
[ISO 14044, 2006]. The following sections provide all the important infor-
mation regarding the application of the LCA in the study.

3.4.1 Functional unit and allocation choice

The chosen functional unit was 1 kg of lettuce. This made comparison pos-
sible with several other studies on aquaponics, specifically focusing on lettuce
[Hollmann, 2017, Forchino et al., 2017, Forchino et al., 2018, Gennotte et al., 2017,
Jaeger et al., 2019].
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As specified in section 1.4.3, a multitude of functional units and allocation
methods can be considered. The different options were explored in order to
determine which FU and allocation method was preferable. An overview of
FU’s in previous studies is shown in Table 1. Fish is chosen in less studies,
and the PaffBox main yearly output is lettuce. Therefore, a fish-based FU
was not considered. A different FU is defined when choosing for system
expansion. This results in an impact score specific to the applied system
and less suitable for comparison with other studies, and this option was not
considered.

Avoided burdens was the preferred method of allocation. It was used before
in other studies on aquaponic systems [Boxman, 2015, Boxman et al., 2017].
First impacts per FU were calculated from the inventory. Then, the impacts
caused by the co-production of tilapia was substracted from the results. Per
kg of lettuce, it was derived from the balance that 0.207 kg tilapia was
produced. Therefore the impacts are calculated as in equation 12.

ImpactspaffBox = Impactslettuce − 0.207 ∗ Impactstilapia (12)

Following the framework of the avoided burdens methodology, the avoided
process of tilapia production from ecoinvent was considered. It is a semi-
extensive freshwater pond-based aquaculture, such as described in general
in section 1.3.2.

3.4.2 Data inventory

The inventory of the system was collected, including all components needed
to build the infrastructure, all auxiliary equipment, and all required compo-
nents for and waste generated by the operation. Measurements and qualita-
tive data gathering was performed in order to fulfill this step. The inventory
is split into two categories: infrastructure and operation, the first one being
an integral part of the structure of and around the aquaponic system and
having typically a longer lifespan of 10 years for most elements.

The infrastructure includes all material used to contain the aquaponic sys-
tem. These elements include the greenhouse and are considered to be in
use for maximum 20 years. The materials to build an aquaponic system are
incorporated into the housing structure, such as the hydroponic beds, fish
tanks and so on. There is equipment available for regularly measurements.
In urban farms for scientific research, these are more abundant than in a
profit-based context. Therefore, such devices and chemical reagents used
were excluded from the inventory. Examples are flow sensors, centrifuge
tubes and tungsten lamps. However, to add certain measurement tools in
urban farms is expected to increase the degree of control over and under-
standing of the system.
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In Tables 2 and 3, an overview of the infrastructure inventory can be found.
Material refers to the materials the element is composed of, being the main
material the element is comprised of, or a similar one, since in a few cases
database information was lacking. Whenever possible, all present materials
were mentioned and used in calculations. For losses of construction materi-
als, 1-5% was taken into account: 4% for metal parts, 5% for bricks while for
plastic, the average of 3% was considered [Kellenberger and Althaus, 2009].
All processes from databases considered were reported in Appendix B.

For some equipment (container, heat exchanger, LED lights) a whole pro-
cess from the ecoinvent database was found. For these components losses
are already integrated in the database, and no other loss factor was taken
into account. All weights given are losses included. Total weight of the
required components is listed in Table 2, while Table 3 takes lifespan and
lettuce productivity into account, in order to calculate the weight per FU.
In case no weight could be measured or found in databases, the volumes
were estimated, and weights were calculated using material densities.

For transportation, the distances are listed in Table 3 from which trans-
portation distance can be calculated to be 0.1207 tkm/FU for all infrastruc-
ture elements. When no information on producer was available, a close-by
alternative producer was considered.

Lifespans were assumed to be maximum 20 years, which was applied for
the container. When replacing the container, it was assumed that all other
components needed replacement as well, since they are integrated in its
structure. After this occurs a new PaffBox can be built. Most components
were assumed to have a lifespan of 10 years [Sanjuan Delmás, 2017]. For
other elements, expert insights were consulted and it was assumed that 5
years of lifetime is more reasonable, and 2 years in the case of heating resis-
tors. Every year one fourth of biofilter beads are replaced. For LED lights
and fish lights, average lifespans of 30000 and 15000 h, respectively, can be
consulted on the product specifications.
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Table 2: Inventory of infrastructure of the PaffBox aquaponic system:
materials and weights

Infrastructure
element

Material Amount
(Unit)

Weight
(kg)

Losses
(%)

Container iron 0.732 (m3) 2350 Included in
ecoinvent

Steps brick 0.090 (m3) 150 5
Insulation polyurethane foam 5.71 (m3) 674 3
Staircase aluminum 1 (#) 107 4
Pipes PVC 37.9 (m) 11.3 3
Fish tanks polyester 2 (#) 35 3
Gravity filter polypropylene 1 (#) 28 3
Sump & rainwater
collector

HDPE 2 (#) 116 3

Pump galvanized steel 1 (#) 16 4
Biofilter, structure polypropylene 1 (#) 34 3
Biofilter, beads plastic 31 (kg) 31 3
Greenhouse, structure aluminum 0.04 (m3) 105 4
Greenhouse, panels polycarbonate 0.34 (m3) 434 3
DWC, tanks recycled plastic 1.24 (m3) 989 3
DWC, top panel styrofoam 0.28 (m3) 9.92 3
DWC, baskets plastic 1554 (#) 6.22 3
Buckets plastic 2 (#) 0.73 3
Window openers steel,

galvanized steel,
aluminum

4 (#) 0.86
0.06
0.60

4

Heat exchanger polypropylene,
galvanized steel

1 (#) 17
10

Included in
ecoinvent

Air pump plastic 1 (#) 5.70 3
Greenhouse fan galvanized steel 1 (#) 2.90 4
LED’s, profile aluminum,

plastic
10 (m) 1.90

0.26
4
3

LED’s, lights iron, glass, copper 600 (#) 0.17 Included in
ecoinvent

Fish light plastic 1 (#) 0.14 3
Insect proof screen polyester,

aluminum
27 (m2) 0.02

0.02
3

Heating resistors plastic 4 (#) 1.10 3
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Table 3: Inventory of infrastructure of the PaffBox aquaponic system:
lifespans and distances

Infrastructure
element

Lifespan
(years)

Weight
(kg/FU)

Producer Distance
(km)

Distance
x Weight
(tkm/FU)

Container 20 0.4394 Caru 98 0.0431
Steps 20 0.0295 Kompass 19.7 0.0006
Insulation 20 0.1298 Gedimat 31.9 0.0041
Staircase 20 0.0208 Alucomfort 68.9 0.0014
Pipes 10 0.0043 Astore 36.8 0.0002
Fish tanks 10 0.0135 Aquacult-

ure France
772 0.0104

Gravity filter 10 0.0108 Aquatic
Science

80.8 0.0009

Sump & rainwater
collector

10 0.0447 Nordpal 115 0.0051

Pump 10 0.0062 Aquatic
Science

80.8 0.0005

Biofilter,
structure

10 0.0131 Aquatic
Science

80.8 0.0011

Biofilter, beads 4 0.0299 Aquatic
Science

80.8 0.0027

Greenhouse 20 0.1040 Euroserre 113 0.0118
DWC, tanks 10 0.3809 Eco-Oh 86.4 0.0329
DWC, top panel 10 0.0038 DOW 41.4 0.0002
DWC, baskets 5 0.0048 Pöppel-

mann
159 0.0008

Buckets 5 0.0006 Manutan 63.5 3.58E−5

Window openers 5 0.0012 Orbesen-
teknik

870 0.0010

Heat exchanger 10 0,0101 Autogyre 353 0.0036
Air pump 10 0.0022 Aquatic

Science
80.8 0.0002

Greenhouse fan 5 0.0023 Systemair 44.4 0.0001
LED’s, profile 10 0,0008 Colasse 70.7 0.0001
LED’s, lights 3.4 0.0002 Colasse 70.7 1.34E−5

Fish light 1.7 0.0003 Philips 55.2 1.69E−5

Insect proof screen 5 0.0001 Copaco 144 9.58E−6

Heating resistors 2 0.0021 Superfish 158 0.0003
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Table 4: Inventory of the PaffBox aquaponic system: operational elements

Operational
element

Yearly
input
(Unit)

LCA input
(Unit/FU)

Producer Distance
(km)

Distance
x Weight
(tkm/FU)

Tap water 3.00E4 (kg) 112 (kg/FU) Inasep 0 0
Rain water 2.93E3 (kg) 11.0 (kg/FU) On site 0 0
Feed 196 (kg) 0.73 (kg/FU) Aqua4C 121 0.0887
Substrate 5.91 (kg) 0.022

(kg/FU)
Agra-wool 124 0.0027

Seedling 1.94E−3

(kg)
7.26E−6

(kg/FU)
ULiège 0 0

Small fish 0.705 (kg) 0.0026
(kg/FU)

CEFRA 48.8 0.0001

Electricity 1.36E4

(kWh)
51.0
(kWh/FU)

Lampiris 0 0

Operational elements are inventoried in Table 4. The table sums up all
inputs required for the operation. The distances driven to provide for oper-
ation was 0.0916 tkm/FU, amounting to 0.2123 tkm/FU in total. In Table
5 we find three categories of outputs are defined: useful products, waste,
and other losses. CO2-emissions were considered a potential output but
this theory was discarded following calculations, revealing fixation by pho-
tosynthesis of lettuce and by nitrification by Nitrosomonas and Nitrobacter,
outweighed the respiration of CO2 by tilapia. The fixation of CO2 was omit-
ted because the gas is expected to be released in the near future as a biogenic
emission of carbon dioxide.

Table 5: Inventory of the PaffBox aquaponic system: outputs

Category Outputs
Yearly output
(kg)

LCA output
(kg/FU)

Useful products
Lettuce 267 1
Tilapia 55.4 0.207

Water fractions

Wastewater 4.16103 15.6
Clogging leaks 8.46E3 31.6
Solid waste 260 0.97
Backwash water 6.27E3 23.5

Consumables
Lettuce waste 8.59 0.03
Substrate waste 5.91 0.02

Losses
Evaporation 9.30E3 34.8
Transpiration 4.12E3 15.4
NH3 volatilization 0.037 1.82E−4
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Waste from the operation of the system are rockwool, lettuce waste and
several water fractions, from wastewater collection, clogging of pipes, solid
waste and backwash water. For rockwool, the ecoinvent process waste
mineral wool was considered. Lettuce waste was composted. The wa-
ter fractions were dumped in the sewage system, so the ecoinvent process
wastewater treatment was considered. The density of sludge is 1.04 g/ml
[Etterer and Wilderer, 2001, Dammel and Schroeder, 1991], which was used
for calculating the volume of solid waste exiting the PaffBox. In this way, a
total of 0.072 m3 of wastewater/FU was considered to be treated.

According to the ecoinvent database, wastewater entering a treatment facil-
ity contains on average 0.0673 kg/m3 TOC (total organic carbon). Nitrogen
concentrations of 0.015 kg/m3 NH4-N, 0.0011 kg/m3 NO−

3 -N, 0.0004 kg/m3

NO−
2 -N, 0.0033 kg/m3 particulate N and 0.0084 kg/m3 solvable organic N

are reported, for a total of 0.028 kg/m3 N. Phosphor concentrations of 0.0025
kg/m3 PO3−

4 -P and 0.0006 kg/m3 particulate P were recorded in ecoinvent,
for a total of 0.0031 kg/m3 P.

In the PaffBox waste, nutrient concentrations were higher, however the pro-
cess of wastewater treatment is chosen since the differences were within
a reasonable range and the treatment is the same, leading to comparable
results. Nutrient concentrations in leaks were similar to the ones shown
for PaffBox wastewaster. In wastewater, backwash and solid waste, carbon
amounted to 1.36, 1.14 and 230 kg/m3, respectively, being far greater than
the amount considered in ecoinvent. In the case of nitrogen, these waste
streams contained 0.071, 0.266 and 6.14 kg/m3 respectively. For phosphor,
similar concentration to the ecoinvent process were measured in the Paff-
Box wastewater, namely 0.002 kg/m3 P, while 0.211 and 0.616 kg/m3 P were
found in backwash and solid waste. Emissions to air from NH3 in the hy-
droponic solution were considered but were not significant. In open ponds,
3.75% of NH3-N is expected to volatilize [Gross et al., 1999], but in the Paff-
Box, the water in the fish tanks is renewed every 20 min by recirculation,
and subsequently treated in the biofilter. Therefore the concentration of
ammonia was minimal.

By applying the cut-off method, open-loop recycling was preferred. This
means the environmental impacts of recycling materials are designated to
the product using the recycled material [Mart́ınez-Blanco et al., 2011]. Re-
cycled materials coming from the system will be incorporated elsewhere, and
the recycling will not amount to impacts allocated to the PaffBox. There-
fore the impacts from waste materials from the PaffBox are only considered
when they were expected to be incinerated or dumped in landfill.
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Waste from infrastructure was categorized as either construction waste or
electronic waste for determining the recycle efficiency of the used materials.
Table 6 summarizes the weights considered per material, and the percentage
of each which was recycled, incinerated, or disposed of in a landfill.

Table 6: End of life of elements of the PaffBox aquaponic system

Category
Element/
Material

Weight
(kg/FU)

Recy-
cling
(%)

Incin-
eration
(%)

Land-
fill
(%)

Construction

Iron 0.439 89 10 1
Aluminum 0.041 89 10 1
Brick 0.029 41.5 0 58.5
Polyethylene 0.045 89 10 1
Polystyrene 0.004 89 10 1
PVC 0.004 89 10 1
Polyurethane 0.130 89 10 1
Plastic mix 0.103 89 10.8 0.2

Electronics

Iron 0.009 54 4.5 41.5
Aluminum 0.001 46 5.2 48.8
Polypropylene 0.024 20 7.8 72.2
Plastic mix 0.415 20 7.8 72.2
Heat exchanger 0.010 38.1 7.7 54.2
LED 1.90E−4 32 6.6 61.4

Most infrastructure elements, such as the greenhouse and all containers, were
categorized under construction and demolition waste (CDW). The Waste
Framework Directive 2008/98/EC indicates a minimal 70 (w/w)% of CDW is
required to be recycled by European Union members [Di Maria et al., 2018],
with Belgium achieving a recycling rate of 89% [Coelho and De Brito, 2013]
in more recent studies, and 86% in 1996 [Fatta et al., 2003], as well as 12.7%
incineration and 1.3% landfill. The latter two percentages were converted
proportionally to include the recent increase of recycling. 10 and 1 (w/w)%
of CDW waste was assumed to be incinerated and dumped in landfill respec-
tively. For the unspecified plastic, an ecoinvent process on Belgian plastic
waste was applied to the not recycled fraction, considering 98 (w/w)% in-
cineration and 2% landfill.

For the gravity filter, pump, biofilter, window openers, air pump, green-
house fans, fish light and heating resistors recycling rates of electronic waste
in Belgium were chosen, achieving 54, 46 and 20% for iron, aluminum and
plastic components respectively [De Meester et al., 2019]. Since for LED’s,
the mass distribution per material was not known, the general recycle rate
of 32% for waste of electronic devices was taken [De Meester et al., 2019].
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After applying the recycled fraction, the wasted portion is taken into ac-
count. In the EU, landfill is the preferred option, with 57.6 (w/w)% of
waste electronics being disposed in landfill or backfill, and 6.2 (w/w)% be-
ing incinerated [De Meester et al., 2019]. 36.2 (w/w)% of electronic waste
in the EU is recycled [De Meester et al., 2019]. In the case of Belgium, EU
statistics for non-recycled fractions were converted proportionally. In this
way, the percentages for incineration and landfill in table 6 were derived.
The heat exchanger in the PaffBox was similar to the ’used blower and heat
exchanger Storkair’ listed in ecoinvent, therefore this process was considered
for its end of life.

3.4.3 Impact Assessment

In order to perform the impact assessment, the ReCiPe methodology of
impact assessment was preferred [Goedkoop et al., 2009]. The Hierarchist
version 1.02 was used, which is based on the most common policy principles
with regards to time-frame and other issues. It is the most frequently used,
and referenced in the ISO standards on LCA. To derive the category of land
use, the impact scores of agricultural and urban land occupation were added
together.

The software used was SimaPro version 9, a professional tool for LCA calcu-
lations, that can be used to collect, analyse and monitor the sustainability
of a product or service [PRé Sustainability, 2019]. SimaPro permits consul-
tation of databases, from which ecoinvent 3.5 was chosen [ecoinvent, 2019].
The ReCiPe methodology was used for the calculation of all impact scores.

3.4.4 Impact category selection

Impacts can be categorized based on their result on finite resources, ecosys-
tems, human health, etc. Table 7 provides an oversight of the impact cat-
egories under consideration. These categories were chosen because of their
relevance and presence in literature.
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Table 7: Overview of impact categories.
AC: Acidification, CED: Cumulative energy demand, FE: Freshwater eutrophica-
tion, ME: Marine eutrophication, GW: Global warming, ALO: Agricultural land
occupation, ULO: Urban land occupation, WU: Water use [Goedkoop et al., 2009]

Impact
category

Abbre-
viation

Unit Explanation

Acidification AC kg SO2-eq Deposition of inorganic acidifying
compounds (sulphates, nitrates, phos-
phates) capable of lowering pH to un-
acceptable levels

Cumulative
energy
demand

CED MJ Direct and indirect energy use
throughout the life cycle of the
product

Freshwater
eutrophi-
cation

FE kg P-eq Nutrient enrichment change in envi-
ronmental conditions such as lowered
oxygen levels in water

Marine
eutrophi-
cation

ME kg N-eq Nutrient enrichment change in envi-
ronmental conditions such as lowered
oxygen levels in water

Global
warming

GW kg CO2-eq Emissions that induce climate change
by increasing radiative forcing, caus-
ing earth’s temperature to rise

Agricultural
land occu-
pation

ALO m2∗year Yearly agricultural land surface occu-
pied during the life cycle

Urban land
occupation

ULO m2∗year Yearly urban land surface occupied
during the life cycle

Water use WU m3 Amount of water consumed in the life
cycle of the process
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4 Results and discussion

Environmental sustainability of the PaffBox aquaponic system is researched
by life cycle assessment (LCA) calculations. Firstly, in section 4.1, the
operation of the PaffBox is elaborated on by presenting the main flows of
in- and outputs. The study includes the results of the LCA in section 4.2,
and comparisons with alternative lettuce cultivation systems were made,
including conventional lettuce cultivation systems, hydroponic systems and
other aquaponic systems. This followed in section 4.3 by a discussion of the
system’s most contributing elements, explaining what exactly led to these
impact scores.

4.1 Flow analysis

The PaffBox system can yield 267.40 kg lettuce yearly, while it’s aquacul-
ture tanks provide 55.41 kg of tilapia each year, or 0.207 kg per kg of lettuce
(FU). In order to produce this, a list of operational inputs is required which
was inventoried in section 3.4.2 in table 4. The waste and other losses gen-
erated by the operation of the system can be found in table 5 of the same
section. The input and output flows are represented in figures 14-17, focus-
ing on water, carbon, nitrogen and phosphor respectively. Flows under 2%
of the total mass were not visible and were therefore deemed too small to
include in the figures.

Figure 14: Sankey diagram of the operational input and output water flows
of the PaffBox aquaponic system
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Figure 15: Sankey diagram of the operational input and output carbon flows
of the PaffBox aquaponic system

Figure 16: Sankey diagram of the operational input and output nitrogen
flows of the PaffBox aquaponic system

Figure 17: Sankey diagram of the operational input and output phosphor
flows of the PaffBox aquaponic system

As is shown in the diagrams, most water entering comes from the tap. The
water requirement is too large to be fulfilled with the rain water that can be
captured. The largest amount of water is lost through evaporation, although
clogging leaks were almost as relevant in the period of data gathering. Most
of the nutrients entered the system in the feed. Only in the case of nitrogen
did the concentration in the tap water become significant, while for carbon
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the processes of photosynthesis and respiration become impacting. In the
outputs, carbon was mainly found in solid waste, nitrogen both in the solid
fraction and the backwash, and phosphor exited the system through the
backwash water. More detailed flowcharts of the water and nutrient balances
can be found in Appendices A2-4.

4.2 Comparison of the PaffBox with alternative lettuce pro-
duction systems

In order to assess the environmental sustainability of the lettuce production
of the PaffBox, a comparative approach was taken. Studies considered for
this were life cycle assessments on alternative systems producing lettuce.
The production of fish was considered a byproduct, and was excluded from
the comparison. By allocating the fish as an avoided burden, the impacts
of the PaffBox only take production of lettuce into account. The PaffBox
followed the ReCiPe method. Although eutrophication and land use were
reported in previous studies, these results were incomparable due to the dif-
ference in the calculation method, and different units. A different method
was reported in all studies on aquaponics, and most on lettuce production.

In the following section, an analysis of the investigated impact categories
is included. The chosen categories were global warming (GW), freshwa-
ter (FE) and marine eutrophication (ME), agricultural (ALO) and urban
land occupation (ULO), water use (WU), acidification (AC) and cumulative
energy demand (CED). The results of the assessment are listed in table 8.

Table 8: Impact category scores of the PaffBox per kg lettuce.

Impact category Abbre-
viation

Unit Amount

Acidification AC kg SO2-eq 0.064
Cumulative energy demand CED MJ 672
Freshwater eutrophication FE kg P-eq 0.00543
Marine eutrophication ME kg N-eq 0.0112
Global warming GW kg CO2-eq 19.3
Agricultural land occupation ALO m2∗year 3.59
Urban land occupation ULO m2∗year 0.146
Water use WU m3 -0.48

The results were compared with alternatives. Most studies report GW, for
which a visualization of the environmental impact scores per alternative
system were shown in figure 18.
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Figure 18: Comparison of global warming for different systems per kg of
lettuce.

4.2.1 Conventional lettuce production

When comparing the PaffBox with conventional lettuce, the CED becomes
a very relevant impact category due to the high energy requirements of the
aquaponic systems. Values for conventional lettuce production report 2.98-
10.4 MJ [Bartzas et al., 2015, Heller et al., 2019]. However, values reported
in the Mediterranean zone were substantially lower than in Belgium, where
the PaffBox is located.

These high scores in Belgium can be explained mostly by the energy used for
heating, which is responsible for 57% of the electricity need [Delhaye, 2015].
In a small scale system, a lot of heat is required to warm up the sys-
tem, relative to its productivity. Heating must be sufficient for tilapia:
although being popular in aquaponic systems for its good growth in high
fish densities and in poor water quality, it requires warm water to survive
[Sifa et al., 2002]. Therefore it was intended to keep the hydroponic solution
at the optimal temperature of 25◦C. Other large contributors to energy need
include the pumping of the hydroponic solution, and the lighting require-
ment, provided at the hydroponic beds. Although recirculation benefits
the water efficiency of the system, it requires substantially more energy,
as is shown before in several studies on recirculating aquaculture systems
[d’Orbcastel et al., 2009, Samuel-Fitwi et al., 2013]. The PaffBox required
more energy than the most impacting conventional system, which is a rele-
vant contribution to all categories, it is reasonable to expect the PaffBox to
be substantially more impacting on the environment.
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As shown in figure 18, the PaffBox emits more greenhouse gasses than
conventional lettuce production. While it produced 19.3 kg CO2-eq, GW
can be as low as 0.08 kg CO2-eq for a small scale civic system with lo-
cal distribution, because of little car transport and use of home chicken
manure instead of synthetic fertilizers [Hall et al., 2014]. For an indus-
trial system, Hall et al., [2014] mention 0.32 kg CO2-eq. Similar results
can be found for other systems researching greenhouse gas emissions of in-
dustrialized lettuce cultivation outdoors: 0.234 and 0.5 kg CO2-eq were
reported for field grown crops in Italy and the United Kingdom, respec-
tively [Bartzas et al., 2015, Milà i Canals et al., 2008]. Another study con-
firms transportation can be a relevant factor by mentioning 0.198 kg CO2-eq
for a production cycle close to the market, and 0.857 kg CO2-eq considering
a location 3600 km further.

The use of a greenhouse increases the emissions (1.4 kg CO2-eq) accord-
ing to Mila i Canals et al. [2008], but Bartzas et al. [2015] conclude a small
decrease in GW (0.205 kg CO2-eq) for the Italian greenhouse production,
likely due to increased yields. The results are however variable depend-
ing on the climatic conditions: another study concludes that greenhouse
production in the UK emits 2.62 and 0.24 kg CO2-eq/kg of lettuce, with
and without heating respectively, further emphasizing the impact of heating
requirements. Another study focuses on the impact of organic lettuce cul-
tivation. Despite having lower impacts per hectare, the organic production
has a lower yield per m2, therefore emitting 1.28 kg CO2-eq, compared to
0.63 for the conventional system [Foteinis and Chatzisymeon, 2016]. In the
PaffBox, the high GW of 19.3 kg CO2-eq can be attributed to the higher
electricity consumption that is common for aquaponic practices, and the
infrastructural elements, which are more abundant than in conventional
systems. Greenhouses (infrastructure) and heating were also found to be
of substantial impact for the conventional lettuce cultivation, so it is not
surprising the increase of these requirements lead to higher impacts. For
example, the shipping container is a large contributor to impacts, and an
uncommon practice, not necessary for conventional lettuce production or
other aquaponic systems.

The same reasoning can explain other high impact scores of the PaffBox,
since it is shown in section 4.3 that electricity and housing structure are the
most relevant for most impact categories. The PaffBox produced 0.064 kg
SO2-eq/FU, regarding AC. For conventional lettuce production in Italy and
Spain, AC were reported of 0.00097-0.0012 kg SO2-eq [Bartzas et al., 2015]
up to 0.0108 kg SO2-eq, according to Fusi et al. [2016], including packaging.
For the UK, 0.003 kg SO2-eq was found [Milà i Canals et al., 2008]. For FE,
0.0054 kg P-eq/kg lettuce was found in the PaffBox, and 1.27E−5-0.00555 kg
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P-eq in conventional lettuce production [Fusi et al., 2016, Romeoa et al., 2018].
For ME, the PaffBox produced 0.0112 kg N-eq/kg lettuce while the conven-
tional system produced 0.000114-0.00560 kg N-eq [Fusi et al., 2016, Romeoa et al., 2018].

The small scale producer was more water efficient than other conventional
producers, needing only 0.004 m3 [Hall et al., 2014]. Fusi et al. [2016] men-
tions 0.2 m3. More water was required in the field, as is concluded by
Mila i Canals et al. [2008] reporting 0.041 and 0.022 in the field and green-
house, respectively, when focusing on the UK. In Spain, 0.104 m3 was needed
[Milà i Canals et al., 2008]. WU was an avoided burden of this study, being
calculated as -0.48m3 through the use of the avoided burden method of allo-
cation. In the regular aquaculture systems compared with the PaffBox, no
recirculation is implemented. The resulting impact score from aquaculture
is high enough that avoiding the use of this system allows the PaffBox to
be determined as water saving. Because of the use of rain water, additional
water is saved.

Literature studies use more often the LU impact score, reporting 0.04-0.14
m2∗year/FU for small scale producers [Hall et al., 2014], 0.07-0.16 m2∗year
for greenhouses, 0.16-0.48 for field-based production systems. These values
can not simply be compared to the PaffBox since the calculation method
was different, but a general trend can be determined favoring greenhouse
systems to open field cultivation, and smaller scales to more industrialized
systems.

4.2.2 Hydroponic systems

Hydroponic systems can be implemented as an urban farm without the
inclusion of aquaculture. Contrary to aquaponics, no feed is added lead-
ing to a more specialized production process, requiring timely supplements
to be added to the hydroponic solution. This often requires a more tech-
nical knowledge of nutrient cycles during plant growths, and can be ex-
pected to hinder the use of hydroponic systems in a scenario of community
self-sufficiency. However, comparing the results from literature with our
study, it can be concluded that hydroponic lettuce cultivation is less im-
pacting. This can be expected for a number of reasons already mentioned
in section 4.2.1. Hydroponic lettuce cultivation was found to be in general
less eutrophying than conventional lettuce production [Romeoa et al., 2018,
Rothwell et al., 2016], which can be due to the application of fertilizers in
conventional production. An outdoor hydroponic system studied by Roth-
well et al. [2016] shows less water use but more greenhouse gas emis-
sions than conventional methods, while it can be derived from research
on vertical farm hydroponics that more water and less land was required
[Romeoa et al., 2018]. Both studies perform better than the PaffBox on sev-
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eral impact categories (GW, FE, ME, ALO [Romeoa et al., 2018, Rothwell et al., 2016])
but since no fish were reared, no water use could be avoided. As such, the
PaffBox performed better in this category.

4.2.3 Aquaponic systems

The lettuce provided by the PaffBox system had a GW of 19.3 kg CO2-
eq/FU. Other aquaponic systems performed better with 4.5, 6.75 and 13.1
kg CO2-eq [Hollmann, 2017, Jaeger et al., 2019, Forchino et al., 2018]. The
PaffBox was calculated to require 672 MJ/FU, which exceeds the 275 MJ,
mentioned by Jaeger et al. [2018] and the 11 MJ from Hollmann [2017].
It discharged 0.064 kg SO2-eq, while AP from Jaeger et al. [2018] was
only 0.03 kg SO2-eq. In literature on aquaponics, 0.06, 0.16, 0.02 and
0.3 m3 of water requirement per kg lettuce were reported [Hollmann, 2017,
Jaeger et al., 2019, Forchino et al., 2017, Forchino et al., 2018]. The Paff-
Box has an ULO of 0.146 and ALO of 3.59 m2∗year/FU. Jaeger et al. [2018]
mentioned a LU of 0.37 m2∗year [Jaeger et al., 2019].

The impact of electricity consumption is considerable for all impact scores.
The heating required most of the electricity need while Genotte et al. [2017]
mentioned less to heat up the fish tanks, indicating the resistors could per-
form below optimal.

It is considered that the different calculation methods used for different stud-
ies are partly responsible for the difference in size of impacts. The PaffBox
scenario extrapolates its productivity from 72 days of fish production and 54
days of lettuce production, hence the quality of data must be improved by
extrapolation. Fish eat a certain amount of feed daily appropriate to their
weight. As such, fish require more food when reaching higher weights. This
feeding conversion rate (FCR) is often assumed in literature to be around
1.4-2.1 [Yacout et al., 2016, Mungkung et al., 2013]. In the PaffBox, a FCR
of 1.365 was reported for the first 72 days of fish growth. However, as the
fish reach higher weights, the growth slows down, while the feed require-
ment stays the same. This causes the FCR to go up in proportion to the
decrease in daily growth. Different studies do not consider this, and therefore
produce fish to small for the market [Boxman, 2015, Boxman et al., 2017,
Cohen et al., 2018, Hollmann, 2017, Forchino et al., 2017, Forchino et al., 2018].
For the PaffBox, tilapia production was being extrapolated to 440 days us-
ing analysis on tilapia growth rate, which increased the FCR to 3.54, a value
far above other studies considered, and closer corresponding to reality. In
respect to extrapolations, assumptions of lower FCR can be found in the
case study review which increased some impact scores (ALO, ULO, ME,
WU and AP) significantly.
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In the case of lettuce productivity, it can be considered that annual estima-
tions do not match actual values due to seasonal variablility. The greenhouse
was heated throughout the year and additional lighting was provided, de-
creasing the effect of seasonality. Additional lettuce yields were considered
to further decrease variability, and a winter break without lettuce production
was taken into account. Even when considering this, it is always possible
annual estimations do not match actual values and better estimations of
seasonal variability can be made by collecting additional data. Of the stud-
ies on aquaponic systems, data from winter were only considered in Jaeger
et al. [2019].

Both solid waste and wastewater were considered to be treated with tradi-
tional wastewater treatment, while the ecoinvent process chosen considered
the average concentration of municipal wastewater. There is a difference
with the concentrations found in wastewater, and especially solid waste,
which were produced by the PaffBox, leading to . The gathered informa-
tion was before some improvements were made, decreasing water losses in
the system. Avoiding water losses improves the WU category. Additionally,
since water is heated, less electricity will be consumed lowering other impact
scores. The improvements made include better exchange of air between the
greenhouse and the container, and the acquisition of smaller pipes. Since
the latter was implemented, no water was lost by clogging since this flow
increased, preventing sedimentation. A larger solids filter was also put in
place to improve removal of particles.

4.3 Hotspot analysis of the environmental sustainability of
the PaffBox

The environmental hotspots of the PaffBox aquaponic system were deter-
mined by analyzing the relative contribution of the components in the inven-
tory to the environmental impact scores. For simplification, the elements
listed in the inventory are compiled into more comprehensible categories.
In all categories, the impacts for transport and end of life were considered.
The infrastructure has been split into two, the first category containing all
elements necessary for the housing of the system, such as the container,
while the second category is comprised of all elements the aquaponic system
itself requires, including hydroponic beds, pipes and many electronic devices.

In more detail, the infrastructure elements considered for the housing of
the aquaponic system are the container, steps, insulation, staircase, rainwa-
ter collector, greenhouse, window openers, heat exchanger, greenhouse fan
and insect proof screen, while all other elements of the infrastructure were
considered to be within the aquaponic system.
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The remaining categories are water, electricity, feed and other consumables
consumption. Water includes the impacts from delivering the tap water
needed, and from the wastewater treatment required after the operation of
the system. Electricity is only composed of the direct electricity use dur-
ing the operation of the PaffBox. Lettuce waste is composted, while used
substrates are thrown in the municipal waste bin, and the environmental
impacts of both are added within consumables. Since some elements are
relatively irrelevant in terms of environmental impacts to constitute a cate-
gory themselves, they were integrated into other categories. Whenever that
happened, they were assigned to the category responsible for the impact.
This was required for some raw materials, processing, transport, and sev-
eral waste types, from which the impact scores were divided assigned to
the housing structure, aquaponic system, or both by allocating the process
proportional by mass.

In this way ecoinvent processes required for the processing of steel and other
materials, or the treatment of waste were divided among other categories.
For example, polyethylene was present for 50% of its mass in the housing
structure and for another 50% in the aquaponic system, leading to the al-
location of half of the impact scores for the ecoinvent processes related to
polyethylene processing and waste treatment to the housing structure, and
the rest to the aquaponic system. Transport was divided per tkm, result-
ing in the allocation of 42, 32, 25 and 1% of the transport to feed, housing
structure, aquaponic system, and consumables respectively.

The wastewater produced by the operation is sent to the sewage and treated
in a wastewater treatment plant, and categorized within water consumption.
The only exception for this is water use, for which the wastewater treatment
led to a negative impact score (or positive impact on the environment) since
water can be recuperated after treating it. The negative score was included
in the absolute value of water use, but excluded from hotspot analysis since
only the contribution to negative impacts on the environment is assessed.
Since feed is consumed, ending up in either the useful products or in sev-
eral waste categories such as solid waste, waste from feed will be sent to
the sewage alongside the wastewater. The contributions listed from feed are
only from its production process and transport to the PaffBox.
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Figure 19: Contributions of the different PaffBox elements to the impact
categories.
GW: Global warming, FE: Freshwater eutrophication, ME: Marine eutrophication,
ALO: Agricultural land occupation, ULO: Urban land occupation, WU: Water use,
AC: Acidification, CED: Cumulative energy demand

The assessment of the aquaponic system showed that the contributions to
GW can be credited mostly to electricity (69.4%) and housing structure
(22.2%). Categories contributing less than 5% are not discussed. FE, AC
and CED are also allocated mainly to electricity and housing structure: in
the case of FE, 62.5% is due to the electricity use, 30.1% due to housing
structure. For AC and CED, 60.3 and 85.7% of the score were due to elec-
tricity consumption, respectively, and 28.3 and 10.2% of the scores are due
to the housing structures. Water consumption, feed consumption, consum-
ables, and aquaponic system are not of great significance for these impact
scores. For ALO, 68.4, 20.3 and 10.4% of the impacts are due to electricity,
feed consumption and housing structure respectively. ULO is for 46.9, 38.2
and 8.3% due to electricity, housing structure and feed consumption, respec-
tively. The largest contributor to ME is the aquaponic system, with 32.2%.
Electricity, feed consumption, water consumption and housing structure are
responsible for 27.0, 19.7, 11.4 and 9.6% of this environmental impact cat-
egory. WU can be credited for 61.5, 34.5, 15.6 and 7.5% due to electricity,
water consumption, housing structure and feed consumption, respectively.

Categories relevant for the environmental impacts will be discussed in de-
tail. In the case of ALO and ULO, SimaPro did not differentiate between
these impact scores when analyzing the results. Therefore there will be no
distinction between them in the remaining portion of this section.

The most impacting element can be determined to be the electricity con-
sumption during the operation of the aquaponic system, being the largest
contributor to the environmental sustainability. This is the case for all im-
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pact categories except ME. Overall, 27-86% of impact categories are due to
electricity use. As for the effect of energy consumption on the system’s envi-
ronmental sustainability, the impacts are mostly determined by the Belgian
electricity mix, consisting mainly of nuclear energy, and secondly of fossil
fuels such as coal and natural gas. The distribution network built to bring
electricity to its users can be impacting as well, and contributes to at least
5% of all impact scores but GW and CED, and up to 20% in the case of FE.
The network requires wood, increasing the need for land, and copper, which
is responsible for eutrophication, acidification, and water consumption.

The size of the impact on WU from the electricity category can be cred-
ited to the location. Belgium’s electricity production comes for a large part
from nuclear plants, requiring significant amounts of cooling water. Water is
required for the burning of fossil fuels in power plants as well, especially for
coal. A large amount of the impact score is due to hydropower, a technology
only used for 1.8% of the Belgian energy production [Rangaraju et al., 2015].

Electricity consumption has a significant effect on acidification, eutrophi-
cation and land use categories due to the inclusion of coal in the energy
mix, accounting for 45-71% of the impact scores per MJ of electricity pro-
duced. The disposal of mining spoils is particularly impacting for FE and
ME, while for AP, transoceanic transport contributes greatly. When inves-
tigating the contribution to GW, it is clear that most (93%) of the life cycle
emissions are due to fossil fuels: 40, 36, 12 and 5% are related to natural
gas, hard coal, blast furnace gas, and heavy fuel oil, respectively. In all four
power sources mentioned, the fuel is burned in a power plant, releasing sub-
stantial amounts of greenhouse gasses. The CED derives 62% of its impact
from the life cycle of nuclear energy, most of which is required for mining
natural uranium. Natural gas and hard coal are responsible for the greatest
part of the remaining CED: 21 and 12% respectively.

The housing structure of the PaffBox is included in the inventory, and
amounts to between 10 and 38% of the environmental impacts, being the
second largest contributor to GW, FE, ULO, AC and CED. The specific re-
quirements for the studied system cannot be ignored when determining the
sustainability of the system, and the most impacting element is the inclusion
of the shipping container. 47-93% of the impacts of the housing structure
category, and 6-31% of the total scores, are contributed to the shipping con-
tainer. The most contributing processes were metal working required for the
production of the container (18-66%), and the acquisition and processing of
low alloyed steel (17-69%). The environmental impacts of zinc coating are
significant, namely for the categories GW (12%), FE (14%), AP (22%) and
CED (10%). Plywood was only impacting considering the land required to
grow trees (56%).
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The impact of ME is mostly due to the aquaponic system (32.2%) which
can be credited to the amount of electronics required. The production and
transport of the electronic devices are only responsible for about 1.4% of
the total ME score. However, the waste from electronics are required to be
sent to a sanitary landfill. Here waste is isolated until it chemically and
physically degrades. The heavy metal concentrations in waste from elec-
tronic equipment has the potential to leach and contaminate surrounding
soil and groundwater with pollutants. The eutrophication attributed to this
amounts to the remaining 30.8% of the ME score of the PaffBox.

Another factor to discuss is the feed, as it contributes to ME, ALO, ULO,
WU and AC for 19.7, 20.3, 8.3, 7.5 and 6.4%. For every kg of feed, 0.5 kg
of fish meal, 0.425 kg of soybean meal, 0.21 kg of wheat grain, 0.15 kg of
rice, and 0.11 kg of corn are needed [Yacout et al., 2016]. Only the impacts
relevant to the PaffBox will be discussed, and for the feed’s components that
have a significant contribution to them. Fish meal was responsible for 20%
of the AP from feed. Fish oil contributed another 13% to AP. In ecoinvent,
anchovy fishing was considered for both, and the diesel burned in the vessel
was the main source of acidification. Soybean meal contributes to ME for
35%, and 53% to the use of land, required for 1 kg of feed. Wheat grain and
rice contribute mostly to WU, for 27 and 50% respectively, due to the large
need for irrigation for these crops.

Water consumption can be expected to be a large influence over the water
use impact score, yet the indirect water use attributed to the large energy
need outweighed the direct consumption. The implementation of recircula-
tion is considered as the determining in the lower water consumption during
operation. Additionally, producing tilapia in the same system reuses water
for a secondary purpose.
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5 Conclusion

The PaffBox system integrates lettuce and fish farming in a small urban
farm. In the scenario defined in the study, the PaffBox contributes to the
self-sufficiency of a community. The mass flows of water and carbon, ni-
trogen and phosphor were analyzed. Using life cycle assessment (LCA) the
system was compared to alternative lettuce production systems found in lit-
erature: for this purpose, previous studies applying LCA to other aquaponic
systems, hydroponic systems, and conventional lettuce production, both in
greenhouses and on field, were reviewed.

It was determined that for global warming (GW), eutrophication of the
freshwater (FE) and marine ecosystem (ME), agricultural (ALO) and ur-
ban land occupation (ULO), cumulative energy demand (CED) and acidifi-
cation (AC), the PaffBox was more impacting on the environment than its
alternatives. In the impact category of water use (WU), the recirculation of
water in the system decreases water consumption. In conventional methods,
lettuce and tilapia would be produced separately needing additional water.
In this perspective, aquaponics are useful in a context of water scarcity, and
contributing to circular economy, albeit for only one impact category.

Regarding the midpoint results of the life cycle impact assessment, the Paff-
Box shows similarities with Boxman et al. [2017], Forchino et al. [2018],
Genotte et al. [2017], Hindelang et al. [2018], Jaeger et al. [2018] and
Maucieri et al. [2018]. All these studies conclude that electricity require-
ments are the most impacting element of aquaponic systems. For the Paff-
Box electricity use during operation was responisible for 45-71% of the im-
pact scores. The fraction of fossil fuels in the Belgian energy mix, especially
coal, has a large influence on the environmental sustainability. Renewable
energy would improve the system significantly. The integration into the sys-
tem is difficult. Rooftop solar panels have potential on this small scale, but
would provide too much shade and hamper greenhouse productivity.

Another option is to reduce the electricity requirement. This can be done
by replacing the heating resistors with a more efficient device, implementing
a system to reuse energy, or even by supplying heat itself, for example by
integrating cogeneration of electricity and heat. A different kind of fish, less
dependant on temperature can be tested, but its resistance to nitrogen-rich
water must be sufficient. It is considered that the PaffBox could reduce the
heating need by insulating the system more, but this is coupled with more
impacts from infrastructure.

The second largest contributor to environmental impacts is the infrastruc-
ture, which was also observed by Genotte et al. [2017] and Forchino et al.

57



[2017]. In particular for the PaffBox, the shipping container contributed
greatly to the impacts (6-31%), and was not present in other lettuce pro-
ducing systems. The high temperature required for tilapia growth restrains
the system to indoor locations, and it can be interesting for further research
how the system would change in another set-up such as inside a building.

Although LCA is useful to determine the environmental impacts of a system,
it cannot capture all benefits or disadvantages. For instance, the PaffBox
is a compact system, designed for the city, where little to no transport to
consumers is required, benefiting the freshness of the products. Since it
uses a nutrient solution to transfer nutrients to the plants, soil contami-
nation and other land-related problems that could arise in an urban land-
scape are avoided. However, hydroponic systems require more technical
knowledge and monitoring, since real-time measurements of all nutrients
are required [Son et al., 2016], as the hydroponic solution changes with time,
which would otherwise result in a nutrient imbalance and decreased yield.
In the PaffBox, optimal input rate is simply based on tilapia size, and the
two fish tanks can be used in a rotation to achieve a stable nutrient input
rate for lettuce as well. This makes the system more accessible for the larger
public.

Since the PaffBox is a pilot system, it can be optimized in different ways.
The PaffBox has already been improved by implementing a larger solids fil-
ter and smaller pipes, leading to better solids removal from the system and
lower sedimentation inside pipes, which can both help prevent clogging inside
pipes. Clogging was responsible for the second largest loss of water in the
studied period. Avoiding the resulting leaks saves water, which means less
electricity is required for the heating of water, and consequently lowers the
environmental impacts. Thus the environmental impacts of the system are
likely to be already lower than the ones mentioned before and will continue to
decrease. In this regard, the flow analysis provided clear insights in the weak-
nesses of the PaffBox. In order to further improve the PaffBox, a decoupled
system can also be considered. Decoupled aquaponic systems have increased
productivity and disease management [Monsees, 2018, Palm et al., 2018],
however suffer from increased maintenance, which is in contrast with the
simplicity of the PaffBox.

After investigating flows and environmental impacts throughout the life cy-
cle, the results show that considerable improvements, especially regarding
electricty use, must still be made in order for an aquaponic system such
as the PaffBox to be more environmentally sustainable than other lettuce
production systems, except for water consumption. The system performed
better in this category due to the recirculation of water in the system, and
the avoided impacts due to the co-production of tilapia.
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Appendices

Appendix A: Flowcharts describing the system bound-
aries of the PaffBox aquaponic system
A1. Flowchart of mass flows of all levels
A2. Flowchart of water flows of the α-level
A3. Flowchart of carbon flows of the α-level
A4. Flowchart of nitrogen flows of the α-level
A5. Flowchart of phosphor flows of the α-level

Appendix B: Inventory of the PaffBox aquaponic
system: ecoinvent processes
B1: Infrastructure elements part 1
B2: Infrastructure elements part 2
B3: Operational elements
B4: Waste materials from infrastructure
B5: Waste elements from infrastructure and operation
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Table B1: Inventory of infrastructure of the PaffBox aquaponic system:
ecoinvent processes part 1

Infrastructure
elements

Material ecoinvent processes

Container iron Intermodal shipping container, 20-foot
GLO/ market for / Cut-off, U

Steps brick Clay brick GLO/ market for / Cut-off, U

Insulation &
DWC, top panel

polyurethane
styrofoam

Polystyrene foam slab GLO/ market for
/ Cut-off, U

Staircase,
Greenhouse,
structure,
Window openers,
LED’s, profile &
Insect proof screen

aluminum Aluminium alloy, metal matrix compos-
ite GLO/ market for / Cut-off, U; Metal
working, average for aluminium product
manufacturing GLO/ market for / Cut-
off, U

Greenhouse, pan-
els

polycarbonate Polycarbonate GLO/ market for / Cut-
off, U

Pipes PVC Polyvinylchloride, bulk polymerised
GLO/ market for / Cut-off, U; Injection
moulding GLO/ market for / Cut-off, U

Fish tanks &
Insect proof screen

polyester Glass fibre reinforced plastic, polyester
resin, hand lay-up GLO/ market for /
Cut-off, U; Extrusion of plastic sheets
and thermoforming, inline GLO/ market
for / Cut-off, U; Thermoforming of plas-
tic sheets GLO/ market for / Cut-off, U

Gravity filter &
Biofilter, structure

polypropylene Polypropylene, granulate GLO/ market
for / Cut-off, U; Injection moulding
GLO/ market for / Cut-off, U

Sump &
Rainwater
collector

HDPE Polyethylene, high density, granulate
Europe without Switzerland/ polyethy-
lene, high density, granulate, recycled to
generic market for high density PE gran-
ulate / Cut-off, U; Extrusion of plastic
sheets and thermoforming, inline GLO/
market for / Cut-off, U; Thermoforming
of plastic sheets GLO/ market for / Cut-
off, U

Pump &
Greenhouse fan &
Window openers

galvanized
steel

Steel, chromium steel 18/8 GLO/ market
for / Cut-off, U; Metal working, average
for steel product manufacturing GLO/
market for / Cut-off, U
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Table B2: Inventory of infrastructure of the PaffBox aquaponic system:
ecoinvent processes part 2

Infrastructure
elements

Material ecoinvent processes

Biofilter, beads,
DWC, baskets,
Buckets,
Air pump,
LED’s, profile &
Fish light

plastic Polyethylene, high density, granulate
Europe without Switzerland/ polyethy-
lene, high density, granulate, recycled to
generic market for high density PE gran-
ulate / Cut-off, U; Injection moulding
GLO/ market for / Cut-off, U

DWC, tanks recycled plas-
tic

Waste polyethylene, for recycling, sorted
RoW/ polyethylene terephthalate pro-
duction, granulate, amorphous, recycled
/ APOS, U

Window openers steel Cast iron GLO/ market for / Cut-off, U

Heat exchanger polypropylene,
galvanized
steel

Blower and heat exchange unit, Storkair
G 90 GLO/ market for / Cut-off, U

LED’s, lights iron, glass,
copper

Light emitting diode GLO/ market for /
Cut-off, U

Heating resistors plastic Resistor, auxilliaries and energy use
GLO/ market for / Cut-off, U

Table B3: Inventory of operational elements of the PaffBox aquaponic sys-
tem: ecoinvent processes

Operational
element

ecoinvent process

Tap water Tap water Europe without Switzerland/ market for
/ Cut-off, U

Rain water No process required
Feed Trout feed, 42% protein GLO/ market for trout feed,

42% protein / Cut-off, U
Substrate Rock wool GLO/ market for / Cut-off, U
Seedling Lettuce GLO/ market for / Cut-off, U
Small fish Tilapia GLO/ market for tilapia / Cut-off, U
Electricity Electricity, low voltage BE/ market for / Cut-off, U
Transportation Transport, lorry 16-32t, EURO5/RER U
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Table B4: Inventory of waste infrastructure elements of the PaffBox
aquaponic system: ecoinvent processes

Material ecoinvent process

Iron Steel and iron (waste treatment) GLO/ recycling of steel and
iron / Cut-off, U; Scrap steel Europe without Switzerland/
treatment of scrap steel, municipal incineration / Cut-off, U;
Iron scrap, at plant/RER U

Aluminum Aluminium (waste treatment) GLO/ recycling of aluminium
/ Cut-off, U; Scrap aluminium Europe without Switzerland/
treatment of scrap aluminium, municipal incineration / Cut-
off, U; Waste aluminium RoW/ treatment of, sanitary landfill
/ Cut-off, U

Brick Waste brick Europe without Switzerland/ market for waste
brick / Cut-off, U

Polyethylene PE (waste treatment) GLO/ recycling of PE / Cut-off, U;
Waste polyethylene RoW/ treatment of waste polyethylene,
municipal incineration / Cut-off, U; Waste polyethylene RoW/
treatment of waste polyethylene, sanitary landfill / Cut-off, U

Polystyrene PS (waste treatment) GLO/ recycling of PS / Cut-off, U;
Waste polystyrene RoW/ treatment of waste polystyrene, mu-
nicipal incineration / Cut-off, U; Waste polystyrene RoW/
treatment of waste polystyrene, sanitary landfill / Cut-off, U

PVC PVC (waste treatment) GLO/ recycling of PVC / Cut-
off, U; Waste polyvinylchloride RoW/ treatment of waste
polyvinylchloride, municipal incineration / Cut-off, U; Waste
polyvinylchloride RoW/ treatment of waste polyvinylchloride,
sanitary landfill / Cut-off, U

Polyurethane PS (waste treatment) GLO/ recycling of PS / Cut-off, U;
Waste polyurethane RoW/ treatment of, municipal inciner-
ation / Cut-off, U; Waste polyurethane RoW/ treatment of,
sanitary landfill / Cut-off, U

Plastic mix Mixed plastics (waste treatment) GLO/ recycling of mixed
plastics / Cut-off, U; Waste plastic, mixture BE/ market for
waste plastic, mixture / Cut-off, U

Polypropylene PP (waste treatment) GLO/ recycling of PP / Cut-off, U;
Waste polypropylene RoW/ treatment of waste polypropy-
lene, municipal incineration / Cut-off, U; Waste polypropy-
lene RoW/ treatment of waste polypropylene, sanitary landfill
/ Cut-off, U
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Table B5: Inventory of waste infrastructure and operational elements of the
PaffBox aquaponic system: ecoinvent processes

Element ecoinvent process

Consumer
electronics

Waste plastic, consumer electronics RoW/ treatment of,
municipal incineration / Cut-off, U; Waste plastic, con-
sumer electronics GLO/ treatment of waste plastic, con-
sumer electronics, sanitary landfill, wet infiltration class
(500mm) / Cut-off, U

Heat exchanger 1 p Used blower and heat exchange unit Storkair G 90
GLO/ market for / Cut-off, U (of project Ecoinvent 3 -
allocation, cut-off by classification - unit)

Wastewater Wastewater, average Europe without Switzerland/ treat-
ment of wastewater, average, capacity 1E9l/year / Cut-
off, U

Lettuce waste Biowaste RoW/ market for / Cut-off, U
Substrate waste Waste mineral wool Europe without Switzerland/ market

for waste mineral wool / Cut-off, U
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