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PREFACE
PREFACE
Many innovations have been developed as a response to the challenges of COVID-19 to make cities
more green, resilient and inclusive. In these complex urban systems, solutions must be made taking
into consideration how they affect the wider context. Each solution is a vital piece in the puzzle, and
together they enable people and ideas to come together in a way that only cities allow.
The International Environmental Policy Consultancy 2021 Report has been issued as a United Nations
Policy Analysis Branch of the Division for Sustainable Development (UN - DSD) and for the Technology
and Logistics of the United Nations Conference on Trade and Development (UNCTAD). This report is
the product of a collaboration between the students of Wageningen University and Research (WUR),
State University of New York (SUNY), and Van Lang University (VLU). The report brings together some
of the most impactful and cutting-edge innovations that contribute to the UN 2030 Agenda for
Sustainable Development in four priority areas of city development: advancements in food production
systems, renewable energy, urban waste management, and housing construction technology.
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INTRODUCTION
INTRODUCTION
By 2050, 68% of the world’s population will live in cities.1,2 This makes cities key drivers for achieving
the UN’s Sustainable Development Goals (SDGs).3 Moreover, this growth will require more energy,
resources, and space to meet the needs of the global population - of which there is a finite supply. It is
important that future developments in cityscapes are based on the targets set out in SDG 11:
Sustainable Cities and Communities, by introducing and maintaining products and services that can be
accessed by all, regardless of socio-economic status, disability, gender, or age. By empowering citydwellers to make choices that are less harmful to the environment and one another, a city can bounce
back from major shocks such as climate change events or the 2019 Coronavirus pandemic (COVID19).
The COVID-19 pandemic has visibly affected cities and how people within them go about their daily
lives. Large concentrations of people living and moving closer together have meant health and safety
regulations had to be implemented quickly to mitigate the infection risks. New solutions constantly
evolved in response to the problems that COVID-19 brought about: the sudden increased demand for
more single-use plastic for personal protective equipment (PPE); avoidance of mass public
transportation due to possible disease transmission 4; greater attention to what we put into our bodies;
and more extensive personal hygiene precautions. While new solutions were being created, they also
presented even more complications. People were more inclined to use personal vehicles rather than
public transportation.5 Personal road transportation is responsible for 10.8% of all emissions,6 so an
increase in individual vehicles on the roads causes even higher GHG emissions. Meanwhile, PPE use
for mitigating the effects of the virus led to increased waste and pollution from masks, gloves, and other
types of PPE being inefficiently disposed of.
Furthermore, the socio-economic effects of COVID-19 were mostly felt on the supply chain of food in
urban areas. At the production stage food has been a large contributor to GHGs. COVID-19 increased
the inequalities in access to nutritious food for all citizens, as the prices for goods rose. Each of these
aforementioned issues fragment urban living. The pandemic can be seen as an opportunity to recognize
areas that require technological innovations for cities to be able to withstand future shocks and achieve
the SDGs. Concurrently, technologies should not deepen societal divides, but they should be connected
to one another like pieces of a puzzle in order to contribute to making cities more inclusive, green, and
resilient.
Food production, waste management, energy, transportation, and housing are sectors that contribute
to increased GHG emissions, more waste and pollution, and require revaluating current supply chains.
Food supply chains were dramatically compromised, as depicted by the bare supermarket shelves
across the world at the onset of the first lockdown. Moreover, COVID-19 accentuated the importance
of waste management and sanitation for the prevention of disease spread. Epidemic outbreaks were
also linked to the proximity of people in enclosed spaces such as public transportation, and how this
has increased the use of cars, which ultimately increases the pollutants and GHGs in the air. COVID19 has exacerbated insufficient housing and as a result, many households were unable to adhere to
COVID-19 measures such as social distancing and isolating themselves from others. For these
reasons, this report will piece together nine Science-Policy briefs that aim to address GHGs, pollution
and waste, and certain supply chain challenges. The report brings more attention to alternative ways of
life within cities that take into account the negative externalities of current production and supply
systems. The report aims to assess how nine emerging technologies in the fields of food production,
waste management, energy, transportation, and housing, can positively contribute to building green,
resilient, and inclusive cities, by reducing GHGs, pollution, waste, and rethinking supply chains, thus
contributing to the UN’s SDGs and the 2030 Agenda for Sustainable Development.
Greenhouse Gasses (GHG)
A major area of concern is the increasing atmospheric GHG emissions driven by human activity. Cities
have higher per capita CO2 emissions and contribute more significantly to climate change, while only
occupying 3% of the earth’s surface.7 The GHG emissions puzzle piece contributes to climate change,
global warming, and a multitude of climate change-related events. This is because these emissions
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cause detrimental effects on the health of communities, and the environment that surrounds them. Two
examples of impacts that directly affect cities are a rise in flood and drought prevalence and the Urban
Heat Island effect.8–10 Low-income communities are especially vulnerable to these impacts as they are
more likely to live in areas prone to climate risks.10 For that reason, it is crucial to set inclusivity as a
key pillar to ensure all communities are equally able to withstand climate risks, as these have impacts
on how green and livable a city can be as it mirrors the health of its inhabitants.
Waste and Pollution
In their current form, all sectors (e.g., construction, automobile production, plastics) are polluting in
different ways, for example, by producing smog in the air, tainting local drinking water with chemicals,
and contaminating soil. This has detrimental impacts on the health of entire ecosystems and their
inhabitants. Waste production is inevitable. However, this can be managed and reduced by enhancing
the circularity of resources. For example, by reducing the amount of material used in production,
recycling resources at the end-of-life stage of a product and implementing treatment processes to help
break down waste residues and mitigate their pollution potential. Addressing the problems of waste and
pollution alleviates cities of the health and environmental concerns that disproportionately affect lower
socio-economic and marginalized groups. Confronting this key issue thereby paves the road for more
green and inclusive cities.
Supply Chains
The COVID-19 pandemic disrupted supply chains, illustrating the vulnerability of these systems.
Materials and goods were delayed or unable to reach their destination. Increasing the resilience of
supply chains in cities is needed to reduce the impact of future shocks and entails critically evaluating
where materials for manufacturing products come from and how sustainable they are in terms of their
social and environmental cost. Furthermore, this supply chains puzzle piece also fits together with
reducing waste. It includes reevaluating the current materials in use and finding alternatives that cause
less harm to the environment while still being economically cost-efficient for all. One way of rethinking
supply chains is by incorporating the concept of circular economy which reconsiders the use of
resources and their circulation within the economy for as long as possible. 11 Additionally, this concept
aims to link sectors so that resources (such as waste) can be shared and kept in the economy. In this
way, cities could reduce their wastage in a way that benefits them economically. Consumers could also
be given the opportunity to consume more sustainably in the future through products and services that
create less waste.
Technologies as Puzzle Pieces towards inclusive, green, and resilient cities
Rapid technological advancements have the potential to help reach the 2030 Agenda for Sustainable
Development, however, no one technology is an all-encompassing solution. Rather, these technologies
evolve alongside human society to form an interdependent system that works symbiotically to bring
benefits to the global population.1,12 The technologies in this report offer alternative solutions for
transformative change and better practices by confronting three major issues that cities are facing: GHG
emissions, pollution and waste, and rethinking supply chains. These form the puzzle pieces to create
cities that center on a green, resilient, and inclusive environment. As cities are the hubs for ideas,
problem-solving, scientific advancement, and social development, strengthening symbiotic
relationships with technology is critical to fostering solutions to environmental, social, and economic
challenges.1
This report presents a set of Science-Policy briefs that will analyze emerging technological
developments that can assist in creating more resilient, inclusive, and green cities to address the three
issues of focus – GHGs, pollution, and rethinking supply chains – in a post-COVID world. To do this,
four key city systems are addressed: food, energy and transport, waste management, and housing.
Chapter 1 discusses urban agriculture technologies as tools for creating locally produced food within
cities. Chapter 2 examines clean energy technology for greener energy production, storage, and
application. Chapter 3 introduce technologies to facilitate urban waste management through circular
methods. Chapter 4 analyzes a novel technology for construction to increase housing security in cities.
To conclude, the ‘Looking Forward’ section explores the importance of integrating these innovations to
facilitate positive transformational change in rapidly evolving cities worldwide.
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CHAPTER 1

URBAN AGRICULTURE: ADVANCEMENTS IN
FOOD PRODUCTION SYSTEMS
CHAPTER 1. URBAN AGRICULTURE: ADVANCEMENTS IN FOOD
PRODUCTION SYSTEMS
In the coming decades population growth, climate change, and continued environmental degradation
will accelerate urbanization. Providing healthy diets to these growing urban populations is expected to
pose a challenge for global food systems, affecting growing, harvesting, processing, packaging,
transporting, marketing, consumption, and disposal of any food-related items.7 In order to overcome
this challenge, it is necessary to rethink food systems and address underlying factors driving
malnutrition. The challenge of providing healthy food to all is magnified by additional factors such as
economic slowdowns, which arise in various forms due to market swings, political unrest, or
pandemics.13 Economic slowdowns disproportionately impact low-income communities, who are more
vulnerable to rising costs of nutritious diets. Price increases amplify the unaffordability of healthy diets,
forcing people to purchase cheaper, less nutritious foods. This leads to a decrease in the nutritional
quality of diets causing different forms of malnutrition worldwide. 13,14 Therefore, healthy foods need to
be affordable for urban dwellers, especially those of low-income to make healthy diets more inclusive.
One way to rethink food systems for this purpose is urban agriculture. This farming practice can
contribute to addressing the need for healthy and affordable food by diversifying and greening food
production, consequently making it more resilient to external shocks.
Urbanization has a large effect on the food supply chain15 as urban dwellers consume up to 70% of the
global food supply.7 However, the large diversity and number of people in urban areas make it
increasingly difficult to connect food production in rural areas with the consumers. 14 Supply chain
complexity has resulted in food systems that have many environmental and human health issues related
to them such as food loss and malnutrition. This report will focus on the production and consumption
stages to piece together a part of the puzzle in rethinking urban challenges.
In the production stage of the supply chain, conventional farming is highly polluting in terms of GHGs.
Large-scale industrial agricultural methods, such as tilling, overuse of fertilizers and pesticides, and
intensive monocropping significantly contribute to water pollution, soil degradation, and climate
change.16 The current farming system accounts for one-third of total GHG emissions since 2015.17 Food
supply chains account for about 20% of these emissions.16 As cities around the world attempt to recover
from the shock of COVID-19, there is a great opportunity to rethink the global supply chain and make
food production systems more resilient and greener.
The consumption stage of the supply chain carries its own set of problems in urban areas. Urban
dwellers do not always have access to healthy, nutritious, and affordable food due to social and
economic inequality. First, there has been a large increase in nutrition-related diseases such as obesity
and micronutrient deficiency.7 This is linked to high consumption of processed foods as well as a lack
of leafy greens. Second, COVID-19 has amplified food inequality by increasing food prices beyond the
rate of average wage increases. This disproportionately affected low-income communities and
contributed to the rise in global hunger over the past year. 13 Urban agriculture helps to address these
issues by partially relocating food production to urban areas and catering production to the local
community’s needs.
Urban agriculture is the practice of producing food within urban areas, allowing for local and contextspecific modes of food production. It has the potential to create social cohesion and can reconnect
people with nature and food, ranging from food provision to food education.7 Urban farms utilize spaces
that are otherwise not used, such as rooftops, underground spaces, and plots with contaminated soil.
This technology, which can be applied to local environmental and social contexts, can be used on a
commercial scale, but is mostly used on a smaller scale in the form of community projects. Currently,
many types of urban farms exist: personal gardens, community gardens and parks, rooftop gardens,
and vertical farms. This report analyzes two non-mainstream technologies: urban food forests and
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urban aquaponics. Both aquaponics and food forests present inclusive opportunities that contribute to
lowering environmental impacts (such as GHGs) and strengthening the food supply chain.
Urban food forests are multifunctional green areas that provide food as well as outdoor recreational
spaces where people can forage food. They allow for unique adaptations (e.g., integration into existing
parks or creation of new forests) depending on environmental and social conditions, making them
universally applicable. Low levels of technology are required, although their design can be knowledgeintensive, calling for a high level of expertise. Urban aquaponics, in contrast, is a high-tech farming
method that combines fish farming (aquaculture) with soilless crop cultivation (hydroponics) in a closedloop system, thereby minimizing waste streams.
Urban food forests and urban aquaponics offer low-carbon alternatives that diversify food supply chains.
Although each is but one piece of the puzzle in rethinking urban food systems, combined they envisage
greener and more resilient food systems. Both contribute to SDG 2 and 3 (Zero Hunger; Good Health
and Wellbeing), with urban food forests placing an emphasis on enhanced availability of food,
particularly micronutrients, which improves nutritional quality of urban diets. Urban aquaponics offers
the potential to combine commercial goals with socio-economic benefits, hence increasing resilience.
Moreover, urban food forests and urban aquaponics contribute to SDG 11: Sustainable Cities and
Communities; and 12: Responsible Consumption and Production, with urban food forests providing
multiple ecosystem benefits and urban aquaponics minimizing environmental input and output.
Specifically, aquaponics’ closed-loop system has the potential to reuse energy waste streams, reducing
environmental impacts and GHG emissions. In urban food forests, climate change and GHG emissions
are mitigated thanks to numerous ecosystem benefits, which include flood mitigation, carbon capture,
increased biodiversity, canopy cover, and improved soil quality. Urban food forests and urban
aquaponics have yet to reach their potential. However, the briefs illustrate how these two emerging
technologies can help us rethink urban food systems.
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CHAPTER 2

RENEWABLE ENERGY: FROM SOURCE TO
STORAGE
CHAPTER 2. RENEWABLE ENERGY: FROM SOURCE TO STORAGE
Cities are resource and energy-intensive areas where issues surrounding energy demand are
especially pervasive. They contribute to GHG emissions and other forms of pollution associated with
complex energy supply chains.18 This chapter pieces together emerging technologies in the wider
sustainable energy puzzle to address access to green energy and reduce the harm associated with
their production, consumption, and storage along the supply chain.19–21
Sourcing, generating, and using energy has historically been driven by fossil fuels. Fossil fuel prices
soared during the COVID-19 pandemic, reflecting the volatile and costly nature of this industry in the
face of global shocks.22 Burning of fossil fuels results in GHG emissions and other pollutants such as
particle matter. In response, technologies to harness power from renewable energy sources have been
developed. However, renewable energy sources come with several challenges, including generation
and storage of power. A circular economy approach can be used to incorporate more resilient methods
of resource use into the energy puzzle. This approach entails maximizing resource utilization by
reducing, reusing, and recycling materials in energy production, while strengthening production of
renewable energy.
The transition from fossil fuels to renewable energy is imperative in addressing issues arriving from
burning oil, fuel, and gas. These carbon-based energy sources release a variety of pollutants and GHGs
including carbon dioxide, sulfur dioxide, and nitrogen oxides, 23 causing a double problem: the first one
on a local level, the second one on a global one. In densely populated areas such as cities, pollutants
can accumulate and result in smog, posing serious health implications for those exposed. This is
especially relevant considering the links between long-term exposure to air pollution and an increase in
COVID-19 mortality.8 On a global scale, GHG emissions are already altering the global climate, and are
bound to become the most important threat to people’s livelihood in the coming decades. 8
Despite the rapid advancements in technology to generate electricity from renewable energy sources,
several issues remain in the effective storage of this energy. Scarce minerals and heavy metals are
core components to many of the common energy storage solutions. Such metals often rely on highly
exploitative extractive practices that have significant environmental and even human ramifications in
the city and beyond. Therefore, producing energy in a greener way and focusing on reducing use of
scarce materials in energy storage and production are essential puzzle pieces of the energy supply and
storage problem.
One way to mitigate both air pollution and GHG emissions is by addressing road transport, which is a
high emission sector. Transitioning to e-mobility is one technological solution to this problem, as this
does not produce tailpipe emissions, unlike conventional internal combustion engine vehicles. The
power supply of electric vehicles (EVs), however, is still dependent on the local electricity grid, which
often burns fossil fuels to produce electricity. Switching to low-carbon electricity is therefore a crucial
prerequisite for e-mobility's benefits for air quality improvement and climate change mitigation.
Moreover, the production of batteries made for EVs relies on a highly polluting industry. By focusing on
alternative batteries for EVs and exploring how existing lithium-ion batteries can be recycled, it becomes
conceivable to piece together a solution for less polluting transportation in the future.
Two technologies that deal with the production and end-of-life of energy storage technology are
hydrometallurgy and innovative EV batteries. Hydrometallurgy, a method of recycling batteries, helps
to enhance the circularity of batteries by recovering useful resources. This reduces the demand for
resource extraction as well as mitigates the pollution potential of battery waste. Using hydrometallurgy
for the recycling of EV batteries and using the recovered materials for new batteries is lower in GHG
emissions than extracting virgin materials for manufacturing new batteries. Innovation in EV battery
composition is providing alternatives to the most polluting components in the existing battery supply
chain. Innovation in technologies for e-vehicles should aim to reduce ethical and environmental harm
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at the start of the supply chain where extraction of metals occurs. New developments of chemistries
can potentially reduce the burden on mining virgin materials by diversifying their source and reducing
the toxicity of batteries, tackling its polluting trait. More sustainable ways of producing batteries are
critical to the development of the EV landscape and take a step towards reducing the reliance of the
battery industry on cobalt, lithium, or metal-use entirely. COVID-19 presents a unique opportunity to
holistically address disruptions in fragile supply chains, by reducing reliance on energy sources that
emit high amounts of both GHG and pollutant.
Bladeless wind turbines (BWT) deal with the sustainable generation of electricity, which is crucial to
phase out the use of fossil fuels while powering life in the city. The small profile of BWTs is ideal for
compact, urban environments, contributing to case-specific or central grid applications. Additionally,
urban areas can have a high potential for wind energy, making the application of this technology in an
urban context viable. Second, streetlights and traffic lights are integral to the lives of residents in cities.
They consume 0.73% of the electricity of the UK and 1,5% of the electricity in the EU. 24 Solar-powered
traffic lights can limit the reliance of traffic and street lighting systems on fossil fuels.25 Solar-powered
traffic lights are therefore a promising example of renewable energy applications, as detailed in the
respective brief.26,27 BWT and solar-powered lights thus fully integrate with the e-mobility transition, as
they help reduce the above-mentioned reliance on fossil fuels. Both technologies (BWT and solarpowered lights) address SDG 7: Affordable and Clean Energy, SDG 9: Industry, Innovation and
Infrastructure and SDG 13: Climate Action. Thus, creating and applying clean, renewable energy
infrastructure in cities plays an important role in climate change mitigation and action.
The combination of improving supply chains and addressing GHG emissions can contribute to creating
cities with clean air and low emissions, despite high vehicle usage. This directly addresses SDG 12:
Responsible Consumption and Production. Inefficiencies within the supply chain of energy sources
cause continuous damage to the environment and perpetual harm to people involved throughout the
production process: from sourcing raw materials, to using them, to ensuring safe disposal. The
innovations addressed in the following briefs aim to improve access to resilient and green energy, as
well as to reduce the harm from their production, consumption, and storage. Moreover, as future
batteries emphasize affordability, a more inclusive energy transition that enables urban mobility for all
will be possible.
All policy briefs under this chapter deal with different parts of the energy puzzle in one form or another.
BWTs could be a renewable energy source in cities, EV batteries pose a green and more inclusive
alternative for energy storage, and hydrometallurgy deals with the end-of-life stage of storage
technologies. Solar panel traffic lights, in turn, could be a solution for reducing the high electricity
consumption of urban activity. Together, these technologies contribute to making the whole supply
chains more circular and greener while tackling several SDGs, including SDG 7, SDG 9, SDG 12, and
SDG 13.
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CHAPTER 3

URBAN WASTE MANAGEMENT: ENHANCING
CIRCULARITY
CHAPTER 3. URBAN WASTE MANAGEMENT: ENHANCING CIRCULARITY
Cities faced a unique set of challenges in the wake of COVID-19. One such challenge is gaps in the
sanitation chains of densely populated areas, which can result in the transmission of pathogens and
limit the circularity of scarce resources. There is a critical need to manage urban pollution to avoid
harmful impacts on human health and the environment and to promote SDG3: Good health and wellbeing. The intensity of resource consumption in cities has led to challenges with both solid and liquid
waste. Plastics and wastewater treatment are some of the most pressing issues in this space.28
Bioplastic technologies and the integrated advanced oxidation process (IAOP) highlighted in this
chapter address two core issues with regards to this piece of the puzzle: enhancing resource circularity
and overall waste reduction.
The linear ‘take-make-use-throw’ economic model contributes to pollution as well as the overall
depletion of resources. In concept, linearity is where products are developed from raw materials and
are disposed of without recirculating their components at the end of their lifecycle.29 Traditional
approaches towards solid waste management are incineration and dumping in landfills. However, many
regions across the world are now coming to terms with the impacts that such methods have on the
environment. Landfilling and incineration of waste releases hazardous chemicals into the atmosphere,
soil, and/or water, resulting in adverse effects on human health and contributing to climate change
through GHG emissions.
Throughout the pandemic, the utilization of single-use plastic has increased since this material is used
for masks, gloves, other personal protective equipment (PPE), medical devices, and packaging for
takeout food containers and laboratory materials.30 Plastic was already heavily used as a low-cost
material that is both versatile and durable; factors which have furthered their popularity across a range
of uses. This simultaneously contributes to increases in GHG emissions due to the production of plastics
from fossil fuels and to pollution generated as a result of their disposal.31 This waste is largely derived
from gaps in the supply chain of single-use plastic production in the form of wasteful practices during
the production phase, and poor management at end of life, particularly in urban areas.
Similarly, traditional wastewater treatment systems (WWTS) rely on conventional technology that may
prove to be ineffective in treating the new and emerging pollutants in wastewater. This is of particular
concern in developing countries where there is often a lack of infrastructure to appropriately treat
wastewater for harmful sludge and effluents, such as organic and inorganic contaminants. If not properly
cleaned, effluents and sludge can result in severe environmental and human health concerns such as
the transmission of pathogens or the leeching of and exposure to toxic compounds. This was of
particular concern during the pandemic as WWT, sanitation, and personal hygiene were brought to the
forefront as inefficient WWT increases the risk of disease transmission. 32
The bioplastic innovation presented in this chapter shows the potential to reduce the dependence on
fossil fuel extraction by recycling urban organic waste. In contrast, IAOP technology tackles SDG 6:
Clean Water and Sanitation and the issue of WWT including the reduction of harmful effluents and
sludge production. Further, IAOP can clean wastewater to a degree where it can be reused, enhancing
the circularity of water. This is particularly pertinent in cities that are already facing water crises. As
more people start living in cities and metropolitan areas, there will be an increased rate of consumption
of water, energy, and materials, potentially leading to resource scarcity. This calls for careful planning
of resource utilization to ensure that materials are sustainably recycled and reused.
The technologies laid out in this chapter contribute to the attainment of SDG 11: Sustainable Cities and
Communities and address SDG 12: Responsible consumption and production, relating to the impacts
of waste management on human society, health, and the environment. These technologies address the
SDGs directly or indirectly, for sustainable waste management and enhancing circularity in our
production and consumption systems.33
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With the intensive use of resources required in a city, their effective disposal and related waste
management require careful attention to reduce wastage and pollution-related hazards. Both
innovations presented in this chapter present tools to facilitate a paradigm shift away from a linear
approach to enhancing circularity. Circularity entails moving towards a new economic system that
increases efficiency concerning material and energy use to eliminate waste. 11 This is important as it
creates resilience through more sustainable systems of reduced waste, pollution, and GHG emissions.
As previously mentioned, incorporating these technologies can mitigate the sanitary inequalities found
not only within cities but also between countries, contributing to a more inclusive vision of cities. By
reducing waste and pollution, the technologies add their pieces to the puzzle of more green and resilient
systems for cities and the world beyond them.
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CHAPTER 4

HOUSING: MEETING DEMAND THROUGH
CHAPTER 4. HOUSING:
MEETING DEMAND
THROUGH MODULAR 3D
MODULAR
3D PRINTED
HOUSES
PRINTED HOUSES

A growing population, compounded by the trend towards rapid urbanization poses several new
challenges to city planners, decision-makers, and city dwellers. In the context of housing, which is a
crucial puzzle piece to life in the city, challenges can include overcrowding and insecurity of tenure. 34
Particularly in cities that already experienced high levels of inequality, the effects of the COVID-19
pandemic exacerbated the underlying challenges faced by inhabitants who were already facing
insecure housing situations and were underserved. Citizens were left in precarious living situations, or
unable to pay their housing costs.35,36 During COVID-19, governments introduced several protective
measures within cities such as mandatory lockdowns and quarantines. The requirement of an individual
to isolate themselves within their homes was a common occurrence. As working and learning from
home has become the norm, adequate housing is more important than ever, especially in a world that
is forced to rethink its home spaces due to the pandemic. Many people were and still are unable to
adhere to COVID measures within their housing as insufficient space creates difficulties to socially
distance. Due to a lack of adequate housing, the shift to online learning and working from home was
not achievable in many cases. Adequate housing goes beyond four walls and a roof; minimum
conditions that must be met for adequate housing include suitable materials, affordability, accessibility
for marginalized groups, protection against environmental hazards, and location.36 Developing cities
with high urban densities were especially affected in this respect. In the post-COVID-19 era, the
application of innovative technologies is needed to speed up the pace towards housing for all.
The housing supply chain has not only failed to meet the needs of vulnerable communities, but also
contributes significantly to environmental degradation, generation of pollution and waste, and worsening
climate change.37,38 Materials used in conventional construction, mostly wood, steel, and concrete, play
a key role in GHG emissions. The construction sector is tied to a large proportion of global GHG
emissions, with 8% of emissions related to concrete usage, highlighting the need to rapidly decarbonize
the emissions of this industry.39 As cities are particularly vulnerable to the effects of climate change,40
it is important that the GHG emissions of the construction industry are reduced.
Moreover, current construction practices have long-term environmental consequences such as
deforestation, air pollution, and contamination of the grounds where construction takes place. The
construction sector has been one of the main sources of pollution, especially within developing cities
due to the heavy reliance on fossil fuels, high material consumption, and flawed disposal of materials
that were not used during the process, which is magnified by a high rate of abandonment and loss of
functionality. Conventional on-site construction is traditionally a relatively inefficient process, and its
high costs consist of labor, raw materials, and transportation.41 For these reasons, rethinking the supply
chain and using alternative construction methods and materials is imperative.
Modular 3D-printing construction technology (M3DP) addresses the need for adequate housing in
developing countries. M3DP merges 3D-printing and modular building techniques. Combining these
technologies into M3DP means that a 3D-printer is used to print and assemble the modules of a house
on-site. Having the full construction process done on-site creates more room for local communities to
provide input on their social, economic, and environmental needs. M3DP offers a new method of
construction that uses fewer resources. The need for fewer resources tackles complicated supply chain
issues such as the cost and possible delays that may occur when relying on external sources. Using
fewer resources also effectively reduces the waste and pollution that are common during conventional
construction. Beyond its environmental benefits, M3DP has the potential to include marginalized
communities in the construction process of their own houses because of its customizability.
The focal points that were chosen concerning challenges in the housing sector are:
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•

Adjustability: adjustability tackles waste and pollution issues by providing the option to reuse,
disassemble, and reassemble the modular components of houses and enhancing the circularity
of the resources used. Additionally, M3DP offers added precision and construction efficiency,
which decreases the possibility of generating excess waste and pollution.
Affordability: a significant barrier to adequate housing has been the cost of construction
materials and labor.42 M3DP demonstrates potential as further research is done regarding the
use of locally sourced and bio-based materials. In order to make adequate housing inclusive, it
must be financially accessible to all.
Climate resilience: lack of adequate housing leads to inhabitants being susceptible to
environmental hazards and climate emergencies. Houses should be built to withstand possible
climate emergencies that commonly affect developing cities such as earthquakes, flooding, and
temperature fluctuations to protect inhabitants. The potential of bio-based materials can
contribute to climate mitigation by storing carbon in the building process.

Improving the circumstances surrounding housing is directly linked to SDG 11, which aims to make
cities inclusive, resilient, and sustainable by ensuring access for all to adequate, safe, affordable
housing, basic services, and upgrading informal urban settlements.43 Moreover, given the social roots
of the housing crisis, improving housing circumstances also touches upon SDG 10: especially the
second target, which concerns the empowerment and inclusion of all. For many, lack of adequate
housing results in deeper inequalities elsewhere, such as the inability to effectively quarantine. Lastly,
the problems and solutions addressed in this chapter touch upon SDG 9: Industry, Innovation, and
Infrastructure in addition to SDG 12: Responsible Consumption and Production. Specifically, target 9.1,
which concerns the creation of resilient infrastructure, along with 12.2 about the efficient use of natural
resources. These SDGs focus on improving the circumstances surrounding housing by focusing on
inclusivity, housing resilience, and efficient use of resources to lessen the burden on the environment.
The technology researched in the brief has the potential to alleviate the housing crisis by offering
adjustable, affordable, and climate-resilient housing. By reducing GHGs, pollution, and reinforcing
supply chains in the housing industry, M3DP can contribute to solving the puzzle of creating green,
resilient, and inclusive cities. This will be accomplished by offering an alternative to unsustainable,
exclusive construction practices.
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LOOKING
FORWARD
LOOKING FORWARD
The effects of climate change are becoming more apparent than ever before. Cities’ vulnerabilities are
being compounded due to rapidly increasing urbanization, and the additional strains they face on their
existing systems. Cities are catalysts in which technological, environmental, scientific, and social
development takes place. As the current developmental trajectories are resulting in untenable negative
externalities – GHGs, pollution and waste, and supply chain disruptions – alternative trajectories need
to be identified and pursued. This report has identified several key sectors that require rethinking to
address these externalities: food production, transport, energy, waste management, and housing.
COVID-19 further highlighted the need to act fast as the pandemic exacerbated these negative
externalities and their global nature. For instance, COVID-19 led to gaps in food supply chains, poor
energy and waste management practices, and a further decline in the housing sector.
A key lesson to be taken into the post-COVID-19 era is that the current inefficiencies in city systems
increase their vulnerability to shocks. Whilst the shock of COVID-19 emphasized the primary needs of
feeding, housing, and powering cities, it has also brought attention to responsible waste management
as a result of increased awareness in sanitation practices. This report has brought together the pieces
of a puzzle that click together to build greener, more resilient, and inclusive cities. Taking steps to
greening a city actively minimizes harmful impacts on the environment, enhances inclusivity and
provides all communities equal access and opportunities. Both components enhance a city’s resilience
in bouncing back from shocks, mitigating the strains experienced and thereby enhancing both quality
of life and productivity of the city. Moving forward, it is important to anticipate how technologies can
bridge inclusivity gaps rather than widening them, how systems change is transformative rather than
disruptive for resilient cities, and how the interconnectedness of cities is vital to building a global vision
of sustainability.
Minding the Gap
In order to incorporate technologies in cities, it should require inclusion as one of its core considerations.
Technology must be implemented with the health of its diverse communities in mind, as these
communities are the source of strength within cities. Inequalities in society are mirrored, if not
accentuated in cities. The sectors of focus are fundamental in supporting the development of cities but
reflect their limitations. Food production, energy, waste management, and housing have pieced together
the foundations for the success of cities, but their distribution and access closely mirror the inequalities
that exist within them. Urban agriculture, for instance, might have a great potential for supplementing
urban diets, but if food items grown in the city remain more expensive than conventional food items it
will only magnify the inaccessibility of healthy diets to malnourished communities.
In today’s highly globalized world it is vital to acknowledge that there are differences in the histories and
cultures of people who coexist within one city. In doing so, decision-makers should understand that the
technologies proposed to address the issues that were exacerbated by COVID-19 may have varying
impacts on different groups of people within the same city. Race, class, gender, disability, and age can
still play a significant role in the experience of people's lives. The technologies addressed in these
chapters acknowledge the marginalization that exists within these sectors. Efforts were actively made
to combat this by fostering inclusivity in the implementation of these innovations, for example by
addressing the affordability of potential housing solutions. It is crucial that they are used to close the
gaps that exist, rather than widening them. This applies within cities, but also in the global context.
Looking forward, it is imperative that the proposed technologies throughout this brief bridge the current
gaps. Transfers of knowledge and technology, but also in capital and resources, are fundamental to
building a robust global community of cities that are empowered to achieve sustainable development.
Transformation vs Disruption
Linear ‘take-make-use-throw’ patterns of production and consumption are in drastic need of
transformation. The world can no longer accommodate vast waste generation and GHG emissions that
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have become a standard part of current supply chains. Instead, circularity needs to be integrated into
their fabric for transformative change. The technologies presented in this report have the potential to
not only catalyze this change but sustain it. For example, implementing solar-powered traffic lights
allows for a system to move away from non-renewable energy and influence similar systems to adopt
this change. Individually, these technologies are limited to their respective sectors in the short-term,
together, they help steer the shift of a wider system change in the long-term. Transforming key sectors
as individual pieces of the puzzle will contribute to building a long-term picture of a transformed system.
Circularity mitigates, but does not alter, the system of extracting resources at a rate that outpaces
replenishment to power indefinite growth. While circularity is a major step in the right direction to
mitigating these issues, it does not address the fundamental system of exploitative economies. As the
global population grows and a higher number of people access higher patterns of consumption, overall
consumption levels will increase. The underlying principles of these technologies could lay the
foundational pieces for shifting systems away from this in the future while extending the buffer space
for societies to develop ample solutions.
While there is an aspiration of revolutionizing sectors to achieve wider system change, there must also
be an acknowledgment of and accounting for the limitations and impacts of disruption. Some of the
most vulnerable demographics are the least resilient to change and are the most susceptible to any
unexpected fallout such as daily wage earners abruptly losing their income at the onset of lockdown.
Just as each individual technology is not the magic piece for solving all issues, disruption should also
be regarded critically. To mitigate the risks of these negative impacts, concerted efforts must be made
to ensure inclusivity in the decision-making process by extending the voices at the table to meaningfully
incorporate a wider range of stakeholders from affected marginalized groups.
Integration
To help transition towards circularity, cities of the future require a symbiotic relationship with
technologies. Meaning, not only cities and technology must evolve alongside each other, but also the
technologies themselves. Integrating technologies of different sectors, such as introducing renewable
energies into urban agricultural systems, will contribute to this web of circular technologies.
The interconnected nature of globalization means that the actions and experiences of cities in one
region affect cities across the world. The connection between cities results in possible domino effects
when taking steps towards a greener, more resilient, and inclusive way of life. Global networks allow
cities to hold each other accountable concerning unsustainable practices and set examples for
improvement. Cities that have progressed significantly in the transition will lead the way by sharing
knowledge, in order to help others, as well as call others to action.
In summary, proactive and deliberate actions must be taken to move forward with innovative
alternatives for the way cities approach food production, transport, energy, construction, waste
management, and beyond. The cities of the future will need to operate in tandem with their surrounding
environment, build resilience to climatic events, and include all citizens in order to build robust
foundations for harmonious development. In these efforts, it is this Science-Policy report’s goal to help
shape the global vision of future cities that actively make conscious decisions for the environment in
terms of greener, more resilient, and inclusive cities, paving the way for all to help finish the puzzle.
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Key messages
Urban food forests (UFF) can improve people's nutritional status by providing micronutrients lacking from diets.
Many of the risks associated with UFFs are perceived risks and can be mitigated through education.
UFFs provide a number of ecosystem benefits including flood mitigation, carbon capture, improved soil quality,
increased biodiversity, and canopy cover that can regulate air temperature.
UFF’s successful implementation depends on the behavioral changes of community members incorporating
foraging into their lifestyle, as well as government support through the legalization of foraging.
The way in which a UFF is created or supported is largely dependent on the local environment.

Introduction
Green spaces in cities provide citizens with increased contact with nature, promote biodiversity, and
provide a place for recreation; they can also offer an additional benefit of providing nutrients. To better
utilize green spaces, which citizens already favor, Urban Food Forests (UFFs) can be incorporated.
UFFs come in many forms and can be adapted to the environments they exist in. Urban Food Forests
(UFFs) offer the potential to support Sustainable Development Goal 2: End Hunger, through nutritional
support, and Goal 11 Sustainable Cities and Communities, through the ecosystem benefits provided by
UFFs. This brief explores the meaning of UFFs, the benefits that UFFs can provide, and the risks
associated with their implementation. The brief will additionally present examples of UFFs globally and
recommendations to assist policy makers in implementing Urban Food Forests in the areas they govern.

Nutrition
Food deserts are low-income urban areas with few grocery stores offering fresh food, making it difficult
for residents of these areas to access nutritious foods. UFFs can provide nutrient dense foods to
affordably supplement the diets of those who utilize them. An example of these nutrient dense foods
are dark leafy greens which have been noted to improve nutrition in East Africa. 1 The need for a more
balanced diet is an issue in high-, medium-, and low-income countries alike: In the United States, for
example, consuming an adequate amount of dark leafy greens is a problem. Gaining adequate nutrition
is especially relevant in terms of gender inequality since the burden of preparing food in many cultures
falls upon women, who are often the last member of the household to eat.2

What Are Urban Food Forests?
UFFs are multifunctional areas in cities where trees and
vegetation grow with little to no human cultivation, creating
habitats for wildlife. Moreover, UFFs provide green spaces
for city dwellers for foraging and community gathering. UFFs
are unique and vary from one geographic location to another.
They are typically backed by grants, rely on volunteers, and
incorporate perennial-focused land management.3 UFFs
vary in how they operate concerning food allocation and
harvesting policies, but they frequently center around the
goal of boosting food access. UFFs are spaces which
support urban foraging, the gathering of plants, and other
resources in urban and peri-urban environments by
socioeconomically, ethnically, and culturally diverse groups
for sustenance, medicine, household materials, community Figure 1. Image of urban foragers. Adapted
from https://lafoodforest.com
cohesion, and establishing connections with nature.3
4
Foraging practices are common to groups of all incomes,
ages, ethnic groups, and genders.5 Unregulated foraging can lead to depletion of resources, while
managed UFFs can protect the resources from being overharvested.
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UFFs are a technology meant to mimic natural environments through the utilization of permaculture to
recreate the seven layers of a forest. Food forests mimic woodland ecosystems while substituting
annuals and non-edible forest plants with edible trees, shrubs, and perennials. 6 There has been a rise
in the creation of food forests around various parts of the world using permaculture. Permaculture is an
applied science that balances the use of high-efficiency, low-cost designs. Where there is space, UFFs
can be designed in both existing and emerging cities.

Benefits
Cultural Services
A. Micronutrients: Community members can source micronutrient-dense food from UFFs,
supporting increased nutrition and preventing malnourishment. 7
B. Green gathering spaces: When food production decreases due to seasonality, the forest still
provides valuable green space where community members can gather. City residents can
benefit greatly from having green spaces in the city that can also provide nutrients. 8
C. Community Engagement: UFFs have the potential to bring a community together and
enhance social cohesion. Community engagement can encourage unity, co-operation for
communities, and community empowerment.9
D. Improving mental well-being: UFFs additionally have been found to improve mental wellbeing.10 However, for green space to provide mental health and wellbeing benefits it’s
important to ensure accessibility and usability, and quality must be considered as much as
quantity.11
Ecosystem Services
A. Flood Mitigation: Trees reduce stormwater runoff by capturing and storing rainfall in their canopy
and releasing water into the atmosphere. Tree roots and leaf litter also create soil conditions that
promote the infiltration of rainwater into the soil.
B. Carbon Capture: When trees and plants perform photosynthesis, they pull carbon dioxide out of the
air, bind it in sugar, and release oxygen. Wood is a valuable carbon sink as it is made entirely of
carbon, lasts for years as a standing tree, and takes additional years to break down after the tree
dies.12
C. Canopy Cover: The canopy provides shade and protects the ground from the force of rainfall and
wind. It creates microclimates and windbreaks, while regulating air temperature. Thus, habitat
conditions on the ground are shaped by the degree of canopy cover. 13
D. Biodiversity: Creating green spaces and canopy cover in urban spaces makes habitats for animals
and native plants. This includes habitats for bees and other key pollinators. 14
E. Soil Quality: Trees and plants in UFFs will increase the soil's ability to absorb and retain water,
produce nutrients for plants, maintain high levels of organic matter in the soil, and moderate soil
temperatures.15

Additional Barriers
Community Support & Public Perception: For UFFs to be successful they need to be supported both by
the government and local communities. While foraging for many communities is a part of their culture,
for others it would require a behavior change. Main barriers for behavior change include lack of time,
insufficient knowledge, and a perceived lack of safety. Necessary behavior changes include
incorporating foraging into schedules, seasonal eating, and developing a knowledge base around
foraging. The lack of foraging literacy can lead to many of the risks associated with UFFs. In order for
the public to experience the benefits of UFFs, foraging knowledge is needed.
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Risks/Challenges

Recommendations for Mitigation1

Soil Contamination
Due to proximity to high population density areas and
manufacturing plants, soil may contain lead and arsenic.
Overharvesting
Prolonged mismanagement can lead to overharvesting
of natural resources, thereby reducing the ability of
community members in the future to utilize the forests.

Soil should be tested prior to planting. Contaminated
areas should be marked with signs.

Maintenance
Maintenance may be required to create the forest.
Maintenance may also be required if the forest is on
public lands and anything happens that might be a risk
to safety, such as a fallen tree.
Vermin and Pests
If produce is not consumed in a timely manner, it may
attract vermin and pests.
Misidentification of plant species
While misidentification happens very rarely it is a serious
potential risk as illness can occur.
Government Regulation
Contradictory government practices can discourage
future foragers since foraging in many settings is illegal.
Lack of government support has been cited by
researchers as one of the biggest barriers.
Plant Limitation based on location
Not all plants can succeed in every environment and
some plants will not be available every season.

Urban Food Forest Types

When UFFs are managed by a city, University, or an
NGO, they can monitor the depletion of plants. The
managing entity can then use signs to discourage
harvesting a limited plant, or it can plant more of the
popular varieties.
UFFs can be managed through the city, a local
University, or an NGO, to provide maintenance. The
managing party will depend on who owns the land and
the prevalence of NGOs in the area.
Excess produce can be donated to local food banks to
ensure it is utilized. Managing excess food can be done
in conjunction with the local municipality and the food
banks.
Education regarding plant identification, sanitization
needs, and consumption is necessary. Can be done
through community events, signage, plant identification
apps, or volunteer education.
Governments first need to support UFFs by removing
anti-foraging laws. Beyond legalizing foraging, there are
opportunities for the government to allocate public lands
to foraging zones.
The design for new UFFs needs to be intentional.
Whenever possible native plants should be used, as they
are best adapted for the local environments.

Since UFFs are shaped by the environment, they come in different forms throughout the world. All three
examples of UFFs can be improved in similar ways, so recommendations for implementation are
discussed after the examples.
Example 1- Foraging in existing forests
For regions that have pre-existing trees and forests, residents may
forage in these spaces. Foraging requires patience, understanding,
and a strong background in plant identification. Before foraging in
existing forest, it is advised to be familiar with the rules and
regulations of foraging in the city.
Example 2- Incorporating foraging into park spaces
While parks have traditionally been framed as a space for leisure
and relaxation, they have the potential to be a food source as well.
Some cities set aside an acre or two to be utilized as an UFF in
existing parks. The food forest is managed by the same entity as
the park which takes the responsibility for educating people on how
to use the space. In formally designated UFFs, the organization
responsible for the land might implement signage for educational
purposes, identifying plants, or offering tips for new foragers.

1

Recommendations were created based on conducted interviews with experts.
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Example 3 - Forest Creation
For urban locations without green spaces, UFFs take advantage of underutilized spaces such as vacant
lots, floating barges, or overpasses. When designed using the seven layers permaculture method, UFFs
include higher concentrations of nutrient-dense foods and have lower levels of maintenance than might
naturally occur. Cities which use this method recognize there is a delayed payoff, since it will take the
plants years to reach maturity and achieve full fruiting potential. This option additionally has significant
start-up costs. Support from a variety of actors is needed to locate land and source funding. Non-profit
organizations often partner with the city to provide maintenance and education while government
entities aid in regulatory approval. Private entities can also be a source of acquiring land or funds to
create an UFF.

Key Recommendations and Takeaways
If a municipality would like to implement an UFF then we recommend policy makers to review their
climate and communities, to identify which, if any, implementation example is most applicable. A city
should choose which model to use, depending on the local climate and resources. The plants
incorporated in the UFFs will vary widely based on the location and local climate. Designers involved in
UFFs should have thorough knowledge of the plants' productivity depending upon the local
environment.
For governments that wish to support UFFs we recommend they address foraging regulation and land
access issues. The first action is for the government to create policies that support foraging and remove
anti-foraging legislation. Another action to be taken is the provision of land for the creation of an UFF.
For management we recommend that city land management officials test the soil for contaminates,
along with non-profits.
Technologies such as community maps, Quick Response (QR) codes, and plant identification
applications2 can be incorporated into the forests to help educate the public on foraging in a low
maintenance way. In order to manage the technology there are different ownership options. If a
government is leading implementation, they could maintain their own QR code system, linking to a
website that updates seasonally; or a non-profit could be partnered with to provide support.

Conclusion
UFFs can provide nutrients that are lacking from an individual's diet if they have the foraging literacy
needed to recognize the uses of the plants in the UFF. Government regulations and access issues are
the biggest barriers that need to be addressed. Without government support it is difficult for UFFs to be
utilized and to reach their full possible impact.

2

inaturalist, Seek, Falling fruit, Wild Edibles, Berkeley Open Source Food Project, Boskoi, Mundraub
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Key messages
Urban aquaponics is an urban agricultural technology currently in its infancy stage, which produces
fish and vegetables in a closed-loop system;
Aquaponics technology has adaptable characteristics that allow for a broad application in many
social, environmental and economic contexts;

The main barriers to mainstream urban aquaponics include high energy demands, high initial set-up
costs, lack of adequate regulation, and limited knowledge sharing opportunities;
Urban aquaponics contributes to green food systems by reducing environmental impacts (e.g. low
water usage, no nutrient losses, alternative and sustainable fish feed input);
Urban aquaponics contributes to resilient food systems by combining commercial goals with socioeconomic benefits for local communities.

Introduction
Together, global issues around hunger, health, and climate change emphasize the need for green and
resilient food production in urban areas. Green, in the context of food production, means having a
neutral or positive environmental impact in terms of energy usage, water usage, and waste generation;
resilient means having the ability of an urban food production system to withstand, manage and adjust
to economic, social and environmental threats.1 The current food production system uses around 70%
of the global, limited fresh water supply, accounts for a quarter of the greenhouse gas emissions, and
occupies around half of the habitable landmass.2 COVID-19 highlighted the vulnerability of current food
systems, which might become more apparent during future shocks and crises, such as droughts and
floods.1
Current farming practices contribute to climate change and biodiversity loss, which shows a need for
new agricultural technologies exceeding traditional paradigms. Urban agriculture comes in many
forms and utilizes new technologies, one of which is urban aquaponics. Urban aquaponics has the
potential to make urban food production greener and more resilient in the coming years. This desire to
rethink farming practices aligns with the environmental targets set by the European Union (EU) in the
EU Green Deal and the Farm to Fork strategy, highlighting the EU’s commitment to transition to more
sustainable food systems (Annex 2).3,4
This brief illustrates urban aquaponics’ potential to contribute to greener, more resilient food systems
in the EU through literature research, expert interviews, and horizon scanning (Annex 3). Then,
recommendations for policy makers are given that can foster the development of urban aquaponics.

Urban Aquaponics Technology
Aquaponics is a food production technology that combines
hydroponics (soilless crop cultivation) with aquaculture (fish
farming) in a closed-loop system (Figure 1).6 This production
system, therefore, does not require soil to grow crops. The
Recirculating Aquaculture System (RAS), a technology present in
all aquaponics systems, filters the fish effluent from the water and
mineralizes it into bioavailable nutrients for the plants 7; plants thus
depend on aquacultural waste streams.
There are two main types of aquaponics. First, in coupled
aquaponics systems, the water recirculates from the plants to the
fish.8 In decoupled aquaponics systems, which is the most
common, the water does not return to the fish. This enables the
system to be fine-tuned to the fish’ and plants’ needs separately
(e.g., water temperature, pH level), and provides a physical
separation between both production units.9 Additionally, saltwater
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Figure 1. Schematic drawing of a
coupled aquaponics unit.5

aquaponics, albeit in early research phase of development, seem to have a potential for utilizing
saltwater (Annex 4).10,11
A Life Cycle Assessment (LCA) shows that aquaponics’ closed-loop principle nearly halves the negative
environmental impact of stand-alone hydroponics systems.12 RAS systems reuse around 90% of the
water, thus decreasing overall water use up to 93% compared to conventional farming.13 Other benefits
of aquaponics are its ability to minimize nutrient loss, chemical outputs, and pesticide use.14,15
Aquaponics facilities can be installed on any flat surface, can range from low-tech to high-tech, and can
vary in terms of set-up costs, scale, and complexity.16,17 Urban aquaponics specializes in embedding
systems in potentially small spaces in the urban context, which may take the shape of vertically placed
units or of using unused spaces such as on rooftops, underground, or on marginal lands.8 However,
aquaponics can also be fitted to a commercial scale as there are no limits to their maximum size.

Current State of Urban Aquaponics
Although the EU has previously funded the EU Aquaponics Hub, which focused on mainstreaming the
industry, aquaponics is still described as a technology in its infancy phase.19,20,21 In the EU, most
aquaponics projects are small scale and are either funded through external private investments or
associated with university research.22 In practice, most aquaponics systems cooperate with educational
or community-based projects in order to increase their resilience rather than just focusing on increasing
urban food production.14 In contrast, in the United States and Australia most aquaponics farms are of
commercial scale, because they benefit from an appropriate regulatory framework and a longer history
of the industry.23 The EU is missing such a fitting framework due to fragmented governance on multiple
levels (Annex 2).24 However, as emphasized by various aquaponics practitioners and researchers,
aquaponics has a potential important role to play in greener and more resilient EU cities.21,22

Environmental Potentials & Barriers
Despite the opportunities for greener food production presented by urban aquaponics, these systems
do require inputs, such as fish feed and energy. According to several LCAs and experts,12,16,25,26,27
energy requirements and fish feed are two major environmental constraints of aquaponics.
Energy Requirements
Compared to conventional farming, aquaponics has a three-times lower environmental impact by
reducing water use, waste discharge, and increased space use efficiency. However, energy inputs are
higher using aquaponics technology.12,25,26 Heating, water recirculation, and light all require constant
energy supply. Especially in cold regions, heating the water of an aquaponics system results in a higher
environmental impact compared to conventional fish farming. 26 This impact could be greatly reduced
by using renewable energy sources,25,26 or by locating the aquaponics farm close to wasted sources of
energy, a practice common to many urban aquaponics farmers.14,28,29 For example, Brussel’s BIGH
aquaponics farm is built on the roof of a 2,000 m2 market hall which enables them to remediate the
heat produced from the market’s refrigerators as energy for their installations.30 Reusing these energy
waste streams contributes to greener food production systems.
Fish Feed
Fish feed, which mainly consists of commercially available feed, is often enhanced with fish meal, which
is the main polluting required input.25,26 To make food production greener, alternative fish feed sources
such as plant protein substitutes (e.g., soy), and new sources like insects (particularly black soldier
flies)16,17 and reactor generated protein31 should be further explored. Although these developments
have the potential to decrease aquaponics’ environmental impact, current EU legislation limits the use
of insect-based fish feed due to health regulations.32,33

Economic Potential & Barriers
Although EU interest in organic and local food production is rising5 and technical innovations are
optimizing aquaponics systems, current aquaponics farmers still struggle to keep their business from
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going bankrupt. According to experts and practitioners, barriers such as a lack of regulation and
knowledge sharing platforms hinder them from becoming economically resilient.
Initial Costs & Considerations
High initial costs are required when setting up new urban aquaponics systems.34 When applying for EU
funding, aquaponics entrepreneurs find limited sources for aquaponics systems, as most grants are
isolated per disciplines (e.g., entrepreneurs can only receive a grant for one part of the system, not both
production sides).10,24,35 Additionally, the high costs of urban land and the requirement of a building
permit increase the initial investment of commercial scale systems. 36 However, once building permits
are obtained, it may work to incentivize external investors to get involved in the project. 36
High initial costs can be compensated for with an effective, year-round production of both fish and
vegetables,13 which increases profitability,34 making the system more economically resilient. In addition,
urban aquaponics systems have the potential to be flexible and adapt production to current and variable
market demand. This flexibility is enabled especially in decoupled systems and amplified when growing
plants or fish with a shorter life span.35 Since fish and plants systems require different optimal conditions,
all aquaponics systems face the challenge of achieving the highest yield for both outputs
simultaneously.16,18,37
Premium Product Pricing / Market Demand
In order to make urban aquaponics systems cost-effective, sufficient demand for the produce needs to
exist at the local level.16,18 Both vegetables and fish need to be sold at a premium price for the farm to
be economically resilient.18,38 Premium prices can be reached by marketing the products as ‘local’ or
‘green', allowing them to be sold at a higher price.39 Payback times of the initial investment are expected
to be 7.5 years or less if the products can be sold at the same price as organic food. 19 However, selling
products at a premium price means that aquaponics food production might not be able to compete with
conventional food production.10,16 In addition, purchasing power of consumers needs to be high enough
(i.e, middle- to high-income households) to afford these products,40 which explains the current unequal
accessibility of aquaponics products.
Organic Certification
Current EU regulations prohibit soilless vegetable production from falling under organic certification. 36,41
Similarly, RAS produced fish cannot fall under any aquacultural sustainability label such as the new
ASC certification (Aquaculture Stewardship Council). This limits aquaponics farmers in obtaining a
premium price for their products and limits consumers’ knowledge of the green characteristics of
aquaponics products.16,18 In the US and Australia, such limitations do not exist, allowing aquaponics
farmers to benefit from the organic certification schemes, thereby increasing economic resilience. 37
System Optimization
Due to high initial costs, optimization of aquaponics production system is needed. Artificial Intelligence
(AI) and big data technology are potential ways to increase the productivity of urban aquaponics
systems.40,42 AI technology could help monitor levels of important thresholds, while big data can help
optimize the systems to eventually achieve the highest possible yield of both fish and plants contributing
to a more resilient system.43
Knowledge Sharing
There is a need to share experiences and teach best practices because few successful examples of
commercial urban aquaponics exist.27,40,44 Lack of structure and disparities in functional units and level
of detail (fish/plant combinations) used to document aquaponics systems hinder practitioners in learning
from each other. Disparities are magnified because aquaponics systems require diverse expertise and
skills ranging from agronomists, technical experts, and entrepreneurial urban farmers. 35 As most urban
farmers are entrepreneurs, they lack specific agricultural and technical expertise to maintain aquaponics
systems, resulting in system failure.38,40
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Socio-Economic Considerations
To achieve economic resilience, urban aquaponics needs to be financially successful. However,
considering the potential for socially resilient aquaponics can complement their economic resilience.
The concept of hybrid food systems refers to “an economic organization chosen when a certain scale
of food production is being provided to a community”.20 Simultaneous to working to achieve its economic
goals, a hybrid food system provides social benefits to the community in the form of job creation, social
inclusion, and environmental education. For example, urban aquaponics systems that include an
educational aspect by involving schools or youth centers have been found to be more profitable and
long-lasting.45 Research on commercial aquaponics production showed that “gross sales revenue and
profitability were higher for operations that diversify their revenue stream by selling non-food products,
services, or educational trainings”.46

The Potential of Urban Aquaponics
Through the analysis of barriers and opportunities of urban aquaponics the following future potentials
of urban aquaponics to contribute to green and resilient food systems have been identified:
•

•

•

Decoupled systems allow for a physical separation between the hydroponic and aquacultural unit.
This leaves room for existing aquaculture and hydroponic farms to cooperate, and to reuse treated
aquacultural wastewater in hydroponic facilities;35
Urban aquaponics can be a part of hybrid food systems because of the potential to combine market
and community goals. Both an increase in commercial urban aquaponics systems and increased
cooperation between the local communities and aquaponics experts is expected; 20
Salt and saline water aquaponics are upcoming potential solutions to expected freshwater shortage
and salinization of groundwater.10,47 Saltwater aquaponics systems can grow marine fish and sea
vegetables utilizing salt water, which is relevant for coastal cities and cities experiencing salinization
of groundwater.11

Recommendations
The following recommendations can enable urban aquaponics to reach its full potential to contribute to
green and resilient food systems:
•

•

•

•
•

•

Include soil-less grown produce in organic certifications with defined standards specific to different
aquaponics systems and expand the current ASC (Aquaculture Stewardship Council) certification
to include aquaponically produced fish. Including aquaponics in such certifications will allow for
practitioners to sell at a premium price.
Capitalize on aquaponics’ closed-loop principle by combining either existing aquaculture or
hydroponic systems to valorize waste streams and minimize negative environmental output in terms
of nutrients, water, and energy.
Promote EU-level R&D to advance greener fish feed, such as insect-based alternatives, as well as
policy investigation to expand legislative limits on insects for fish feed.
Standardize monitoring documentation by aquaponics practitioners to support practitioners to learn
from each other to prevent business failure. Sharing of such documentation on knowledge
platforms, e.g. the previously EU-funded Aquaponics Hub and develop such platforms further.
Analyze existing environmental, social and market conditions in order to set up and fulfill locationspecific needs and increase production (e.g., for environmental: alternative energy sources; social:
community specific needs; market: consumer demand).
Improve aquaponics funding in terms of availability, research parameters, and ease of application
for grants. For example, current EU grants limit funding to either aquaculture or hydroponics.
Research grants need clear parameters on deliverables beyond just research (e.g., sufficient
guidance in terms of revenue planning, food planning).
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The Road to Sustainable E-Mobility Batteries
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Key Messages
Battery Electric Vehicles can reduce air pollution and carbon emissions in cities, but current lithium
batteries rely on environmentally and socially harmful extraction practices.
Batteries based on iron and phosphates, sodium, or organic compounds are innovating the e-mobility
industry and have the potential to mitigate its negative impacts.
Light vehicles as well as public transport will become increasingly instrumental in exploring and
maximizing the potential of battery innovations.
Investments in improving rapid-charging infrastructure for e-mobility and research for improving the
energy density of sodium-ion and organic batteries are necessary.
Enforcing due diligence laws and promoting transparency in cobalt and lithium supply chains is critical
to reduce the human and environmental burden of metal mining for batteries.

Introduction
After reaching a record high of electric vehicle (EV) sales in 2020,1 the demand for EV batteries is
projected to increase from $7 billion to $58 billion between 2020 and 2024. 2 A growing awareness of
the climate impacts of internal combustion engine (ICE) vehicles and government incentives, like
financial assistance for EV purchasing and planned ICE bans, are key drivers of this boom. 3,4 EVs are
deemed more sustainable alternatives to ICEs as they do not produce tailpipe emissions of greenhouse
gases (GHGs) and toxic fumes,5 which are of particular concern in densely populated cities. This is
especially important in light of the COVID-19 pandemic, as long-term exposure to air pollution can be
correlated to the COVID-mortality rates.6 (see Annex 1 for glossary)
The current production of EV batteries relies heavily on environmentally and socially harmful practices
to extract finite metals such as lithium, cobalt, nickel, and manganese. 7–10 With the rapid uptake of EVs,
the International Energy Agency projects that lithium demand will amount to 42 times the current level
by 2040.11 Demand for cobalt and nickel is also predicted to grow; exceeding supply by 2030 and 2037,
respectively.7 Continuing to rely on heavy metals for EV batteries will likely lead to widespread resource
shortages and increased battery pack prices,7,12 both of which would hinder the global transition to emobility. Slowing the rollout of electrified transport perpetuates reliance on ICE vehicles and their
detrimental effects on the global climate and human health. To address EVs’ dependence on scarce
metals, this report explores the potential performance, applications, and shifting burdens of EV battery
innovations that use more abundantly available natural resources.

A Comparative Approach to EV Battery Innovations
Issues related to metal scarcity and the ethics of metal procurement have spurred many innovations in
EV battery production. Lithium-ion batteries (LIB) are the standard EV battery, of which the most
common is based on nickel, manganese, and cobalt (NMC). Recently, companies have started
reducing the ratio of cobalt and nickel in their NMCs and are increasingly using LIBs based on iron
and phosphates (LFPs) in their vehicles. Sodium-ion batteries (SIB) are a further innovation which
uses the abundantly available metal sodium instead of lithium. Finally, metal-free organic batteries are
promising for environmental sustainability, but are unlikely to be available for e-mobility in the shortand medium-term.
The development of the different batteries follows a timeline which illustrates how they will contribute to
shaping the e-mobility landscape for the coming decades (see Table 1). The subsequent analysis
focuses on the environmental and social burden-shifting in the transition from ICE vehicles to current
and emerging batteries for EVs. A comparative approach based on existing literature and expert
perspectives allows for an evaluation of performance, technological readiness, and the socialenvironmental impact of each battery (see Annex 8). Finally, the brief introduces recommendations on
policy measures that contribute to minimizing harm from large-scale adoption of e-mobility in cities. This
report does not aim to promote or justify any geopolitical dynamics and recognizes that reducing metal
dependency and diversifying the extraction of raw materials is in the best interest of every country in
the world.2 Building resilient and ethical supply chains will be instrumental in mitigating global climate
change and avoiding future resource scarcity.
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Analysis of Burden-Shifting
Technology

Now

ICE
Internal
Combustion
Engine

10
Years

>20
years

ELECTRIC MOBILITY

NMC
Nickel
Manganese
Cobalt

LFP
Lithium
Iron
Phosphate
SIB
Sodium
Ion
Battery
Org
Organic
Battery

BURDENS & IMPACTS

Environmental
Air pollution, toxic fumes, GHG
emissions5, magnified by congestion13.

Human
Noise pollution, respiratory issues, magnified by
congestion14.

High water depletion (lithium)8,15–17;
high toxicity18,19 & GHG emissions
(cobalt + nickel)17,18; deep-sea
destruction (cobalt + manganese)9,20.

Child labor, exploitation (cobalt)21; income source
for small-scale, artisanal mining (cobalt)9;
depletion marine food sources10; destruction &
flooding of agricultural land (lithium)15,17 &
displacement of people (lithium)15,17.

Reduced toxic fumes, air pollution,
CO2 emissions.

Political conflicts & division within communities 15
(lithium); reduced noise pollution.

BATTERY INNOVATIONS
High water depletion (lithium)8,15–17,
Reduced mining, potentially reduced exploitation
medium toxicity19 & GHG emissions
& child labor; reduced income for artisanal
(iron; phosphates; copper; graphite)18;
miners9.
no deep-sea mining.
Need more charging (points + time); less
congestion (smaller vehicles).
Minor water depletion & GHG
Potential for reduced political conflict &
emissions19,22; no toxicity19.
displacement.
Need more charging (points + time); less
congestion (smaller vehicles); more affordable
mobility.
No water depletion; carbon capture;
No demand for mining; potential increased land
potential GHG emissions23–25.
use for agriculture; risk of deforestation23,25.
Biodegradable disposal24.
More speed charging points; less total charging
points26; less charging time; more affordable
mobility.

Text in green indicates applicability to all batteries

effects within the city

effects outside of the city

Table 1: Burdens and impacts shift in the transition toward electric mobility
Each EV battery burdens humans and the natural environment in their own way. Table 1 visualizes how
these imposed burdens can shift depending on the selected raw materials for EV batteries.
Moving from fossil-fuel cars to EVs with cobalt-rich NMC batteries comes with undeniable benefits for
climate stability and human health through the reduction of GHG emissions, as well as air and noise
pollution in cities, which are of particular concern in the face of global climate and COVID-19 crises.
However, the environmental and social costs of urban mobility with NMC-based EVs fall on communities
and ecosystems around metal mines and manufacturing plants. While reducing emissions from use,
the production of NMC batteries still emits great amounts of GHGs during the extraction and refinement
of rare metals.17 Additionally, NMC-based EVs must travel over 21,725 kilometers and be charged with
emission-free energy to achieve nominal GHG emissions reduction. 27
Since minerals used in iron-based LFPs are more abundant and have well-established recycling
industries,28 it is likely that the impact associated with commuting to work by an LFP-based EV is smaller
than in an NMC-based EV. LFPs could potentially eliminate child labor associated with cobalt mining, 21
but moves income away from artisanal miners, and increases the mining of iron, phosphates, graphite,
and copper.9,29 LFPs are currently most suitable for short-range EVs and electric buses (BEBs). An
increase in LFP EVs will presumably require more charging infrastructure, 30 but also has the potential
to reduce congestion as these vehicles take up less road space. 31
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Sodium is up to 10,000 times more abundant in brine than lithium.22 As such, SIBs could significantly
reduce the water intensive extraction of lithium from brine mining while avoiding the displacement of
indigenous populations and degradation of unique salt flat ecosystems. 15,16,32 Shifting to SIBs could also
replace rock mining with seaside salt extraction, which is more efficient in terms of GHG emissions and
does not flood or degrade agricultural land.17
Organic batteries rely fully on biomass derivatives from crops, crop waste, or fossil fuels.25,33,34 This
could eliminate burdens associated with mining but may also impose the burden of resource extraction
on agriculture or forestry instead.25,35 While resource extraction experts agree mining cannot be done
without harming the natural environment,9,15,17,25 agriculture and forestry could contribute to fostering
biodiversity and capturing carbon from the atmosphere. However, large-scale agriculture of specific
high-value crops could threaten food security and lead to environmental destruction similar to biofuels.35
The low price of organic batteries could make urban mobility more accessible to low-income
communities, but their low range and potentially high charging rate would affect charging behavior and
require the installation of more ultra-rapid charging points in the city, while reducing the total number of
charging ports required.26

Comparing Performance and Impact of Battery Innovations
Cost
Affordability is key to the large-scale adoption of
EVs.36,37 While purchase costs of EVs are high
(relative to ICE vehicles), costs per kilometer are
much lower. To compete with heavily subsidized
fossil fuel-based ICEs, EV prices need to drop
below $80/kWh (from $137 in 2020).38 NMCs are
unlikely to achieve this due to the scarcity,
toxicity,39 and price volatility of the metals (cobalt,
lithium) in this battery.40 The LFP battery, on the
other hand, is lower in cost than the NMC
chemistry, due to the lack of expensive cobalt in
its composition. SIBs have the potential to be
significantly cheaper than NMCs and LFPs due to
being free from lithium and containing sodium
instead, which is widely available.41 However,
Table 2 Overview of battery performance
SIBs will initially be more costly due to market
characteristics and impacts, see Annex 2, 7, 8
entry costs and lower energy density.42 Organic
batteries based on renewable and widely available waste products have the potential to be the cheapest
battery.23,25 However, major investments are needed in R&D to apply organic batteries to e-mobility.25,43
Energy Density and Vehicle Type
The second major impediment to large-scale uptake of EVs by individuals is range anxiety, which is the
common fear of running out of power between charging points.36,44,45 Range anxiety can be remediated
by purchasing long-range vehicles, or by improving charging speed through rapid-charging or battery
exchange stations, to the point where it compares to filling up an ICE with gas. 26,46 NMC LIBs currently
offer the highest energy density in the market, meaning they carry a large amount of energy in a small
space, and therefore can have a large range. Since NMCs can also deliver a lot of power, they are
most suitable for heavy vehicles, which have greater negative impacts on urban quality of life. 47–49
LFPs cannot propel heavy cars over long distances in the way NMCs can, due to their lower energy
density. However, LFPs’ long life expectancy and high power are ideal for any type of short-distance
vehicle and can be more easily applied to city buses than long-range cars. For city transportation, LFPs
may well become the new standard.29 Currently, SIBs can only be applied to e-bikes and slow vehicles
because of their low power and energy density.50 However, they will likely develop similar performance
to LFPs in the near future.22 Fully organic batteries offer even lower energy density. For this reason,
they seem to be currently unsuitable for mobility. Nevertheless, one company, NexusPower, claims to
commercialize organic batteries for two- and three-wheelers in the coming two years.34 Since LIBs were
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able to quadruple their energy density over the course of 20 years through extensive investments in
R&D,51 it is also feasible to tackle this challenge for alternative batteries.
Technological Readiness
NMCs and LFPs are major contenders in the EV industry and are projected to further grow their global
market share, albeit, applied in different vehicle types and markets. 52 In late 2021, Tesla made the
decision to expand its use of LFPs in vehicles outside of the Chinese market. 53 When it comes to SIBs,
their commercialization for small vehicles is “imminent”,54 reflecting technological readiness. However,
organic batteries are in their early stage of research and will likely need at least 20 years of development
before they are suitable for mobility.

Towards Sustainable Urban E-Mobility

The EV batteries highlighted in this brief represent crucial contributions for future electric mobility in
cities. SIBs and organic batteries entail relatively low environmental and human burdens as compared
to the higher environmental and human costs of LFPs and NMCs. However, neither of these batteries
can yet compete in terms of range, technological readiness, or affordability.
Switching to EVs plays an important role in rapidly decarbonizing the transport sector. However, a
switch to heavy EV fleets cannot be sustainable in terms of resource depletion, energy use, and space
efficiency. A shift to public transport and lighter EVs, such as mini cars, scooters and e-bikes are
preferable and would also make urban transport more inclusive. In this case, China’s large LFP-based
light EV fleet can be seen as an example of such EV rollout. 55 In Europe and North America, large
private vehicles are unfortunately preferred due to perceived social status, safety, and long-range.26,44
Thus, manufacturer and consumer cultural changes need to occur. This can be driven both by local and
national governments through incentives and strict regulations.
Cities, where distances are short and traffic is dense, are the perfect place for such incentives, which
is why local governments can play a key role in making cities adapted to light e-mobility through
fundamental changes in urban planning.15,17,44,46 Improved and faster charging infrastructures,26 escooter battery exchange stations, reserved lanes and financial incentives are some of the many tools
local policymakers can use to tackle barriers for e-mobility (i.e. range anxiety, road unsafety).56–58
Specifically, city planners should integrate considerations of battery chemistry and vehicle type of EVs
into their charging station implementation plan.26
However, choosing more efficient vehicle types and batteries alone does not guarantee a reduced
overall impact. Considering the critical environmental and social burdens associated with the production
of EV batteries, it is essential that stricter norms and regulations be upheld regarding the sourcing of
raw materials. Lack of supply chain transparency is a major challenge for the EV industry regardless of
the source material used for battery production, leaving entrepreneurs incapable of following due
diligence practices.15,46 It is therefore necessary for transnational governments to implement cohesive
due diligence laws,59 and design binding Environmental Impact Assessment standards and regulatory
tools.9,17,59 Local governments should assist adherence to such laws by providing trainings,
standardized questionnaires, and financial assistance to EV businesses.60 Ultimately, to achieve
greener and more sustainable urban mobility, extraction must be reduced as much as possible, while
making sure that the extraction that does take place is done with minimal negative impacts on the
human health and the environment.

Key Recommendations
•
•
•
•
•

Promote competitive pricing of EVs by cutting fossil fuel subsidies and providing financial incentives
for producers, vendors, and end-users of cobalt-free EV batteries.
Encourage the adoption of light and short-range EVs through financial incentives and improving
road safety.
Address range anxiety and shorten charging time by expanding rapid-charging and battery-swap
infrastructure for EVs in cities, e.g. at petrol stations to emulate the experience of filling up an ICE.
Fund investments in R&D for the improvement of energy density and optimization of other
performance indicators of SIBs and organic batteries.
Assist EV businesses at the municipal level in adhering to international supply chain due diligence
laws to ensure ethical and sustainable sourcing of raw materials.
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Hydrometallurgy for EV batteries
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Key Messages
Hydrometallurgy is the best technology to date for recycling EV batteries.
Hydrometallurgy is environmentally benign compared to other recycling techniques such as
pyrometallurgy and reduces the need for mining virgin materials.
It can contribute to creating a circular economy for high-value minerals such as Lithium,
Manganese, Nickel, and Cobalt.
It can be scaled down to fit the needs of developing countries and is the safest way to prepare for
the upcoming battery tsunami, thus ensuring a resilient urban mobility system.

Introduction
There is an urgent need for clean and affordable energy around the planet. Transportation contributed
to 23% of total global GHG emissions in 2016.1 To achieve carbon neutrality in the transportation sector,
many approaches are being utilized and different technologies have been deployed. Among them,
Electric vehicles (EVs) are projected to play a key role in the decarbonization of the future mobility
system. At the end of 2020, the number of electric cars surpassed 10 million. The global EV fleet is
expected to reach 230 million vehicles in 2030 (excluding two/three-wheelers), with a stock share of
12%.2 The growing deployment of EVs will be proportional to the growth in demand for EV batteries,
thus raising concerns about an upcoming battery ‘tsunami’. The mining of virgin materials raises
concerns about forced and child labor as is the case for cobalt ore in the Democratic Republic of Congo
(DRC). Moreover, lithium mining and improper disposal of lithium-ion batteries also raise environmental
concerns such as soil and water pollution and the risk of fire. 3 Recycling provides a sustainable way to
return battery materials into the market, which is critical for supporting the infrastructure driving global
electrification.
There
are
three
main
recycling
routes
for
EV
batteries:
•

•

•

Smelting (pyrometallurgy) treats the batteries as
if they were an ore exposing them to high
temperatures (over 1100°C) to melt or burn the
components of the cell.4 This process allows
recovery of only about 50% of the black mass,
which is the mixture of high-value elements such
as graphite, manganese, cobalt, nickel, and
lithium obtained after mechanical treatment of
spent batteries. This process also releases
harmful gases into the atmosphere.
Direct recycling is the recovery, regeneration,
and reuse of battery components directly without
breaking down their chemical structure. This
recycling process provides the quickest pathway
for cathode powder and other materials to get
back into the battery supply chain. This method of
recycling is still in the R&D stage, and additional
work is needed to make direct recycling a Figure 1 Illustration of three main EV battery
profitable process.4
recycling processes A- pyrometallurgy, BHydrometallurgy is a wet process that converts Hydrometallurgy, C-Direct Recycling. Adapted from4
a mixture of cell chemistries into a product that can
be reintroduced as cathode precursors. In this process, most of the battery components can be
recovered as metals (copper, aluminum) or salts (lithium, nickel, cobalt, manganese, etc.). This
process can allow an overall recovery rate of up to 95 % of the black mass. 4
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The urgent need for Lithium-Ion Battery (LIB) recycling and the potential for hydrometallurgy as a
technology to address these needs will be investigated. Life Cycle Analysis assesses the environmental
friendliness of hydrometallurgy technology. Materials Flow Analysis provides information about the
impact of hydrometallurgy in the flow of valuable battery materials. Expert contributions provide insights,
concerns, and recommendations about EV batteries both globally, and from the perspective of
developing countries. The recycling of EV batteries will address issues related to human health and
wellbeing, sustainable transport in cities and communities, responsible consumption and production,
and reduce environmental and climate impact.

Current State of Technology

Hydrometallurgy consists of three main steps which are pretreatment, leaching, and metal deposition.
The pretreatment starts with the discharging of the battery, which is followed by a mechanical process
to separate the cathode materials from the anode materials. After this process, a mixture of valuable
cathode materials in form of a powder called black mass is obtained. Then a pretreatment is necessary,
to remove the polymer binder, which is often Polyvinylidene Fluoride (PVDF) and
polytetrafluoroethylene (PTFE). Pretreatment can be thermal involving heating around 500-600 °C,
mechanical and physical that can include crushing, high voltage fragmentation, or electrohydraulic
fragmentation, and ultrasonic washing. Another pretreatment route involves the use of organic and
inorganic solvents, as well as supercritical fluids. After these pretreatment steps comes the leaching,
which employs strong inorganic acids, organic acids, and reducing agents for the isolation of the battery
materials.3 The last step consists of metal deposition, which can be conducted chemically or
electrochemically for the recovery of the final products. With a combination of processes thereof, some
companies have achieved commercial-scale recycling of LIBs. More recently, biohydrometallurgy,
which uses microorganisms such as fungi and bacteria to replace acid in the leaching process, has
been investigated and could ensure a more sustainable future for hydrometallurgy technologies. 5,6

Benefits and challenges

Table 1- Summary of pros and cons for hydrometallurgy

Benefits

Challenges

Life Cycle Analysis
• Reduced GHG emissions, acidification,
photochemical ozone, and toxic emissions
• Reduced depletion of abiotic resources and
fossil fuel

Battery chemistries
• Technical challenges can be overcome
easily
• Combined processes (PyroHydrometallurgy) raise concerns
• Economic challenges associated with cobaltfree and Nickel-free batteries

Materials flow Analysis8
• Hydrometallurgy can supply more than half of
Cobalt, Lithium, Manganese, and Nickel
worldwide by 2040

Absence of regulations regarding battery
manufacturing
• Absent in the U.S.
• E.U. towards a new Directive

results7

Competitive advantage
• Equally competitive in terms of quality and price
• No need for refining and recycled materials can
be found in one place
• Reduced socio-economic and environmental
burden brought by battery materials mining
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Collection
• Need adequate transportation
• Spent EV battery Collection might be
challenging in developing countries

Potential benefits
Life Cycle Analysis (LCA): In one life cycle assessment (LCA), the system boundaries included
primary material extraction, cell production, the End-of-Life phase (i.e., recycling processes including
emissions and disposal of waste streams) excluding the use phase of batteries. 9. 1 kWh of storage
capacity provided by the battery cell is used as a Functional Unit. It was found that the global warming
impact of LIB is reduced by 12-25% of the total impact when recycling through hydrometallurgy to
recover precious materials from LIB.
A leading battery recycling company uses
hydrometallurgy to recover materials from spent
EV batteries. A third-party LCA of their
hydrometallurgy
recycling
process
was
performed10. The system boundaries of LCA
included the production of 1 ton of battery
materials recovered from recycling of EV spent
batteries through hydrometallurgy excluding
production of original batteries and their use
phase. Their LCA results are displayed in Fig. 1
showing that emission reduction is 74% for
11
carbon dioxide, 92% for nitrates and sulfates,
Figure 2 Third-party Life cycle Analysis
and 97% for water usage. The company claims
that its technology does not generate liquid waste in the recycling process, and all liquids are
recirculated and contained within the process.10
In another LCA7, 1 kg of EV battery waste was used as a functional unit and the system boundary
included a collection of spent EV battery waste and treatment of that waste to recover active materials
excluding the production and use phase of batteries. 7 They found that the recycling of LIB through
hydrometallurgy and using the recovered materials for producing new LIB reduced GHG emissions by
37.7%, acidification by 94.5%, photochemical ozone by 93.2%, toxic emissions by 81.2%, abiotic
resource depletion by 78.2%, and fossil fuel depletion by 13.8% when compared to extraction of virgin
materials to manufacture LIB7.
Materials Flow Analysis: In the study (see appendix 1),8 based on the assumptions that the materials
are recycled by hydrometallurgy at a recovery rate of 95%, it was predicted that recycled batteries could
supply 60% of cobalt, 53% of lithium, 57% of manganese, and 53% of nickel globally in 2040. 8
Competitive advantage: End-of-life lithium-ion batteries and battery scrap contain several different
highly valuable metals, such as lithium, cobalt, nickel, manganese, graphite, and others. contains all
these materials – and mined materials need to be refined. Battery recycling is more cost-effective than
mining in the long term because it recovers all the materials from one source, and they do not need to
be refined. There will always be a need for mining, to a certain extent, but from a cost, efficiency, and
environmental perspective for both quality and price, battery recycling is advantageous.11 Lithium-Ion
Battery manufacturing companies find recycled batteries equally competitive to mined batteries in terms
of quality and price.12
Developing Countries: Developing countries can address the battery ‘tsunami’ in one of these two
ways. The first one is battery collection. This is already a big concern for recycling facilities in developed
countries. One solution is a partnership between the automobile manufacturers and the recycling
facilities. The same approach should be considered in developing countries so that the collection task
is performed by the automobile manufacturers' representatives. Second, the hydrometallurgy process
can be scaled down enough, this means that developing countries can develop their own technologies,
based on the current findings to develop local hydrometallurgy facilities.13
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According to a reputable EV battery recycling company,10 their hydrometallurgy technologies are
patented and require a substantial level of expertise. One of the biggest advantages is that they started
developing their technology in 2016 and were able to operate their first commercial facility in 2020. On
top of the experience and expertise needed to develop lithium-ion recycling technologies, it takes time
to get to the commercial scale that this recycling company has achieved. 10 Developing countries could
either invest in research to reach similar commercial scale of the technology or collaborate with
companies to use their existing patented technologies.

Challenges

Battery Chemistries: Five major types of cathodic compounds are commercially available, namely
lithium-cobalt oxide (LCO), lithium-nickel-manganese-cobalt (NMC), lithium-manganese oxide (LMO),
lithium-nickel-aluminum oxide (NCA), and lithium-iron phosphate (LFP). According to Avicenne Energy,
in 2015, NMC represented the largest percentage of the worldwide LIB market (~29%), followed by
LCO (26%) and LFP (23%).14 A resilient hydrometallurgical process should be able to isolate precious
materials from all these chemistries. The EV battery recycling company claims to have future-proofed
technology that can handle all those chemistries.10 Battery experts consider that recovering materials
from different battery chemistries is not a big technological challenge for hydrometallurgy companies. 12
However, hydrometallurgy is a broad term that can take multiple forms in its implementation, and
governments should make sure that the process applied by each company is environmentally friendly.
This latter concern is also shared by a global watchdog group that tracks global waste materials. They
observed that many companies combine both smelting and hydrometallurgy for LIB recycling. Smelting
is the most harmful process, causing emissions of metal and organic volatile compounds. 13
Economic viability: Another challenge regarding battery chemistries is the economic viability of the
recycling process. As of 2019, one ton of Cobalt, Nickel, and Lithium cost USD 35,500, USD 13,200,
and USD 10,000, respectively.3 The emergence of Cobalt-free and metal-free batteries has the benefit
of lowering the burden on mining scarce virgin materials, and lowering the production cost LIBs,
however, it may make the recycling of the batteries less attractive since the most expensive materials
such as Cobalt and Nickel tend to be replaced.
Absence of regulation regarding recyclability of batteries: The recyclability of battery products is
not yet regulated around the world (see appendix 1, table 2). In the United States, only battery research
programs are initiated. Europe is working towards issuing a new directive, and a proposal has been
released in 2021 to replace the directive (2006/66/EC).13,15 The purpose of these regulations is to
ensure that batteries are designed in a way that makes their end-of-life and recyclability easier. For
instance, PTFE is used in most LFP batteries as a binder. This compound can be more difficult to
remove under mild chemical conditions later in the recycling process. Only China issued an order in
2018 to put accountability on automobile manufacturers for the collection and recycling of spent EV
batteries.16 This is a rare example that should be followed by other countries.

Policy Recommendations
•
•
•
•

Policymakers should plan a national response based on the forecasted battery waste and make
sure sufficient hydrometallurgy recycling facilities are in place.
Governments should educate their citizens and communities about the dangers of spent unrecycled
lithium batteries to foster a mutual effort towards their proper disposal.
Governments should hold automobile manufacturers accountable for the efficient collection of spent
batteries.
Policymakers should adopt regulations about the entire life cycle of EV batteries including ecodesign, manufacturing, disposal, recycling, and international trade of battery recycled materials to
ensure the financial, environmental, and social sustainability of EV batteries.
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Bladeless Wind Turbines
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Key Messages
Urban areas have a high potential for wind energy which is a promising renewable energy resource in
the power generation sector.
Bladeless wind turbines are a completely new concept of wind turbine. It reduces investment,
maintenance, and operation costs, which has great potential to bring benefits to investors.
Barriers such as the low retail price of electricity and policy uncertainty should be considered to
deploy this new trend in wind energy.
Scenarios for future application include the deployment of bladeless turbines for energy generation of
traffic equipment and hybrid renewable energy systems for improvement of the overall system
efficiency.

Introduction
The impact of the current generation’s energy consumption on the next generations poses issues that
need to be effectively addressed. In 2018, global energy consumption peaked at 13,864.9 Mtoe. This
year’s increase in total energy consumption of 2.9%, which is double the average growth of the 10
preceding years, highlights the urgency and importance of these issues. 1 Facing this enormous
problem, national governments need to work closely together to develop timely, coherent, and
considered policies. Renewable energy plays an important role in mitigating and adapting to climate
change in countries around the world.2,3 Electricity generation from sustainable sources achieved 7%
growth in 2020, accounting for a large proportion of the 3% increase in renewable energy use.4
Renewable electricity generation in 2021 is expected to expand by more than 8% with a major
contribution of solar photovoltaics (PV) and wind.4
Besides the obvious advantages of renewable energy, such as zero greenhouse gases (GHG)
emissions and low operational costs, solar panels and wind turbines also have their own drawbacks.
The use of solar panels raises enormous questions about expired solar cells, while wind turbines have
been considered unsuitable for urban areas. Harnessing wind power in urban areas requires
overcoming the disadvantages of vibration and noise as well as challenges related to the space of
installation.5 Bladeless wind turbines (BWT) are an advanced technology that converts wind energy to
electrical energy in cities.
BWT can easily be deployed in urban areas and even integrated into the overall architecture of
buildings.3,4 The advantages of this approach are that it reduces noise, avoids intermittent shade effects,
and prevents impacts on migratory birds.6 Considered a solid-state wind energy transformer, the
maintenance costs are generally lower than those of conventional wind turbines. 5 BWT can be
combined with solar energy panels to form a hybrid system, which could be considered for increasing
electrical power production and improving the system’s overall efficiency.5 Accordingly, BWT could be
considered a sustainable solution for wind energy in cities.7
Occupying only vertical space, the cylindrical form
of BWT was judged by experts to be suitable for
implementation in residential areas.7,8 With the
advanced design, BWT would contribute to the
modernity in urban architecture.8
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The bladeless wind turbine is a flexible
cylindrical structure that harnesses wind
energy from a resonance frequency
between the system and air flow, which
generates electricity through an alternator
system.

In this policy brief, we aim to explore the opportunities and challenges, as
well as investigate feasible scenarios, of implementing BWT technology. The
policy brief is composed using the knowledge from a literature review and
multi-stakeholder interviews.

Current State
The innovative aspects of bladeless wind turbines and their capacity to
produce electricity at low wind speeds under turbulent flow conditions in the
city surroundings are the key factors that promote the deployment of this
technology in built-up areas with significant potential for wind energy. Such
areas in cities include rooftops of high-rise buildings, areas around multistory
buildings, city roads, railway tracks and subway networks. 7
Despite being in the prototype stage, the vortex bladeless has proven its
value as a new wind energy technology particularly designed for on-site
Structure of bladeless
generation as it can be placed in an open environment or residential areas. 8
wind turbines
In addition, bladeless wind turbines can work on or off grid, along with solar
panels or other generators.
Two commercial-scale bladeless turbines have been developed with generation capabilities of 100 W
and 4kW. Smaller-scale turbines measure 3 meters in height and weigh only 10 kilograms but supply
enough power for lighting and some utilities. Since such small turbines are not yet industrially produced,
an investment is estimated to cost about $250.9 Larger-scale turbines with a height of 13 meters and
total weight of about 100 kilograms can generate continuous electricity for a house if installed in a
location with enough wind. A tentative price for this model is evaluated to be about $5000. 9
In addition to the two commercial models, development of a giant vortex turbine model is also underway.
Such a bladeless turbine would measure 150 m in height and 100 tons in weight and was calculated to
be able to generate 1MW.21 The estimated costs for this model have not been determined yet but are
expected to have a lower price in proportion to its capacity compared to the two smaller models.
The average cost of power generation per Watt for bladeless wind turbines may be higher than that for
solar panels.10 However, bladeless turbines are still economically attractive in windy regions where the
system are able to function more effectively than solar panels do.

Opportunities and Challenges
Urbanization and growth in economic activity are the cause of 75 percent of global primary energy
consumed by urban areas, and around 60 percent of the world’s total greenhouse gases are produced
in cities.11 Authorities need to address global climate change by 2030, while meeting the goals set for
reducing air pollution, energy security, and long-term economic growth. Through improving the share
of renewable energy in electricity production, European countries have the opportunity to become nearly
carbon neutral by 2050.12 For example, Finland is aiming to become self-sufficient with regard to
electricity production in 2025, which is based on renewable energy. 13 More than 260 GW of renewable
energy capacity has been generated in 2020, to which wind energy contributed 111 GW. 14 Unlike solar
PVs, wind energy systems are able to operate during the day and nighttime. The adoption of wind
energy systems is worth considering as a technological strategy for sustainable development.
The urban wind energy resource has not efficiently been explored yet. Deploying wind turbines in cities
encounters some challenges such as availability of sites, impacts of grid power quality, and public
acceptability.15 In addition, due to the presence of obstructions, the turbulent nature of wind is a
complication.16 Thus, small wind turbine technology adapted to the built environment was developed.
Small wind turbines are environmentally friendly. The life cycle of a wind turbine model (V90,3MW) was
investigated, and the system was estimated to become carbon neutral after 6.6 months of energy
production.17
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Despite advanced design techniques for small wind turbines, technical matters related to safety,
vibration, and noise under low urban wind regime and turbulent flow cannot be perfectly controlled due
to the rapidly changing wind direction and the presence of obstacles. The prominent concerns of small
turbines include fatigue damage, inconsistent power output, and unexpected downtimes due to failure
during operation.18 Turbulent wind interactions with building structures have impeded the safety,
durability and performance of small turbines.19
These problems can be addressed with the design of BWT, which harvests energy from oscillation.
BWT is designed to generate energy from low wind speeds in residential areas. With its cylindrical
shape BWT adapts quickly to wind direction and wind turbulent intensity by a self-synchronization
system that allows to capture a wider range of wind speeds and stay in resonance without any
interference.9 Experimental and analytical data showed that BWT can generate electricity at wind
speeds as low as 3 m/s, where conventional wind turbines may not attain required performance. 20
Without moving gears, BWT overcomes the disadvantages of small turbines such as friction losses,
and investment and maintenance costs.21 Compared to small turbines, the price of BWT and the cost
required for installation are of interest to investors.
With wind speeds in the range of 3 to 8 m/s, BWTs perform better than other wind turbines. However,
beyond 12 m/s BWTs stop working while regular wind turbines keep generating.22 Wind speeds are
estimated to be ~4 m/s in 27% of the neighborhoods over 20 km from the city center of London, and
average wind speeds in European locations are between 4 to 6 m/s. 23 The potential of BWTs is
promising, but its implementation requires more studies on wind data. The optimization of bladeless
turbine design is also necessary to enhance their efficiency.

Barriers and Recommendations
To harness the potential of wind energy, it is necessary for BTWs to be adopted and widely used in
urban areas. Therefore, the obstacles and barriers to deployment of bladeless wind turbines need to
be investigated in order to implement this technology.
Low Retail Price of Electricity
In developing countries, use of renewable energy is only available to high-income people. Indeed, the
demand for green energy is dominated by the practicality of using cheap energy. In some developing
countries, using fossil-fuel power is cheaper than investing in solar or wind energy, particularly for
industrial and civil sectors.24 The low retail price of electricity is maintained for the purpose of sustaining
economic development. However, it has unintendedly prevented renewable natural resources from
being explored and invested in.2
Policy Uncertainty
One of the big challenges for the implementation of bladeless wind turbines is the uncertainty in
policies.6 Different countries have their own policies about how to facilitate renewable energy sources.
Particularly, policy uncertainty relating to carbon emissions reduction and fossil fuels significantly affects
investments in renewable energy.25 For instance, Thailand and China have approved policies with the
aim of building a future of renewable resources. As a result, investments in green technologies have
sharply increased in both countries in recent years. In some developing countries, infrastructure of the
power grid is outdated. This is a great concern for investors. Inconsistent policies fail to respond to the
output of electricity produced by individual investors, which results in the loss of capital investment over
a longer period.

Recommendations
Low pricing of electricity makes it harder for renewables and innovations to compete with the
established and subsidized technologies. Therefore, policies regarding electricity pricing should be
changed without imposing a financial burned on low-income populations. Governments should consider

63

regulations and fees for environmental protection that would be applied to factories and industrial
buildings. An environmental fund could be used to harness local renewable energy potential, thereby
gradually bringing green energy to all populations at an affordable price. Investments in renewable
energy infrastructure for industrial manufacturers and production companies could be encouraged with
incentives or persuasive measures, such as compensating the costs of transporting materials and
equipment for renewable energy systems and extending the duration of land use rights. In addition,
loan investment incentives are always expected from pioneers in new renewable technologies. 6
The acquisition policy of electricity from investors must remain stable to avoid risks that vortex turbines
deployers could encounter. In order to promote investments in vortex turbines, governments should
approve policies that allow investors to trade electricity produced by wind turbines with their customers
directly. Removing the monopoly of state companies helps increase investments in renewable energy
systems. Energy policy uncertainty, therefore, limits renewable energy investments in new technologies
like vortex wind turbines. NGOs need to help developing countries improve their national electricity grid,
assuring that all output of renewable systems will be consumed.

Future Scenarios
By evaluating expert opinions and analyzing the advantages and disadvantages of bladeless wind
turbines through a literature review, different future scenarios for the differently powered turbines were
constructed. These scenarios are outlined below:
Wind-Solar Hybrid Energy Systems
Erratic weather conditions pose a challenge for renewable energy. Wind energy systems can operate
during the day and at night, but their energy yield depends on wind speeds while solar panels operate
an average of 5 hours per day.1 Thus, relying on a single renewable energy source is particularly
problematic in terms of operational efficiency and cost-effectiveness. However, two or more renewables
can be combined to form a hybrid system: a wind-solar hybrid system could be a solution to improving
system efficiency. BWTs’ cylindrical form particularly would minimize the power losses from temporary
shading compared to traditional wind turbines. In order to enhance the performance of a renewable
energy system, investments in energy storage are also necessary. 1,2 However, research on storage
capacity improvement is costly and requires the contributions of scientists. In addition, research
evaluating local renewable energy potential, which could facilitate profitable investments of new
technologies like bladeless wind turbines, needs to be done by local authorities as soon as possible.
Bladeless Turbines on Roads
By taking advantage of natural wind and air flow generated by vehicles on roads, BWT could be placed
along roadsides to supply electricity for traffic lights, camera surveillance, or other measuring
equipment. Considering the opinions of experts, the installation of BWT along streets requires a clever
arrangement of architecture and compliance with regulations in certain areas involving religious,
historical, and cultural values.8 Most importantly, streetside BWTs should never obstruct the view of
drivers.
A BWT is designed to work at a maximum oscillation amplitude of 2.7°, which barely obstructs the
drivers view.9 However, a series of BWTs can cause issues of visual disturbance. In order to deploy
BWTs on roads, urban planners should consider widening the sidewalk with specific locations for the
installation. Moreover, criteria on the appropriate height of BWTs should also be approved by
authorities.7,8
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Application of Solar Energy for Traffic Light System in Developing Countries
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Key Messages
Recent global trends in renewable energy deployment create opportunities for
application of solar technology in developing countries.
Advances in solar photovoltaics (PV) technology coupled with decentralized feasibility
promise a high potential for application in traffic light systems.
Urging technological innovations in power storage and system designs are
emphasized to be the key for wide application of solar energy.
Governments in developing countries should initiate such projects by implementing
policies for application in certain areas, as well as incentive policies on ecological
labeling, and preferential interest rates for investment loans on solar energy.

Introduction
In developing countries, traffic lights and street lighting systems consume electric power generated from
fossil fuels which creates burdens on air pollution as well as human health. Street lighting accounts for
15 – 40% of the total electricity consumed by municipalities in standard cities worldwide.1,2 The power
supply is in the form of a centralized system which can create system errors, difficulties in fixation, high
cost of installation, electrical accidents in extreme climate conditions, and unavailability in remote or
inaccessible areas.
Street lighting and traffic light systems based on solar photovoltaics (PV) are promoted, which are smart
and more sustainable alternatives to overcome the aforementioned problems. Installation and
maintenance costs of solar power streetlights are respectively 25% and 60% lower than those of
conventional grid systems. 3 In addition, the global average price of solar photovoltaic (PV) modules
reduced dramatically counting for $0.38 per Watt in 2019 instead of 106.09$ per Watt in 1976.4 The
current cost of solar PV is continuing to increase its feasibility for application in developing countries.
Moreover, solar PV is the ideal technology for increasing light visibility in remote communities with
intermittent power supply or coverage.5 There are applicable modes of solar traffic lights for certain
locations and climate conditions (i.e. mono solar and hybrid lights) which can be added to available
systems and are suited to utilizing other natural resources such as wind. This technology is aligned with
the UN sustainable development goals (SDGs) 7 – affordable and clean energy, 11 – sustainable cities
and communities, 13 – climate action, and 9 – industry, innovation, and infrastructure.
This policy brief explores the potential application of solar photovoltaic (PV) for traffic light systems
using SWOT analysis, literature reviews combined with in-depth interviews with a wide range of expert
stakeholders such as solar PV manufacturers, power suppliers, solar project developers and
academics.

Current situation
Traffic lights are signaling devices placed at road intersections, pedestrian crossings and other locations
to support traffic control.2 High-intensity discharge lamps include high-pressure sodium, metal halide
lamps with quartz arc tubes, metal halide lamps with ceramic arc tubes, low pressure sodium lamps
and high pressure mercury lamps commonly used in street lighting. 2 In developing countries like
Vietnam, traffic lights use old bulbs which show obvious weaknesses, such as short life, small area of
lighting, insufficient light intensity, damaging easily and vast energy consumption. Solar traffic lights are
rarely used in developing country contexts.
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Currently, the trend of using renewable energy like solar energy is being encouraged globally. This is a
clean, unlimited and decentralized energy source. It can be used not only in urban areas, but also in
remote areas with complex terrain. Besides, moving away from fossil fuels is how investors and project
managers in developing countries seek to reduce their carbon footprint. Solar traffic lights are a lowcarbon development investment and can be used as a tool for climate action.6,7 The recent COP 26 in
Glasgow, UK showed the efforts and determination of many countries around the world to effectively
decarbonize to align with the Paris Agreement. There was consensus amongst the experts consulted
that the potential of this technology supported shifting away from traditional fossil fuel-based energy
sources towards solar energy.

Technology description
Solar traffic lights consist of four main parts: The solar panel, which is a key part which converts solar
energy into electricity that the lamps can use, the lighting/signaling facility, a rechargeable battery and
a traffic light support arm (pole).8 Currently, LED lamps are being widely used to replace conventional
incandescent filament lamps in traffic light system as they provide lower cost of energy, maintenance,
and operations.2 The examples of specifications of solar traffic light are described below. 9
Parameter

Solar traffic lights

Cost (USD/ equipment)
Capacity
Solar panel
LED

15,20 – 781,59
0,6 - 75W
4V 0,5W - 18V 60W
2835 LED 132PCS 1800K

Power storage

Lead-acid -12v 60AH

Charging time
Lighting time
The life

6 - 8 hours
5 days
50.000 – 100.000 hours

Solar streetlights
20,19 – 151,98
20W - 180W
9v 7w - 18v 180w
520pcs
SMD5730
Lithium-Ion 6.4V 4AH - Lithiumion 7.4V 20AH
6 - 8 hours
12 - 36 hours
30.000 - 100.000 hours

Strengths of the technology
The application of a solar traffic light shows advantages for the environment, economy and society.
Firstly, the energy source contributes to reducing global emissions as it does not cause greenhouse
gas (GHG) emissions, toxic fumes or generate liquid or solid waste products. 7
Secondly, the cost for installation and operation of solar traffic lights is lower than that of conventional
models in many ways. The installation and maintenance cost can be reduced by 25 - 60% with a
decentralized system with no transmission line and low operating costs. 3 Further, the integration of LED
technology makes the system more feasible in developing countries as it is far more cost-effective than
legacy systems. The adoption of solar LED streetlights by can reduce electricity consumption by 60%. 2
In fact, the energy consumption for LED traffic signals can be around 8 - 12W bright and 5 - 7W dim,
compared to 50W brightness, and 25W dimming for conventional incandescent signals. This
significantly decreases energy consumption and reduces the maintenance requirements without
reducing the performance of the lighting system.2
Solar PV is the ideal technology for improving infrastructure by increasing light visibility in remote
communities with intermittent power supply or coverage. This improves utilities, connects communities,
and supports trade between regions, thus improving social life and economic development for local
communities.10–13

Limitations of the technology
There are some constraints to the widespread application of solar PV technologies including availability,
finance, and regulations. Photovoltaic panels can convert sunlight into other forms of energy which is
an uncontrollable source and depends on climate and geographic conditions. For this reason, they need
an energy storage system to get uninterrupted power supply at other times to ensure continuous support
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for public traffic and transportation. 14 However, this doubles installation costs and requires suitable
designs for utilities such as traffic light poles.10 Although the market price of PV modules has decreased
significantly during the last decade, they are still quite expensive for developing countries. 15 Investors
and users are still concerned about the price for waste treatment at the end of the panels’ life cycle. 10–
13,16–20 In addition, lack of consistent policy signals and gaps in renewable energy regulations create
uncertainty in markets.21 Lastly, the lack of standard technical criteria for solar PV applications to
instruments, including traffic lights, leads to the inconsistent quality of commercial products. 21

Case studies
Solar traffic lights have demonstrated their effectiveness in several countries with many benefits and
reducing cost.22 Solar LED lighting technologies proved suitable for highway green rest areas at Lushan
West Sea in terms of low energy consumption, green and health, and safety and reliability. 23 The
electricity savings reached 248.7 × 103 kWh counting for about $2,900 per year. The energy saving
equals the reduction of 99.5-ton standard coal and 248-ton CO2, 7.5-ton SO2, 3.7-tons NOx, and 67.6ton smoke.23 These are key examples of technology applications and promise the success of solar
traffic light systems globally.
To evaluate solar lights or traditional lights on cost-effectiveness, it is necessary to consider the cost of
the lights, the costs incurred during construction, and during installation of the project. The efficiency
and long-term life of the project must also be considered. A case study in Vietnam is shown in Annex
3, the initial installation cost of solar lights is 28% cheaper, and the installation and operating costs of
solar lights for 10 years are also 38% cheaper than conventional electric lights. 24

Opportunities
The adoption of solar technology provides business and employment opportunities for local
communities. Global employment growth in this sector accounts for a total of 4 million jobs. 25 Within
this, China commanded a 39% share of renewable energy jobs worldwide in 2020, followed by Brazil,
India, the United States, and members of the European Union.25 Many other countries are also creating
jobs in this sector. Among them are Vietnam and Malaysia, who are key solar PV exporters, and
Indonesia and Colombia, which have large agricultural supply chains for biofuels. 25 Tesla and
Panasonic are constructing a large solar panel manufacturing plant in Buffalo, New York. 26
Government and non-governmental organizations create opportunities for this type of energy to grow
through income tax exemptions, and funding for individuals and companies to invest in solar energy. 27
For example, Malaysia allows electric power generation from renewable sources and acquires it at a
higher fee,14 and The Indian government has provided 30% of capital subsidy for all solar power projects
under the Jawaharlal Nehru Mission Scheme.28 This support contributes to the expansion of technology
application and development. Solar energy technologies are developing quickly and the competition in
the technology leads to improved efficiency and cost reduction. 29,30 This creates an opportunity for a
large coverage capacity of the technology and shortened payback period.

Threats
The application of solar traffic lights may pose potential risks for humans when it does not seriously
consider a number of factors. Firstly, if position and location of installation are not carefully considered,
this may cause insufficient lighting for traffic, waste investment, and increase risk of traffic accidents.10,11
In fact, solar panels only generate electricity in sunny periods; consequently, the efficiency of solar
traffic-light systems is highly dependent on weather, climate, and geographic conditions.
Additionally, the disposal of used solar panels in an unsuitable manner can pose threats to human
health because they contain unsafe components such as sulphuric acid, hydrogen fluoride, hydrochloric
acid, nitric acid, 1,1,1-trichloroethane, and acetone.31 In developing countries like China and India, the
burning of e-waste from solar panel systems to reclaim copper wire for resale has produced toxic fumes
that can cause cancer and birth deformity when inhaled.32 It is approximated that per quadrillion joules
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of energy produced, 11 to 21 deaths have been identified in conjunction with the solar energy health
threats.32 There is growing concern over the risk of PV waste at the end of their lifetime, which is an
estimated stock of 250,000 tons in 2016.33 Therefore, it is necessary to be prepared in terms of
technology and investment in the field of recycling and waste treatment of solar power.

Scenarios
Experts revealed that in urban areas, solar traffic light systems can be used far from centralized lines,
which makes this method of generating electricity simply necessary in remote areas, such as railway
roads, engineering networks, national parks.34 These systems can also be constructed on highways, or
highway rest areas.23 In rural, remote or island areas with no grid power or higher levels of power
shortage, the use of solar traffic lights is a smart and effective solution to improve transport infrastructure
and save costs. Solar traffic lights regions will promote security, economic and social development, both
for rural and urban regions.35
Solar PV application for traffic light systems will not only play a role in lighting, but can also provide
video surveillance. Thus, it can provide both increased light and safety in the absence of communication
and a centralized power supply.36 Solar traffic lights should be designed with storage facilities such as
lead acid batteries and for power supply in the absence of sunlight.37 In addition, hybrid systems
between solar and wind energy have also demonstrated their efficient utilization of natural energy
sources.38 This is a promising model amid a current global energy crisis with growing concerns over
environmental pollution. In any case, current electricity storage technology does not meet the demand,
the suggested hybrid model should be grid electricity and solar energy for traffic light systems.31

Recommendations
Solar traffic lights need power storage systems to ensure power supply in periods of sunlight absence.
This technology requires further research to improve the quality and the storage capacity of the battery
as well as increase its lifespan. The design of the system also needs to be considered to ensure
insulation and ventilation for the battery compartment, thereby contributing to the effectiveness of the
storage system. In addition, related technologies such as cleaning and monitoring technologies remain
for further research to improve the efficiency of the system.
Currently, there is no standard for solar panels, therefore, many different quality panels have appeared
on the market. To ensure the uniform quality of commercial panels, it is necessary to identify
specifications for solar panels for different contexts. Additionally, pilot projects on solar traffic light
systems should be implemented to obtain the necessary parameters in terms of technical
considerations, cost, and operation to contribute suitable and realistic policy interventions.16
The performance of solar traffic lights depends on lighting intensity; therefore, in order to increase the
efficiency of the system, it is necessary to identify a solar radiation map as a basis for determining the
appropriate area for technology application.11 To apply solar energy, a long-term strategy for renewable
energy in traffic light systems, as well as incentives and preferential policies for investors (e.g.,
ecological labeling, the preferential interest rate for investment loans), and creating conditions for the
development of highly qualified human resources in this field needs to be considered. At the same time,
the government also needs to have mandatory policies for application in certain areas, such as ecoindustrial zones, newly formed residential areas and public areas, to improve the landscape.10
Most developing countries are not able to build their own solar streetlight infrastructure due to
challenges in technology and innovation. The technology can improve industrialization in developing
countries, especially improving infrastructure, thereby improving people's quality of life. Therefore,
technology transfer from developed countries is very urgent. Consequently, policies to promote
relations, cooperation, and technological exchange should be figured for streamlined implementation.
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Integrated Advanced Oxidation Processes (IAOP) for City Water Sanitation
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Key Messages
Insufficient wastewater treatment (WWT) in developing cities has negative impacts on the
environment and human health, such as waterbody pollution and the transmission of
waterborne illnesses.
Compared to overhauling existing systems, retrofitting integrated advanced oxidation
processes (IAOP) into existing wastewater treatment systems (WWTS) provides an effective
solution to improving WWT quality and efficiency, especially in terms of cost and energy.

Policymakers are recommended to consider formulating policies targeted at the
implementation of IAOP into existing WWTS in developing countries.
Benefits of retrofitting IAOP in WWTS are explored with the help of scenario analysis.

Introduction
In response to the health concerns posed by the COVID-19 pandemic, the need for proper sanitation
and wastewater treatment (WWT) has become apparent in cities. An increase in water usage and the
demand for safe potable water in cities of middle- to high-income countries has increased wastewater
production.1 Wastewater can be defined as domestic effluent consisting of blackwater (excreta, urine
and faecal sludge), greywater (used water from washing and bathing), and water from commercial and
agricultural establishments and institutions (see Annex 2 for glossary). 2 Ideally, WWT removes
biological and chemical contaminants to meet surface water quality standards or discharge
standards (parameters for safe water bodies) before it is discharged back into the environment. 3 This
is relevant in the face of COVID-19, as pandemic “hotspots” were largely linked to populations in cities
of developing countries in which wastewater discharge did not meet these standards.4 This has
environmental and health implications, such as waterbody pollution, the production and discharge of
toxic sludge, and an increased risk of infection and transmission of waterborne illnesses.1,3,5–7
On average, upper-middle-income countries treat approximately 38% of their generated municipal and
industrial wastewater while lower-middle-income countries treat only 28%. Such lack or insufficient
treatment of wastewater is categorized by the inability of wastewater treatment systems (WWTS) in
developing countries to eliminate the minimum required pollutants and/or pathogens as is required by
surface water quality standards.8 This insufficiency in developing countries is often due to basic WWTS
infrastructure, unreliable electricity sources which disrupt WWT processes, and untreated industrial
wastewater entering municipal WWTS.9,10 However, integrated advanced oxidation processes (IAOP)
could help to mitigate the environmental and health challenges imposed by such insufficient treatment
of wastewater.
IAOP is an emerging technology that can be retrofitted into existing WWTS and is comprised of a
three-step purification process that produces high-quality water output in a cost-effective and energyefficient manner.11 The first step of IAOP, or the primary treatment stage, consists of highly efficient
coagulants and flocculants. The secondary treatment stage uses UV-TiO2 photocatalysis for the
advanced oxidation process while the tertiary treatment stage utilizes reverse osmosis (RO). The UVTiO2 photocatalysis and nanomembrane filtration distinguishes IAOP from other WWT technologies
[see Annex 3]. These aspects of the technology enhance water quality output and reduce the production
of toxic sludge while doing so with relatively less energy input. 11–13 As such, this brief aims to explore
how IAOP could address the environmental and health implications of city water sanitation in the context
of cities in developing countries.14
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Table 1: Features of Conventional WWTS versus IAOP [See Annexes 2 and 3]

Environmental and Health Implications of Insufficient WWT
As of 2017, “Two-thirds of the world’s population...live in areas that experience water scarcity for at
least one month a year. About 500 million people live in areas where water consumption exceeds the
locally renewable water resources by a factor of two.”1 By way of flooding and droughts, water scarcity
has been exacerbated by climate change and human activities. 1 Thus, water quality output of WWTS
is crucial as it optimizes the ability for water reuse and facilitates a circular water system in which WWTS
discharge is treated and safe water is put back into natural water resources (i.e., rivers, lakes, etc.).
This allows for reduced stress on water resources which increases water availability to regions where
water scarcity is prevalent.
Harmful sludge and effluents, including industrial chemicals, agricultural pesticides, and contaminants
of emerging concern (CECs), such as pharmaceuticals and personal care products (PPCP’s), cause
eutrophication (nutrient accumulation), the destruction of aquatic environments, and human exposure
to toxic substances.3,7,8 Sludge is the by-product of each WWT stage. Its components include biosolids,
pathogens, microbes, and chemical contaminants.15 Sludge can be reused as plant fertilizer or to
produce energy that can be added to the areas’ energy grid. However, sludge has a high microbial
content and low heavy metal content, meaning that it cannot be directly reused and must be processed
before use. In most developing countries, a large percentage of sludge is not processed, leading to it
being disposed into landfills or incinerated.6
The accumulation of toxic organic and inorganic chemicals from sludge and municipal, agricultural, and
industrial wastewater seeps into groundwater, leading to the leaching of contaminants into drinking,
industrial, and agricultural waters. Not only does this affect aquatic environments, but also human
health.8,16 According to the UN,7 “safe” drinking water is defined as water that is free of contaminants.
However, safe drinking water is not always achievable as “...711 million people, over 90 percent of
whom live in urban areas, have sewer connections that do not receive the minimum level of treatment
…".17 Drinking water that does not meet water quality standards decreases water reusability and can
result in the spread of pathogens and other waterborne illnesses, including diarrhea, intestinal
nematode infections, lymphatic filariasis, schistosomiasis, and more. 6,7
Proper management of wastewater treatment plants (WWTP) could play a role in containing the spread
of such illnesses, including COVID-19.18 Studies show that COVID-19 can remain present in excreta
and faecal sludge. When wastewater is not adequately treated and/or when sewage leaks into
freshwater resources, the risk of infection increases. 19 “The sufficient disinfection of [WWTP]...and
measures such as the prevention of sewage leakage into freshwater resources are essential to reduce
human exposure.”19 Therefore, proper wastewater services and sanitation are important as they enable
proper disinfection and hygiene practices. This is especially true when it comes to the prevention of
waterborne illnesses and COVID-19.20
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The Future of IAOP
The following thematic scenarios explore future potentials for the implementation of IAOP in cities in
developing countries [see Figure 1]. These scenarios highlight drivers (or driving forces) that would play
an integral role in these future scenarios [see Annex 6]. The two main drivers of these scenarios include:
End-user Involvement: This defines the level of involvement of individuals/consumers of wastewater
and their relationship with treated wastewater. The first, centralized WWTS, are those that have no
direct relationship with the treatment of the wastewater or municipal WWTS that only must reach
minimal discharge standards for treated wastewater. The second, decentralized WWTS, are those that
reuse treated wastewater, such as the industrial and agricultural sectors.
Energy Consumption: The amount of energy that would be utilized to run IAOP depends on whether
it is retrofitted into each treatment stage (primary, secondary, and tertiary) or solely after one stage (for
instance, the secondary stage).

Figure 1: Scenario Analysis for the Implementation of IAOP in Developing Countries

Scenario 1: “Power hungry”, would exert stress on energy supplies and be detrimental to the
environment in terms of emissions and energy use. In this scenario, IAOP would only be used as a
polishing stage for industrial wastewater treatment. This would not be energy efficient and would also
not effectively treat heavy metals and inorganic substances. Therefore, the discharged wastewater,
though treated, would still contaminate the environment and impact human health.
Scenario 2: “Mind the costs”, deals with municipal wastewater and would more effectively treat
wastewater than industrial wastewater. This means that the treatment would be effective in eliminating
higher amounts of organic compounds and pathogens. Therefore, discharged water would have less
detrimental effects on human health and the environment. However, environmental stress in terms of
energy consumption and implementation and operation cost would still be an issue.
Scenario 3: “Slow and steady”, would help WWTS meet discharge standards. In the long run, this
scenario would improve surface water quality standards of water bodies and would help to restore soil
and water nutrients. Likewise, harmful pathogens would be minimized. This scenario would require long
term government support in order to be successful.
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In Scenario 4: “Bang for your buck”, the circular use of water and the environment are at the forefront.
Water reuse within industries would reduce heavy metal accumulation caused by discharge and
promote the reuse of water in the industrial sector. Since these are newer WWTS they have a good
baseline efficiency in terms of eliminating contaminants and would require low levels of investment in
terms of maintenance.

Key Policy Recommendations
IAOP have several key features that make it a promising technology. However, this technology has not
been retrofitted into many existing WWTS and is still in its pilot phase. As such, several considerations
should be taken into account before this technology can be retrofitted into WWTS in cities of developing
countries [see Table 2].
Table 2: Considerations for retrofitting IAOP in Developing Countries [See Annex 5]

Based on the goal of improving environmental and health conditions of city water sanitation in
developing countries, the following is recommended:
•

•
•

•

•

Local and state governments of developing countries should encourage municipalities to
implement IAOP as a retrofit into existing WWTS for as a cost-effective way to improve city
sanitation.
Policymakers are encouraged to form mandates for decentralized systems to reuse water as
this encourages pre-treatment before the water re-enters the main WWTS.
Governments should introduce fiscal mechanisms, such as grants, subsidies, and tax
incentives, to mitigate the costs of retrofitting and maintenance. Such intervention(s) should be
tailored to each individual country and cost, energy and the sophistication of the existing system
should be taken into consideration.
Wastewater engineers and research units should conduct carrying-capacity assessments of
discharge-receiving water bodies to aid policymakers in setting more accurate surface water
quality standards.
Scenario analysis shows important considerations for carrying-capacity.
o Setting and enforcing standards specific to the quantity and toxicity levels of sludge
and effluent discharge from municipal, industrial, and agricultural sources.
o Monitoring and enforcing standards by public bodies, such as local water and
environmental agencies and/or authorities.
o Universal parameters for measuring wastewater, with specific levels of said parameters
varying across urban contexts depending on local need.
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Bioplastics from Urban Organic Waste
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Key Messages
Bioplastics made from urban organic waste are more cost-effective and sustainable than traditional
bioplastics and petroleum-based plastics.
The main challenges of the technology are appropriate waste sourcing, end-of-life infrastructure
requirements, and the need for consumer education and awareness.
Low-income and middle/high-income countries can both adopt this technology, but different
approaches are needed to ensure feasibility, cost effectiveness, and sustainability.

Introduction
Plastic waste is a significant issue globally, with over 300 million tons produced each year. Plastic
products persist for thousands of years, causing long-term pollution issues.1 Urban environments have
higher populations and therefore are responsible for much of this waste. Although it would be most
environmentally beneficial to completely eliminate single use items, they are necessary in many
industries, including medical uses and food packaging. This has become even clearer in light of COVID19, with heightened sanitation concerns increasing dependency on single-use plastics.2
Using bio-based plastics could help mitigate the impact of single use by replacing petroleum-based
plastics. However, most bioplastics in their current state are still unsustainable. Traditional bioplastics
are made with agricultural feedstocks, which diverts land from food production and exacerbates
environmental issues. Additionally, most processing facilities lack the sorting and technology needed
to break down bioplastics, resulting in many plastics contaminating recycling streams or being sent to
landfills.3 Utilizing organic waste, specifically food waste and agro-waste, as a feedstock for bioplastic
production can address the unsustainability of traditional bioplastics. The implementation of this
technology will need to differ across economic backgrounds, specifically between low-income and
middle- and high-income countries which differ both in waste types and quantities. This science-policy
brief reviews the benefits and risks of this emerging technology and suggests policy approaches for its
effective implementation across these different categories.

Current State of the Technology
Production
There are various forms of bioplastics, but this brief
will focus on polyhydroxyalkanoates (PHAs). PHAs
are compounds produced by micro-organisms
which act similarly to fat storage in humans. They
are synthesized and stored by microbes feeding on
a source of carbon, but can be extracted and used
to create a wide range of bioplastic products.4
Many recent studies have focused on utilizing
organic waste as a source. A variety of waste can
be used; each of these sources has pros and cons
(Table 1).

Figure 1. Per capita food losses and waste, at
consumption and pre-consumption stages, in
Food waste varies in type and is produced different regions of the world. Adapted from UN FAO
throughout the food supply chain. In low-income Report (2013).
countries, the majority of food loss occurs at postharvest and processing levels, while in middle- and high-income countries over 40% of food waste
occurs at the retail and consumer levels.5 Thus, while food waste is scarcer in low-income countries,
there is still potential for agro-waste to be used as feedstocks in these contexts.
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End-of-life processing
Many middle- and high-income countries already have waste management systems that could
effectively accept or be modified to accept bioplastics. However, other countries, specifically lowincome countries, would need to introduce the necessary infrastructure.3 There are two major avenues
for PHA bioplastics processing: composting and mechanical recycling.
PHAs can be composted, but require specific temperature, humidity, and microorganism communities
to break down.4 Facilities need the ability to monitor these conditions and introduce necessary
microorganisms for degradation. This typically means that PHA bioplastics are unable to break down in
smaller scale composting facilities and require industrial treatment. 7
Bioplastics can also be mechanically recycled but this avenue has not been well explored, in part due
to cost and the weakening of PHA structure during the process. 8 Because of their different structural
compositions, bioplastics would need to be separated from other plastic types to avoid contamination
in recycling and processing facilities.

Benefits
Environmental
As previously discussed, single-use plastics are necessary in many contexts, notably for sanitation.
Sustainably sourced bioplastics offer a greener option for single-use needs, such as medical devices
or food packaging. Compared to petroleum-based plastics, bioplastics take less energy to produce. 11
Furthermore, bioplastics could aid in reduction of water contamination. Nearly 10 million tons of plastic
waste enters the ocean every year; this number is expected to triple by 2040 if preventative action is
not taken9. Replacing traditional plastics with bioplastics could reduce non-degradable plastic in waste
streams.
The sustainable sourcing of PHAs can also provide environmental benefits. If not reclaimed, food waste
is likely to end up in landfills, where its degradation is a major source of methane emissions. Reutilizing
waste products and giving a purpose to something originally rendered useless decreases these
environmental impacts while also reducing urban pollution. Additionally, reclamation of food waste for
bioplastic production may result in fewer emissions than other urban waste management practices (see
case study).

Case Study: RES URBIS Biorefinery Pilot Project
RES URBIS (short for RESources from URban BIo-wasTE) was a pilot project funded by the
EU program Horizon 2020 which aimed to demonstrate the feasibility of converting several
types of urban biowaste into value-added biobased products within the same chain of
valorization. The experimental part of the project was carried out in two pilot plants, located
in Lisbon (Portugal) and Treviso (Italy). The project showed that in comparison to the actual
management of biowaste in the Greater Copenhagen area, GHG emissions associated with
diverting the waste to PHA production are 55% lower. Economic analysis also showed that
the PHAs produced from biowaste were more economically viable than currently
commercialized bioplastics from traditional feedstocks, with a production cost of 3 €/kg as
opposed to 4-5 €/kg.

Economic
The global bioplastics market is expected to grow from U.S. 10.5 billion in 2020 to USD 27.9 billion in
2021, offering opportunities for economic growth in cities which adopt this technology. 10 Waste would
need to be reclaimed, transported, and processed at bioplastic production facilities, creating many job
opportunities. Therefore, the implementation of urban bioplastic production can boost local economics
across contexts.
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Expenditure on raw agricultural materials typically accounts for 50-70% traditional bioplastic production
cost. Utilizing waste as a source eliminates the costs associated with growing and shipping these
traditional inputs, making them more economically feasible. Furthermore, the cost of using waste as
feedstocks will likely be very low. Many facilities in middle- and high-income countries already pay for
waste removal and there is no significant competition in reclaiming waste products. 6 Several companies
have successfully developed, scaled, and distributed technologies that repurpose organic waste into
biopolymers, demonstrating the economic viability of the process.6

Barriers and Challenges
The feasibility of producing bioplastics from urban organic waste is highly dependent on the country it
is applied in. Barriers and challenges differ greatly between low-income and middle/high-income
countries.
Low-income countries
Many communities in low-income countries already suffer from food insecurity and have very limited
food waste at the retail or consumer levels. Additionally, “waste” that is produced is often used for other
purposes, such as supplementing animal feed. If not effectively managed, bioplastic facilities may
compete with valuable and necessary food sources in these countries. Additionally, the introduction of
end-of-life processing facilities and transportation infrastructure may be less financially feasible in lowincome countries. Transportation of waste from significant distances may also be required, which will
impact sustainability by increasing greenhouse gas emissions.
Middle/High-income countries
Middle- and high-income countries are dependent on plastic in everyday use. For consumers to accept
bioplastics, they would need to be similar to petroleum-based plastics in both cost and function.
Additionally, many communities already have recycling systems in place. These facilities could be
modified, but consumers would need to be educated on updated sorting protocols to avoid
contamination.

Policy Recommendations
No single bioplastic policy will be effective globally; differing risks and barriers will need to be
considered. The following recommendations are ordered by feasibility in low-income or middle/highincome countries.
Low-income countries
Governments in low-income countries should focus on using agricultural waste products as feedstocks
for producing bioplastics. Refineries could still be built in urban areas, with wastes shipped into cities
for processing. Waste could also be processed outside of cities, with final plastic products shipped into
and used in cities. The location and distribution of refineries will be context dependent, based on existing
transportation infrastructure.
To improve economic feasibility, the UN should encourage international agencies to provide financial
assistance for establishing biorefineries and associated infrastructure. Local governments should
develop partnerships with local farmers to support regional self-sufficiency and resilience to supply
chain stresses. This approach could create jobs and supplement the income of local producers by
paying for their waste.
Middle/High Income countries
Implementing a tax on plastics which are not biobased would improve the economic feasibility of
adoption and could be used to fund investments in necessary infrastructure, such as more efficient
waste sorting facilities. Educational campaigns should also be implemented to ensure that bioplastics
are sorted appropriately; consumers will need to be retrained to avoid contamination of both recycling
streams and black-bin waste. Companies that use bioplastics in their packaging must be incentivized
to label them in a way that makes it evident to consumers how they should dispose of them after use.
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Additionally, public-private partnerships with closed-system facilities, such as company cafeterias, are
needed to ensure that food waste can be effectively collected and delivered to biorefineries. This
approach would mitigate the burden for consumers and reduce the need for specialized sorting facilities.
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Modular 3D Printing Construction: Towards Affordable, Adjustable, and ClimateResilient Housing
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Key messages
Modular 3D-printing construction technology (M3DP) is a novel technology that combines modular
construction and 3D-printing to address the backlog of affordable houses in cities of developing
countries vulnerable to climate risks.

M3DP has the potential to create adjustable, affordable, and climate-resilient housing for low-income
citizens.
Applied to the South African context, key factors for successful implementation of M3DP include: social
acceptance of M3DP projects, local M3DP expert availability, and thermal insulation needs included in
design.
Core recommendations are to further develop dry and wet joints, create industry standardized building
criteria, and design climate resilient structures that include bio-based materials.

Introduction
By 2050, 68% of the world’s population is expected to be living
in cities, and most of this increase will take place in
developing countries.1 The rapid urbanization in cities of
developing countries is concentrated amongst the poorer
spectrum of the population.2 Increasing urban population and
households' size require adjustable functions for low-income
housing. Citizens living in relative poverty are one of the most
vulnerable groups to climate change. Cumulatively amplifying
the need for adjustable, affordable, and climate-resilient
housing.2
3D-printing technology (3DP) is a novel construction practice in Figure 1. combining 3D-printing and modular
construction
a 36-billion-dollar industry by 2025.3 Also called additive manufacturing,
the technology used 3D data
4
to manufacture products such as houses. The construction process is fast, flexible in design, and
requires minimal labor and materials. It has the potential to facilitate adjustability to the growing
population, is affordable to those most in need, and is climate-resilient to ongoing climate change in
cities of developing countries. Currently, 3DP companies are engaging with modularity. Modular
construction is a prefabrication construction process where buildings are constructed in separate
modules in an off-site factory, to be assembled on-site.5 Modular construction became more prevalent
in response to the COVID-19 crisis.6 It shows potential to create adjustable, low-cost, and resourceefficient housing because it reduces material waste, disruption at construction sites, and overall energy
use in buildings.7,8 Developing modular 3D-printed construction technology (M3DP) entails that house
modules are 3D-printed separately and assembled on-site. It combines the cost-efficiency and on-site
construction of 3DP houses with the reusable and adjustable qualities of modular construction. In Annex
2, M3DP is defined in further detail.
M3DP could contribute to the construction of adjustable, affordable, and climate-resilient houses (figure
1) and the Sustainable Development Goals (SDG) (see Annex 3). However, this assumption requires
further contextual research of cities in low-income countries. This brief aims to critically assess M3DP’s
contribution to realize adjustable houses for a growing population, affordable to lower-income citizens,
and climate-resilient to withstand increasing climate risks in cities in developing countries for the coming
decade (the research questions can be found in Annex 4). This is operationalized through a horizon
scanning of M3DP and a case study of cities in South Africa (SA). The outline and motivation for the
methodology can be found in Annex 5. The next sections delineate the adjustability, affordability, and
climate-resiliency of M3DP, followed by the results of a case study of SA. Future trends of M3DP are
illustrated in Annex 6. Lastly, a list of recommendations for urban policymakers, investors and engineers
is presented.
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Adjustable design
Adjustability refers to the house’s capacity to accommodate changes in urban population, household
size, and the functions of the house’s spaces. M3DP technology creates adjustable houses in the
following ways:
•
•

•

M3DP creates expandable houses: houses are constructed in modules, and more modules can be
added to create more space when needed.9
M3DP creates houses that are malleable: after construction, the house modules can be
reassembled to create different rooms. This is helpful when the household expands and more
bedrooms are needed. The current state of the 3DP technology allows for houses to be built up to
2 stories high.3
M3DP houses are movable: after construction, the houses can be disassembled and transported
to a new location. The capacity to relocate a house makes the structure more flexible when
confronted with natural hazards.10
Through its expandability, malleability, and movability, M3DP provides an
innovative way towards adjustable housing. In current 3DP construction,
wet joints are used between components, permanently conjoining them,
and impeding the disassembly of the house. By adding a modular
construction technique, modules can be attached using dry joints
instead. The envelope system (figure 2) is an example of a dry joint
system, whereby M3DP houses are designed for disassembling.
In coming years, M3DP research is developing smaller printers and
different nozzle sizes to construct smaller, modular concrete products, as
well as to create higher structures in modules (see Annex 6).11–13

Figure 2. M3DP envelope
design11

Affordable housing
The house’s affordability depends on construction costs, labor costs, and financial incentives such as
subsidies and grants. M3DP decreases the cost of the house in the following ways:
•

•

•

•

M3DP allows for a 35% decrease in total construction costs through
increased building efficiency.3
The labor costs associated with M3DP are decreased and diversified
due to the few people necessary for the construction, varied workload,
and faster construction time, despite the labor cost per operator being
higher.14–16
The training and development of skills are not expected to carry high
costs as the operation of the machines does not require advanced
skills.17
The material usage is decreased by 40% compared to conventional
construction methods, resulting in pollution reduction.3,14,18

Despite these advantages, there are also aspects of M3DP that increase Figure 3: Relative cost reduction of
the costs of the houses:
M3DP
•
•

The material costs are currently higher than conventional construction materials. However, this is
expected to decrease with the incorporation of bio-based materials.15
Since M3DP cannot create large-scale infrastructures, the initial capital investment necessary to
realize construction is currently too high to create affordable houses in developing countries.19
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•

Due to its novelty, the highest investment costs of M3DP lie in research and development. Since
this technology is not yet produced on a large scale, investment risks are high, which prevents
institutions with low capital to implement the technology.3

In recent years, new material mixes were created using local materials so users of M3DP in developing
countries could become independent of foreign companies.20 This increases the affordability of the
technology, as material import costs will decrease.20 Moreover, the increasing popularity of M3DP
anticipates an increase in investments, making M3DP houses more affordable in the long run. 15,21,22
Lastly, the expected innovation of dry joints allows flexibility of the exterior – increasing opportunities
for low-cost maintenance and growth.

Climate-resilient structures
A climate-resilient house can withstand natural hazards that result from climate change, such as floods,
droughts, and extreme temperature fluctuations. M3DP shows potential to build climate-resilient houses
in the following ways:
•

•

•

•

M3DP technology can provide strong and flexible structures that allow temperature control with a
minimum of air conditioning by incorporating air bubbles in the printing of cementitious mix to
improve thermal insulation and acoustic absorption.4
M3DP allows for innovative structure design that can integrate climate-resilient features. For
example, a honeycomb foundation can be made from reinforced concrete with air pockets that
allows houses to float up to almost three meters in case of flooding.4,10
To create climate-resilient structures, researchers are looking into the implementation of bio-based
materials (e.g. hemp or mycelium) in M3DP for proper insulation of houses, increased fire
resistance, improved heat control, and increased structural strength (see Annex 6).3,23
Steel reinforcement or inclusion of bio-based materials into the concrete mix has proven to increase
the ductility of concrete.24

Adding bio-based materials for structural reinforcement increases climate resilience, but also
contributes to climate mitigation by storing carbon in the form of hemp.3 As concrete is currently
responsible for 8% of global greenhouse gas emissions, there is a need to rapidly decarbonize the
emissions of the industry.25

Modular 3D-printed construction in South Africa
Housing in SA is a pressing and complex issue due to apartheid and the country's colonial legacy. 26,27
Background information on housing in SA can be found in Annex 5.3.1. In the following sections the
adjustability, affordability, and climate-resilience of M3DP in the context of SA are discussed.
Adjustability: In SA, the housing sector is unable to accommodate the current and growing demand of
its increasing population. Built homogeneously, most houses are unfit for the diversity and fluctuation
of household size. The adjustability of M3DP counters the current one-size-fits-all strategy and
accommodates growing households with expandable, malleable, and movable houses. 3,28,29 Experts in
SA state that the inclusion of the local population in the creation of the houses increases the social
acceptability of the project.26,27,29 However, SA housing regulations limit the implementation of M3DP
since houses cannot legally be moved and the necessary materials are not yet on the list of permitted
building materials.9,29,30
Affordability: A main barrier for affordable M3DP construction in SA is the lack of investment in
standardized research and development, which prevents it from meeting local housing codes.3,29 For
M3DP to facilitate large-scale apartment buildings, stronger construction materials need to be
developed.33,26,29 Moreover, the SA market of M3DP is currently small due to the high patenting costs
and the fact that most experts are situated in Europe. Thus, expert availability is low and labor costs
high.3 Additionally, government incentive for M3DP houses is lacking because of low social acceptability

92

and vandalism due to the newness of M3DP and conservative construction cultures. 3,31,32 Diverse
funding support from international governments, multilateral support, and private investors could help
the national government bear the investment costs that M3DP requires as it is unlikely they are able to
do this alone.26,27 Lastly, the decrease in labor of M3DP construction perpetuates lower acceptance as
it increases unemployment.26,27 It is therefore necessary to ensure that M3DP in developing countries
does not perverse job equity and workers retrained.26
Climate-resilience: M3DP has the potential to build houses that withstand droughts, floods, and fires,
which are the most prevalent climate risks in SA.27 Combined with bio-based materials such as hemp
fiber, M3DP houses become more fire-resistant.3 M3DP creates custom designs like stilts to overcome
flooding,3 as well as honeycomb structures to make houses float.4,10 When it comes to temperature
regulation, M3DP needs traditional methods to include insulation. 21 However, by creating space for
insulation materials in the structures, M3DP allows for this process to be faster than it would be in
conventional construction, improving the speed of housing. 12
South Africa trends: Though M3DP has yet to be implemented in SA, 3DP has been successfully
implemented in African countries. An example of an affordable 3DP housing project is the 14Trees
Foundation recently announced Mvule Gardens in Kenya. 22,33 Moreover, in collaboration with CyBe, a
pilot project will be launched in March 2022 to construct one of the first 3D printed houses in SA. 20
These trends indicate that 3DP already is a viable option to contribute to the housing backlog in the
country. Experts agree that combining 3DP with modular construction into M3DP could improve the
social acceptability of these houses, by giving South Africans the opportunity to adjust their own
homes.26,29,32 Lastly, SA's Department of Science and Innovation recognized 3DP as a key area of the
digital revolution, expressing a need for initializing the development of an educational curriculum to
improve local 3DP skills.34

Recommendations
M3DP can contribute to adjustable, affordable, and climate-resilient housing for low-income people in
developing cities. To further these goals, the following points are recommended:
1. Invest research in 3DP to fund the development of dry joints to improve the expandability,
malleability, and adjustability of the houses.
2. Create industry standards criteria for M3DP material testing through collaboration between
engineers and construction practitioners to accelerate the uptake of M3DP.
3. Integrate bio-based materials, such as hemp, into the printing material to improve structural
reinforcement, lower materials costs, and reduce carbon footprint.
4. Print design with climate-resilient characteristics in mind (e.g., incorporate honeycomb air
pocket design in the walls to allow floatation potential during floods).
5. Recognize social housing status for M3DP construction projects to obtain external funding for
the delivery of affordable houses in developing countries (e.g., social housing certification
schemes).
6. Increase social acceptability and trust when introducing M3DP construction projects to lowincome communities through early engagement with end-users and providing examples for
community use (e.g., public restroom, playground, bridges, schools, or supermarkets).
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ANNEX 1. Expert interviews

Expert Interviews
Name

Organization

Marie Claire Bryant

Syracuse
Studies

Stewart Diemont

SUNY
ESF,
Environmental
Biology
Syracuse
University,
Food
Studies

Anne Bellows

University,

Expertise

Cecil Konijnendijk

The
University
Columbia

Mary Mattingily

Swale NYC
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of

Food

British

Researches governance and
policy which impacts people’s
ability to grow and collect food in
13 US cities. Analyzes the data
on foraging laws then places
them on a spectrum from
completely restricted to not
mentioned at all.
Urban restoration of locally
relevant food species
Linkages between sustainable
agriculture, development and
livelihoods; human rights and the
right to adequate food and
nutrition, including food and
nutrition security; civil society,
social movements, and food
sovereignty; community public
health; urban-rural food linkages
in terms of production for trade
and household consumption,
migration, nutritional health,
biodiversity, food safety, food
practices and praxis, cultural
integrity and identity, social
justice, gender, and children.
The role of trees and green
space in our cities and towns.
Green
space
governance
(including
community
involvement),
people-nature
relationships
and
cultural
ecosystem services, and urban
forestry and urban greening
Explores issues of sustainability,
climate
change
and
displacement.
Combines
photography,
performance,
portable
architecture
and
sculptural ecosystems into poetic
visions of adaptation and
survival.

Urban Aquaponics in the European Union
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ANNEX 1. Glossary
Urban agriculture: “Food production that occurs within the confines of cities. Such production takes
place in backyards, on rooftops, in community vegetable and fruit gardens and on unused or public
spaces. It includes commercial operations that produce food in greenhouses and on open spaces, but
is more often small-scale and scattered around the city”.48
Food system: “The entire range of actors and their interlinked value-adding activities involved in the
production, aggregation, processing, distribution, consumption and disposal of food products that
originate from agriculture, forestry or fisheries, and parts of the broader economic, societal and natural
environments in which they are embedded”.49
Green food production system: A food production system with a neutral or positive environmental
impact in terms of energy usage, water usage and waste generation, compared to conventional food
systems.
Resilient food production system: A food production system with the capacity over time “to provide
sufficient, appropriate and accessible food to all, in the face of various and even unforeseen
disturbances”.50 This includes the ability to withstand, manage and adjust to economic, social and
environmental threats.1
Economic resilience: Long term and fair economic return for a business.
Hybrid food system: “An economic organization chosen when a certain scale of food production is
being provided to a neighborhood or a community—for example an urban farm. The food system is in
the same time also providing various types of social and/or environmental goods to the community in
terms of job creation, social inclusion and environmental education. Typically, a public or a non-profit
entity will support such an economic organization in return, hence making it a hybrid between a pure
market and non-market economic organization".20
Marginal land: Land that has little or no agricultural or industrial value. Marginal land has little potential
for profit and often has poor soil or other undesirable features. Aquaponics systems show potential to
give value back to these lands, by giving these lands a new function.

ANNEX 2. Methodology
Expert interviews
Many experts of multiple aspects concerning aquaponics were interviewed through semi-structured
interviews or consulted through emailed questions. All interviews were recorded and transcribed, after
which they were analyzed and thematically organized. Whereas most interviewees were asked subject
related questions, the final interviewees also provided feedback for the policy recommendations. A full
table (table 1) of all consulted experts can be found below.
Literature review
Over the past years, there has been a rise in aquaponics related literature. Many articles were analyzed
to form a foundation in aquaponic knowledge. The WUR library, Google Scholar, and FAO and UN
reports were used for finding these articles. Searches included but are not limited to the following
concepts: ‘aquaponics’, ‘urban aquaponics’, ‘food security’, ‘barriers to aquaponics,’ ‘food systems,’ and
‘urban farming.’ Most articles are dated post 2016 to ensure the most up-to-date research.
Horizon scanning
Through a horizon scanning approach, barriers, emerging issues, and opportunities of urban
aquaponics were identified. Since urban aquaponics is an emerging technology, horizon scanning
provides the possibility to systematically analyze future implications and possibilities to implement this
technology. Table 2 highlights all the identified barriers and opportunities of urban aquaponics.
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Table 1 – expert interviews
Name
1. Benz
Kotzen
2. Sarah
Milliken

3. Austin
Stankus

4. Sander van
der Jagt

5. Jan-Eelco
Jansma

6. Daniel
Reyes Lastiri
7. Steven
Beckers

8. Alexander
Laarman

9. Erik
Moesker
10. Karel
Keesman

11. Tilman
Reinhardt
12. Sabine
O'Hara

Institution

Position

EU Aquaponics
Hub
EU Aquaponics
Hub
Fisheries and
Aquaculture
Division - Food
and Agriculture
Organization of
the United
Nations
Department of
Environmental
Sciences at
Wageningen
University and
Research
Wageningen
Plant Research
at Wageningen
University and
Research
Department
of
Plant Sciences at
Wageningen
University
and
Research
BIGH aquaponic
farming

Founder

Amsterdam
Institute for
Advanced
Metropolitan
Solutions

Program
Developer
Business
Development
Nature
Based
Solutions
Founder

NoordOogst
Aquaponics
Department of
Plant Sciences at
Wageningen
University and
Research
GFA Consulting
Group
College of
Agriculture,
Urban

Interview
date
09-11-2021

Country

Topic

United
Kingdom
United
Kingdom
Italy

Aquaponics

Project
Manager
Aquaculture
Officer

10-11-2021

Postdoctoral
researcher

12-11-2021

The
Netherlands

Nature-based
solutions in
urban areas

Researcher
‘feeding the
city’

16-11-2021

The
Netherlands

Urban
agriculture

Researcher

17-11-2021

The
Netherlands

Technical side
of aquaponics

Founder

17-11-2021
(conducted
via email)
18-11-2021

Belgium

Aquaponics

The
Netherlands

Urban
agriculture

19-11-2021

The
Netherlands
The
Netherlands

Aquaponics

Regulatory
frameworks for
aquaponics in
the EU
Urban food
security

12-11-2021

Professor

23-11-2021
(conducted
via email)

Consultant

23-11-2021

Germany

Distinguished
Professor &
PhD

24-11-2021

USA
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Aquaponics
Aquaponics

Aquaponics

Program
Director

16. Maja
Turnsek

Sustainability
and
Environmental
Sciences of the
University of the
District of
Columbia (UDC)
Fisheries and
Aquaculture
Division - Food
and Agriculture
Organization of
the United
Nations
Department of
Social Sciences
at Wageningen
University and
Research
Department of
Urban Planning
and
Sustainability at
City of
Amsterdam
University of
Maribor

17. Lorena
Silva Araujo

Wageningen
University and
Research

13. Edoardo
Pantanella

14. Mirta
Alessandrini

15. Frank
Bakkum

FAO
consultant

26-11-2021

Italy

Aquaponics

Researcher

01-12-2021

The
Netherlands

Food law,
short supply
chains

Urban
Planner

07-12-2021

The
Netherlands

Urban
agriculture

Doctor of
Philosophy

08-12-2021

Slovenia

PhD in
aquaponic
business
models

08-12-2021

The
Netherlands

Economic
aspect of
aquaponics
Business
models of
aquaponics
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Table 2 - barriers and opportunities of urban aquaponics
Environmental
-No soil input needed
-Lowered water
consumption, ability to
reuse water streams

-Low-tech to high-tech
systems available
-Small- to high-scale
systems available

-Minimize nutrient loss

-Higher space use efficiency

-No chemical output

-Potential to set up in
unused spaces or marginal
lands

-None or limited
pesticide use
-Potential to use
renewable energy
sources or reusing
energy waste streams
Opportunities

Economic

-Potential to use
alternative, less
environmentally
damaging fish feed input
-Combine existing
aquaculture and
hydroponics systems
-Decrease biosecurity
risks*

-Increased demand of local
and organic food products

Social
-Potential to share
knowledge and best
practices
-Potential collaboration
between stakeholders
-Increase job
availability
-Social inclusion and
community
involvement

-Year-round production

-Environmental
education

-Potential higher profitability
because of combined
production

-Increase availability of
healthy and nutritious
food*

-Flexible production system
can adapt to market demand

-Potential of
grassroots initiatives*

-Products can be marketed
as ‘local’ or ‘green’
-Opportunity to include
products in organic
certification or alternative
food labeling scheme
-Use AI and big date to
optimize system and
increase productivity

-Initial freshwater input
needed

Barriers

-Current fish feed input
options have a negative
environmental impact
-Relatively high energy
input needed
-Current EU legislation
does not allow for
alternative fish feed

-Potential to contribute to
local economy*
-Relatively high initial
investment costs
-Difficult to find
funding/loans
-Relatively high cost of
urban land
-Building permits required
-Suboptimal production of
fish/plants due to
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-Lower accessibility of
premium-priced
products
-Expertise and
knowledge needed on
aquaculture,
hydroponics and
farming
-Support needed for
grassroot initiatives*

compromising on optimal
conditions
-Sufficient market demand
required
-Premium price required to
make system cost-effective
-Hard to compete with
conventional food products
-Lack of organic certification
-Limited funding for
combined agricultural
disciplines
-Costs of maintenance*
*These barriers and opportunities were encountered during research, but not discussed in the policy
brief.
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ANNEX 3. Past and Current EU Level Support
The environmental targets set by the EU in the European Green Deal highlights the EU’s commitment
to transition to more sustainable food systems and strive “to be the first climate-neutral continent.”3
Adopted by the European Commission, the Green Deal offers a set of proposals to make the EU's
climate, energy, transport and taxation policies reach net greenhouse gas emissions reductions by at
least 55% by 2030, compared to 1990 levels.3 The financial instrument contributing to reaching these
goals is Horizon Europe, allocating a total of €95.5 billion between 2021 and 2027.50 This is an initiative
funding innovation and research in five mission areas: Adaptation to climate change, including societal
transformation; Cancer; Healthy oceans, seas, coastal & inland waters, Climate-neutral & smart cities,
Soil health & food. Specifically, €8.952 billion is allocated for the Food, Bioeconomy, Natural Resources,
Agriculture & Environment cluster. Core to the Green Deal is the Farm to Fork Strategy, which aims
to make food systems fair, healthy and environmentally friendly. 4
In terms of current regulation, aquaponics is regulated through Common Agriculture Policy (CAP) and
Common Fisheries Policy (CFP), as well as falling under food safety, animal wellbeing, and
environmental policies on both a local and the EU level. 52 This results in a fragmented governance of
aquaponics which is an important reason hindering the mainstreaming of these systems. This
fragmentation forms a complex set of regulations for aquaponics practitioners, who rate such
administrative obstacles as the main barriers they face when setting up a farm. 22 Furthermore, currently,
there are no EU laws and regulations concerning urban agriculture, 52 therefore they are often excluded
from urban spaces.
Horizon Europe’s predecessor, Horizon 2020, previously funded the EU Aquaponics Hub from 2014
to 2018. This hub was a four-year COST (Cooperation in Science and Technology) networking action
uniting scientists, researchers and SMEs from across the EU and around the globe to better understand
the state of knowledge in aquaponics to facilitate innovation and education in this field. The EU
Aquaponics Hub focused on three primary areas: 1) ‘cities and urban areas’ – urban agriculture
aquaponics, 2) ‘developing country systems’ – devising systems and technologies for food security for
local people and 3) ‘industrial scale aquaponics’ – providing competitive systems delivering cost
effective, healthy and sustainable local food in the EU.6 The hub helped launch multiple enterprises of
which few if not, none, remain in existence today.
Today, new projects, supported in part by the EU, are focused on integrating aquaponics into urban
farming initiatives like CITYFOOD or into Eco-Industrial Parks like BLUE-CYCLING are still
ongoing.53,54,55 CITYFOOD has worked to investigate the consequences of upscaling a nature-based
solution in a circular city. More recently, BLUE-CYCLING's core unit is an aquaponics system, to be
integrated with other food production practices to close the cycles in an Eco Industrial Park (EIP).
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ANNEX 4. Aquaponics technology
Aquaponics dates back to 1000 A.D. and have existed in different parts of the world. From ancient
Mayan and Aztec civilizations as well as in Southeast Asia, 7 fish farming was combined with crop
farming to maximize system outputs (food production) and minimize losses such as nutrients and water.
This farming method mimics nutrient cycles that are present in natural ecosystems; one organism’s
waste is used by another as a nutrient source.
The technology as it is known today emerged in the 1970’s in the United States. 7 Even though these
current systems have developed to use modern technology, the principles remain the same. Several
variations combining fish and plant farming appeared, such as coupled and decoupled systems.
Additionally, saltwater aquaponics technology is upcoming and holds a promise to become more
influential in the future.
Despite the different variations, each fresh water aquaponic system consists of a fish tank, a solids
removal unit, biofilter tanks, a plant growth bed, and pumps (one for water circulation and one for
aeration).12 Systems might differ in their exact technology, but the components mentioned above are
generally present in each system. Inputs are limited and mainly consist of water (which is greatly
reduced since the system can reuse about 90% of the water, 13 fish feed, and energy. The system is
designed to reuse nutrients and water, thereby minimizing outputs and external waste streams.
Almost all modern aquaponic systems combine tank-based aquaculture in the form of Recirculating
Aquaculture Systems (RAS) with a hydroponics component. In RAS, the water in the fish tanks can be
monitored and adjusted to the exact needs of the fish, for example pH control, solid waste removal, and
temperature. After the water is filtered and the solid fish waste is transitioned into bioavailable nutrients,
the water can flow towards the hydroponic part of the system. Depending on the financial and
environmental circumstances, this technology can have many shapes and forms, as long as plant
production does not happen in the soil.56 Plants grow in nutrient solutions in a closed and controlled
system; in the case of aquaponics the closed system is attached to the RAS component.
As mentioned above, several technological variations exist. In coupled aquaponic systems, the water
recirculates between the fish tank and the hydroponic unit (Figure 2). The following points are
characteristics and benefits of these type of systems:
•

•
•

Because the water recirculates between the water and plants, it is impossible to use
pesticides and herbicides to protect the plants from pests as this will contaminate the water,
and thus affect the fish health negatively;
Since the system mimics the natural connection between the fish and plants, there is the
belief that both are benefitting from a positive synergy57;
When the scale of production increases, so does the technical complexity due to the
required water treatment.

Figure 2. Schematic drawing of a coupled aquaponics system. 7
In contrast to coupled systems, the water in decoupled systems only flows from the fish to the plants,
(Figure 3). These systems were developed as a reaction to the different nutrient and environmental
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requirements of the fish and plants, which can be optimized for both segments separately in decoupled
systems. This results in a more efficient recycling process of the fish effluent. These type of systems
are currently the norm in most aquaponic farms. Additional benefits include:
•

•

•

Decoupled systems allow for a physical separation between the hydroponic and
aquacultural unit. This leaves room for existing aquaculture and hydroponic farms to
cooperate, and reuse treated aquacultural wastewater in hydroponic facilities;
As water does not flow back from the hydroponic part of the system to the fish, there is
some room for pest control as the toxic pathogens will not contaminate the water in the fish
tanks;
Additional loops can be added to a decoupled system that can capture more nutrients in
the transition process that would otherwise be lost. 7

Figure 3. schematic drawing of a decoupled aquaponics system.7
Finally, saline/saltwater aquaponics is an emerging technology amongst the already existing coupled
and decoupled systems. This type holds the capacity to grow marine organisms (e.g. shrimp) while at
the same time cultivating sea vegetables such as Salicornia using alternative water sources. The
technology could be especially relevant in coastal cities. Although the technology is still in its research
phase,10,47 attention should be given to its development since fresh water is becoming increasingly
scarce.8 Therefore, further research is needed to make predictions on the potential of saltwater
aquaponics and how it can contribute to urban food production.
The explanation provided above is a simplified technological explanation of the three most common
aquaponic systems. For a more in-depth and technical understanding of all the systems, the following
sources are recommended:
•
•

•

Lennard W, Goddek S. Aquaponics: The Basics. In: Goddek S, Joyce A, Kotzen B, Burnell G, ed.
by. Aquaponics Food Production Systems. Cham: Springer; 2019.
Palm H, Knaus U, Appelbaum S, Strauch S, Kotzen B. Coupled Aquaponics Systems. In: Goddek
S, Joyce A, Kotzen B, Burnell G, ed. by. Aquaponics Food Production Systems. Cham: Springer;
2019.
Goddek S, Joyce A, Wuertz S, Körner O, Bläser I, Reuter M, et al. Decoupled Aquaponics Systems.
In: Goddek S, Joyce A, Kotzen B, Burnell G, ed. by. Aquaponics Food Production Systems. Cham:
Springer; 2019.
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ANNEX 1. Glossary of Key Terms
Artisanal mining: Mining done by hand, which implies direct exposure for miners. Cobalt mining is
predominantly done in the Democratic Republic of the Congo, in artisanal and industrial mines, both of
which have a range of social and environmental harms (see Annex 8 for more details). About 10-30%
of cobalt is produced in the artisanal mining sector and serves as an income source to 150,000-200,000
artisanal miners.61
Battery: A storage device “that converts chemical energy into electrical energy and vice versa”. 62 It is
composed of a negative electrode (or anode), a positive electrode (or cathode), a charge material, and
finally electrolytes and a separator that allow the charge material to flow from the anode to the cathode
once it has lost one of its electrons.
Burden-shifting: The shifting of environmental and social impacts to new areas that accompanies the
shift to using new technology.
EV - Electric Vehicle: A vehicle that uses an electric motor instead of an internal combustion engine.
Energy density: The battery’s energy storage capacity relative to its size, typically measured in
watthour per liter (Wh/L). High energy density indicates high energy storage capacity in a smaller space,
which is preferred in EVs as it allows for a longer range.
Fully Organic Batteries: Batteries that use no metal for the anode, the cathode and the charge
material. Instead, they use carbon- and hydrogen- based organic compounds (which can be sourced
from either biomass or fossil fuels).
ICE – Internal Combustion Engine: An engine that functions through the combustion of fuel. Nonelectric vehicles all have this type of engine, and the combustion of fuels that happens with ICEs
contribute significantly to urban air pollution and smog, effectively damaging the environment as well
as human health.
LIB – Lithium-Ion Batteries: A type of rechargeable (or secondary) battery, where the charge material
is lithium. The discovery of LIBs has played a major role in the development of electronics and EVs,
because of their enormous advantages: They are dense in energy and power, have a long cycle life,
no ‘memory effect’, useability in a large temperature range, etc. (see Annex 8 for more details).
LFP – Lithium Iron Phosphate: A type of positive electrode (cathode) for batteries; It does not include
cobalt (because of its ethical and environmental impacts as well as high costs) and is instead based on
phosphate and iron, which is considered an abundant metal (see Annex 8 for more details).
NMC – Nickel Manganese Cobalt: A common type of cathode that is based on nickel, manganese and
cobalt. NMCs show a great combination of longevity and performance, which make them applicable for
all vehicle types. They however rely on a range of scarce metals which come with mining-related harms
like environmental degradation and human exploitation (see Annex 8 for more details).
Power: “Power is the amount of energy that a device can deliver in a unit of time”, 63 measured in Watt.
One Watt (W) equals to a Joule (J) per second (s) 1W=1J*s -1).
Power density: Similarly to energy density, power density is the battery’s power capacity relative to its
size (typically measured in watt per litter (W/L)). In the case of EVs, a higher power density means a
higher acceleration capacity.
SIB – Sodium Ion Batteries: A type of battery that uses sodium instead of lithium as the charge
material. Sodium has similar chemistry properties as lithium, but is significantly more abundant.
Drawbacks from using sodium includes lower energy density. SIBs use different anodes from LIBs,
because of the larger size of the sodium atom. Many of the different cathodes designed for LIBs
however apply to SIBs, such as (but not limited to) NMCs and NFPs (equivalent to LFPs). See Annex
7 for more details.
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ANNEX 2. Table 2 explained
Table 2 presents a simplification of the research findings, in order to give a clearer overview for the
readers. The table does not follow scientific methodology and should not be thought of as such. For
further details, please consult Annex 7 & 8.
Climate: climate impact based on GHG emissions in the resource extraction, manufacturing
and use phases.
ICEs are fully dependent on fossil fuels and emit GHGs during all stages of life.
1.

NMC; LFP; SIB emit GHGs during resource extraction and manufacturing. Assuming that batteries are
charged with GHG-neutral electricity, emissions during use are none.
Organic batteries emit GHGs during resource extraction and manufacturing. Assuming raw materials
are derived from crops or crop waste, there is also a potential for carbon capture during extraction.
2. Environmental: based on: toxicity, pollution risk, land and water use, resource depletion.
ICEs environmental impacts are mainly due to the sourcing and processing of fossil fuels as well as
from tailpipe emissions.
NMCs extraction and manufacturing of nickel, manganese and cobalt are associated with imminent
resource depletion, high toxicity & pollution risk, as well as high land, water, and energy use due to the
limited availability of the materials, which leads to extensive environmental degradation. To meet future
demand, deep-sea mining will also need to be employed, which threatens pristine ecosystems.
The impacts of lithium are mostly related to water and land use during brine extraction: through
depletion of groundwater in arid regions, salt-flat ecosystems and desert vegetation are destroyed.
LFPs while the use of lithium remains the same as with NMCs, extraction and manufacturing of iron,
phosphates, and additional copper and graphite are associated with low or medium toxicity & pollution
risk, as well as reduced land, water, and energy use due to abundance of the materials, which leads to
reduced ecosystem degradation.
SIBs extraction of sodium reduces the effects of lithium by a factor 1000. Effects of large-scale sodium
manufacturing are hard to predict and partially depend on the choice of cathode material. SIB
manufacturing processes currently do have a high water consumption and rely on metal catalysts.
Organic batteries that are derived from biomass (wood, crops, or crop waste) have limited negative
impacts during resource extraction and manufacturing. However, agriculture and forestry have a great
potential for deforestation if industrialized.
Human impact: Based on: Labor conditions, displacement, and livelihood impacts due to
environmental degradation.
NMC: Cobalt mining relies heavily on exploitation of workers, including child labor, is linked to regional
destabilization in the DRC and threatens the livelihood of residents of small island states in the Pacific.
3.

NMC + LFP: Lithium mining is responsible for displacement of local people across the world: In Serbia,
lithium extraction leads to destruction of agricultural land, as well as flooding risks. Water depletion
around Andean salt flats is highly detrimental to the livelihood and community cohesion of indigenous
populations, while their right to free, informed, and prior consent is disregarded.
SIB: Extraction of lithium can be done virtually anywhere, so human impact is largely dependent on
local worker conditions and regulations.
Organic: Extraction of organic compounds can be done virtually anywhere, so human impact is largely
dependent on local worker conditions and regulations.
4. Time frame: Time frame until large-scale commercialization.
SIB is already used for niche applications. Its adaptation to EVs on a large scale is not fully certain yet,
but many factors indicate it could be done within the decade.
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Organic batteries are still in early development for niche applications. A lot more research is needed
before these can be applied to EVs, particularly concerning energy density and operating temperature.
5. Cost price: Total vehicle price for users, including fuel/electricity price
ICEs are a fully developed technology and use few rare building materials, which keeps costs down.
NMC vehicles are significantly more expensive than their ICE counterparts, due to the battery price.
LFP, SIB and organic batteries use cheaper materials and have a longer cycle life than NMCs, which
might bring the costs down.
6. Vehicle type: Types of vehicles currently commercialized with this type of battery
NMCs can be used like ICE, with a slight range limitation.
LFPs have seen progress on the range & power limitation, which makes them applicable for every type
of vehicle except for long-range cars.
SIBs can be used for light mobility and heavier mobility with predictable journeys, such as city buses.
1. Range: Range a vehicle can travel on one charge/fuel tank, which depends on energy density
ICE uses oil, which is very energy dense and can be recharged very quickly.
NMC uses a mix of high-capacity metals, which is very energy dense and can have a high range.
LFP uses metals with lower capacity, but structural improvements allow for a reasonable driving range.
SIB & organic batteries use low-density materials with a short driving range, but structural and
chemical improvements are likely to tackle this challenges as research progresses.
2. Charging speed: Charging speed depends on the charge rate (or C-rate)
ICEs can fill up a tank of fuel in a matter of minutes.
NMC; LFP; SIB vehicles use batteries with a C-rate of 0.5-2, so batteries take multiple hours to charge.
Organic batteries have a C-rate up to 400 times as fast as current EV batteries, which allows for
recharging in the course of minutes, comparable to filling up an ICE.
Cycle life: Number of charging-discharging cycles a battery can hold before losing 20% of its
capacity, which is important for sustainability and user’s return on investment.
NMC batteries use cobalt to stabilize lithium, which gives them a life expectancy of ~1000 cycles.
3.

LFP; SIBs have a notably longer cycle life than NMCs, up to 5000 cycles.
Organic batteries still have stability issues, making it unclear how long their cycle life will be.
4. Fire safety: Likeliness of the fire, dangerousness
NMC; LFPs have a very low risk of fire, but lithium fires very difficult to extinguish if ignited.
SIBs; Organic batteries have a higher overheating point and are more resistant to shocks. If ignited,
their fires are easy to extinguish.
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ANNEX 3. Experts consulted in interviews
Expert

Institution

Position

Date

Country

Topic

Shailesh
Upreti

iM3NY, C4V
(companies)

Founder &
chairman

11
Nov

USA

Miroslav
Mijatović

PAKT
(Podrinje anticorruption
team);
Coalition of
Organizations
against
Environmental
Corruption
Nexus Power
(company)

President &
board member

17
Nov

Serbia

Cobalt- & nickel-free
batteries for emobility
Environmental &
social impacts of
lithium extraction in
Serbia

Co-founder

17
Nov

India

Swugo
(company)
Linköping
University
Providence
College

Co-founder

18
Nov
19
Nov
19
Nov

Taiwan

24
Nov
25
Nov

France

Organic batteries

Sweden

Environmental
impacts of organic
batteries
Environmental &
social impacts of raw
materials extraction,
policy & strategy
Social-environmental
implications of deepsea mining
Cobalt-free olivinestructure cathodes,
especially
manganese
phosphate
Sustainable urban
development, urban
mobility
Sustainable urban
development, emobility & charging
infrastructure

Nikita
Baliarsingh
Samuel
IJsselmuiden
Mikhail Vagin
Thea
Riofrancos

Researcher

Sweden

Stéven
Renault
Shan Zhang

University of
Nantes
Uppsala
University

Researcher,
assistant
professor,
author,
journalist
Associate
professor
PhD
researcher

Michael
Reckordt

PowerShift
(NGO)

Raw materials
policy officer

26
Nov

Germany

Pelenatita
Kara

Civil Society
Forum Tonga

Aug
5

Tonga

Franky
Bedoya

Ecole
Polytechnique
Fédérale de
Lausanne

National Deep
Sea Mining
Coordinator
PhD
Researcher

30
Nov

Switzerland,
Colombia

Carmen
Aalbers

Wageningen
University &
Research
EVconsult

Senior
researcher &
advisor
Consultant
Electric
Mobility &
Charging
Infrastructure

1
Dec

Netherlands

12
Dec

Netherlands

Sjoerd
Moorman
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USA

Organic &
biodegradable
batteries for emobility
Light mobility & emobility
Batteries, chemistry,
electricity
Environmental, social
& political impacts of
lithium extraction in
Latin America

ANNEX 4. Key messages from expert interviews
Expert
Shailesh Upreti

USA-based founder &
chairman of iM3NY, a
company developing
cobalt- and nickel-free
batteries for e-mobility.

Miroslav Mijatovic

Serbia-based president
of PAKT; Coalition of
Organizations against
Environmental
Corruption.

Nikita Baliarsingh

India-based co-founder
and COO of Nexus
Power, a company
developing
biodegradable organic
batteries for e-mobility.

Samuel
IJsselmuiden

Taiwan-based cofounder of start-up
“Swugo”, specializes in
lightweighting of vehicles
& light e-mobility.

Key messages from the interview
•
•

•
•
•
•
•
•
•

•
•

Dr Mikhail Vagin

Sweden-based
researcher at Linköping
University.

Thea Riofrancos

USA-based journalist &
researcher focused on
the extractive node of
the supply chain in
lithium extraction in
Chile, the EU, and the
USA.

•
•
•

•

•
Dr. Stéven Renault

France-based associate
professor at University of
Nantes, specialized in
organic batteries.

•

Prices of cobalt and nickel increasing; using these metals is not a
sustainable way of making batteries;
LIBs are here to stay for the short- and medium-term future, but
the chemistries within these batteries can be improved and made
greener.
Serbian context: lithium mining is displacing people through risk
of flooding (due to drilling), water scarcity (water-intensive
extractive activity), corruption of the quality of the soil;
Extractive company and national government work together, with
profit as the main interest.
Nexus batteries are biodegradable EV batteries with an inner
chemistry made from agricultural waste (combination of proteins
and carbon);
Obstacle in implementing e-mobility: infrastructure & need for
incentives from the government;
The big problem with e-mobility is that the energy source relies on
fossil fuels.
EV batteries are not likely to change in the next 10 years,
because of how complex the chemical process are;
Biggest challenge in transition to e-mobility (& sustainable
mobility): lack of infrastructure to make EVs in cost-effective way
& making cars unattractive should be focal point for sustainable
mobility;
Due diligence on raw material level is very difficult because there
is no strict tracing & laws change depending on the country
context;
Current recycling practices not efficient; for cobalt- & nickel-free
batteries, less incentive to recycle because those metals are what
is more precious.
Aggressive chemistry translates to safety concerns; when
chemical safety is needed, it makes the battery more expensive;
Concept of balancing the electricity grid depending on energy
consumption, which is not constant.
Social impacts of lithium extraction: local communities’ livelihoods
& agricultural practices at risk; multinational corporations are
taking power in the absence of governmental oversight, providing
employment & growing the economy, but there is a lack of
regulatory tools;
“I think what we're starting to see is a new wave of extraction
around the world that is linked to the energy transition, not just to
electromobility, but to the production of solar panels, transmission
lines, wind turbines, etc. And that is going to put communities in
the crosshairs of these very harmful sectors”;
State and extraction companies working together (corruption).
Organic batteries are currently more suitable for stationary use
rather than mobility & cell phones; they are not likely to be
commercialised in next 5 years at least;
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Common challenges for organic batteries: low energy density,
organic compounds dissolving / decomposing, poor electronic
conductivity, self-discharge;
Source material: either from biomass (but needs extensive
processing which is very expensive and energy intensive), or from
oil (fossil fuel);
“The LCA could be much better than inorganic, or much worse.
The only clear thing is that for recycling of organic batteries is by
far, much better than regular batteries.”

•
•
•

Shan Zhang

Sweden-based
conducting her PhD on
the environmental
impacts of organic
batteries.

Organic batteries are still at a very early stage of development
(TRL 4);
First LCA shows that impact of ORB is lower than LIB, with low
energy and water use during manufacturing, even when derived
from fossil fuels;
Use of solvents is responsible for main environmental impacts;
Organic raw material could be lignin from trees, which might have
impacts on land use and biodiversity;
Investments need to be made for developing efficient supply &
production chains and in further research.

•
•
•
•
•

Michael Reckordt

Germany-based
geographer working at
PowerShift on raw
material extraction and
strategies in the EU,
specifically connected to
batteries.

Social impact of mining: bribery & corruption (involves billions of
euros of investment);
Reducing metal use isn’t the solution because communities on
the ground dependent on it; need for due diligence for mining
practices;
Most important for sustainable mobility: designing light, small cars
with a focus on circularity, & developing national regulations
surrounding mining;
Environmental impact assessments should be accessed publicly
and there needs to be a binding international standard.

•
•
•
•

Pelenatita Kara

Tonga-based National
Deep-Sea Mining
Coordinator for the Civil
Society Forum Tonga.

Franky Bedoya

•

Switzerland & Colombiabased post-doctoral
researcher on LMP
cathode
electrochemistry.

Dr. Carmen Aalbers
Netherlands-based
senior researcher &
advisor governing
sustainable urban
development.

The majority of the population in Tonga (& Pacific islands) is
highly reliant on the ocean for their subsistence and livelihood,
she is against deep-sea mining for fear of harming local and
global marine ecosystems as well as Pacific-island communities.

•

•
•
•
•
•
•

Main criteria for battery success: high specific capacity, structure
stability (which affects lifetime), price;
Lithium-Manganese-Phosphate (LMP) are not ready because of
serious stability issues;
More research needs to be done in cobalt-free batteries.
It's very difficult to reorganize transport because cars have
systemic dominance, and are associated with high social status,
which reinforces care dependency;
Electric cars are not an inclusive way of transport due to their high
price and they continue car dominancy, consume a lot of space,
and form a barrier for wildlife and the environment;
Transport innovation should focus on taking away tarmac and
pavement (for example by elevated transport like sky trains) in
order to have more green space and climate adaptation;
Policy and planning for mobility should be much more
integral/holistic and consider social, environmental and economic
factors and intersections between gender, age, social status.
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Sjoerd Moorman

Netherlands-based emobility & charging
infrastructure consultant
for the city of Amsterdam
at EVconsult.

•

•
•
•

Planning for future charging infrastructure in Amsterdam: taking
into consideration a trend towards faster charging batteries &
charging points, need to charge less often, increase of light EVs &
car-sharing services;
The use of the EV is more determining of its charging need than
the type of EV;
Currently battery type & chemistry are not considered when
planning charging infrastructure;
Importance of switching to fast charging batteries & charging
spots: more attractive to consumers, more (space-)efficient
charging infrastructure in cities, more interesting business-wise.

ANNEX 5. Overview of performance indicators definitions
Copied and adapted from MIT Electric Vehicle Team, December 200862:
A battery is a device that converts chemical energy into electrical energy and vice versa.
Battery Basics
•

•

•

•

Cell, modules, and packs: hybrid and electric vehicles have a high voltage battery pack that
consists of individual modules and cells organized in series and parallel. A cell is the smallest,
packaged form a battery can take and is generally on the order of one to six volts. A module
consists of several cells generally connected in either series or parallel. A battery pack is then
assembled by connecting modules together, again either in series or parallel.
Battery Classifications: not all batteries are created equal, even batteries of the same
chemistry. The main trade-off in battery development is between power and energy: batteries
can be either high-power or high-energy, but not both. Often manufacturers will classify
batteries using these categories. Other common classifications are High Durability, meaning
that the chemistry has been modified to provide higher battery life at the expense of power and
energy.
C- and E- rates: in describing batteries, discharge current is often expressed as a C-rate in
order to normalize against battery capacity, which is often very different between batteries. A
C-rate is a measure of the rate at which a battery is discharged relative to its maximum capacity.
A 1C rate means that the discharge current will discharge the entire battery in 1 hour. For a
battery with a capacity of 100 Amp-hrs, this equates to a discharge current of 100 Amps. A 5C
rate for this battery would be 500 Amps, and a C/2 rate would be 50 Amps. Similarly, an E-rate
describes the discharge power. A 1E rate is the discharge power to discharge the entire battery
in 1 hour.
Secondary and Primary Cells: although it may not sound like it, batteries for hybrid, plug-in,
and electric vehicles are all secondary batteries. A primary battery is one that cannot be
recharged. A secondary battery is one that is rechargeable.

Battery technical specifications
•

•

•

Capacity or Nominal Capacity (Ah for a specific C-rate): the coulometric capacity, the total
Amp-hours available when the battery is discharged at a certain discharge current (specified
as a C-rate) from 100 percent state-of-charge to the cut-off voltage. Capacity is calculated by
multiplying the discharge current (in Amps) by the discharge time (in hours) and decreases with
increasing C-rate.
Energy or Nominal Energy (Wh for a specific C-rate): the “energy capacity” of the battery,
the total Watt-hours available when the battery is discharged at a certain discharge current
(specified as a C-rate) from 100 percent state-of-charge to the cut-off voltage. Energy is
calculated by multiplying the discharge power (in Watts) by the discharge time (in hours). Like
capacity, energy decreases with increasing C-rate.
Cycle Life (number for a specific DOD): the number of discharge-charge cycles the battery
can experience before it fails to meet specific performance criteria. Cycle life is estimated for
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•

•

•

•

specific charge and discharge conditions. The actual operating life of the battery is affected by
the rate and depth of cycles and by other conditions such as temperature and humidity. The
higher the DOD, the lower the cycle life.
Specific Energy (Wh/kg): the nominal battery energy per unit mass, sometimes referred to as
the gravimetric energy density. Specific energy is a characteristic of the battery chemistry and
packaging. Along with the energy consumption of the vehicle, it determines the battery weight
required to achieve a given electric range.
Specific Power (W/kg): the maximum available power per unit mass. Specific power is a
characteristic of the battery chemistry and packaging. It determines the battery weight required
to achieve a given performance target.
Energy Density (Wh/L): the nominal battery energy per unit volume, sometimes referred to as
the volumetric energy density. Specific energy is a characteristic of the battery chemistry and
packaging. Along with the energy consumption of the vehicle, it determines the battery size
required to achieve a given electric range.
Power Density (W/L): the maximum available power per unit volume. Specific power is a
characteristic of the battery chemistry and packaging. It determines the battery size required to
achieve a given performance target.

ANNEX 6. Methodology & aim of the research
Methodology
In this brief, a comparative analysis was applied in combination with components from a life-cycle
analysis. The steps of a life-cycle analysis (goal & scope definition, inventory analysis: data collection,
impact assessment and interpretation) were condensed and simplified. First the scope was defined by
identifying the key battery innovations we wanted to focus on (LIBs, LFPs, SIBs, and organic) as well
as the life-cycle stages to focus on (primarily extraction and production). According to this scope, data
was collected in the form of an extensive review of recent literature. In addition, experts in the battery
and energy field, as well as civil society and academics working on or related to this technology were
consulted. The life-cycle analysis influenced the selection of countries researched (i.e. due to a majority
of cobalt being extracted in the DRC, this country was included, among other countries). From the
literature review and expert interviews, the conditions under which the materials for these batteries are
extracted and what the impact of extraction is (i.e. GHG emissions, human rights abuses) were
analyzed and compared. Also, performance characteristics (energy density, cost, etc.) of the different
batteries were compared. Finally, the data was evaluated to understand how and when burdens from
production would shift when switching from one battery to another and the implications of this for the
city context. This evaluation was based to a greater extent on the literature review than the interviews.
Aim of the research
The aim of our research was to assess the practical and economic feasibility of emerging EV batteries
as a more sustainable alternative to current e-mobility battery standards, to explore the potential shifting
of environmental and social burdens associated with alternative EV battery production, and to formulate
policy recommendations that could stimulate the adoption of sustainable e-mobility options in cities.
Research question
Our main research question was: To what extent can cobalt-free innovations in EV batteries shift the
burdens and mitigate impacts on human rights and the environment associated with their production,
and facilitate EV adoption in cities?
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ANNEX 7. Materials and performance characteristics comparison
Category

Current lithium-ion

NonLithium,
nonorganic

Fully Organic Radical
Battery

NMC
(Nickel Manganese
Cobalt)

LFP
(Lithium
Iron
Phosphate)

Sodium-ion

Polypeptide

RedoxPolymer-Based
Proton

Electronics, all EVs

Electronics,
light EVs,
shared EVs

Stationary
storage,
light EV

Small
devices,
smart
apparel25

Small devices,
smart apparel25

Charge

Lithium-ion

#

biTEMPO
polypeptide24

pEP(QH2)E64,65

Cathode (+)

LiNiMnCoO2
(Proportion of Ni, Mn
and Co varies)

LiFePO4

biTEMPO
polypeptide24

pEP(QH2)E64,65

Cobalt?

10-33% of cathode2

No

No

No

Anode (-)

Graphite

#

viologen
polypeptide24

pEP(NQ)E64,65

Electrolyte

Typically lithium salt
(e.g. LiPF6) in
organic solvents66

#

0.5M H2SO4
(aq)64,65

Separator

Typically 2 to 3
layers of
poly(ethylene)/
poly(propylene)67

0.5 M
TBACF3SO3
in propylene
carbonate24

#

Filter paper
soaked in
electrolyte24

Sulfuric
acid64,65

Industry:
150-22022,68–70

Lab: 53069,71

Lab: 57.275

-

Energy density
(Wh/L)
Rate capability
(C-rate)

Industry: 27276
Lab: 53022

Industry:
200-35022,73

Industry:
10616054,72–74
Lab: 52071
Lab: 18040054,71,73

-

Low25

0.7-268

477

-

10-40075

-

Cycle life

1000-200068

Price, 2020 avg
($/kWh)

$13738

Name

MATERIALS

Current/expected
use

Energy density/
Specific energy
(Wh/kg)

# same as classic li-ion

Sodiumion
Most LIB
cathodes
can be
used (with
Na
replacing
Li)
Depends
Aluminum /
Hard
Carbon
Typically
sodium salt
in organic
solvents
#

1200250+24
500054,71,73
2018:
81
$248
$78-10078–80
Lab: 4510073
- information could not be found
5000+54,73,77

500+65
-

For the sake of readability, only the batteries that appeared in the final brief have been kept in this table.
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ANNEX 8. Environmental & social impact comparison of EV batteries
Four key impact areas were defined as follows: (i) total energy use & emissions, (ii) toxicity, (iii)
habitat destruction, and (iv) social impact.19
Aspect

Major
materials

Source
Stage
Resourceto-gate

GHG's (CO2
eq/kWh)

Cobalt Li-ion
(NMC)

Iron Li-ion
(LFP)

- Lithium
- Cobalt
- Nickel
- Manganese
- Graphite
Ore, brine, rock
& deep-sea
mining

- Lithium
- Iron
- Phosphates
- Copper
- Graphite
Ore, brine &
rock mining

- 140-196 kg18
- Li: 208.24 (CA)
8,83

Water use
(L/kWh)

- 65% of
available water
in Atacama
desert8
- High(CA)19

Energy use

Pollution &
toxicity

Resource
extraction

Habitat
destruction
(Terrestrial &
Riverine)

Habitat
destruction
(Marine)

Human &
labor rights

Sodiumion
(Na-ion)
- Sodium
(CA)
- Carbon
(AN)

Org-ORB*
- Organic
proteins (CA)
- Carbon (AN)

Sea + brine
& rock
mining

Biomass4,5

- 160 kg18

-140 kg18,82

?

- Li: 177.46
(CA)8,83
- 65% of
available water
in Atacama
desert8
- 50% less
(CA)19

- Na:
107.17
(CA)84
(Negligible
% of
seawater)
- Low:
0.01-1% of
Li-ion
(CA)19
- Nontoxic82

?

- 0.01-1%
of Li-ion
salt flat
destruction
(CA)19
- Low land
use (SP)19
1m2/kWh19

- Land use for
sugar cane,
beet or corn
cultivation (CA
& AN)88
- Low land use
(SP)19

- Pollution
surface waters86
- Degradation of
agricultural
land17
- Reduction
groundwater
level in Atacama
desert(CA)15
- Salt flat foodchains (CA)15
- Flooding of
river sheds
(CA)17
- High land use
(SP)19
- 9.5m^2/kWh19
- Deep sea
ecosystems20

- Pollution
surface waters86
- Degradation of
agricultural
land17
- Reduction
groundwater
level in Atacama
desert(CA)15
- Salt flat foodchains (CA)15
- Flooding of
river sheds
(CA)17
- High land use
(SP)19
- 10.5m2/kWh19

- Child
Labour19,21
- Hazardous
working
conditions21
-Disrupted
access to
drinking water19

- Hazardous
working
conditions21
-Disrupted
access to
drinking
water1977
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- Depends on
source33
- >90% less
(CA)23,85
- Nontoxic23,87

- Loss of
income9,15

Human health

Displacement

Energy
Transport
emissions
Water use
(L/kWh)
Manufacturing
Pollution &
toxicity

Human rights

- Violation of
Indigenous
peoples’ right to
prior
consent15,32,86,89
- Severe
respiratory &
organ damage19
- Increased risk
of birth defects19
- Indigenous
peoples
Argentina32,
Chile15, & USA89
- Rural
population
Serbia17
~950-1110
BTU/Wh19
High (CA)19

- Violation of
Indigenous
peoples’ right to
prior
consent15,32,86,89

- High25

- Indigenous
peoples
Argentina32,
Chile15, & USA89
- Rural
population
Serbia17
~1000-1225
BTU/Wh19
Low(CA)19

~625
BTU/Wh19

- Low23,25

- High25

- High84

- Low

- High toxicity
score: 5.519
- SO2
emissions: High
acidification
potential
(AP)(CA)19

- Medium
toxicity: 419
- Low AP (20%
of NMC) (CA)19

- Low to no
toxicity:
1.219
- Low AP
(20% of
NMC)
(CA)19

- Low toxic
catalysts used
in controlled
environment85
- Reduced
pollution risk85

n/a

n/a

n/a

n/a

FU (Functional Unit) = 1 kW h of storage capacity & 1 kW h of lifetime energy storage capacity2
Legend
•
•
•
•
•
•

(AN): associated with anode production
(CA): associated with cathode production
(SP): associated with separator production
(EL): associated with Electrolyte production
(So): associated with solvents
(Ct): associated with catalysts

*: Analysis only includes biomass-based organic batteries, even though many current experimental
organic batteries still rely on fossil fuel derivatives3
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Hydrometallurgy for EV Batteries
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ANNEX 1. Analysis

Table 1. Materials flow analysis for Li, Co, Mn, Ni8

Table 2. Existing regulations and action plans
Country/Region
United States
Europe

China

Japan

Legislation/ Action plan

Date passed

EV Everywhere Grand
Challenge Blueprint
Horizon 2020, 114 million
euros for battery research and
innovation

20136

Battery Strategic Action plan,
includes recycling

20176

Battery 2030+
China issued regulation in
2018 to make manufacturers
responsible for collection and
recycling of EV recycling
Law Regulating the Import and
Export of Certain Hazardous
Wastes and Other Wastes

2020-2023 (3-year plan)6
20186,16
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2010-2020, 10-year plan6

20046,17

ANNEX 2. List of interviewees
•
•

•
•

Sailesh Upreti, CEO of C4V a Lithium-ion battery manufacturing company in Endicott, New
York
Jim Puckett, Executive Director, Basel Action Network (BAN), A Non-profit Organization who
works to combat exportation of technology toxic waste from developed countries to developing
countries, Seattle Washington, United States
Lisa Crosby, Researcher at BAN
Harry Nicholas, Senior Associate ICR Inc., Strategic Communication & Advisory company for
Li-Cycle, a major North American Hydrometallurgy company

ANNEX 3. Glossary
Anode: An anode is an electrode through which the conventional current enters into a polarized
electrical device.
Cathode: An electrode through which conventional current leaves an electrical device.
Electric Vehicle: An electric vehicle (EV) is a vehicle that uses one or more electric motors for
propulsion. It can be powered by a collector system, with electricity from extravehicular sources, or it
can be powered autonomously by a battery (sometimes charged by solar panels, or by converting fuel
to electricity using fuel cells or a generator). EVs include, but are not limited to, road and rail vehicles,
surface and underwater vessels, electric aircraft and electric spacecraft.
Leaching: Leaching is a process widely used in extractive metallurgy where ore is treated with
chemicals to convert the valuable metals within into soluble salts while the impurity remains insoluble.
Lithium-ion battery: A lithium-ion battery or Li-ion battery is a type of rechargeable battery in which
lithium ions move from the negative electrode through an electrolyte to the positive electrode during
discharge, and back when charging
Polytetrafluoroethylene (PTFE): Also known under the commercial name Teflon, it is non-reactive,
partly because of the strength of carbon–fluorine bonds. It is widely used for non-stick cookware
applications, and as a binder in lithium-ion batteries.
Polyvinylidene Fluoride (PVDF): A specialty plastic used in applications requiring the highest purity,
as well as resistance to solvents, acids and hydrocarbons such as lithium-ion battery manufacturing as
a polymer binder.
Relithiation: The reincorporation of lithium into an electrode in a lithium-ion battery
Sintering: A process in which the particles of a powder are welded together by pressure and heating
to a temperature below its melting point
Slag: stony waste matter separated from metals during the smelting or refining of ore

124

Bladeless Wind Turbines
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ANNEX 1: Consulted experts
Superscript
1

Name of Experts
Nguyễn Mộc Đức
(Mr)
Huỳnh Tấn Đạt (Mr)

2

3
4
5

Ronald. M. Galindo
(Dr)
Erik Velasco (Dr)
Wilen Melsedec
Narvios (Dr)
Nguyễn Phương Lâm
(Mr)

6

7

8

Nguyễn Công Huân
(Mr)
Lý Khánh Tâm Thảo
(Mr)

Institution
Green power
company
Hoang Lien Son
Construction
Company
Limited
Cebu
Technological
University
Molina Center for
Energy and the
Environment
Cebu
Technological
University
Long Hau
industrial zone
Long Hau Joint
Stock Company
Saigon
Technology
University
Ho Chi Minh City
Department of
planning and
Architecture

Manager

Interview
date
19/11/2021

Viet Nam

Manager

22/11/2021

Viet Nam

Dean, College
of Engineering

25/11/2021

Philippines

Research
scientist

26/11/2021

Mexico

Position

Country

Chair,
29/11/2021
Electrical
Engineering
Director,
1/12/2021
system
management –
Human
Resources
Administration
Lecturer
2/12/2021

Philippines

Head, Division
of Urban
Technical
Infrastructure
Management

Vietnam

2/12/2021

Vietnam

Viet Nam

ANNEX 2: Methodology
SWOT Analysis
Based on a SWOT analysis, opportunities, challenges, and barriers involving bladeless wind
turbines were investigated through their advantages and disadvantages. Policies were
proposed with the aim of deploying this technology in urban areas.
Expert Consultation
The opinions of the eight experts in different fields (architecture, mechanics, engineering,
renewable energy investors and civil engineering) were considered in order to build the
scenarios associated with the deployment of bladeless wind turbines in the futures. The
interviews were conducted online with systematic questions prepared with respect to each of
the experts.
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ANNEX 3: Summary of the technology
Table 1. Summary of the Technology 9
Scale
Mini vortex

Technical specifications

Cost in USD

Height: 3 m

250

Weigh: 10 kilograms
Generation capability: 100W
Mid-size
vortex

Height: 13 m

5000

Weigh: 100 kilograms
Generation capability: 4kW

Giant vortex

Height: 150 m

Depends on the
installation site

Weigh: 100 tons
Generation capability: 1MW

127

Application of Solar Energy for Traffic Light System in Developing Countries
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ANNEX 1: Consulted experts
Super
Script

Name of Experts

Institution

Position

1

Nguyễn Mộc Đức (Mr)

Green power company

Manager

19/11/2021

Viet Nam

2

Van Lang University

Lecturer

17/11/2021

Viet Nam

3

Huỳnh Thị Minh Thư
(Dr).
Huỳnh Tấn Đạt (Mr)

Manager

22/11/2021

Viet Nam

4

Nguyễn Viết Kiệt (Mr)

Hoang Lien Son
Construction Company
Limited
Genergy company

24/11/2021

Viet Nam

5

Nguyễn Công Huân
(Mr)
Nguyễn Phương Lâm
(Mr)

Head of Technical
department
Lecturer

2/12/2021

Viet Nam

Director, System
Management Human Resources
Administration
Project manager

1/12/2021

Vietnam

24/11/2021

Viet Nam

Technical
manager
Head of Technical
department

24/11/2021

Viet Nam

20/11/2021

Viet Nam

Research scientist

26/11/2021

Mexico

Dean, College of
Engineering
Senior R&D officer

25/11/2021

Philippines

26/11/2021

Canada

Chair, Electrical
Engineering

29/11/2021

Philippines

7

Nguyễn Tấn Khải (Mr)

Saigon Technology
University
Long Hau Hau
industrial zone
Long Hau Joint Stock
Company
Gotecland company

8

Nguyễn Trung (Mr).

Hanwha Energy

9

Phùng Quang Giang
(Mr)

10

Erik Velasco (Dr)

11

Ronald. M. Galindo
(Dr)
Soheil Rastan (Dr)

South
telecommunication &
software JSC.
Molina Center for
Energy and the
Environment
Cebu Technological
University
Statistics Canada and
UN
Cebu Technological
University

6

12
13

Wilen Melsedec
Narvios (Dr)

Interview
date

Country

ANNEX 2: Methodology
Expert consultation
For this policy brief, 13 experts from a variety of backgrounds including electricity, solar technology,
renewable energy were consulted through semi-structured interviews. The meetings were set up
virtually; interviews notes were transcribed, and some sessions were recorded.
SWOT analysis
A SWOT analysis is designed to look at the strengths and weaknesses of solar technology then to
analyze opportunities and threads of technological application. Based on the results, implied policies
were recommended.
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ANNEX 3: Cost comparison between fossil fuel energy and solar energy
Traffic Lights using fossil fuels
energy AC 220V – 60W

Type of costs

Quantity

Unit
Price

Total

Traffic Lights using Sokoyo –
LUMO 60W
Quantity

Unit
Price

Total

One off cost (Installed cost)
Lights
Control Cabinet (2 items) &
MCB
Lamp posts and installed
fee

92

item

88,75

8.165

92

item

398,57

36.668,44

item

291,52

26.819,84

92

item

289,06

26.593,52

8,14

16.280

1.132
92

Fee of underground cables
and installation

34.155,71

Fee of underground cable
pipe construction

2000

Earth conductor jacks

1.356,92

Installed cost

(USD)

m

0

(USD)

Initial installation cost of
solar lights is lower than
28%
AC
Operation and Maintenance in 10 years
Electricity Bill
System Operation Cost
Lights Maintenance
Storage battery
Replacement
Total cost in 10 years

[(60W x 12H/day x 365
days x 10 years x 92
lights)/1000] x
0,075USD/KW

18.133,200

3650
92

9.125
18.217,84

times
light

2,50
198,02

0

24

time

29,58

709,92

0

92

light

199,28

18.333,75

(USD)

(USD)

Installation and operating costs of solar lights for 10 years are lower than AC lights 38%
The cost comparison table is based on the construction and installation project of a lighting system for
a 1km-long urban streetlight in Ho Chi Minh City. Ho Chi Minh City with 2 lanes in opposite directions,
each lane is 5.5m wide, the cost of using for 10 years. Unit: USD. (The data table is for reference only). 24
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Integrated Advanced Oxidation Processes (IAOP) for City Water Sanitation
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ANNEX 1. Consulted Experts
Expert

Institution

Position

Country

Topic

Switzerland

Advanced
Oxidation
Processes

22-11-2021

India

17-11-2021

Panama

TERI Advanced
Oxidation
System
(TADOX)
Wastewater
Treatment
Process

23-11-2021

The
Netherlands

Wastewater
Treatment
Process

19-11-2021

The
Netherlands

Advanced
Oxidation
Processes

Alabaster,
Graham

UN-Habitat

Bahadur,
Napur

TERI

Garcia Tapia,
Jose

Constructora
RODSA, S.A.

Mechanical
Engineer

Kujawa,
Katarzyna

Wageningen
University &
Research

Lecturer;
Department of
Agrotechnology
& Food Sciences
(Environmental
Technology)

Saha, Pradip

Wageningen
University &
Research

Researcher; PhD

Schroder, Fritz

City of Dayton
Water
Reclamation
IHFC;
Technology
Innovation
Hub of IIT
Delhi

Laboratory
Supervisor

30-11-2021

United States

Lead Researcher

23-11-2021

India

Wageningen
University &
Research

Program
Manager; Water
Treatment &
Technology

29-11-2021

The
Netherlands

Sondhi, Akash

SteemersRijkse, Irma

Chief of
Sanitation and
Waste
Management;
Urban Basic
Services
Research Fellow
& Area Convenor

Interview
Date
31-11-2021
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Wastewater
Treatment
Process
Wastewater
Treatment
Process

Advanced
Oxidation
Processes

ANNEX 2. Glossary
Cities of Developing Countries/Developing Countries: Tier 1 cities in Middle-Income Countries
(MIC’s) (countries where the Gross National Income ranges from $1,036 to $12,535) with established
WWT infrastructure, overlaid with sufficient income to invest in WWTS. 14,21 The application of IAOP’s
shall be targeted towards these cities in developing countries.
Coagulants: Chemicals that are used to neutralize the charge of particles present in wastewater to
encourage the bonding and creation of aggregates.
Conventional Wastewater Treatment Systems (WWTS): Basic wastewater treatment facilities that
use traditional primary, secondary, and tertiary stages of treatment. The aim of these systems is to meet
the basic minimum standards for wastewater discharge into water bodies.
Discharge Standards: Parameters for safe water bodies.
End-of-Pipe Users: Individuals who use, pay for, or interact with treated wastewater from conventional
WWTS.
Eutrophication: Nutrient accumulation in water bodies.
Flocculants: Chemicals that bring together the coagulated aggregate to form larger aggregate which
settle at the bottom and can be removed.
Retrofit(ed): The addition of a new technology or feature to an older existing system
Surface Water Quality Standards: Parameters for safe water bodies.
Safe Drinking Water: Water that is free of contaminants.7
Wastewater: Domestic effluent consisting of blackwater (excreta, urine and faecal sludge) and
greywater (used water from washing and bathing), water from commercial and agricultural
establishments and institutions.2
Yuck Factor: A phenomenon in the subject of wastewater treatment in which individuals do not like to
discuss this topic as it is considered repugnant.10
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ANNEX 3. Key Features of IAOP
Compared to current conventional WWTS in developing countries, IAOP more efficiently removes
higher amounts of toxic and organic chemicals, turbidity (muddiness), PPCP residue, and pathogens.
This technology decreases the energy and load input as it “...process[es]...oxidative degradation and
mineralization of targeted pollutants...” before the biological/microbial treatment phase of the WWT
process.22 Likewise, IAOP decreases sludge output and improves the quality of water output which
enables the ability for water reuse.22

Figure 2: IAOP Schematic

Wastewater is passed through Stage I (the primary treatment stage) where the physical matter settles
in the settling tank. Once Stage I is complete, the water passes through a nanomembrane to a
photocatalytic reactor. In this reactor, the water is exposed to ultraviolet rays where it reacts with
titanium oxide for the oxidation of contaminants. Once disinfection in Stage II (the secondary treatment
stage) is complete, the water passes through Stage III (the tertiary treatment stage). This entails the
water undergoing reverse osmosis to desalinate the water and further improve water quality to meet
surface water quality standards. Finally, the treated water is collected in a reservoir.
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ANNEX 4. Methodology
4.1 Content Analysis
Researching literature was the first step to lay the groundwork for the research on wastewater and its
treatment. It is through this step that the following was identified:
a) The current status of WWT in MIC developing countries.
b) The health and environmental implications of insufficient WWT associated with water sanitation
systems in these cities.
It is through content analysis that IAOP was identified as an emerging technology and, thus, further
research was conducted to examine how this technology could potentially address the WWT problems.
Other key research topics included WWT technologies for various WWTS, the implications of improper
treatment, and disposal of wastewater and sludge.

4.2 Expert Interviews
IAOP is in its pilot stage and thus, published information on IAOP was limited. Additionally, information
in the context of cities in developing countries varied. As such, these interviews helped to identify
environmental and health implications in these contexts and the barriers to implementation as well as
potential solutions.
Interviews were semi-structured and open in nature. This encouraged the interviewees to express their
opinions and insights more freely. Each interviewee received an introduction to the project and IAOP.
The interviews were conducted by two IEPC consultants; one acted as an interviewer while the other
was a notetaker and/or translator. Interviews were recorded and transcribed for future reference.
Interviewees were selected based on varying parameters, including expertise in WWT, advanced
oxidation, as well as several other expertise in the field of wastewater. Through these interviews, the
current state of WWT, associated health and environmental implications, and IAOP were identified.
Additionally, the information gathered in these interviews helped to identify driving forces (or drivers) for
the scenario analysis.
Scenario analysis accounts for the complexity and uncertainty of the environment and projects
possibilities for the future implementation of IAOP. Scenarios were developed based on the main drivers
identified through content analysis and expert interviews. The scenarios are explorative scenarios which
had equal chance of occurring, but the implementation of IAOP ultimately lies in the hands of various
actors, including policymakers [see Annex 4].
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ANNEX 5. Barriers to Implementation
The awareness of end-of-pipe users on issues related to wastewater and WWT is low. 9,14 This could
be attributed to the fact that people pay for the water that they use and not its treatment. 14
Energy supply, particularly in the developing country context, can inhibit the effective operation of
energy intensive systems, such as WWTS. Although cities have more efficient energy grids than rural
areas, WWTS can provide an additional burden on already strained systems. However, if the current
trend of moving towards more renewable energy sources continues, contingencies need to be put in
place to ensure sustained power supply.23
The UV-catalysis stage of the IAOP is not chemically selective and highly reactive and can produce
undesired compounds which would show up in the output water. These undesired compounds would
then have to be removed subsequently, which would take away from the efficiency of the technology.21
Water system engineers, who are responsible for the design and technologies used in WWT, are
described as generally being conservative in their decision-making. Resultantly, the implementation of
innovative technologies, such as IAOP, can be slow.23

ANNEX 6.1 Scenario Analysis
Scenario analysis was conducted by identifying relevant driving forces and assigning a scale to each
driver. Each driver was ranked based on their relevance with reference to expert interviews and content
analysis. The most relevant driving forces were chosen and used in the four-scenario axis [see Figure
1]. Finally, narratives for each scenario were conceptualized and a name was assigned to each
scenario.
6.1 Drivers
Through content analysis and expert interviews, several drivers were identified and defined:
End user Involvement: This basically defines the level of involvement of the consumer and the extent
of their relationship with treated WW. These are of two types. Consumers that have no direct
relationship with the treatment of the wastewater or municipal treatment units that only need to treat
water to reach discharge standards. The second type is of consumers that also reuse the water treated.
•

•

Decentralized Systems: Decentralized WWTS include industries, hospitals, agricultural units,
schools, and offices with WWTS. These systems need to adhere to surface water quality and
water reusability standards.
Centralized Systems: Centralized WWTS include conventional WWT facilities and communities
that depend on a common municipal system of WWT. Conventional WWT facilities meet the
bare minimum surface water quality standards for discharge and directly affect end-of-pipe
users as they use the water output. However, these users tend to be unaware of issues
regarding wastewater and WW.

Retrofitting: Retrofitting refers to the addition of a new technology or feature to an older existing system.
In case of wastewater treatment plants IAOP can be retrofitted in existing WWT units easily. The point
at which the IAOP can be retrofitted into the existing system depends on the source of wastewater, its
components, the degree of treatment needed and sophistication of existing biological treatment unit.
•

•

After primary treatment: Ideally the most preferable point for retrofitting would be after the
secondary treatment however, there is a possibility that this would vary depending on the
existing type of system.
Polishing stage: All other points of retrofit would be less ideal; however, this still may depend
on the existing system type.
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Energy Consumption: The amount of energy that would be utilized to run IAOP depends on two factors.
A) If an entire treatment system (IAOP) is retrofitted or a part of it. B) if the point of retrofit of the system
is most or least preferable.
•
•

High energy consumption: A higher consumption in energy is noted in two cases, a) if an entire
system is retrofit b) if the point at which the IAOP is retrofit is not optimum.
Low energy consumption: A low consumption in energy is noted in two cases, a) if only a small
part of the IAOP id retrofit b) if the point of retrofit is most optimum.

Investment: The investment covers the installation, operations and maintenance costs. These costs
can be high or low depending on the catalyst used and how frequently it needs to be replenished. The
maintenance and replacement of membranes and cost of energy.
•
•

New funding: These costs are attached to a more expensive catalyst. The implementation costs
can be high if an entire 3-step IAOP is installed.
Covered under existing budget: These costs are low if only a part of the IAOP is retrofit. Also,
IAOP being more sophisticated it reduces the load on the following treatment systems and thus,
frequency and costs of maintenance reduce.

Source of Wastewater: The source of wastewater dictates the types of pollutants that can be found in
it and the level of treatment needed.
•
•

Municipal: This is from wastewater from households which usually has fecal and organic
content as well as antibiotic, microbial and personal care product residue.
Industrial: Depending on the industry the wastewater can vary in composition. It usually has a
high nutrient and inorganic compound content. The wastewater from hospitals can have high
biomedical residues. Wastewater from the textile industry can have high turbidity, color and
organic compound content.

Level of contaminants: Sludge is a by-product of biological treatment of wastewater. Sludge is usually
highly toxic and contains high concentration of nutrients, heavy metals, toxins and pathogens.
•
•

Heavy metals and toxins: Found mostly in industrial systems.
Organic compounds and pathogens: These toxins are found in higher amounts in municipal
wastewater.

Age of the System: The age of the system is very important. The older the system the less effective it
is due to new emerging pollutants.
•

•

Old and not updated: WWTS are old and have not been updated to include the latest versions
of the treatment processes. Fixing IAOP for such systems is more important, easier and cost
effective.
New and latest: For WWTS that have been updated to include the latest treatment for
conventional systems it may not be required, important or cost effective to add IAOP
treatments.

Relevant drivers for scenarios:
1) End user Involvement
2) Energy Requirement
6.2 Micro Scenarios
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Figure 2: Scenario 1: Power Hungry

In this scenario, the stage in which IAOP is implemented into existing WWTS could vary. However, the
outcome would be high energy consumption. Decentralized WWTS, such as industrial, agricultural,
hospital, etc. systems, would not be incentivized to invest in IAOP as high energy consumption would
increase maintenance costs and investors would see little financial return. Thus, the environmental
impact would be high as decentralized systems would not be incentivized to implement IAOP, causing
high energy consumption and lower water and sludge quality output.

Figure 3: Scenario 2: Mind the Costs

In this scenario, the stage in which IAOP is implemented into existing WWTS could vary. Centralized
WWTS, such as conventional municipal systems, would be less incentivized to implement IAOP as they
only have to meet bare minimum surface water quality standards and energy consumption costs would
be high. The extent of investment would be low as centralized WWTS tend to have less funding than
decentralized systems and high energy consumption would increase operational costs. Thus, the
environmental impact would be high as centralized systems would not be incentivized to implement
IAOP, causing high energy consumption and low water and sludge quality output.
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Figure 4: Scenario 3: Slow and Steady

In this scenario, IAOP would be implemented into existing WWTS after the secondary treatment; energy
consumption at this point of retrofit is low. Centralized WWTS, such as conventional municipal systems,
would be less incentivized to implement IAOP as they only must meet bare minimum surface water
quality standards. Investment would be low as centralized WWTS tend to have less funding than
decentralized systems.

Figure 5: Scenario 4: Bang for your Buck

In this scenario, IAOP would be implemented into existing WWTS after the tertiary treatment; this would
be a polishing treatment and can be the point of retrofit where energy consumption is at its lowest.
Decentralized WWTS, such as industrial, agricultural, hospital, etc. systems, would be incentivized to
investment in IAOP as low energy consumption would decrease operational costs. Likewise, the
environmental impact would be low as IAOP would produce cleaner sludge and higher water quality
output. This would also lead to a higher rate of water reuse.
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Bioplastics from Urban Organic Waste
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ANNEX 1. List of experts consulted.
Name

Title

Affiliation

Christopher Nomura

VP for Research & Economic Development

University of Idaho

Deepak Kumar
William Orts
David Strik
Violet Ross
Mary Proctor

Assistant Professor
Research Leader
Associate Professor
PhD Candidate
Business Owner

SUNY ESF
USDA
Wageningen University
Wageningen University
Cayuga Compost

ANNEX 2. Pros and cons of selected food waste feedstocks for bioplastic
production.
Feedstock

Potential Sources

Pros

Cons

Waste
vegetable oils

Food processing
facilities,
restaurants

Produced in large quantities
by food industry; requires
almost no pretreatment;
higher yields than sugar
feedstocks

Competition with biodiesel;
can be utilized by a smaller
range of microorganisms

Mixed organic
waste

Households,
hospitality
establishments,
landfills

Reduces methane emissions
in landfills; sources are
located throughout urban
centers; low cost

Non-homogenous feedstock
requires more involved
separation procedures to
optimize materials recovery

Agro-waste
(crop husks,
stems, peels,
etc.)

Agricultural
operations

Flexible applications based
on source material; low cost
and high availability

Feedstock would have to be
transported longer distances
to processing facilities
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ANNEX 1. Glossary
Adjustability: The active flexibility of a house to accommodate the needs of its inhabitants over time
by being expandable, malleable, and movable.35
Affordability: Equal economic access to all, especially the poor and the vulnerable.36
Bio-based materials: Substances made from living organisms or their by-products.37
Carbon footprint: The amount of carbon dioxide emissions associated with all the activities of a person
or entity.38
Climate resilience: Ability to anticipate, reduce, accommodate, or recover from the effects of weather
events related to climate change in a timely and efficient manner. 39
Developing countries: Nations that have a score less than .80 in the Human Developing Index. 40
Dry joint: Link between two or more components of the house which does not have any binding
material.3
Ductility: The extent to which a material or structure can undergo large deformations without failing. 41
Envelope system: An innovative prefabricated building system. The design uses the potential of 3D
printing for prefabricated components and consists of precast elements that can be printed on-site and
assembled by using completely dry links. The envelopes can be easily disassembled, reused, or
recycled.11
Expandability: The ability to add to a house or structure.
Housing backlog: The under-provision in housing that has accrued against previous development plan
targets.42
Housing codes: Minimum standards adopted by regional administrations to govern the construction of
buildings.43
Informal Urban Settlements (IUS): Residential areas where inhabitants have little security of tenure
for the land or dwellings they live in, neighborhoods lack basic services and infrastructure, and housing
does not comply with planning and building regulations.44
Malleability: The capability of an object to be altered in its construction.
Modular 3D-Printed construction technology (M3DP): The combination of 3DP technology and
modular building technique (see annex X for further explanation).
Movability: The capability of an object to be moved and located elsewhere.
Nozzle: A component of a 3D printing machine that deposits the printing material into the build area. 45
Relative poverty: Poverty that changes depending on the context: relative poverty is present when a
household income is below the median income in a country.46
Prefabrication: A building technique where parts have been made separately and put together on-site
Urbanization: The process of an increasing percentage of the population living in cities. 47
Wet joint: Link between two or more components of the house that involve a binding material. 3
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ANNEX 2. Modular 3D-printing construction technology
Modular 3DP construction technology (M3DP) is a novel combination of two technologies: modular
construction and 3DP construction.
Modular construction is a prefabrication method of construction. Prefabrication uses components made
off-site in a factory and transports them to be put together on-site. Prefabrication offers opportunities
for both environmental and economic performance.48 Through prefabrication, modules or pods that are
essentially three-dimensional or volumetric elements are built and put together, creating resilient, lowcost, and resource-efficient housing. Modular construction provides the houses with the flexibility to be
adapted, modified, or disassembled into separate components that can be reused or deconstructed for
recycling.8,48 Image A1 shows the assembly of a modular house.
3DP construction technology is also called additive manufacturing. Conventionally, 3D-printed houses
are constructed on-site by large 3D printers that extrude concrete, plastic, or other building materials
through nozzles. Through this, a house is constructed layer by layer.7,49 Image A2 shows the
construction of a 3D-printed house.

Image A1 (left): Assembly of a modular house.50
Image A2 (right): Using a 3D-printer to construct a house.51

Combining the two technologies into M3DP marries the customizability, cost-efficiency, and on-site
construction of 3DP houses with the adjustable qualities of modular construction. M3DP entails that the
modules of the house are printed and assembled on-site. Figure A1 shows a schematic representation
of the combination of modular construction and 3DP construction into M3DP. M3DP could contribute to
the construction of adjustable, affordable, and climate-resilient houses.

Figure A1: schematic representation of the properties of modular & 3DP construction, combined into M3DP.
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ANNEX 3. Relevant Sustainable Development Goals (SDGs) for M3DP

Table A1 SDGs and their link to M3DP
No.

SDG

3

Good health
and well-being

9

Industry,
innovation and
infrastructure

10

Reduced
inequalities

11

Sustainable
cities

12

Responsible
consumption
and production

13

Climate action

Link
Experts have suggested that adequate housing should be treated as a
human right since it allows people to access a better quality of life. The
COVID-19 pandemic showed the importance of having spaces to
quarantine and follow hygiene measures. Combining 3D printing and
modular housing has the potential for policy makers, spatial planning
institutions, and the construction industry to collaborate in creating
sanitary spaces for at-risk communities at a higher speed.
M3DP has a relatively higher construction speed, lower material, labor,
and transport use, reduces overall waste due to higher climate resilience
and modularity. However, due to its automation process, it changes the
labor profile drastically and is extremely progressive for the conservative
nature of the construction market.
Accessibility to adequate housing drastically impacts the overall equality
of living conditions within a society. The construction of affordable,
adjustable, and climate-resilient houses therefore impacts the overall
level of equality amongst citizens.
The construction industry has one of the most pollutant and non-reusable
products cycles. The combination of these technologies has the potential
to revolutionize the collaboration in the construction process of
sustainable and reusable houses in slums.

As aforementioned in SDG 11, the construction industry as it stands is
non-reusable in its material use. 3MDP can be revolutionary when the
technology becomes developed to the extends whole houses can be
moved and relocated. It moreover allows for modules to be replaced
without harming the integrity of other modules.
Under the improvement on climate action falls the improvement towards
climate resilience. 3MDP contributes to the facilitation of houses to
withstand floods, string wind, hot and cold temperatures. The
customisability of the printer aspect makes the capacity of this
construction process infinite.

145

ANNEX 4. Research aim and questions
4.1. Research aim
The research aims to critically assess the extent to which modular 3D-printed construction technology
could contribute to adjustable, affordable, and climate-resilient housing in developing cities.
4.2. General research question (GRQ):
To what extent can modular 3DP construction technology contribute to low-income housing for
inhabitants of informal urban settlements in developing cities, in terms of adjustability to accommodate
rapid urbanization, resilience to climate-related shocks, and affordability for these communities in the
coming 10 years?
4.3. Sub-research questions (SRQ):
1. In which ways can modular 3D-printed construction technology contribute to the building of
housing that can adjust to rapid urban growth by 2030?
2. In which ways can modular 3D-printed construction technology contribute to the building of
climate-resilient houses by 2030?
3. In which ways can modular 3D-printed construction technology contribute to the building of
affordable housing for the local population by 2030?
4. Through a case study of SA, what is the potential of modular 3D construction tech to contribute
to adjustable, climate-resilient, and affordable low-income housing for inhabitants of informal
urban settlements by 2030?
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ANNEX 5. Methodology
5.1. Operationalization of concepts
Table A2 shows a list of concepts used, and how these were operationalized into indicators as a base
of the research. These indicators were operationalized as codes applied in a qualitative analysis using
the program Atlas TI.
Table A2: Operationalization of concepts into indicators and codes
Concept

Adjustability

Climate resilience

Indicators/codes
Speed of construction
the time it takes to construct a house
Movability of house
the capacity of the constructed house to be moved elsewhere
Movability of house parts
the capacity of parts of the constructed house to be moved elsewhere
Malleability of house
the capacity of the constructed house to be altered
Modularity of house
the capacity of a house to be made in modules
Withstand climate
shocks related to climate change capacity of a house to survive a climate
change
Withstand flooding
capacity of a house to survive floods
Withstand earthquakes
Capacity of a house to survive an earthquake
Withstand fires
Capacity of a house to survive a fire
Withstand wind
The capacity of a house to withstand strong winds
Withstand high temperatures
Capacity of the foundation of a house to withstand extreme heat
Withstand low temperatures
Capacity of the foundation of a house to withstand extreme cold
Withstand droughts
Capacity of the foundation of a house to withstand droughts
Investment
The amount of money (expected) invested by external investors in
technology

Affordability

Cost construction materials
Cost of the materials to construct the house
Cost maintenance materials
Cost of the materials to maintain the house
Cost construction labor
Costs of labor needed to construct the house
Cost maintenance labor
Costs of labor needed to maintain the house
Cost land tenure
Cost of land to construct a house
Rental Subsidies
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Overarching concepts

Money from the government to aid renters to pay rent
Construction subsidies
Money from the government to aid construction costs
Expert cost
The money needed to hire experts
South Africa
South Africa related remark or argument
Technology
a remark or argument on 3D printing AND/ OR modular 3D printing
Recommendation
a remark or argument useful for the recommendation.
Now
Indicators relevant for current state/time
Short future
Indicators relevant for the coming 1-5 year
Long future
Indicators relevant for the coming 5-10 years
Housing market regulations
Regulations in the housing market (e.g., rental cap, rent stabilization
measures, rental relief, etc.)
Housing regulations
Laws and policies on housing construction
Technology regulations
Laws and policies on technology
Expert's regulations
Laws and policies on experts
Expert availability
The expert labor availability
Population growth
Increase of a population in a given setting
Family growth
Increase of a family (in the context of housing) in a given setting
Social acceptability
The aggregate social acceptance of a certain variable by a certain
group

5.2. Horizon scanning
To answer SRQ 1, 2, and 3 a horizon scan was performed. Horizon scanning is a systematic process
that looks at early signs of any potential developments in an area of interest. The goal of horizon
scanning is to detect new trends, new drivers of change, weak signals, and discontinuities. This
methodology is used for the early detection of phenomena that could potentially have an impact on
society.
Horizon scanning can help policy makers in using or mitigating the upcoming technologies to make
decisions with the most positive impact.52 Because the combination of modular construction and 3Dprinted construction is new, horizon scanning could help to create a holistic view of its future. As the
terms of reference ask for technologies in a post-covid world, horizon scanning's anticipatory character
fits the purpose of the brief.
5.3. Case study of South Africa
A case study is a thorough examination of a phenomenon in a specific context to obtain information
that can lead to interpretations of the studied phenomenon or to make generalizations between similar
groups.53 A case study approach was used to analyze the enablers and barriers to the use of modular
3DP construction technology in the context of South Africa and answer SRQ 4. This context was
selected because major population growth is expected in Africa. In the context of Africa, 62% of the
population lives in informal urban settlements.54
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5.3.1. Background of housing in South Africa
South Africa (SA) is a country with an expected population growth of 10% in the coming 10 years, a
current approximate poverty rate of 55%, and increased flooding and drought risk. 27 Rapid urbanization
in South Africa is characterized by the expansion of informal urban settlements (IUS). 2 Inhabitants of
IUS are one of the most vulnerable groups to climate change, amplifying these people's needs for
adjustable, affordable, and climate-resilient housing.2
The causes of the backlog in housing in SA stem from apartheid and the country's colonial legacy.26,27
Especially in Southern Africa, housing is a political tool, because it was a way in which the state
excluded large chunks of society.26 Moreover, the conventional construction industry commercializes
the supply of houses, excluding people on the ground that need it most.29 Furthermore, most lowincome housing constructed by the cities of SA is built far from the economic centers of the cities. 27 As
a result, many people remain in IUS because they are closer to city centers. 27 Lastly, COVID-19 had a
major impact on SA's economy, increasing people living in poverty by 2 million. 55 It is therefore crucial
that solutions to the housing backlog in SA address more than just the construction of a house – in
addition, it should address the social roots of the problem.26,29
Depending on bylaws and plot size, it is allowed to extend your house in SA. 26 Cape Town and
Johannesburg municipalities are open to innovative ideas when it comes to expanding the house.
However, when it comes to practice, the main trend in house extensions is backyarding: this is the
construction of shacks in the backyard of a formal house. 26,56 The main reason that house extensions
are built informally is because the application for a permit is a lengthy and costly process. 26
South Africa's Department of Science and Innovation (DSI) published a ''National digital and future skills
strategy South Africa'' in 2020.34 In this strategy, 3DP is described as a key area of the digital revolution.
The need is expressed for initializing the development of an educational curriculum about 3DP to
improve the skills of the local population in this field. Thus, showing the priority of the government to
further develop this technology in the coming years and counter the potential loss of job opportunities
as a result of using M3DP.
5.4. Data collection and analysis
To collect the data necessary to answer the research questions (Annex 2), two forms of data collection
were used. First, a systematic literature review was used to summarize the knowledge from theoretical
literature to provide a comprehensive understanding of our topic.57 Recent literature was used (starting
from 2017) to gain insight into modular 3D printing construction technology, its developments, and the
newest trends. Table A3 shows the search terms that were used.
Table A3: Search terms used per sub-research question (SRQ)
SRQ
In which ways can modular 3DP construction
technology contribute to the building of housing
that can adjust to rapid urban growth by 2030?

Search terms
Adaptability + 3DP house
Adjustability + modular + 3DP
Malleability + modular + 3DP + house
Speed construction modular 3DP house
Trends+3DP+modular

In which ways can modular 3D construction
technology contribute to the building of climateresilient houses by 2030?

Climate resilience modular construction
Climate resilience 3DP house
Climate resilience house
Fire resistant+3DP+house+modular

149

Flooding+3DP+modular
Insulation+3DP+modular
Climate+change+risks+2030
In which ways can modular 3DP construction
technology contribute to the building of
affordable housing for the local population by
2030?

Cost-benefit modular construction
Prefab costs
3DP+affordable+housing
Modular+affordable+housing
3DP+modular+affordable
3DP+cost+patents
3DP+cost+materials

Through a case study of SA, what is the potential
of modular 3D construction tech to contribute to
adjustable, climate-resilient, and affordable lowincome housing for inhabitants of informal urban
settlements by 2030?

South Africa modular construction
South Africa social housing
South Africa 3DP houses
South Africa+COVID-19+housing
South Africa+housing+needs

Additionally, semi-structured interviews were conducted with experts. The names, expertise, and
contact information of these experts can be found in Annex 7. In semi-structured interviews, the
interviewer has a guide with questions on several topics, but the emphasis lies on how the interviewee
frames and understands the content of the questions, leaving room to stray from the guide. 58 Two
members of the team were present during the interviews. One member of the team was responsible for
interviewing while the other member took notes and oversaw recording. The recording of the interviews
allows for future referencing and facilitate transcription.
Different experts were interviewed in compatible fields such as 3D printing construction, sustainable
housing, modular construction, and experts who could provide insight concerning urban informal
settlements. Experts were found through searching online (search engines, LinkedIn). Furthermore, all
contacted experts were asked to recommend other potential interviewees. This way, researcher bias
was minimized, and experts could be reached beyond the research teams’ perspective. Lastly, before
each interview was conducted, we provided the interviewees with an informed consent form. All
interviewees provided us with either written or verbal consent to the terms of our research, allowing us
to use the data from the interviews for our research.
After collecting the data (interview transcripts and literature), the program Atlas TI was used to analyze
our sources. Atlas TI supports qualitative analysis of text by allowing researchers to manage, visualize
and report from the collected data. Specifically, codes were created based on table A3.

5.5 Limitations of the research
This research has several limitations and concerns.
•

There's a lack of secondary data on the research and literature on modular 3D printing
(M3DP) technology due to its new nature.

•

This research is limited in its sample profile; the scope of the case study specific interviews did
not incorporate South African government officials and inhabitants of low-income urban houses.
The extent to which the local perspective is representative in the data, analysis, and conclusion
is lacking. This withheld the incorporation of certain case-specific factors important to establish

•
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•

•

•

a holistic view of South African's house needs such as safety; exemplified in incorporating the
capacity for the houses to be bulletproof due to gun violence.
The biases of the interviewees, although accounted for during the analysis, have bound the
data to be representatives of those who participated. Due to the lack of governmental and local
interviewees, the findings are geared towards the bias of technological experts and market
actors.
The methodology limited the research; the indicator of ‘earthquakes’ was unaccounted for in
the research, due to its ill application to the case study. It was however a frequently reoccurring
topic on the topic of climate-resilient housing. Therefore, further research is suggested to focus
on the capacity of M3DP to withstand earthquakes.
The methodology did not operationalize indicators on the socio-political factors that impact the
housing market in the SA case study. This limits the understanding of important identified
obstacles and opportunities to the incorporation of M3DP such as social acceptability and
expert availability.
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ANNEX 6. Trends in modular 3DP construction technology (M3DP)
Table A4 Trends in M3DP for the coming 10 years
Current state

Adjustability

Climate resilience

Affordability

On-site building of walls and
structural system only.29,32
Size of 3D printers limits
construction to one- or two-story
buildings.12
Wet joints between components
make it unfeasible to move and/or
disassemble.3

Material mix composed of a
minimum of 40% concrete which
does not provide good insulation
and a layer of insulation material
must be added.3,21,59
Use of concrete because of bestknown capacity to withstand an
extreme climate.
Construction industry is responsible
for 38% of global emissions.
Expensive due to high costs of
machines and materials due to
industry dependency.12,20,29
High risk for investors as M3DP is
not well-known and its social
acceptability is questionable.20,21,32,33
Insufficient government incentives to
support the development of M3DP.7
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In 10 years
Construction of smaller
prefabricated structures,
furniture, and piping by using
smaller printers and different
nozzle sizes.13
Smaller 3D printers that can be
stacked on top of each other to
create higher buildings.12
Dry joints between the
components of the houses.3
Implementation of bio-based
materials (hemp, mycelium) in
the mix, used for insulation of
houses.3,23
Use of mixes without concrete
(polymers) that are stronger
than concrete and can withstand
a wide range of natural
hazards.59
Creation of mixes with local
materials to become
independent of foreign
companies.20,59
Higher rates of investment as
the popularity of M3DP grows
will lead to a decrease in its
costs.7,15,21,22

ANNEX 7. List of interviewed experts
Table A5 Name, function, and topics discussed per interviewee
Nr.
1

Name
Dr. Khululekani
Ntakana
Alfredo
Brillembourg

Institution
University of
Johannesburg
Urban-Think
Tank

Position
Lecturer

3

Darlington
Sibanda

University of
Cape Town

4

Zeeshan Yunus
Ahmed

University of
Eindhoven

5

Elias
Hernandez
Valera

Wageningen
University &
Research

6

Refilwe Lediga

University of
Johannesburg

7

Salah Eddinne
Bouzid

COBOD
International

Postdoctoral
Research
Fellow
Ph.D.
Researcher
(3D Concrete
Printing)
Ph.D.
Candidate
(Urban
Economics)
Ph.D.
Candidate
(Artificial
Intelligence &
3D Concrete
Printing)
Sales and
Marketing

8

Peter Paul
Cornelissen

Weber-Beamix

9

François Perrot

14Trees
Foundation

10

Patience Mguni

University of
Copenhagen

11

Juergen Mayer

Peri

12

Oliver von Malm

StartSomewher
e

2

Topic
3D printing

Date
20-Nov-2021

Modular
building

24-Nov-2021
25-Nov-2021

The
Netherlands

South
African
context
3D printing
research

The
Netherlands

3D printing
research

26-Nov-2021

South
Africa

3D printing
researhc

27-Nov-2021

Denmark

3D printing
industry

20-Nov-2021

International
3D Project
Manager
Managing
Director

The
Netherlands

3D printing
industry

03-Dec-2021

South
Africa

03-Dec-2021

Governance
work
package
leader
Innovation
manager
Founder,
Director

South
Africa

Affordable
housing in
Africa
South
African
context
Modular
building
Modular
building

06-Dec-21

Co-Founding
partner
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Country
South
Africa
United
States of
America
South
Africa

Germany
Germany

25-Nov-2021

06-Dec-2021

06-Dec-21

ANNEX 8. Alternative technologies to M3DP
Table A6 Name, explanation, and more information on alternative technologies
Name

Explanation
Twistblocks offers easy-to-build concrete
housing solutions. The project is
developed by Start Somewhere, a
German organization with over 10 years of
experience in development cooperation in
one of the largest informal settlements in
Africa: Kibera, Nairobi (Kenya). German
building organization Peri Germany, one
of the world’s leading manufacturers of
formwork and scaffoldering, provided the
moulds for the Twistblocks.
The project addresses two main
challenges in the global south. First, the
living conditions of people in informal
environments, including lack of jobs, no
secure land tenure, and unsafe and
unhealthy homes. Secondly, it addressed
the need of humanitarian organizations for
quick and affordable building of schools
and hospitals with a certain safety
standard.

Twistblocks60

The Twistblocks are hollow, lightweight
concrete blocks that can be assembled
and disassembled by hand as a modular,
mortarless plug-in system.
The project allows for private home
ownerships since the Twistblocks can be
easily dismantled and reused elsewhere.
This project contributes to adjustable, reusable, affordable, and fireproof
construction of buildings in informal
settlements
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Further information can be found at
https://www.startsomewhere.eu/en/

UBU sandbag
houses 26

The UBU houses require a combination of
Sandbags and Ecobeams. Ecobeams
consist of steel and timber which form the
frame. Polypropylene sandbags are then
stacked, and a fiberglass mesh is added
before everything is plastered over.

https://www.ubu.bz/how-we-build

The houses are fire-proof, bulletproof,
have high thermal and acoustic insulation,
and have an eco-friendly design that
results in reduced reliance on fossil fuels.
This building technique is 40% cheaper
than conventional brick buildings. Lastly, it
is a self-build technology and facilitates
adjustability as the technology can be
used to build a house incrementally.

Empower
shack29

Empowerment shacks are low-income
houses developed by the Urban Think
Tank (ETHZ) and NGO Ikhayalami, in
collaboration with the BT-Section (Site C)
community of Khayelitsha, Cape Town,
and associated local and international
partners in Cape Town, South Africa. The
project was piloted in 2015. The houses
are two stories high and spatially planned
with local actor participation and can
facilitate alterations in the long term.
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https://architizer.com/projects/empowershack/
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