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Research and innovation for a sustainable Switzerland ((provisorischer Titel))

How can we live and work in a future without fossil fuels?
The Federal Council’s energy strategy states that Switzerland needs to be carbon neutral by 2050. Concrete steps have been defined in order to reach this goal: greenhouse gas emissions need to be cut by 50% by 2030 and up to 85% by 2050 compared with 1990. After this point, Switzerland needs to rely entirely on energy that does not cause emissions of greenhouse gases such as CO2. In order to meet these targets, Switzerland needs to shift its energy consumption away from fossil fuels such as oil and gas to renewable energy sources such as solar, wind and hydropower.
Empa is playing a major role in this transition. It is involved in a number of different areas, including: studies on how Switzerland can transition to renewable energy; applied research into how to ‘decarbonize’ the country’s energy system – ‘decarbonize’ being the specialist term for avoiding fossil fuels – for example using next-generation solar panels; developing new storage technologies for heating and electricity; and developing concepts for the optimization of energy usage in cities and residential areas. 
The big question is, how can Switzerland become carbon neutral by 2050? All we know for sure is that Switzerland needs to radically transform its energy system over the coming years. From the perspective of Empa’s researchers, the greatest challenge in all of this is decarbonizing the energy system while meeting people’s long-term energy needs – bearing in mind the gradual withdrawal from nuclear energy and the probable increase in the number of electric vehicles. Empa is tackling this challenge from a number of different angles. One main focus is the energy demand. Empa researchers are evaluating energy-saving technologies in new and existing buildings, for example. They are developing concepts for new buildings that are able to produce enough energy to meet their own needs over the course of the year using renewable energy sources, and conducting research into new technologies that could enable buildings to create, convert and store their own energy. Empa is also conducting a variety of research in the field of efficient and environmentally friendly energy production. It is developing high-performance solar panels that are not only highly efficient, but would be a competitive product on the international market. Other research groups are looking into ceramic fuel cells, hydrogen production and power-to-gas concepts. Hydropower is also a topic at Empa. Empa scientists are developing high-temperature materials that could make turbine rotors more efficient, for example. Researchers from Empa’s Integrated Multi-Energy Systems department are taking a systemic approach to the issue of energy, using computers to simulate energy concepts for buildings and neighborhoods and conducting practical experiments, for example at NEST (see pages xxx and xxx). 
Concepts for a carbon-neutral future
Empa is an important contributor in Switzerland when it comes to the transition to a fossil fuel-free future. Not only does it increase academic knowledge and use it to generate technological solutions as a research institute, it also plays a role in the societal and political processes involved. In 2019, Empa published a study on the effects of the extensive use of electricity for heating buildings and mobility. The researchers Martin Rüdisüli, Sinan Teske and Urs Elber put forward a concept demonstrating the action Switzerland needed to take to move away from fossil fuels, and formulated their conclusions in six points. Firstly, in order to reduce energy costs, particularly in winter, buildings need to be equipped with the latest forms of thermal insulation. Only once this has been carried out should heating using fossil fuels be replaced by heating using heat pumps. Using a heat pump without the right insulation is significantly less efficient (see page xxx). Secondly, in order to meet the increased energy demand caused by electrification, and compensate for the loss of nuclear energy, a large number of photovoltaic systems and, where possible, other renewable energy sources need to be installed. This requires as many solar panels as possible to be installed on all available surfaces. Thirdly, the maximum possible number of storage systems for solar energy are required, from local storage batteries to pumped storage and heat storage units through to chemical energy storage.
Fourthly, seasonal heat storage units are required, for example in the form of geothermal storage units, in order to reduce the energy consumption of heat pumps during winter. Fifthly, the energy supply and energy demand need to be coordinated. There will be an abundance of heat and solar power in summer, while renewable energy will become a rare (and possibly expensive) commodity in winter. Sixthly – and here is the good news – electro mobility will not overload the system. Daily charging of electric vehicles at home, at work or while shopping will produce relatively low spikes in energy demand compared with electric heating. Widespread electrification and the implementation of renewable energy and energy storage will require grids with an appropriately large capacity, however. Another possible scenario would be to acquire renewable energy not in the form of electricity but in the form of liquid gas from solar energy from other parts of the world. 
When it comes to transforming the energy system, mobility is a matter of considerable urgency. Whether it’s local transport, long-distance trips or goods transportation, mobility currently relies almost exclusively on fossil fuels. Empa shows us how we can move away from this and towards environmentally friendly mobility options.
Switzerland’s first hydrogen-powered vehicle
Outside the modelling facility move at the Empa site in Dübendorf stand two fuel pumps. At first glance, they seem like ordinary petrol pumps – but a second glance reveals the label ‘H2’. This is a hydrogen filling station – the first one in Switzerland. It has been in operation since 2016. The Future Mobility Demonstrator move intends to show how renewable energy can be used for mobility, for example in the form of hydrogen (H2), as well as synthetic methane or electricity that has been temporarily stored in grid or car batteries. 
The vehicles implemented in move’s practical projects are equipped with the latest motor systems and technology. Instead of running on petrol or diesel, they run on substances such as hydrogen. ‘Burning’ hydrogen does not produce carbon dioxide, only water. Empa’s motor laboratory developed its own fuel cell electric motor for the hydrogen-powered car hy.muve, which was in use in the cities of Basel, St. Gallen, Bern, Onex and Dübendorf for several years. It was the first hydrogen vehicle ever to be approved by Switzerland’s driver and vehicle licensing offices. The vehicle is now back in the motor laboratory in Dübendorf and the field data is being analyzed. ‘We are mainly focusing on the technical issues – what worked and what didn’t, and why,’ says Christian Bach, head of the Automotive Powertrain Technologies department. Bach and his team are also interested in the subjective experience of using the vehicle in an everyday context. What is a hydrogen car like to drive? Does this new kind of vehicle feel safe? ‘Surprisingly, lots of people enjoyed driving the hy.muve because it was much quieter than a normal car,’ says Bach. This motivated a Swiss manufacturer to take the hy.muve into serial production – currently without fuel cells, but using an electric motor and batteries instead.
This is an exciting time for mobility development, in which new foundations are being laid for the future. The topic is not a new one, however. Environmental activists, various governments and, above all, the Club of Rome were warning the world about global warming as early as the 1970s, stating that greenhouse gas emissions needed to be cut back drastically. Their warnings were in vain, however; the level of global greenhouse gas emissions has continued to rise since then. ‘We have spent decades knowingly ignoring the risk of man-made climate change,’ says Bach. ‘On the other hand, fossil fuels have enabled huge societal and economic progress, which few people would wish undone. The flip side of this is the CO2 emissions.’ We only have a limited amount of time left in which to meet the governmental climate targets.
Taking the move concept out into the world
Empa is determined to make full use of the limited time available. It is concerned not only with technological availability, increased motor efficiency and better range for electric cars, says Christian Bach: ‘The root problem is that society, the economy and most of the workforce is woven into the existing fossil fuel energy system in one giant network. This means we are constantly coming up against practical constraints that stand in the way of environmental progress.’ Freeing ourselves from these constraints is a truly Herculean task, which we have thus far failed to adequately achieve. ‘We need new ideas, new approaches, convincing, holistic arguments and, above all, strong legislation in order to achieve the transition,’ stresses Bach. This confidence, and the unwavering determination to make a radical change, was what inspired Empa to design move in 2010 as a facility for demonstrating what the energy transformation could look like in the mobility sector. Publications and PowerPoint presentations are not enough to convince people, claims Bach: ‘They need to be able to see and experience for themselves how a new concept can be implemented. move shows that it’s possible!’ 
Empa researchers are now working tirelessly to take the move concept out into the world, through networks in the international research community, through contacts in the automotive industry, and through publicity and lobbying work with politicians, associations and NGOs. move tours welcome members of environmental organizations alongside members of the Federal Parliament and industrial companies. In 2019, Empa appeared for the second time at the Geneva International Motor Show as a partner of Avenergy Suisse in the field of renewable energy for the mobility of the future.
Hard work for hydrogen filling stations
Even the sobering reality of regulations can’t put Empa’s researchers off. Until recently, for instance, there was no approval process that government bodies or specialized departments in Switzerland could turn to when it came to the construction of hydrogen filling stations. In establishing move, Empa went beyond technological innovation and accomplished pioneering regulatory work. Together with various partners in the public and private sector, Empa gradually developed a set of approval guidelines. This included addressing questions about Ex Zones (explosion-proof zones), fire safety and much more. It was hard work, but it was worth it. ‘Our knowledge became part of a set of approval guidelines which cantonal construction authorities can now consult,’ says Christian Bach. Without regulations of this kind, new technologies are hard to implement in reality.
Their work has paid off: a second hydrogen filling station has already been constructed in the municipality of Hunzenschwil in Aargau, run by Coop and H2 Energy – and there are more to come. The H2 Mobility Switzerland Association plans to build a widespread network of hydrogen filling stations across the country by 2023. The South Korean manufacturer Hyundai also intends to supply Switzerland with over 1,000 fuel cell lorries by 2025. 
It all comes down to technological diversity
Empa isn’t just working on hydrogen-based mobility, however. From electro mobility to fuel cells to power-to-gas/power-to-liquid and other e-fuels, there are a variety of options for reducing CO2 emissions from vehicles. Empa’s strategy is to develop expertise in all of these technologies equally. ‘We won’t be able to solve the CO2 problem by focusing exclusively on one particular technology,’ says Bach. The fact is, not all mobility is the same. ‘Mobility is very diverse,’ continues Bach, ‘which means our technological solutions need to be, too.’ His department has collated and evaluated data on this subject. Among their discoveries was that 30% of the longest journeys account for 70% of the total vehicle mileage. In other words, as Bach explains, ‘We need to make the top 30% of the longest journeys carbon neutral in order to significantly reduce CO2 emissions from transport.’ This means there needs to be a strategy for long journeys as well as short ones. Empa mobility researchers have formulated this data-based strategy as follows:
• Electric cars work for short journeys, which make up 70% of all car journeys. They come with small, fast-charging batteries that work well in city traffic, for example.
• For the remaining 30% of the longest journeys, electric cars lose their environmental advantage owing to the larger batteries and fast charging systems required. ‘Long-distance journeys need hydrogen vehicles,’ states Bach. ‘Hydrogen and synthetic fuels.’ 
The future of building and living 
Anyone wanting to see for themselves what the future of energy-efficient construction will look like can visit NEST. The research and innovation building has attracted countless visitors since it opened in 2016. Researchers and companies work together at NEST to make ideas for the future of construction a reality. NEST stands for the Next Evolution in Sustainable Building Technologies – the next generation of construction technology that will help us build and live in more energy- and resource-efficient ways. NEST has a modular structure. The building is constructed like a display case, with three open platforms that contain ‘units’ with visionary names like Vision Wood, SolAce and Urban Mining & Recycling. New materials, technologies and systems are installed in these units, which are undergoing ongoing practical testing. Around 150 partners from research, industry and the public sector are currently involved in the various units. There are also people working and living in them – NEST is a lively and livable testing lab (see page xxx).
Buildings and gyms with a net-positive energy output
Peter Richner, head of the Engineering Sciences department and the Energy research focus area at Empa, is responsible for NEST within the management team. ‘Our aim is to increase the speed of innovation in the field of construction,’ says Richner, who has been working at Empa for 30 years. ‘This affects the energy systems of buildings in particular. We need to move away from fossils fuels like oil and gas.’ Richner clearly states that the result of decarbonization will be an increase in the energy consumption of buildings. Supplying heat in winter using heat pumps requires large amounts of electricity. ‘This is the main challenge at the moment,’ says Richner. ‘How can we guarantee the electricity supply using renewable energy over the next 10 to 15 years?’ 
We are sitting in the SolAce living area – a NEST unit that opened in 2018 and aims to answer exactly these kinds of questions. The SolAce unit – constructed under the management of EPFL Lausanne – aims to produce a net-positive annual energy output. In other words, the unit aims to produce more energy over the course of the year than it consumes. The building’s façade is responsible for energy production – it is covered in photovoltaic solar panels and solar thermal collectors under colored glazing. Energy is also a key focus for the Solar Fitness and Wellness unit at NEST, which was built in collaboration with the suissetec association for building technology in Switzerland and Liechtenstein. Their question is how gym and spa facilities – which usually consume a huge amount of energy – can be optimized to supply their own energy over the course of the year. A gym the size of this unit – which includes fitness equipment, two saunas and a steam room – normally consumes the same amount of energy as 25 detached houses, which is the equivalent of around 120,000 kilowatt hours per year. The NEST unit needs to run on just 20,000 kilowatt hours – meaning a reduction of more than 80%. Electricity is produced using solar panels on the façade and the roof. A CO2 heat pump – which can reach temperatures of almost 49°C – reduces the amount of energy required for the spa facilities by over 60%. The heat loss from the saunas is not wasted but used for other facilities such as the steam room, the showers and the heating instead. 
Renovating buildings – energy supply at the district level
Buildings account for around 40% of Switzerland’s energy usage. Peter Richner sees the mid- and long-term renovation and modernization of buildings as a major opportunity to reduce their energy consumption. This was confirmed by the MatCH – Bau study carried out by Empa on behalf of the Federal Office for the Environment (FOEN) in 2016. The conclusion of the study was that modernization pays off. But it is essential to reduce the energy requirements first, emphasizes Richner: ‘It makes no sense to install a heat pump in a house built in the 1970s without renovating the shell first.’ It only becomes worthwhile to install a heat pump if the annual energy usage is 50 kilowatt hours per m2 or less. Electricity should ideally be produced locally – which is another instance in which technological development has risen to the occasion. ‘Nowadays, it can even be cheaper to produce energy using photovoltaics than using standard methods. And storage batteries are getting cheaper, too,’ explains Richner. 
These technologies have been developed to help Switzerland transition to renewable energy and meet the Federal Council’s target of being carbon neutral by 2050. How can these technologies be implemented in our everyday lives? What high-level changes need to be made in the construction sector, for example on a political level? In addition to increasing the energy efficiency of existing buildings and moving from fossil fuels to renewable energy, Richner believes a third step is needed. ‘In future, we need to plan at the district level, not just for individual buildings,’ he says. Empa is pursuing this district-level approach, in particular at NEST. NEST is not run as a single building; it is run as part of a district.
The key element in this is Empa’s Energy Hub, or ehub for short, a research platform that optimizes energy management at the district level and measures its impact on the energy system as a whole. ehub connects the energy flows at NEST and the mobility modelling facility move, for example. The platform uses a number of different technologies to convert, transport and store energy. A NEST unit like SolAce, for example, could not function independently if it weren’t for ehub working in the background, storing the excess energy produced on sunny days and making it available to the unit again when needed. 
This district-level approach is one Empa wants to promote when it comes to the future of Switzerland’s energy supply. Despite the liberalization of the energy market, Switzerland’s energy supply continues to rely on large-scale producers and big grids. Richner believes that in future, locally produced electricity from photovoltaic systems will play the biggest role in the supply of energy. ‘It’s possible that in future, electricity will mainly be produced in a decentralized way, by small areas that share their electricity among themselves.’
The researchers at ehub are interested in the impact this transformation in energy production would have. What would be the effects of a decentralized energy system on the system as a whole? What are the environmental and economic limits? How much energy autonomy is possible? And how much is desirable? Richner takes his questions even further. ‘It’s worth asking who will be running these small-scale grids in future,’ he says. ‘Will it be small-scale electricity providers? Companies outside of the energy industry, like Swisscom? Local cooperatives? Or municipalities?’ There are lots of different possible approaches. The investment cycles for buildings usually span several decades, and the situation can be highly complex, depending on the location and purpose of the building. ‘The challenges are often political ones,’ says Richner. ‘They can’t be solved by technology alone.’
Urban Energy Systems
The Urban Energy Systems research department opened in 2015. Empa aims to use the department to act as a bridge-builder. The department researches networked energy systems with the aim of massively reducing CO2 emissions from buildings and neighborhoods. Researchers from different disciplines are working together to achieve this, including from the fields of civil engineering, mechanical engineering, electrical engineering, architecture, environmental technology and the relatively new field of industrial ecology, which is concerned with material and energy flows in industrial systems. ‘It’s essentially about connecting buildings and integrating renewable energy sources,’ explains Kristina Orehounig, head of the Urban Energy Systems department. As the energy demand and the potential for local energy production are often out of sync, flexibility is required when it comes to supply and demand. ‘Multi-energy systems are a possible solution,’ says Orehounig, ‘in other words, grids in which energy can be displaced as required – or storage technology with which you can temporarily store energy and then retrieve it when needed.’
Researchers are looking into the potential of new heat storage units based on concentrated sodium hydroxide, for example, and power-to-gas systems (see page xxx). ‘When the energy demand is high in winter, purely thermal storage units do not suffice. Power-to-gas could be one way of solving the problem,’ says Orehounig. The researchers are also exploring the potential of various batteries and the possibility of borehole heat exchanger fields paired with thermal networks. The central question is always what effect employing this kind of storage technology would have on the district as a whole.
Simulating alternative energy supply scenarios
Kristina Orehounig’s team works together with cities, municipalities and energy companies on new energy scenarios. The researchers use their simulations to help resolve concrete issues. One of their first projects was for the municipality of Zernez, which set itself the target of becoming energy self-sufficient by 2020. After extensive data collection, the research team developed a simulation model in order to find the best method for making the transition. They also simulated alternative energy supply scenarios for other locations such as Zurich Altstetten, Basel, Brig-Glis and Rheinfelden, and came to a clear conclusion: ‘The energy situation in all of these locations is very different, and there is no one-size-fits-all solution,’ says Orehounig.
Through working on these projects, Orehounig and her team have developed simulation tools that they now want to make available to industry. A new start-up intends to adapt the modelling software so that it can be used by engineering firms to design and optimize district energy systems. The Urban Energy Systems department wants to focus on research and develop more solutions for improving urban energy systems. ‘The majority of people will live in cities in the future,’ says Orehounig, ‘which means we don’t just need solutions for individual districts, but for the whole urban area.’
One of her research projects concerns urban densification and its influence on energy usage. The effects of global warming are also taken into account. In future, cities will get even hotter, more so than rural areas. ‘With this in mind, it’s important to make sure enough green space is planned, even in densified urban areas, that outdoor areas have enough shade and that the sun doesn’t shine directly onto glass frontages in summer.’ This is where NEST comes into play once more. With the involvement of ehub, part of this research can be carried out in a real neighborhood. This demonstrates what will actually be possible in the real world.
Other research groups at Empa are looking even more closely at urban physics – the physics of the urban climate. They are carrying out extensive experiments in order to understand the physical requirements of cities. This includes the phenomenon of ‘urban heat islands’ – urban areas getting significantly hotter than the surrounding rural areas. Using models of building complexes and urban canyons, experiments have been carried out in Empa’s wind and water tunnels to simulate the climate of a specific district. This data is intended for use by the Urban Energy Systems department in future, too.
A visionary approach to wood
Sustainable construction also means using sustainable materials. And what could be more sustainable than wood? Empa has been researching wood as a renewable material for over 80 years (see page xxx). ‘Wood is no longer a niche product; it’s in high demand as a sustainable construction material,’ says Tanja Zimmermann. Zimmermann is a wood scientist, a member of Empa’s General Management, head of the Functional Materials department and co-head of the Sustainable Built Environment research focus area. The increase in demand she mentions can be seen in the numbers: the proportion of wood used in construction is growing continuously, reaching over 18% in detached houses and over 10% in blocks of flats in 2017. This trend is particularly pronounced when it comes to multi-story buildings. Entire tower blocks are now being made out of wood, including an 80-metre, 27-storey high-rise in Zug that will be ready for occupation in 2024, and the 84-metre, 24-story HoHo Wien in Vienna.
The NEST unit Vision Wood demonstrates just how innovative Empa is being in its approach to this tried-and-tested material. The unit was developed by Empa’s Cellulose & Wood Materials department in collaboration with ETH Zurich. Unlike standard wooden houses, it uses façade elements that discolor less quickly, for example. The surface coatings contain a delicate network of cellulose fibers that are just a few micrometers thick, which act as a base for active substances. This makes the coatings substantially more resistant and durable than standard materials in terms of UV protection, waterproofing and resistance to cracks and wear and tear. For insulation, fiberboard was used in which Empa researchers had activated the wood’s own biopolymers so they worked as a binding agent, meaning no synthetic adhesives were required. The interior of the Vision Wood unit also features impressively innovative, modern wood applications. The door handles, for example, are antibacterial thanks to a special process in which iodine is bonded with the wooden structure. The sink in the bathroom is made out of waterproof wood, one wooden wall can be magnetized thanks to the introduction of iron oxide nanoparticles, and other wooden structures have been mineralized to increase their flame retardancy. 
The problem of concrete
Although the use of wood as a construction material has increased in recent years, concrete remains the most important construction material of all. The majority of the infrastructure and buildings around the world are made of concrete. Concrete is the most prevalent construction material in Switzerland by a considerable margin: the 2016 MatCH – Bau study mentioned above showed that concrete made up over two thirds of the 56 million tons of construction material used each year. The use of concrete on this scale has a huge environmental impact. The manufacture of cement – the main component of concrete – emits at least three billion tons of CO2 worldwide per year, which accounts for 6–8% of the world’s total CO2 emissions. This is around three times as much as the whole aviation industry.
Yearly emissions from the global cement industry need to fall by at least 16% by 2030 in order to meet the requirements of the Paris Agreement. Manufacturers and research institutes have been working on new manufacturing processes to improve the carbon footprint of cement for years. Empa’s Concrete/Construction Chemistry department is one of the world’s leading laboratories in this field. Head of the department Pietro Lura explains that, ‘The main strategy for reducing CO2 is to reduce the amount of Portland cement – which has been the standard cement for over 150 years – by blending it as far as possible with other reactive materials. Industrial by-products such as fly ash from coal-fired power stations or granulated blast furnace slag are ideal materials for this.’ Some progress has been made using these materials, but the issue is availability. ‘Steel production is declining, and we are trying to reduce the number of coal-fired power stations,’ explains Lura. The materials required for standard cement, by contrast, are easily available – lime and clay can be found almost anywhere in the world and are incredibly cheap. ‘This makes it very difficult to find alternatives,’ says Lura. One idea that his department at Empa is looking into is the manufacture of carbon-neutral – or even carbon-negative – cement using magnesium silicates. The researchers are currently trying to understand and leverage the chemical processes behind this concept. The development of magnesium cement and other alternative cements will take some time, however: ‘We’ll be building with concrete made with Portland cement for a long time yet,’ predicts Lura. 
Lura’s department focuses on helping industry partners introduce new forms of cement with lower CO2 emissions, for example cements that use additives from construction waste or slag from the extraction of precious metals. At the same time, the department is continuing to research the properties of concrete, which, despite the long-term use of Portland cement in the construction industry, are still not sufficiently understood. What exactly happens when concrete ‘creeps’, for example – the process by which it is constantly deforming under sustained pressure and tension? This is one of the topics that Empa’s researchers are addressing. An important goal is increasing the durability of concrete, in particular for constructions that are subject to heavy loads. One of Empa’s projects is developing prestressed high-performance concrete elements with tendons made of carbon fiber reinforced polymer. These are lightweight, with high levels of tensile strength and elasticity, and, unlike steel tendons, they do not corrode. Using a new concrete composition, Empa researchers have also further developed and simplified the procedure for prestressed concrete elements so the prestressing occurs through the expansion of the concrete alone. Other Empa developments also aim to increase the lifespan of concrete. These include ‘memory steel’ – a new prestressing steel alloy that enables simpler, long-term prestressing of concrete structures – and carbon fiber strips that can be used to strengthen old bridges and buildings (see page xxx). This facilitates more sustainable construction and will help to significantly improve the environmental impact of the most common construction material in future.
How can we reduce our impact on the environment?
If everyone in the world had as much impact on the environment as the average Swiss citizen, we would need three Earths. Switzerland’s ‘environmental footprint’, as Empa researcher Patrick Wäger refers to it, indicates how we are treating our planet: not very well – and at the expense of others, especially future generations. ‘We urgently need to reduce our consumption of resources,’ asserts Wäger, head of Empa’s Technology and Society department. Demonstrating ways we can survive with fewer resources – in particular non-renewable resources – for example by using closed-loop processes, is one of the goals of Empa’s environmental research focus area Natural Resources & Pollutants.
PET bottles and microplastics
Material cycles, environmental impact assessments and evaluating the effects of technology are important areas of research in the Technology and Society department. The Environmental Risk Assessment and Management group focuses on the fact that a substantial portion of our manufactured materials still end up in our environment. It is one of the most influential research groups in the world in this field. The environmental scientist Bernd Nowack is head of the group, and his name frequently appears on the prestigious list of Highly Cited Researchers. His publications are in the top 1% of most frequently cited experiments in the fields of environmental science and ecology. Nowack is interested in topics such as the spread of nanoparticles in our environment. ‘This is one of the research areas in which we are at the forefront,’ Nowack says, almost dismissively – he’s not a man to big himself up. In 2016, the group began to take the modelling calculations developed for nanomaterials and apply them to microplastics. In scientific terms, microplastics are all plastic fragments measuring less than 5 mm in diameter.
The scale of the problem of microplastics in our environment has only become clear in recent years. Scientists have now found plastic, and above all microplastics, almost everywhere on the planet. Nowack takes a deliberately neutral tone when it comes to the topic of microplastics – he doesn’t dabble in untested theories or even ideologies. ‘We don’t conduct environmental research as such,’ he states plainly. ‘We’re interested in questions of how particular materials find their way into our environment, how many of them there are in total and how they are distributed across particular areas.’ Nowack and his team research how microplastics escape from polyester textiles when they are washed and enter the environment via wastewater, for example. They are primarily investigating what effect detergents, water temperature and the number and length of washes have on the release of microfibers. Their findings show that the addition of detergent has the greatest impact, while the temperature and length of the wash cycle make no difference.
A 2019 Empa study conducted on behalf of the Federal Office for the Environment in which Nowack’s group measured the extent of plastic pollution in Switzerland attracted a good deal of attention. The researchers found that a total of 5,000 tons of plastic, or 630 g per person, was released into the environment each year. This is ‘only’ 0.7% of the total plastic in circulation, but it is still an enormous amount. The overwhelming majority – 4,400 tons or 85% – ends up in or on the ground, usually in the form of macroplastics. ‘It comes from things like plastic wrap used in agriculture, packaging that is thrown away, PET bottles and rubbish bags left by the side of the road,’ says Nowack. ‘The amount of microplastic is much smaller than the amount of macroplastic, but the number of particles that can affect living organisms is much greater.’
Of the 600 tons of microplastics, around 15 tons end up in bodies of water. In Switzerland and the rest of Europe, freshwater fish and other aquatic organisms are not (yet) affected by microplastics. This was the conclusion of a risk assessment study published by Nowack and his colleague Véronique Adam. This means we have the all-clear for now – at least in Switzerland. The same study showed that the threshold for microplastics had been exceeded in some bodies of water in Asia, however – just one of many reasons why Nowack and his team are continuing to research the topic.
Measuring and reducing emissions
Reducing pollution also means gaining control of emissions of CO2 and other pollutants. Empa and the Federal Office for the Environment have been running the National Air Pollution Monitoring Network (NABEL) for several decades. The network measures air pollution at 16 sites across Switzerland, monitoring pollution in typical locations like cities, rural areas, on motorways and – perhaps not quite so typical – at Jungfraujoch (see page xxx). NABEL provides fundamental data for the Swiss air pollution control measures for emission reduction, and participates in international monitoring and research programs.
Empa’s Advanced Analytical Technologies laboratory also analyses pollutants. In 2018, a team from this laboratory measured the quantity of particulate matter pollution in Switzerland compared with China, and discovered that there was a huge difference in the make-up of the particulate matter in the two countries. Other Empa research teams are investigating where air pollution originates. A number of projects use dispersion modelling to examine the distribution of pollutants, in order to better understand where and how greenhouse gases, volatile organic compounds, nanoparticles and other pollutants end up in the earth’s atmosphere. Different aspects of these pollutants are then analyzed at Empa, from circulation within individual buildings all the way to global distribution across continents.
A next-generation combustion engine is in sight
Empa’s Automotive Powertrain Technologies department is relatively down-to-earth in its research, which focuses on reducing resource consumption in the transport sector. The department aims to help society move away from fossil fuels and transition to renewable energy. This transition won’t take place overnight, however; it will require many small steps. The department’s many research projects primarily focus on reducing pollution, low-carbon fuels and increasing efficiency.
One research group is working on what department head Christian Bach calls the ‘gas engine 4.0’. When it comes to reducing CO2 emissions, vehicles that use renewable gas are a promising alternative, particularly for long-distance journeys. Existing gas-powered vehicles are at a similar technological level to petrol and diesel engines, but are not yet exhausting the potential knock resistance of up to 120 octanes offered by renewable gas. Empa researchers aim to develop a more efficient, low-emission combustion process for gas-powered cars that will also work for hybrid vehicles. 
Even lorry engines could soon become greener. The researchers have to bear in mind that the goods transportation industry faces tremendous time pressure, and a single tank of fuel needs to last for over 1,000 km. ‘At least for now, this means we need to concentrate on new concepts that are based on existing diesel engines,’ says Bach. One research group is investigating a new concept using the liquid fuel dimethyl ether based on the power-to-gas principle. ‘This could enable even long-distance lorries to transition to renewable fuel,’ says Bach. The fuel’s oxygen content not only reduces CO2 emissions, but also increases the efficiency of the combustion process beyond what can be achieved with diesel. The aim is to increase the efficiency of lorry fuels from the current 45% to over 50%.
Empa researchers also want to improve catalytic converters, the devices used to reduce pollution from car exhausts. Relatively large amounts of precious metals like platinum are currently required to make catalytic converters, around 1–3 g per converter. Platinum is a controversial raw material: it’s expensive, and its extraction has a negative environmental impact. As a result, there is a lot of incentive to use the metal as sparingly as possible – and Empa is doing its bit to help. One research team has set itself the ambitious target of reducing the amount of platinum required by 90%. Its method is to improve the exhaust flow to the catalytic converter so that much less of the metal is required. Using additive manufacturing processes, researchers have developed a new kind of catalytic converter with walls made of polyhedron-shaped cells placed at a 45-degree angle to the exhaust flow. This design causes turbulence in the exhaust fumes, which means they come into much more contact with the platinum-coated catalytic surface than in standard catalytic converters. As a result, the catalytic surface can be much smaller than in standard catalytic converters. The initial results of experiments using a prototype of the new catalytic converter are promising, and the automotive industry has already expressed interest in the technology.
Fewer pollutants in road construction
Empa also aims to reduce the amount of resources used in road construction. In 2019, Empa’s Road Engineering department carried out successful experiments with what is known as warm mix asphalt. Road surfaces normally use hot mix asphalt, which is mixed at 160°C and laid at 150°C. The amount of energy required, and the corresponding CO2 emissions, are very high. Warm mix asphalt, by contrast, is heated to a much lower temperature – between 100°C and 140°C – and the CO2 emissions are considerably lower, according to extensive field and laboratory experiments carried out by Empa’s Air Pollution/Environmental Technology department. The research results clearly demonstrate that warm mix asphalt has a lower environmental impact. Now manufacturers need to get on board and adapt their production facilities to work with warm mix rather than hot mix asphalt.
An even more environmentally friendly alternative is recycled asphalt, a new trend in road construction which Empa is promoting. Together with a European team, the researcher Christiane Raab developed a process by which rough, reclaimed asphalt is mixed with water and compressed using rollers, without adding rejuvenation or binding agents, and then laid ‘cold’. Empa researchers have already laid a test stretch of this environmentally friendly recycled asphalt, which will be monitored until summer 2020 to see how it withstands the weight of traffic.
Circular economy in construction: Urban Mining & Recycling
The NEST unit Urban Mining & Recycling (UMAR) demonstrates how we can live in harmony with nature within our own four walls. The unit embodies the circular economy: it comprises a three-room flat made using materials and elements that can be dismantled into entirely reusable or recyclable single-material parts. Anything that cannot be reused or recycled can be composted and returned to the natural material cycle. UMAR’s end-to-end design principle reuses raw materials that are accrued or disposed of in an urban environment: ‘urban mining’ – with the city as the mine. This presents one possible solution for reducing our resource consumption in future.
Everything in the attractive UMAR NEST unit is new and modern – the floors, the furniture, the paneling, the facilities and the fittings. But almost all of it has been used before for something else. The kitchen countertops, for example, which have an eye-catching marbled look, are made of recycled shards of glass. Recycled glass is usually heated to 1,000°C and completely melted, but this glass was processed into worktops at just 400°C, meaning you can still see the pattern and colors of the original shards. One of the bathrooms is also entirely fitted with this new recycled material.
There is a rotating wall used as a room divider made of new bricks formed from mineral rubble. The UMAR architects used decommissioned door handles from a deconstructed bank building for the doors. Parts of the walls are made from shredded and compressed Tetra Pak packaging. The insulation contains a layer made of denim from old jeans – in fact, the unit showcases a variety of reused raw materials from urban spaces that can be used for insulation, including compressed hemp and a mesh made of fungus that can be made to grow into a specified shape, made stable by heating.
The model calculations carried out by Empa researchers show that the urban mining construction concept is both energy-saving and sustainable. If it were implemented on a large scale across Switzerland, it could save a huge amount of resources and minimize environmental impact. Central elements in this process include better recycling, the reuse of materials and objects and modern product design. Although little thought is currently given to the life cycle of a product when it is being developed, this will become increasingly important in future in order to minimize resource consumption (see page xxx).
How can we improve our health and performance?
Medicine increasingly uses technology to counteract or lessen the impact of accidents, illnesses and ageing. Broken bones have been fixed using screws and plates for decades, patients with irregular heartbeats are given pacemakers, and many older people undergo hip and knee replacements using prosthetic implants.  
Modern healthcare is in need of innovative new materials with new properties and new processes with which to examine, monitor and treat patients. Empa’s laboratories are doing groundbreaking work in this field: basic research that helps us understand the interactions between materials and the human body; developing new materials for medical applications in and on the human body; materials that can improve the quality of life of sick patients; and even materials that can help increase the physical performance of healthy people. Their research aims to use a deeper understanding of human biology to develop or modify materials in order to control the interaction between materials and the human body. Empa works closely with university and central hospitals in Switzerland and around the world in the field of medical and healthcare technology.
Another aspect of this ambitious, forward-looking topic is the constant progress of digitalization and the ability to process large amounts of data and use it to create accurate computer models of things like cells groups and organelles. Concepts such as the ‘virtual doppelgänger’ could revolutionize the future of medicine. A ‘virtual doppelgänger’ is a virtual, data-based model of a patient that can be used to simulate tailored treatments. It might sound like science fiction, but it’s already a reality at Empa’s laboratories. Researchers in the Biomimetic Membranes and Textiles department, led by the physicist René Rossi in St. Gallen, are working on developing a digital skin twin – an identical, ‘personalized’ copy of our largest organ made out of silicon. In particular, the researchers hope this will enable better and more personalized treatment of chronic pain sufferers and diabetics in future. The doppelgänger receives real-time information about the condition of the skin and other important physiological factors via sensors on the body. This digital twin is also intended to give a prognosis of the effects of treatment, which could make selecting the best treatment option much easier.
Smart textiles
Textiles are playing an increasingly important role in healthcare. Most often in collaboration with industry partners, the Biomimetic Membranes and Textiles department has developed a wide range of materials and systems that target the protection and optimal performance of the human body. These include: an all-in-one sleeping system for practitioners of extreme sports that uses body heat to maintain a comfortable interior temperature; specially insulated clothing for pilots of the Solar Impulse solar-powered aircraft that adapts to the changing temperatures during flight; low-friction socks for the Swiss Army to stop them getting blisters; moisture management systems for the protective clothing worn by firefighters to stop them suffering steam burns from their own sweat; functional textiles with integrated sensor systems to prevent paraplegics developing pressure ulcers; cooling clothing for patients with multiple sclerosis; a sensor shirt with 3D electrodes sewn in that enables conductivity with human skin; and many, many more.
Teams at Empa are also increasingly investigating the potential of textiles that administer medication. Not every medicine can be injected or taken as a tablet, and our skin, as the body’s largest organ, presents a large surface via which substances below a certain molecular size can be absorbed. Researchers at Empa want to take advantage of this potential. One project is investigating transdermal plasters, which administer medication efficiently and pain-free via the skin. To manage the dosage, the Empa team worked with research groups at other institutions to develop molecular ‘light switches’ inside nanospheres that are integrated into the plasters. When a light is shone on these nanospheres, they change their structure, releasing the active substances. If the color of the light changes, this chemical reaction will stop within seconds, and the nanospheres will once again be sealed. The process is initially being tested for the administration of painkillers, but a range of other treatments could also be administered using ‘light switch plasters’ in future.
Textiles containing medication are another option for administering treatment via the skin. Empa’s Self Care Materials project is investigating this approach, using various methods to develop smart polymer fibers. Thanks to a clever control mechanism, the fibers can regulate the precise dosage of medications – for example using light stimulation – or even act as a sensor, for example measuring blood sugar levels. There is substantial industry interest in these self-care materials, with 20 partners already involved in the project, including the industry association Swiss Textiles with the Subitex research initiative. 
Health sensors are an increasingly important research area at Empa. There is a rising demand for health sensors that are able to collect data over an extended period, from chest straps with textile sensors for long-term monitoring of patients suffering from sleep apnea – a condition causing patients to stop breathing while they sleep – to dressings that warn nurses if a wound is not healing properly, to optical fibers woven into textiles that monitor heart rate and blood flow to the skin. In future, sensors will be wearable, flexible and compatible with the human body. There are a number of hurdles to collecting data near to or on the body, however. Sensors need to be able to function reliably under complex and changing circumstances. Empa’s researchers are working to tackle this challenge. 
Where materials and biology meet
When it comes to the use of materials in medicine, the key question is how the materials and the biological surfaces interact. How does the human body react to external materials that are introduced or with which it comes into contact? And how can these processes be managed? Chemist Katharina Maniura is head of the Biointerfaces department at Empa St. Gallen. She and her teams are researching possible reactions of cells and tissue to functional surfaces in medical applications. ‘The more you study the interaction between biology and materials, the more you understand that biology has very particular requirements and that cells and tissue have their own crucial signaling pathways,’ says Maniura. Current research is particularly focused on the body’s immune response to materials. ‘At the end of the day, this is what defines how body tissue will react to materials,’ Maniura says.
One group from Maniura’s department is investigating the population of implant materials with bacteria, which can lead to the development of biofilms and, ultimately, to serious and sometimes life-threatening infections. As part of a joint project with Kantonsspital St. Gallen, the team is analyzing how these biofilms – resistant collections of germs that can be a particular problem in hospitals – develop within ureteral stents. Ureteral stents are used in urology and are regularly implemented when treating conditions such a kidney stones. They are inserted between the kidney and the bladder to allow urine to flow. The material used for the stents – small polymer tubes – is considered standard in clinics, and doctors work under sterile conditions. Yet patients still often experience problems and suffer from urinary tract infections. Empa researchers want to get to the bottom of this issue. They examined 85 ureteral stents which patients had worn for around three weeks. The residue contained not only crystalline deposits from urine, but also collections of bacteria. ‘The question for material development is how these biofilms form and how surfaces can be redesigned to reduce or eliminate them,’ says Maniura. Catheters with antimicrobial coatings are already available on the market and produce good results in laboratory tests. ‘But doctors don’t see any real difference in day-to-day practice – these expensive coated catheters don’t actually produce better results than standard polymer tubes,’ says Maniura. The researchers suspect that the bacteria are able to survive incredibly well inside the body in a way that is hard to demonstrate in a laboratory.
Through extensive laboratory experiments using a bioreactor, the Empa research group was nevertheless able to show how the bacteria gradually collect on the catheter material. In another project, the team was able to demonstrate how free-floating germs were able to attach themselves to the surface of the polymer by exposed polymer chains and molecules on the bacteria’s surface interacting on a nanometer scale. ‘We hope to use this information to design better surfaces in future that can prevent bacteria attaching,’ explains Maniura. When it comes to tackling the issue, researchers have looked to nature for inspiration: inside the body, there are surfaces that are able to repel bacteria that cause diseases, such as the cell membranes of epithelial cells. ‘We are trying to transfer this knowledge to the development of new materials,’ Maniura says.
Another project that addresses the topic of material surfaces is Zurich Heart, a large-scale collaboration between the University of Zurich, the university hospital, ETH Zurich and various groups at Empa. The Zurich Heart project aims to redevelop the artificial heart from scratch. It also aims to improve existing technology such as the artificial heart pumps used by patients with heart failure – mechanical devices that pump blood for one or both of the ventricles. They constitute a foreign surface for the blood, which results in reactions in the blood that can cause blood clots. Interaction with the pump can also damage the blood cells. Head of the Experimental Continuum Mechanics department Edoardo Mazza and his team are working on possible solutions to stop the body identifying the pump as a foreign object. Teams from the Biointerfaces and Biomimetic Membranes and Textiles departments are developing a membrane to use on the inner surface of heart pumps. The membrane has a synthetic structure and is designed so that the body’s own endothelial cells can be applied to it – these cells form the inside of natural blood vessels and regulate the interaction between blood and tissue. In future, these cells may even be able to attach to the membrane directly from the blood. This kind of membrane would be considered ‘biological’ by the body. These ‘invisibility cloaks’ work well under laboratory conditions, and the Zurich Heart research teams are now analyzing the long-term behavior of the new heart pump.
Healthy nanoparticles
Nanoparticles can also be used for medical purposes, such as in cancer treatment or disease diagnosis. These minute biological particles are used to administer cancer medicines, for example. Inorganic nanomaterials like silver are known to inhibit the growth of pathogens, while other nanoparticles stimulate the immune system or transmit iron to the body. At Empa, Inge Herrmann’s research group is specialized in nanoparticles for medical use. They chiefly develop inorganic nanoparticles, for example made of metal or metal oxides. Our visit to Herrmann took us to a large, imposing laboratory in the basement of the Empa building in St. Gallen. ‘We’ve moved all the analysis down here where we have fewer interruptions – the devices are very sensitive,’ she explains. This new apparatus has opened up hitherto unforeseen possibilities in the field. ‘We can now measure the absorption of nanoparticles into individual cells and identify individual particles,’ says Herrmann. ‘It’s incredibly fascinating!’
Each project involves a clinical partner, whether it’s the university hospitals in Zurich or Bern or the local Kantonsspital St. Gallen. From a clinical perspective, it can be hard to tell how important Empa’s tech center might be for medical applications, says Herrmann. ‘We often approach hospitals with ideas when we read about particular problems in the literature that have no known solution. If we’re successful, it’s normally the start of a gradual, highly complex development process that can last a number of years.’
‘Magnetic’ blood purification is one such idea. The project began in 2008, was first published in 2010 and is now about to begin clinical trials as part of a start-up at the Wyss Zurich translational center. Magnetic blood purification works as follows: magnetic nanoparticles made of iron are attached to an antibody that identifies harmful bacteria in the blood with the aim of binding to them. Once the iron particles have attached to the bacteria – using special ligands on the bacteria’s surface – the bacteria and the iron particles are extracted from the blood together.
This process is intended for the treatment of blood poisoning, which is currently deadly in over half of cases. In cases of suspected sepsis, most doctors prescribe broad-spectrum antibiotics, but these medicines often cannot combat the pathogens, which are undiagnosed and usually resistant. This treatment also increases the likelihood of resistance in future. Magnetic blood purification presents a new, more precise method. If sepsis is suspected, patients would immediately be connected to a dialysis machine and the bacteria removed from the blood using nanoparticles while the blood is outside of the body. ‘This means the nanoparticles never enter the body,’ explains Herrmann. This technique would also give doctors access to concentrated blood samples and allow them to easily identify the bacteria. ‘Then, if required, antibiotics could be prescribed that target the pathogen,’ says Herrmann. 
Another project by Herrmann’s group demonstrates how nanoparticles can be used to help wounds to heal. The ‘nanoglue’ project makes use of the adhesive properties of nanoparticles in human tissue. ‘We have created nanoparticles using a variety of different material combinations in order to develop a bioactive “nanoglue”. Not only does it fuse tissue, it is also hemostatic and antimicrobial, in order to prevent infections. What’s more, it’s meant to stimulate the growth of new blood vessels,’ says Herrmann. In other words, the researchers changed the structure of the particles such that they can take on different functions over time. In terms of practical applications, one use of nanoglue would be in reconstructive surgery, for example in the case of severe burn victims who require large skin grafts. Currently, this treatment often fails as the skin does not grow at the edges owing to poor circulation, or because infections occur. Plastic surgeons at Inselspital Bern have tried nanoglue in a pilot test case – with successful results. ‘The transplanted tissue had much better circulation and integrated well into the surrounding tissue,’ says Hermann. This bodes well for the future use of nanoglue at the clinic.
Which materials will we need in the future – and who’s going to make them?
From energy and construction to the environment and medtech, the key to success is going to lie in innovative materials whose properties can be tailored to their application – in the most extreme cases, by precisely defining the structure of the material on a molecular level, like with graphene. This means every atom sits exactly where it’s meant to. This is the domain of nanotechnology, which Empa researchers are using to make nanostructured materials for a variety of purposes, including building blocks for nanoelectronics – an even smaller scale of microelectronics – LEDS, battery electrodes, coatings for medical implants, nanocontainers for administering medication, and much more.
These developments by Empa laboratories are not only interesting from a scientific and research perspective; they are an essential factor in the competitiveness of the Swiss economy. From the electronics and coatings industry to mechanical engineering, we are in urgent need of innovation to ensure export-oriented Swiss companies can continue to survive in an increasingly competitive world market. Empa works closely with companies to ensure technology transfer takes place between laboratories and industry. The Coating Competence Center (CCC) that opened in 2016, for example, makes its coating and analysis facilities available to industry partners, and various technology transfer centers have been established in the field of sophisticated manufacturing technologies – also known as advanced manufacturing or AM (see page xxx).
Nanometers: a world of infinite possibility
Pierangelo Gröning is an Empa researcher who unites the world of knowledge-driven research with the world of engineering, which seeks technological solutions and applications. ‘I can’t emphasize enough how different these two worlds and their differing perspectives are,’ says Gröning, who played a key role in establishing the CCC at the Empa campus and in creating a Swiss network of advanced manufacturing centers. ‘Which is why it’s all the more incredible that Empa unites both cultures under one roof and lets them inspire one another.’
Gröning studied engineering and worked in industry before completing another degree in natural sciences. He joined Empa in 2003, along with a whole team of natural scientists from the University of Fribourg who had worked in Louis Schlapbach’s laboratory and followed him to Empa when he became director. While Schlapbach has long since retired as director of Empa, Gröning is still a senior member of the organization. He fills a number of different roles; he is head of the Advanced Materials and Surfaces department and the Nanostructured Materials research focus area, and president of the internal research committee. Gröning explains the significance of nanotechnology in its historical context. Until 30 years ago, materials science was a relatively small field. When it came to possible applications, it was modestly referred to as ‘materials testing’. ‘In the past, materials were exclusively defined in terms of their composition,’ says Gröning. They were made of iron, chrome, hydrogen, etc. ‘And we knew that these materials had this or that property depending on their thermodynamic phase.’ But that was pretty much the extent of their diversity.
Then along came nanotechnology – and the possibilities presented by materials science skyrocketed. Modern materials science is essentially applied nanotechnology – materials science 2.0. The sheer scale is astonishing: one nanometer is unimaginably small, measuring just 10-9 (one billionth) of a meter. Soon after the field of biology got down to a molecular level and identified the building blocks of DNA, materials science advanced into the realms of nanotechnology. Researchers discovered entirely new properties in inorganic materials. Gold, for example, whose melting point is normally over 1,000°C, was found to melt at room temperature on a nano level. The lotus plant’s incredible water and dirt repellency is thanks to a characteristic nanostructure covering the surface of its leaves. The amazing carbon nanotube was discovered in Japan in 1991: tubular macromolecules made of pure carbon (C), 10 times lighter than steel but 100 times stronger, 10,000 times thinner than a human hair and – depending on their structure – excellent electrical conductors or semiconductors. Today, carbon nanotubes are mainly used in composite materials, for example for improving mechanical qualities or electrical conduction, in batteries, electrostatic shields and filters. Over 15,000 tons worth of this particular nanomaterial are produced worldwide each year. The discovery of the carbon nanotube was a huge boost to the field of nanotechnology and materials science, says Gröning.
Revolutionary and highly successful thin-film technology
The practically infinite possibilities for designing materials on a nano scale were soon revealed. Researchers at Empa shared in the spirit of euphoria: ‘We realized we could play almost endlessly with the geometry of nanostructures,’ says Pierangelo Gröning. ‘We were no longer limited by the composition of a material; we could generate properties as we liked simply by changing the nanostructure.’ One such property is hardness. Among other things, Empa is developing ultra-thin, ultra-hard layers that are ‘harder than sapphire’, according to Gröning. These can be used as protective layers or scratch-free glass coatings, for example on smartphone screens. The boundaries, in particular, play an important role. If two similar, hard materials are joined, the different crystal lattices of the two materials need to be adapted to one another through stretching or compression at the interface. This creates mechanical tension where they join. Nanomaterials have a relatively large surface area compared with their minuscule core. As Gröning explains, this means that ‘boundaries account for a large amount of the volume in nanostructured materials. As a result, these boundaries have a significant impact on the properties of the material.’ The coatings become much harder than either of the original materials, as the mechanical tension at the interfaces increases the hardness. 
A large number of practical applications already exist for nanostructured thin films and coatings. The engine components of energy-efficient cars need special coatings to make sure they are low-friction; tools like cutters and drills are also equipped with these kinds of special coatings, which hugely increase their lifespan and cutting speed; and windows can be made more energy efficient or anti-glare using optical thin-film coatings. Thin-film technology is also notable for its use in the development of solar panels. Empa holds the world record for the most efficient flexible solar panels with its copper indium gallium diselenide thin-film solar panels made with polymer sheets. The researchers broke their own record in 2019 with a new result of 20.8%. The spin-off company Flisom has successfully manufactured and tested these thin-film solar panels in a pilot run, and will be starting serial production in Hungary in 2020. ‘It’s a one-of-a-kind success story!’ enthuses Gröning. The fact that a new company is starting to manufacture solar panels in Europe is significant, as the market has thus far been dominated by manufacturers in Asia and the USA. These lightweight panels can be installed on lorries, cable cars and car bonnets, conquering a new market and contributing to fossil fuel-free mobility. Flisom is also collaborating on projects looking into air and space travel, such as solar-powered drones, planes and solar sails.
New hope for electronics: graphene nanoribbons
Roman Fasel is head of the nanotech@surfaces department at Empa. Like Pierangelo Gröning, Fasel was one of Louis Schlapbach’s doctoral students at the University of Fribourg. Today, Fasel and his nanotech laboratory at Empa enjoy a prestigious international reputation. His pioneering work in the field of carbon nanostructures opened the door to the future of electronics. 
Fasel works with graphene, a ‘magic’ material made of carbon atoms first characterized by two British researchers in 2004, whose work won them the Nobel Prize in Physics six years later. ‘The discovery of graphene triggered a flood of research, including at Empa,’ says Fasel. Graphene has the potential to replace silicon as a semiconductor in the continual miniaturization of electrical components. It is made of a layer of carbon atoms that is a single atom thick, arranged in a hexagonal honeycomb-style lattice. Graphene is harder than diamond, extremely durable, impenetrable for gases and extremely conductive for both heat and electricity.
Fasel and his team have been researching the manufacture of atomically precise graphene structures for 10 years – specifically, graphene nanoribbons. Depending on the width of the ribbon and the arrangement of the carbon atoms at its edges, these could have various different functions. ‘We’re working with a material whose properties are not defined by its composition – it is only ever made of carbon – but by how these graphene strips are structured at the atomic level,’ explains Fasel. One and the same material – graphene – can have a variety of applications depending on its structure. Should it behave like a metal? Should it behave like a semiconductor or an insulator? ‘We can dictate this simply through the nano-scale geometry of the material,’ says Fasel.
But it’s not quite that simple, of course. One look at the rows of enormous testing devices in the laboratories in the basement of the department is enough to indicate just how technically challenging this research is. ‘We work with ultra-high vacuum technology,’ says Fasel, ‘which means we investigate the systems under ultra-sterile conditions, without any interference from the surrounding air, which might affect the experiments.’ In one experiment, the precursor molecules are evaporated onto a base in a particular order so as to arrange them in the desired structure. This structure is then analyzed using a scanning tunneling microscope. The research is made up of innumerable such intermediary steps, as every experiment only reveals a single, small aspect of a material or system, says Fasel. ‘It’s like looking at a small section of a painting in a gallery through a telescope – you only see pieces of the puzzle,’ he says. You need more to understand the bigger picture; you need additional theories and simulations. Which is why it’s not just experimental physicists and chemists who work at the nanotech@surfaces laboratory, but also theoretical physicists who specialize in simulation methods. 
Fasel’s team has been working with researchers at the University of California, Berkeley for years. They share a vision of using graphene nanoribbons to make transistors and other electrical components. They want to develop a new technology platform to pave the way for the use of graphene in industry, making graphene nanoribbons an all-in-one solution for electrical components in future computer devices. ‘We won’t just need a few of these ribbons in future, we’ll need as many as we can get!’ says Fasel. It will take a few years until we’re at that stage; there are still a lot of problems left to solve. However, as Fasel asserts: ‘The potential is definitely there.’
At the cutting edge of the industry: the Coating Competence Center
There is a lot that nanostructured materials can already do – and visitors can see for themselves at the Coating Competence Center at the Empa campus in Dübendorf. Empa’s Coating Competence Center (CCC) opened in 2016, and helps turn tailored surface technologies from research labs into marketable industry applications (see page xxx). The center is home to a variety of coating facilities for hard coatings, flexible photovoltaics and printed electronics, as well as 3D printers for metal materials and biocomposites. The process technology used is similar to that used in the industry, but is modifiable to allow the researchers to analyze the processes in detail. The aim is to make ‘upscaling’ easier for the Swiss industry and give them an innovative advantage on the international market.
The CCC works at the interface between applied research, as it takes place in numerous Empa laboratories, and the industrial application of innovative coating technologies. ‘When it comes to modern materials science, you need to consider the process technology when you’re developing the material,’ says Pierangelo Gröning. One advantage of thinking ahead towards practical applications and possible materials is that it stops researchers getting lost in the vast ‘playground’ of nanostructured materials. It also helps Swiss companies get to grips with new technologies and stay ahead of the curve.
In 2018, Empa expanded the printed electronics facilities at CCC. ‘The idea is to print electrical components such as conduction paths, transistors and capacitors like letters on a page,’ says Gröning. Thanks to its partnership with a US manufacturer, which established its headquarters for the development of its business in Europe and Asia on the Empa campus, the center now has access to an aerosol jet printer. This technology means 3D structures such as casings can be printed, not just flat, two-dimensional shapes. 
As digitalization increases, data collection and provision will become increasingly important (see page xxx). Printed electronics and the ability to create electrical circuits, screens and sensors very cheaply using basically any basis opens up huge market potential. 
Will the 3D printer take over?
Just as nanotechnology revolutionized materials science and material development, 3D printing has had a huge impact on manufacturing. Unlike subtractive manufacturing processes like milling and boring, 3D printing uses an additive process to make almost infinitely complex structures, opening up a whole new range of approaches for engineers. In the medical sector, hundreds of thousands of implants are already produced using 3D printing. At the same time, gas turbines and aircraft engines with 3D-printed blades are being intensively tested. The scale of 3D printing projects is growing: in 2019, a company in Amsterdam constructed a whole steel footbridge using 3D printing – which is not as trivial as it sounds. ‘3D printing is the ultimate challenge for materials scientists,’ says Pierangelo Gröning. ‘It combines material synthesis and manufacturing in a single process.’ The classic materials testing process of first developing the material, then manufacturing the item and then making it into a product is done away with in the world of 3D printing. This is fascinating from a technical point of view, but Gröning believes there are still some fundamental questions that need to be answered – like how quality control works for these kinds of products. ‘How can we be sure that it’s a good material to use? How can we ensure that the product is being printed correctly in location X when the printing information is coming from location Y, which is miles away?’
In Gröning’s office hangs a picture of an unfinished metal bridge with one end hovering over a pond. It is halfway through being printed. There are no people in sight. It’s not a real picture, but it still makes him think. ‘It makes me wonder what kind of a bridge is built without being touched by human hands. What does it mean for me as an engineer? Am I even needed anymore? Where will digitalization take us?’
Gröning doesn’t have an answer to these questions. Only time will tell.
((Einschübe im 1. Kapitel))
((Einschub 1))
Environmentally friendly buildings
• There is a drive to increase the use of photovoltaics in Switzerland. The Swiss Federal Office of Energy estimates that the potential solar power that could be generated by solar panels on suitable roofs and building façades could generate around 67 terawatt hours of energy a year – which is more than Switzerland’s current annual energy consumption. The current trend is towards flexible thin-film solar panels. Empa has been at the forefront of the research in this area for years. In 2019, Empa’s Thin Films and Photovoltaics department achieved a new record level of efficiency of 20.8% with its thin, flexible, next-generation solar panels, which are produced in rolls like packing film. This means each solar panel can transform over a fifth of the light energy it receives 
into electrical energy. The spin-off company Flisom in Niederhasli is running a pilot solar power plant in which Empa is involved. These flexible panels can be arranged in double layers as ‘tandem solar cells’, meaning they could theoretically achieve higher levels of efficiency than conventional silicon solar panels.
• The issue with solar panels is that they often produce their energy precisely when it cannot be used. This is why local solar power storage batteries are required. Empa’s Materials for Energy Conversion department has a wide range of research projects dedicated to this topic. Its researchers are currently investigating a more efficient version of the standard lithium-ion battery, as well as solid-state batteries that could replace the current technology in the medium term. Molten-salt batteries such as sodium nickel chloride batteries could be a viable option for storage batteries in homes or at the district level. They are made using cheap, widely accessible materials that are available in abundance. 
• Over half of the energy used in Switzerland is used for heating. This means that, in addition to storage batteries, seasonal heat storage units are required so that the warmth gathered in summer can be used during winter. As part of the large-scale European research project COMTES, various research groups from different countries – including Empa – investigated a variety of storage technologies. One team from Empa’s Urban Energy Systems department developed a storage and heating system based on concentrated sodium hydroxide (NaOH). When brought into contact with water (H2O), it creates an exothermic reaction. The heating system developed by the Empa researchers works as follows: in summer, the sodium hydroxide is ‘concentrated’ or charged up with heat, which is stored until winter. In winter, when heat is needed, the sodium hydroxide is discharged by being made to absorb steam, thereby releasing heat that can be used in the building. The research team is currently testing the system using large-scale testing facilities at the Empa campus. The Swiss Federal Office of Energy considers this approach to have potential.
((Einschub 2, wenn möglich mit Illustration))
Environmentally friendly mobility
• Power-to-gas is the process of turning electrical energy into a chemical energy source such as hydrogen or methane. The first step is to use electricity to turn water into hydrogen gas (H2) and oxygen (O2) through electrolysis. The hydrogen can then either be used directly or added to carbon dioxide (CO2) to create methane (CH4) in a second step. Power-to-gas is especially useful for making use of excess electricity, for example from photovoltaic systems. The advantage of methane is that it can be stored for months at a time in the existing gas grid and then used when electricity production is lower in winter. 
• Researchers at Empa, the Paul Scherrer Institute (PSI) and other institutions have calculated the potential of power-to-X in a white paper, which they presented to the Federal Energy Research Commission
.
 The study reveals what contribution individual technologies for converting and storing different forms of energy can make to Switzerland’s energy strategy. The calculations show that using excess energy for power-to-gas is the most economically attractive option for the transport sector, as the energy costs are relatively low compared with the total costs. The political pressure to reduce CO2 in the transport sector is also high.
• E-fuels are making the transition to renewable energy viable for petrol and diesel vehicles. E-fuels first need to turn renewable energy into hydrogen (H2). This is then made into a synthetic fuel using what is known as the Fischer-Tropsch process, which extracts CO2 from the air. Empa researchers at move are producing e-fuels and using them in practical tests.
• Electric cars and plug-in hybrids are most environmentally friendly when they use renewable energy stored in lithium-ion batteries. Around 40,000 electric cars were in use in Switzerland in 2019, making up just 1% of the total vehicles on the road. Both supply and demand are expanding rapidly, however: in 2020, almost all major car manufacturers will be producing electric models, and the range of electric cars available for buyers has never been bigger.
((Einschub 3))
Energy from lofty heights
Anyone who ever flew a kite as a child knows the feeling of the wind catching it and pulling at the string. You need to quickly let the string unwind, the pulley reeling almost uncontrollably between your fingers. You might ask yourself whether it’s possible to harness this wild energy and use it to make electricity. The answer is yes. And the Empa spin-off TwingTec, founded in 2013, has the evidence to prove it. 
The power of wind is up to eight times stronger at a height of 500 meters than at a height of 120 meters (the hub height of modern wind turbines). TwingTec developed a kite to make use of this strong wind, circling high in the air and pulling a cord from a reel. The axle on the reel is connected to a generator that produces electricity. As soon as the cord is extended, the kite returns to the level of the starting platform; the cord is retracted, and the kite begins its ascent again. 
At the start of the development process, the researchers were imagining a stunt kite strengthened by compressed air, but after a series of prototypes had been developed, the kite design was abandoned in favor of a structure with rigid wings. The idea of steering using multiple cords was also abandoned in favor of steering using flaps like an airplane. TwingTec uses small rotors for take-off and landing, similar to a drone. In 2014, TwingTec filed a groundbreaking patent application for the take-off and landing technology used by its energy kite, which has been granted in several countries. 
The energy kite will probably never be see in the Swiss Plateau, however. The potential customers for this kind of renewable energy source are in more remote areas, like mines, isolated communities and islands. Diesel generators are still in use in these areas, creating emissions and noise pollution, with a lot of effort required to supply the fuel. TwingTec kites are self-sufficient and could release these locations from their reliance on diesel, taking over their entire energy production in the medium term. In the long term, TwingTec has bigger plans: wind farms full of energy kites floating in the sea, where there is enough space and enough wind that the kites won’t disturb anyone – the perfect conditions for renewable energy and wind power that will drive forward the clean energy revolution.
((Einschub 4))
Aerogel insulation
Aerogel is an outstanding insulation material. Made of microscopic bubbles containing air, it is heat resistant up to 600°C, ultra-lightweight and non-toxic, with incredible insulating properties. The only downside? Manufacturing aerogel is difficult and expensive. But that might be about to change. Empa is currently working with industry partners to develop a manufacturing process that would enable affordable industrial production of the material, which would make Aerogel accessible to everyone.
((Einschub 5))
Friendly fungus as a wood finish
Wood is a popular material, whether it’s for musical instruments, furniture or construction. But its potential is far from exhausted, as researchers from Empa’s Cellulose & Wood Materials department are proving on a daily basis. Functionalization – the process of giving wood new properties – means wood can be used in ways that would not otherwise be possible, like making it magnetic or water-resistant. This not only benefits the environment – wood having a number of advantages as a local, renewable resource – but also presents a host of potential new applications. It enables us, for example, to enjoy the sound of a Stradivarius violin without owning a genuine Stradivarius. The Empa researcher Francis Schwarze succeeded in using fungus to treat wood to replicate the sound of a real Stradivarius. Listeners were unable to tell the difference between a real Stradivarius violin and the one made with fungus wood – in fact, the violin developed in Empa’s biotech laboratory scored better in some blind tests than the real thing. The fungus responsible for this incredible transformation is the fungus that normally causes white rot, but when applied to the maple and spruce wood used to make violins, it modifies them in such a way that they sound almost identical to a Stradivarius.
Local varieties replace precious woods from abroad
This is by no means the full extent of the potential of local wood for making musical instruments, however. Empa researchers developed a process by which Swiss sycamore can be treated so that it looks and behaves like ebony – which is now a protected wood. The team used the results of its research to found the spin-off Swiss Wood Solutions, which makes, among other things, extremely durable and attractive fingerboards for stringed instruments. There are even more potential applications, however. From clarinets to high-end camera casings and shinai swords, Oliver Kläusler and his team can now make (almost) anything out of local wood, where endangered or protected wood would previously have been required.
The marblewood made in Empa’s laboratories is also a sight to behold. In nature, putrefactive agents in trees can create beautiful patterns and colours in the wood – but even if you let a tree rot in the forest, you have to wait years before it might produce usable fungus-patterned wood. The Empa researcher Hugh Morris and his team have developed a technology with which they can treat hardwood such as beech, ash and maple with fungus cultures and control the patterns they make. This lab-made marblewood can also be used for instruments or even to make furniture or decorative objects.
Violins made with fungus-treated wood have proved their potential under scientific conditions.
((Einschub 6))
Closing the loop
Computers, phones and tablets – yesterday’s latest gadgets are today’s electronic waste, and end up in the bin or gathering dust on a shelf. But ever since free plastic bags were phased out as a standard part of the weekly shop, the concept of multi-use items and recycling has become part of mainstream consciousness. This concept is known as the circular economy. The term first developed in the 1990s, and describes an economy in which all waste, by-products and surplus can either be consumed or used as raw materials in a new production cycle. The fact that our resources are finite means a closed-loop system will sooner or later become a necessity.
Empa has been investigating methods of life-cycle analysis (LCA) and environmental assessment since the 1970s. Environmental assessments allow the environmental impact of materials, technologies and products throughout the whole production and value creation process to be quantified. Today, Empa’s Technology and Society department is one of the leading laboratories addressing the development of this method, for instance when it comes to evaluating the sustainability of different approaches to the circular economy.
The construction industry is a major consumer of vast quantities of resources. It is responsible for around 60% of global material consumption and around 50% of mass waste. Some construction materials are already becoming scarce, like sand. The construction sector is in urgent need of adjustment in favour of a circular economy. The principle is simple: materials should not just be used once in one construction and then disposed of once the building is demolished, but simply removed from the material cycle for a given period and then returned to the cycle in the same or another form after use.
At NEST, the research and innovation centre at the Empa campus in Dübendorf (see page xxx), the closed-loop concept is taken to the extreme in the Urban Mining & Recycling unit. All the materials used to build the three-room flat can be separated and reused, recycled or composted after dismantling. The unit was designed by the German researchers and architects Werner Sobek, Dirk E. Hebel and Felix Heisel, and has been continuously inhabited by two people since spring 2018.
But how sustainable is construction using these recyclable and reusable materials really? Empa’s LCA experts were brought in to answer this question with regard to the NEST unit. They concluded that the materials and construction processes used were significantly better than standard construction methods in terms of energy usage and environmental impact.

The Urban Mining & Recycling NEST unit uses bricks made of rubble. Photo: Empa
((Einschub 7))
How noise spreads
Empa researchers are not just interested in air pollution, but noise pollution, too – from traffic and aviation noise to industrial and commercial noise all the way to wind turbines and playing fields. They are not only investigating how these disruptive noise sources develop and spread, but what effect their noise has on people. To examine this, Empa’s AuraLab creates synthetic noise models and carries out psychoacoustic experiments.
Previously, it was possible to make only general assessments of the way in which noise generated by passing trains affected local residents. Now, a new software developed by a team at Empa can accurately simulate railway noise and how people experience it. The local environment and sound propagation play an important role in this. Empa’s noise simulations take these into account and enable tailored noise control measures to be implemented when expanding or constructing railways. 
((Einschub 8))
Made-to-measure nanoelectronics
Graphene is a material made out of a single layer of carbon atoms in a hexagonal pattern. Thanks to its special electrical properties, the material plays an important role in the field of nanoscience, and nanoelectronics in particular. Graphene becomes particularly intriguing when its width is reduced to just a few atoms – known as ‘graphene nanoribbons’. While graphene itself is a conductor, in the form of nanoribbons it can become an insulator or a semiconductor. In collaboration with partners, a group of Empa researchers lead by Roman Fasel succeeded in creating nanoribbons made of precursor molecules with atomically precise structures. This ‘bottom-up’ method makes it possible to develop graphene nanoribbons with precisely defined widths, shapes and edge structures – these being the details that dictate the electrical properties of the nanoribbons. If every atom is in the right position, the material can become a semiconductor. This means there is a sufficiently large gap in the ribbon or the energy flow prohibiting electricity conduction, allowing it to be switched on and off – making it a potential central component in nanotransistors. The nanoribbons developed by Empa researchers would enable transistors to be manufactured that are 1,000 times smaller than existing transistors. There are other potential applications too, for example in the field of spintronics or quantum computers – electronics based on quantum physics phenomena that allow entirely new forms of logic to be applied.
((Einschub 9))
Digitalisation
Digitalisation is not only playing an increasingly important role in our everyday lives; it has become essential in every area of Empa’s research. From simulations to machine learning to artificial intelligence (AI), complex calculations are part of everyday life at Empa, in the form of intelligent sensors, autonomous drones and construction robots.
The Digital Hub adds a digital dimension to Empa’s demonstration park, offering a platform for developing and testing new digital solutions for buildings, energy and mobility. These cover a wide range of areas, from AI for the operational optimisation of energy systems to virtual reality for construction planning and blockchain technologies for the liberalisation of the future energy market.
AI, computer simulations and large-scale data analysis also play an important role in ‘traditional’ materials science. Instead of a purely experimental approach, researchers increasingly use molecular simulations to predict what properties materials such as polymer fibres or wood might take on when biochemically altered using enzymes. Self-learning computer programs can be trained to recognise patterns using known data. This enables researchers to enter new data to predict the properties of materials that do not yet exist and to simulate chemical reactions on a computer, thereby significantly reducing the number of actual experiments that need to be carried out when creating new chemical bonds. This saves both time and money.
Even the field of noise research no longer works with real sounds. To better understand train noise, for instance, and to find out where there might be room for acoustic improvement, Empa researchers simulate a passing train. Each of the 100+ sources of noise in a train is calculated individually, from the wheels to the tracks to the ventilation to the engine. Environmental influences like the state of the platform or the presence of noise barriers can be added or removed. This enables researchers to demonstrate which elements of the complex noise of a train can be optimised, i.e. made quieter.
Digitalisation is also causing a major paradigm shift in the field of medical research. One example is the concept of the ‘virtual doppelgänger’, a digital copy of a patient that can be used to simulate medical treatments and their effects.
((Einschub 10 ( Platzierung?))
Battery research at Empa
Lithium ion batteries have revolutionised the way we live. Without this efficient form of electricity storage, there would be no laptops, smartphones, functioning electric cars or solar power storage batteries. It took almost two decades of research before Sony successfully released a lithium-ion battery in 1991. But what comes next?
Empa has been intensively researching the next generation of batteries for some time. This research covers every component of a battery: the cathode material (the positive terminal), the anode material (the negative terminal) and the electrolyte, through which the charge carriers – the ions – are transmitted when the battery is being used or charged.
One research group is focusing on developing lithium-ion technology – for example, reducing the amount of cobalt used in the cathode material and replacing it with nickel, which reduces costs and the dependence on suppliers from politically unstable regions. But these nickel-rich oxides need to be stabilised using individual atoms from other elements and the right electrolyte, otherwise the lifespan of the battery falls. Another research team is working on developing batteries with electrolyte fluids based on salt solutions. This would result in cheap, non-flammable batteries.
Many experts see huge potential in solid-state batteries. These use anodes made of metal rather than graphite, in combination with a solid-state electrolyte through which the ions are transmitted. They would be non-flammable and significantly more efficient that today’s lithium-ion batteries. Multiple research groups at Empa are working on developing components for this kind of solid-state battery.
On-site solar power storage calls for affordable, long-lasting batteries made of readily available raw materials. Molten-salt batteries made of sodium chloride – standard table salt – and nickel have excellent potential in this area. They operate at relatively high temperatures of around 300°C and contain a solid-state electrolyte made of ceramic sodium aluminium oxide. Empa researchers are working on improving the performance and lifespan of molten-salt batteries.
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