

NOTE ON THE ENGLISH EDITION

This English edition is a translation of the original Swedish text. Apart from the translation itself and a few brief clarifications, the content has not been further adapted for an international audience. This explains the relatively strong focus on Swedish conditions.
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CHAPTER 1 
The Principles & the Swedish Exception


INTRODUCTION

Today, most people agree that global warming is a major problem caused by human emissions of greenhouse gases, and that these emissions must be minimised. At the same time, we face other environmental challenges, such as the loss of biodiversity. And in a highly competitive international market, Swedish and European companies must hold their own against firms operating under less stringent environmental legislation. Many therefore ask whether it is time to scale back environmental considerations (ecological sustainability) and return to a more narrowly economic perspective.

In this book, we aim to show how emissions can be reduced in the technical sectors, particularly from buildings, transport and industry. We also show that emission reductions are often far from costly, and that they need not come at the expense of biodiversity or other key environmental priorities.

There is a wide range of technologies and ideas for reducing greenhouse gas emissions, and it can be difficult to understand what is significant or marginal, affordable or costly, and what can be applied here and now or only in a distant future. In this book, we use simple calculations to clarify what different technologies can deliver in terms of emission volumes and cost. We also highlight the weaknesses of each technology and how they fit into the broader energy, transport and industrial system.

The perspective is global, with Sweden (and, to some extent, the whole of northern Europe) as an interesting exception. Throughout, we look for solutions that are both ecologically sustainable – that is, beneficial for the planet – and economically sustainable, meaning resource-efficient for individuals, companies and societies.

Not every fossil-free alternative is useful from a systems perspective. In many cases, simple calculations allow us to show that certain alternatives are rather uninteresting (at least from a global perspective) for one or several reasons. For example, if an energy source or raw material exists only in very small quantities, there is little reason for either companies or society to attach strategic importance to it. Another energy source or raw material might, in principle, be scalable to substantial volumes, but only at the cost of shifting the problem from global warming to other environmental pressures, such as reduced biodiversity. A third option may indeed be available in large quantities but comes with such low energy efficiency that it is unlikely ever to become economically viable.

Through a set of six simple principles, we seek to outline what is required for ecological and economic sustainability to work together. These principles also help explain why certain technologies – such as solar cells and batteries – have become ‘global super-technologies’ that already today, and increasingly in the future, will shape the energy, transport, and materials systems. With these principles in mind, we examine different sectors to see how they can transition towards greater sustainability (and, in many cases, are already doing so). We do not exclude any technology simply because it is old or even fossil-based. Instead, we focus on how such technologies – for example diesel engines and gas turbines – can be used within a new system to complement the emerging technologies, such as solar cells and batteries, in the best possible way.

We are aware that writing a book with a scope as broad as this one may appear close to delusions of grandeur. How can two Swedish engineers believe they are capable of explaining how large parts of the world economy can be decarbonised in a way that is both economically and ecologically sustainable? In our defence, we should note that most of the ideas in this book are not our own but drawn from a wide range of sources. What is naturally ours is the way we have assembled them - the particular combination of ideas we choose to highlight and how we relate them to one another. For example, we have not invented any of the ideas behind the six principles for ecological and economic sustainability that we present. However, as far as we know, no one has previously brought them together in a concise list of simple rules of thumb.

We also believe that many individuals and organisations today are in need of a concrete and coherent narrative about the ecologically motivated transition they are facing, even if they do not need to accept every detail of that narrative. For example, many people may have a fairly good understanding of the sustainable solutions being developed within their own sector. But without insight into what is happening in other sectors – for instance among suppliers of materials and energy – it can be difficult to form a complete picture.

Finally, we believe there is a need to connect the global perspective to the Swedish one, which can be difficult when one follows, on the one hand, a very Swedish discussion and, on the other hand, an international discussion that lacks any link to Sweden’s unique conditions.

There are many interesting roadmaps for different sectors. For example, the initiative Fossil Free Sweden has published 23 roadmaps, one for each of as many sectors. One way of writing this book would have been to summarise some of these roadmaps and their European and international counterparts. The combined expertise behind these roadmaps is undoubtedly enormous – far greater than the knowledge of the two authors of this book. However, such roadmaps are by no means always compatible. For instance, several sectors may claim the same resource in their plans, such as biomass. There is also a significant risk that sectoral roadmaps are developed as a ‘lowest common denominator’ – that is, in ways that avoid addressing the ‘pain points’ (such as stranded assets) faced by some or many companies in the sector. Finally – and closely related to the issues of compatibility and lowest-common-denominator thinking – these roadmaps partly serve as lobbying documents aimed at securing what benefits the sector, but not necessarily what benefits society as a whole. This may include retaining or obtaining favourable taxes and subsidies. This does not mean that we oppose such roadmaps; rather, we want to explain why it can sometimes be useful to free oneself from them in one’s thinking.


PRINCIPLES FOR ECOLOGICAL & ECONOMIC SUSTAINABILITY

Sustainability is usually described in terms of three dimensions: ecological, economic and social sustainability. In this book, we focus on ecological and economic sustainability – in other words, the environment and money. This does not mean that we consider the social dimension (how societal development affects people’s quality of life, health and well-being) unimportant. But a book must have limits. Moreover, we generally regard the techno-economic future we describe – and to some extent advocate – as largely neutral, and sometimes positive, for social sustainability. Even so, we address the social dimension on specific occasions when it is clear that it risks coming into conflict with the other dimensions. Two such examples are the impacts of mining and wind power on nearby residents.

Our starting point for both ecological and economic sustainability is that we, in today’s society, meet the needs of the present without compromising the ability of future generations to meet their own needs. 1 Beyond that, it ultimately comes down to values: how much we are willing to sacrifice today to avoid worsening conditions for future generations (and for ourselves as we grow older).

Some people argue that those of us living in high-income countries like Sweden ought to be prepared to bear significant economic costs to reduce our environmental impact, particularly in the form of lower greenhouse gas emissions. But even those holding this view must recognise that many others do not share the same values. A strong prioritisation of ecological sustainability (with high economic costs) may lead to lost elections for politicians, and to lost market shares and/or profits for companies. Therefore, regardless of our personal views, we must do our utmost to maximise value for money – that is, to achieve the greatest possible environmental benefit at the lowest possible cost.

Some argue not only that measures to reduce environmental impact should be allowed to cost a great deal, but also that the entire economy in wealthy countries must slow down – and perhaps even shrink. They view economic growth itself as an ecological sustainability problem. We do not subscribe to this view, even though there has historically been a strong link between economic growth and environmental impact. Nor do we advocate ‘growth at any cost’. But it is important to distinguish between economic growth as such and the factors that actually cause environmental impact, such as increased extraction of virgin natural resources, increased land use, increased waste generation and increased greenhouse gas emissions.

In recent years, a steadily stronger decoupling between economic growth and greenhouse gas emissions can be observed, especially in wealthy countries such as Sweden, but also globally. A certain degree of decoupling between economic growth and material extraction can also be discerned. We return to this in Chapter 3 and Chapter 8.

An interesting normative question in ecology is whether nature – plants, animals and ecosystems – has intrinsic value, or whether it exists only for our sake. Our argument in this book does not hinge on either position, since we assume that preserving ecosystems in as close to their natural state as possible is beneficial both for humanity and for the ecosystems themselves.

A natural follow-up question is what the natural state of an ecosystem actually means. For example, Swedish grazing pastures constituted flourishing ecosystems for centuries, but their total area has shrunk dramatically since the Second World War. Many Swedes now want to expand these grazing lands. Yet these ecosystems did not exist before agriculture arrived in Scandinavia, so how natural are they, really?

On the other hand, it has been argued that the pastures of the nineteenth century resembled the open landscapes created in prehistoric times by the ‘megafauna’ – large mammals such as bison, wild horses, and mammoths – before they were driven to extinction by humans around 15,000 years ago.

Earlier we noted that the reasoning in this book is not tightly linked to any particular view of nature’s intrinsic value. In the same way, the reasoning does not depend strongly on how we assess how natural ecosystems are or should be. We leave that question to ecological expertise and simply assume that the technical sectors should aim to minimise their impact on nature. We will return to what this means in the section Principle 2: Minimise ‘ecological footprint’.

For technologies and systems to be ecologically and economically sustainable, we find that the six principles shown in Figure 1 are essential to consider.

Some readers may wonder why it is necessary to introduce a new set of principles, especially when Agenda 2030 already contains a list of seventeen global goals adopted by the UN in 2015. Of the seventeen goals, five in particular overlap with our six principles. These five are:

Goal 7: Affordable and clean energy

Goal 9: Industry, innovation and infrastructure

Goal 12: Responsible consumption and production

Goal 13: Climate action

Goal 15: Life on land
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Figure 1. The six principles for ecological and economic sustainability.


However, the 17 goals provide limited practical guidance on what actions should be taken at the global, European or national level, or within a specific sector or company – particularly if the transition is also expected to be economically viable. To a large extent, the challenge becomes finding a language and a coherent narrative that goes beyond individual appealing words such as sustainability, fossil-free, biodiversity and circularity.

We do not have detailed knowledge of every sector. However, we believe our six principles strike a reasonable balance between general ‘way of thinking’ and specific practical support regarding what can and should be done in many forms of technical decisions. Below, we explain each principle in turn and show how they relate to one another.


Principle 1: Minimise greenhouse gases

As mentioned in the introduction, this is (unfortunately perhaps the only) principle on which most people today agree.

The largest contribution to global warming (76 per cent) comes from emissions of carbon dioxide from human activities. The second-largest contribution (16 per cent) comes from emissions of methane, and in third place is nitrous oxide (6 per cent) 2

Anthropogenic (human-caused) carbon dioxide emissions come primarily from the use of fossil fuels, that is, coal, oil and natural gas. One example is when one litre of diesel is combusted in an engine: this results in 2.5 kg of carbon dioxide being emitted through the tailpipe. In addition, at an earlier stage at least half a kilogram of carbon dioxide was released during the extraction and transport of crude oil, the refining into diesel, and the transport of the finished fuel to the filling station. The total Well-To-Wheel (WTW) emissions are therefore around 3 kg. (Well refers to the source of the fuel, in this case the oil well.)

Carbon dioxide does not break down in the atmosphere, but some of it is taken up by the oceans – much like when a SodaStream carbonates tap water – and this process makes the oceans more acidic. Humans can influence not only carbon dioxide emissions, but also carbon dioxide uptake. One way to increase uptake is to let trees remain standing and grow, thereby increasing the amount of living and dead biomass. Another method (known as Carbon Capture and Storage, CCS) is to use technical equipment to capture carbon dioxide and pump it deep underground or beneath the seabed, where it can be stored permanently. CCS is still uncommon (especially if one excludes the type used for enhanced oil recovery), but capacity is increasing rapidly.

Anthropogenic emissions of methane come primarily from agriculture (especially from cattle, whose stomachs contain methane-producing bacteria) and from the extraction and distribution of fossil fuels. The production, upgrading and distribution of biogas also cause methane emissions ending up in the atmosphere.
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In fact, nature’s own carbon-dioxide emissions from decaying vegetation are larger than anthropogenic emissions, but the natural emissions do not add any net increase to the atmosphere because they are balanced by corresponding natural uptake. For example, leaves that fall to the ground in autumn and decompose into carbon dioxide are replaced by the next season’s growth the following spring.

Carbon dioxide released from biomass combusted in a district-heating boiler or from biofuel in a car engine can be understood in a similar way. If the biofuel has been produced from a crop such as rapeseed, new rapeseed (or another crop) will be sown and grow during the following year. This new biomass binds roughly the same amount of carbon dioxide as was released through the tailpipe (and in other ways during the production of the biofuel).

If the bioenergy instead originates from small branches gathered at forest harvest sites, these branches will of course not be replaced by new ones during the coming year. However, if the branches had not been collected, they would in any case have largely decomposed and released an equivalent amount of carbon dioxide within a few years.

Behind this conceptual way of thinking, however, lie a few simplifications. First, there is a long-term accumulation of soil carbon, particularly in boreal forests (northern coniferous forests).3 This accumulation is reduced if harvest residues are removed from the forest. Second, if the branches are not small but thick, it will take much longer – several decades – before they have decomposed. 4

By removing harvest residues from the forest and using them as bioenergy, we essentially release emissions earlier than they would otherwise have occurred. In the 1990s, when the climate crisis still seemed distant, releasing emissions earlier was perhaps not a major concern. Today, as the situation becomes increasingly acute, it has become more important to achieve positive climate effects even in the short term.

There is considerable disagreement among researchers regarding the climate impact of forest-based bioenergy. To a large extent, this disagreement stems from differences in the time horizons they choose. Researchers who apply long time horizons, for example one hundred years, conclude that bioenergy has a positive climate effect, whereas researchers who use short time horizons, such as twenty years or even less, conclude that they have a poor climate effect. Both sides can be right. Unfortunately, researchers and commentators who rely on their results are not always clear about which time horizon they apply. Moreover, they rarely attempt to understand the perspective of the opposing side, which in turn complicates the debate about forestry’s climate impact.



One tonne of methane has a far greater warming effect on the atmosphere than one tonne of carbon dioxide. But unlike carbon dioxide, methane breaks down. Each methane molecule will eventually react with oxygen in the air and become one carbon-dioxide molecule and two water molecules. Methane´s half-life is ten years, meaning that after ten years half of the emitted methane has decomposed. This makes the time horizon extremely important when assessing the climate impact of methane emissions, and especially when comparing them with carbon-dioxide emissions. One tonne of methane has the same impact as 27 tonnes of carbon dioxide over a 100-year time horizon, and as much as 81 tonnes over a 20-year time horizon. 5 The warming effect is therefore very large in the short term but declines when longer time horizons are considered.

Anthropogenic nitrous oxide comes primarily from the agricultural use of nitrogen fertilisers. One tonne of nitrous oxide has the same impact as almost 300 tonnes of carbon dioxide. Nitrous oxide does break down in the atmosphere, but because this takes a very long time – its half-life is more than one hundred years – it makes little difference whether emissions are assessed over a 100-year or a 20-year time horizon.

This book focuses on the technical/industrial sectors, where 79 per cent of global greenhouse gas emissions occur, and not on the land-based sectors – agriculture and forestry – from which the remaining emissions originate. 6 Therefore, we will leave aside the important measures that can be taken to reduce emissions – and increase uptake – in agriculture and forestry.

What remains are the following sub-principles for minimising greenhouse gas emissions – or decarbonisation, as it is increasingly called:


	Reduce the use of fossil fuels

	Reduce methane leakage, especially from the extraction and distribution of fossil fuels

	Increase the capture and permanent storage of carbon dioxide (CCS)


A reasonable objection to this delimitation would be that agriculture and forestry cannot really be separated from the technical and industrial sectors. In Sweden, for example, the forest industry produces large volumes of sawn timber, paper, cardboard and bioenergy that can substitute products with high carbon-dioxide emissions, such as steel, cement, plastics and fossil fuels.

So why not add a fourth sub-principle:


	Increase the production and use of biomass


In any case, it would seem reasonable to do so if one could at the same time avoid reducing the carbon stocks in the forests. We will address that question below under Principle 2: Minimise ‘ecological footprint’.
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For human activities that affect the environment in general, the mitigation hierarchy is often used as a reference. According to this hierarchy, environmental harm should first be avoided entirely wherever possible. When negative impacts cannot be avoided, they should be minimised. Only as a last resort should measures be taken to restore or compensate for unavoidable damage. Applied to the climate, the mitigation hierarchy can be structured as follows, with the most prioritised measure first:

Avoid! Some emissions are unnecessary and can be avoided entirely, which is often very cost-effective. For example, a business trip by air can sometimes be replaced by a video meeting.

Reduce! For instance, improving energy efficiency makes it possible to achieve the same benefit as before but with lower emissions.

Replace! Fossil fuels can be replaced with biofuels (noting the potential conflict with Principle 2) or renewable electricity.

Capture and store! If fossil fuels still need to be used, for example in an industrial facility, the carbon dioxide in the flue gases can be captured and permanently stored underground using CCS technology.

Compensate! If none of the measures above are possible or practical, it is possible to compensate by capturing and storing carbon dioxide elsewhere, outside one’s own value chain. For example, one can pay for forest planting or for removing carbon dioxide directly from the atmosphere through a CCS technology known as DAC (Direct Air Capture).

Comment: There is an ongoing debate between what we might call risk minimisers and technology optimists. Risk minimisers argue that it is important to stay within the first three measures whenever possible, while technology optimists see no problem in relying more heavily on the last two, as long as they are cheaper than avoiding, reducing, or replacing. Risk minimisers are particularly concerned about an overreliance on the final type of measure (Compensate!), which could keep society locked into high emissions by placing hope in future solutions (such as DAC) that either never materialise or do so at insufficient scale.

An extreme position among technology optimists is held by those who place great faith in so-called geoengineering as a future solution to the climate problem. This may include proposals to place enormous ‘sunshades’ at the point along the line between Earth and the Sun where the gravitational forces of the two bodies cancel each other out (the Lagrange point L1). The result would be less solar radiation reaching Earth, and thereby lower average temperature.




Principle 2: Minimise ‘ecological footprint’

The major problem on which most people agree is global warming. And when it comes to addressing this problem, there is broad agreement on the principle of reducing the use of fossil fuels. One might then imagine that a reasonable universal solution would be to replace fossil fuels with biofuels. If the issue concerned only greenhouse gases, this idea would be entirely reasonable. In fact, ethanol from crops such as maize, sugarcane, and wheat already replaces around 5 per cent of all fossil petrol 7 globally while biodiesel made from palm oil, soybean oil, and rapeseed oil replaces about 2 per cent of all fossil diesel. 8 And in Sweden, a large share of space heating in buildings is provided by burning biomass in district heating systems, which additionally generates a significant amount of electricity.

Crops used for both ethanol and biodiesel have very short rotation periods, which means they can be seen as not contributing to an increase in atmospheric carbon dioxide. So what is the problem? Why not simply expand the use of bioenergy and thereby substitute more fossil fuels? In addition, we could increase the use of biomaterials and in that way replace other materials whose production generates large fossil emissions, such as concrete, steel, and plastics.

Unfortunately, climate change is not the only major global environmental problem. Other significant issues include loss of biodiversity, eutrophication, water use, and the use of chemicals. These, along with several additional environmental pressures, are now often illustrated through the concept of planetary boundaries. The concept means that researchers attempt to define approximate safe limits for different types of global environmental impact. Naturally, it is impossible to determine the planet’s limits with precision, but we must still rely on the assumption that the orders of magnitude are accurate. Seven of the nine sustainable boundaries are already considered to have been exceeded, as illustrated in Figure 2.

Agriculture is a major contributor to the breach of several planetary boundaries. The main problem is that agriculture occupies such a large share of the Earth’s land surface: 34 per cent of all land, or 44 per cent of habitable land, meaning all land areas excluding deserts, glaciers, rock, and beaches. Of this agricultural land, one third consists of arable fields, while the rest is pasture.9
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Figure 2. Planetary boundaries according to the status in 2025. 10 Seven of the nine boundaries were assessed as having been exceeded. The two boundaries that had not been exceeded were stratospheric ozone depletion and atmospheric aerosol loading.


From a Swedish perspective, this can be hard to grasp in a country dominated by forests, where agriculture covers only 7 per cent of the land. In a global perspective, expanding the area used for agriculture is not a viable option, as it would require even greater use of water, fertilisers, and chemical pesticides, and would push back even more wilderness and other relatively natural habitats for plants and animals. Even in Sweden, agriculture causes significant environmental problems despite its relatively limited share of land use, not least in the form of eutrophication.

While agriculture is clearly ecologically problematic, this naturally raises the question of how we should think about forests and their use. Is biomass extraction from forests equally problematic as agriculture? We have already noted that bioenergy from harvesting residues in the form of thin branches lead to relatively small net emissions, at least over a couple of decades. Why not, then, increase the extraction of biomass from the world’s forests more generally, as long as the forests can continue to absorb a reasonable amount of carbon? It is not only forest residues that provide climate benefits. Large, straight stems become the most valuable forest products: sawn planks and boards. These long-lived products can replace concrete and steel in buildings and thereby reduce emissions in other sectors. Smaller or more crooked stems become paper and cardboard, which can be recycled several times while also substituting fossil-based plastics as packaging materials.

However, there is a strong link between maximising biomass extraction and the deterioration of biodiversity. A clear example is the highly productive clear-cutting forestry model that has dominated in Sweden since the 1950s, which has caused major problems for biodiversity. Sensitive species are threatened, and areas with high ecological value disappear or become geographically fragmented. The most common type of forest in Sweden today is a plantation of even-aged trees of a single species, usually spruce or pine. Although considerably more environmentally gentle forestry methods exist, it is unlikely that the world could substitute substantial amounts of steel, cement, plastics, and fossil fuels with forest-based materials on a global scale without causing severe damage to biodiversity in the forests. It is also difficult, from an economic perspective, to continue extracting large quantities of residues from Swedish forests if clear-cutting is replaced by other, more ecologically adapted, forestry practices.

Even though there are certainly some exceptions, the overall conclusion is that, at the global level, we should not increase the extraction of biomass from agriculture or forestry for either energy or material purposes.

But of course, it is not only agriculture and forestry that come with an environmental ‘footprint’ and put pressure on, for example, biodiversity. Some examples of technical installations that significantly affect land use are installations for renewable electricity, above all solar and wind power. As we will show later, however, the land-use efficiency of these technologies is often far higher than if the corresponding amount of energy were produced from biomass.

One example we can already mention is that one of the world’s most efficient bioenergy crops, the oil palm, requires 43 times more land to produce one unit of energy in the form of biodiesel than a solar PV installation requires to produce the same amount of energy in the form of electricity. In addition to the land-use problem itself, many oil-palm plantations are located on land that previously supported rainforest with extremely high biodiversity. (Moreover – linked to Principle 1 – this type of rainforest often grows on peat soils with large stores of soil carbon, much of which is released as carbon dioxide to the atmosphere when the land is converted into oil-palm plantations.)

To further examine the feasibility of using biofuels from crops on a large scale, we can consider the following hypothetical thought experiment: suppose all the world’s fossil diesel (around 1,600 billion litres per year) were replaced with biodiesel from oil palm, which is the most land-efficient oil crop and can produce roughly 3.3 tonnes of oil per hectare per year. 11 We would then need 540 million hectares of new agricultural land for additional oil-palm plantations, which is 1.5 times the land area of India.

If, instead, biodiesel were based on rapeseed oil, we would need an area of 1,500 million hectares, which is almost as large as the entire land area of Russia.12

The conclusion is – again – that we should seek to minimise the use of resources from agriculture and forestry.

We are certainly not saying that it is wrong to use forests to produce sawn timber, paper, cardboard and, to some extent, bioenergy. And of course we must have agriculture that produces food for people and feed for animals.

But the important point is that we should not place additional production demands on these sectors as long as there are alternatives that cause a significantly smaller footprint.
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Figure 3. Area (compared with Sweden’s land area) that would be required to replace all the world’s diesel with biodiesel from either oil palm or rapeseed. The areas are shown both as absolute size in hectares and as relative proportions using squares. Both the palm-and rapeseed-based areas would decrease somewhat if one accounted for the fact that both crops, in addition to oil (for biodiesel), also produce protein-rich feed for animals.
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Biodiversity refers to the diversity of ecosystems, the diversity of species within those ecosystems, and the genetic diversity within species. Even though we might be able to define biodiversity, it is far more difficult to quantify and assess its value. Can one really prove that an even-aged planted spruce forest in Sweden is biologically inferior to a more naturally regenerated mixed forest? The owner or the neighbour walking through the forest may not necessarily experience it that way. And do we really need a good supply of the often talked about orchid creeping lady’s-tresses (in Swedish: knärot) for Swedish forests to function well? And is it really important that fish are able to migrate up and down our waterways, apart from the enjoyment it brings to recreational fishers?

We will not attempt to delve into the specific details of these – perhaps provocative – questions, but we note that clear, measurable indicators comparable to those used for climate impact (where one can count tonnes of CO₂ equivalents) do not exist for biodiversity. Yet this cannot mean ignoring the value of biodiversity.

One way to make the value of biodiversity easier to appreciate is to raise our perspective and look at ecosystems from a greater distance. For example, most people would probably regard it as a significant loss if large parts of the Amazon were replaced by fields of soybean and plantations of fast-growing eucalyptus trees, or if Indonesia’s rainforests were replaced by oil-palm plantations, or if elephants and lions disappeared from the African savannah.

Today, the greatest threat to biodiversity is human land use, not least in the form of agriculture and, to some extent, forestry, with all that this involves in terms of monocultures, drainage, and the spread of fertilisers and pesticides. But climate change is also becoming an increasingly important threat to biodiversity, as species and ecosystems are unable to migrate and adapt at the pace required by the rapid changes.




Principle 3: Energy efficiency

Energy efficiency has long been pursued for economic reasons. For example, the modern Swedish tiled stove (in Swedish: kakelugn) with its winding flue channels was invented in the eighteenth century to extract more useful heat from the available firewood, which had begun to run short. At that time, large amounts of wood were burned in open fireplaces, where most of the energy disappeared up the chimney. Efficiency is calculated as useful energy divided by the energy used (or supplied). For a tiled stove, efficiency is calculated by dividing the amount of heat energy delivered to the room by the amount of fuel energy added to the stove in the form of firewood.

In steam engines and internal combustion engines, efficiency is calculated by dividing the amount of rotating mechanical work the machine delivers by the amount of fuel energy it uses. During the nineteenth century, the efficiency of the best steam engines increased from about 5 to roughly 23 per cent. The diesel engine then arrived, with a somewhat higher efficiency of around 25 per cent, which later increased to about 50 per cent in larger engines.

Today, an increasing number of internal combustion engines are being replaced by electric motors, which have even higher efficiency. Efficiencies of up to 95 per cent are common, and in the most efficient electric motors in the world more than 99 per cent of the electricity is converted into rotating mechanical work. 13 Another advantage of electric motors is that they generate electricity when braking, which can further increase their overall energy efficiency, not least in vehicles.

In some cases, efficiency can be higher than 100 per cent. One such case is when a high-grade form of energy (electricity or mechanical energy) is converted into the low-grade form of heat, typically at temperatures around 30 to 70 °C, which is needed for heating buildings and hot water. Systems of this kind exist in at least 1.5 million Swedish homes and are known as heat pumps. They usually have an efficiency of between 300 and 600 per cent, meaning that they deliver at least three times as much useful heat energy as the electrical energy they use. This is possible because the heat pump’s refrigerant evaporates and thereby absorbs energy from the cold outdoor air (or from another source, such as the ground or exhaust air from the ventilation system), whose temperature is lowered further. The heat pump then moves this heat energy indoors, where it is released at a higher temperature after the refrigerant has been compressed. 14

A reasonably well-functioning market will continue to favour solutions with high energy efficiency. One example of this development is that heat pumps with an efficiency of at least 300 per cent will, over time, outcompete conventional systems that burn a fuel with a maximum efficiency of 100 per cent. In the Nordic countries, this shift has already taken place to a large extent, at least for individual heating (without district heating) in buildings.

Energy efficiency is not only about machines with higher efficiency. Sometimes it is instead about building more efficient systems and linking systems from different parts of society. A typical example is when an industrial facility delivers its waste heat (at roughly 60 to 100 °C) to a district heating system, where the energy can be put to use by heating homes and buildings.

High energy efficiency is not only an economic matter; it can also strongly support the ecological dimension of sustainability. This is more or less self-evident when fossil fuels are used. Naturally, a car that consumes 5 litres of fossil diesel per 100 kilometres is ecologically less harmful than one that consumes 8 litres. But high energy efficiency is also important for fossil-free solutions.

Let us return to the comparison between biodiesel from high-yield oil palm and the corresponding amount of energy produced as electricity from a solar park. We found that the oil palms required 43 times more land area. This is a result of solar PV being far more efficient than crops at converting solar energy into useful energy. (We return to this in the chapter on electricity.) If we also take into account that a diesel car uses three times more energy per kilometre than an electric car, the land area required to perform the same transport work with biodiesel becomes 130 times larger than with solar electricity. The result is 130 times less land use, in other words 130 times less ‘ecological footprint’ per kilometre travelled.

In this example, electrification therefore provides an improvement in energy efficiency in two steps: first through a 43-fold more efficient conversion of sunlight into fuel (biodiesel or electricity), and then through a 3-fold more efficient conversion of that fuel into distance travelled.


[image: ]

Figure 4. Area required to supply a passenger car with fuel for 20,000 kilometres of driving per year in Indonesia. On the left is the area (3,030 m2) needed for an oil-palm plantation (the most land-efficient crop). In the middle is the area required for a solar park (23.5 m2). On the right is the length scale. We have not considered that oil palms also provide protein feed, in addition to oil for biodiesel.


It is self-evident that increased energy efficiency benefits both the individual actor’s finances and the planet. This dual motivation makes the principle of energy efficiency central to understanding where different technological options ultimately lead us: technologies that offer higher energy efficiency are usually the long-term winners.

However, we, the authors, often observe a remarkable lack of understanding of both the economic and ecological value of high energy efficiency, not least among those who have decided that a specific energy carrier, such as hydrogen or biogas, is a generally good solution to all kinds of energy-related problems. Let us return to that issue later.


Principle 4: Global scalability

As we showed, biofuels from agricultural products, such as oil palm, give rise to an excessively large footprint and thereby cause environmental problems other than global warming, not least reduced biodiversity.

Could we not instead use waste and residual products to produce biofuels? Yes, we could. Sweden, for example, was an early adopter in using large quantities of hydrotreated vegetable oil made from residual products from slaughterhouses (animal fats, mostly imported from other countries) and from the pulp and paper industry (tall oil). This biofuel was largely blended into conventional diesel in order to meet the requirements of the so-called Reduction Mandate.15

However, these types of waste and residual products exist in such limited quantities that they can never amount to more than small niche solutions. For example: even if all the world’s animal fats from slaughterhouses (around 30 billion kg per year) were converted into biodiesel, they would still only be able to replace 2 per cent of all fossil diesel. There may also be competing uses for these raw materials. Animal fats can, for instance, be used in the production of dog food, chemicals and cosmetics, and tall oil can be used to make soft soap. Moreover, both types of raw materials can be used to produce aviation fuel, which is far more difficult than diesel to substitute with electricity.

We should not stop using these types of raw materials for fuels, but we should recognise them for what they are: niche solutions which, on a global scale, have very limited significance and should be reserved for cases where more efficient and scalable options are not possible.

Another example of competing uses of biomass is that Sweden once had many factories producing particleboard from sawdust and other residual products from the forest industry. When the Swedish carbon tax was introduced in 1991, such raw materials began to be used in large quantities for district-heating production. This drove up the price of sawdust, making it difficult for particleboard factories to remain profitable. Today, only one particleboard factory remains in the country.

By the principle global scalability, we mean that for something (a resource or a technology) to be able to reduce greenhouse gas emissions to any significant extent, it must be available, or have the potential to become available, on a large scale. Countries or companies may of course choose to invest in resources and technologies that are not globally scalable, but in that case it is important that they recognise this limitation. First, it is then essential to understand that what they are investing in only works in one or a few local contexts, or for a limited group of customers. Second, problems may arise even if one targets a small market, due to competing demand for the resource. If we take the example of using residual products from slaughterhouses in biodiesel production, the solution initially worked when scaled up within the small country of Sweden. But as the demand for residual products increased, while other countries and sectors (aviation) also began to demand the same residual materials, prices rose to levels that triggered protests among Swedish motorists and led to election promises of sharply reducing the Reduction Mandate. 16

An example of residual products with relatively high scalability within Sweden is the extraction and use of solid bioenergy based on by-products from forestry. However, large quantities of forest biomass are available only in a relatively small number of sparsely populated, heavily forested countries such as Sweden, Finland, Canada and Russia. Solid biofuels from forestry are therefore a resource with considerable regional scalability, but not with true global scalability. As we have noted earlier, this resource may be further constrained if one takes into account Principle 1: Minimise Greenhouse Gases and Principle 2: Minimise ‘Ecological Footprint’.


Principle 5: Mass production enables low unit cost

Most things produced in large volumes become cheap. The reason is that the companies manufacturing the products learn how to make the process more efficient. The same applies to their suppliers of production equipment, who can offer increasingly efficient machinery with, for example, higher output per unit of time and requiring less manual labour.

Technologies that can be broken down into a large number of small, identical units produced in an automated process therefore usually have an advantage over technologies that require large, complex systems. If we, for example, compare three types of electricity generation – solar power, wind power and nuclear power – we see that they can be broken down to entirely different levels.

A solar park is primarily made up of solar panels, each unit being a few square metres in size and costing a few tens of euros. Each panel is in turn made up of around 60 identical cells.

A wind farm, by contrast, is made up of wind turbines, each turbine costing several million euros. And a nuclear power plant consists of a small number of reactors, each reactor costing billions of euros.

The solar panels can be mass-produced on assembly lines anywhere in the world (even though most panels are in practice manufactured in China).

Wind turbines can indeed also be produced according to an ‘assembly-line principle’, but still with substantial elements of manual work due to the much smaller production series (around 100–1,000).

Nuclear reactors, by contrast, are produced in extremely small series (around 1–10) and with substantial requirements for adaptation to local safety regulations and cooling conditions.

Against this background, it is no coincidence that the cost of producing a kilowatt hour of new solar power fell by 85 per cent during the 2010s, while the cost of producing a kilowatt hour of new nuclear power did not decrease at all, but in fact increased. 17

Photovoltaics (solar power generated by solar cells) is a typical ‘exponential technology’, in the sense that it declines in price and grows in sales in an exponential manner.
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Figure 5. Global annual new installation of photovoltaics (PV) and the levelised cost of electricity (LCOE) for PV solar power, in real 2023 euros (converted from US dollars). 18


Another technology that has clearly followed this type of trajectory is lithium-ion batteries.

In much the same way as solar power, electric-vehicle batteries – and even gigantic stationary batteries – are made up of small, identical cells weighing from a few hundred grams to a few kilograms.

Producing such battery cells is not easy, but once manufacturers have refined the technology, they can expand their plants with new, identical production lines and then build new factories with even greater production capacity.
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Figure 6. Global annual production of lithium-ion battery cells and their average price in real 2024 euros (converted from US dollars). 19


It does not seem to be in our human nature to believe in exponential development curves. The price and capacity trends for solar power in particular (but also for battery cells) have been almost systematically underestimated in forecasts over the years. This is true even of analysts who are generally positive towards the technology.

Jenny Chase, who has worked at BloombergNEF for two decades, argues in her book Solar Power Finance Without the Jargon that analysts have rational reasons to hold back. Above all, they want to appear balanced rather than cheerleaders for their sector (for example solar energy). It is easier for them to defend a cautious forecast to their clients than an ambitious one.

It is important to distinguish between costs that remain stable and those that decline sharply over time. A cost assessment for an exponential technology (such as batteries) quickly becomes outdated, whereas the cost of a complex industrial system with a high degree of local adaptation (such as a conventional nuclear power plant) does not necessarily fall over time. Companies need to understand well in advance how this development reshapes the playing field for their own and adjacent industries, so that they can make use of exponential technologies wherever possible.

At the same time, no exponential development lasts forever. Smartphones, for example, went through an exponential phase in terms of volume growth from 2007 to 2015. (For smartphones, the exponential aspect was driven more by rapidly improving performance than by falling prices. In addition, the entire ‘ecosystem’ around the phones grew exponentially at the same time, for instance the apps that could be downloaded.) But once a significant share of the world’s population had acquired a smartphone, the growth rate in annual production began to slow.

The same will eventually happen for technologies such as solar power and batteries. (For solar power, this saturation of the growth rate will probably occur quite soon, as explained later in the book.) A slowdown in the growth rate does not, of course, mean that these technologies become less important; rather, like smartphones, they simply become a ubiquitous part of everyday life for people around the world.

When a new superior technology replaces an older one (as in the case of smartphones), a small share of customers will be early adopters and a small share will be laggards, while the majority fall somewhere in between. Customers are – at least in theory – normally distributed in how quickly they transition to the new technology, and when this normal distribution is aggregated, the shift can be described as a so-called S-curve.

A transition we are currently in the midst of – where such an S-curve may be applicable – is the shift from conventional petrol and diesel cars to plug-in vehicles (fully electric cars or plug-in hybrids). But it is important to recognise that the S-curve is only an approximate model. Moreover, the S-shape can be heavily distorted by the introduction or removal of subsidies and by changes in taxation. Figure 7 shows new registrations of plug-in vehicles in Sweden compared with a theoretical S-curve (whose ‘speed’ has been calibrated to match actual developments). We have marked two changes in economic policy instruments (taxes and subsidies) that accelerate electrification, and two that dampen it.
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Figure 7. Share of new passenger car registrations in Sweden that are either fully battery-electric or plug-in hybrids. Green arrows indicate major policy changes that accelerate electrification. Red arrows indicate major policy changes that slow it down.



Principle 6: Circular materials & atoms

Many materials have been handled in a circular way since ancient times, not for ecological reasons but for economic ones. We can be fairly certain that objects made of copper or iron that broke in Rome 2,000 years ago were not usually thrown onto a rubbish heap but were melted down or re-forged into new products.

Today, the ecological dimension has been added. When we recycle plastic packaging, for example, we do so not primarily for economic reasons, but because we want to minimise the use of virgin plastics made from fossil oil and gas.

We also want to minimise the amount of waste that ends up in landfills or is incinerated.

And when the EU creates rules for battery recycling, the intention is also to make Europe less dependent on mines for critical metals. These mines can cause local environmental damage. But – perhaps more importantly – high dependence on them can also create strategic vulnerabilities vis-à-vis countries whose relations with the EU may be unstable or even antagonistic.

Not everything needs to be recycled back into its original material category. A used diaper made of plastic and cellulose is hardly worth washing and recycling into plastic and cellulose again; instead, it can be gasified together with other residual waste and turned into new hydrocarbon-based products such as plastics and fuels. In this case, the plastic and cellulose themselves are not recycled, but the carbon and hydrogen atoms they contain are.

Material recycling is the most basic form of a circular economy. It is often even better if a product can have an extended life — for example, if spare parts are cheap and easy to order, or if the product can be shared among several users through simple sharing arrangements. In some cases, product developers can even find solutions where the physical product is not needed at all, such as when a printed item is replaced by a digital service.

Even though such higher forms of circularity should be prioritised, one ultimately reaches a point in a product’s life cycle where nothing remains but material recycling. These higher forms of circularity are certainly important. However, conditions vary greatly between industries and products, and a detailed discussion is beyond the scope of this book.

When it comes to circularity, we therefore focus on what directly relates to material recycling. In Chapter 8, we explore the conditions for recycling different materials, such as metals, concrete and plastics, in greater depth.


[image: ]THE SEVENTH CANDIDATE

We have now reviewed six important principles for achieving economic and ecological sustainability. Naturally, not every aspect of ecological and economic sustainability can be captured within these overarching principles. We therefore want to present an example of something we considered adding as a seventh principle but ultimately decided to leave out. And, not least, we want to explain why this ‘seventh candidate’ was excluded. Had this seventh candidate been elevated to the status of a principle, we would probably have called it Principle 7: Minimise pollution.

For many decades, it has been obvious that humanity must limit emissions of air pollutants (such as particulate matter and nitrogen oxides) and metals (not least heavy metals like mercury and lead). This is why laws have long been in place regulating how much may be emitted, for example from car and ship engines, and why strict rules govern the use of metals such as lead and mercury.

In addition to these ‘old’ pollutants, there are also what the planetary boundaries framework refers to as novel entities (see Figure 2). Novel entities are compounds created by humans that did not exist in nature at all before the industrial era. This category includes, for example, PFAS chemicals and plastics.

These new synthetic substances are particularly problematic when they do not break down quickly in nature. Worst of all is when they also bioaccumulate – that is, build up in the bodies of humans and animals – and are harmful to health.

An early example of a novel synthetic substance with problematic effects was the insecticide DDT, introduced in the 1940s. It was soon discovered that DDT bioaccumulated in animals and humans and caused hormonal disruptions and reproductive problems.

In recent years, a large group of substances has attracted attention for their tendency to bioaccumulate: PFAS compounds, which – unlike DDT – exist in thousands of variants and are found in millions of different products. Some PFAS substances are highly harmful to humans, especially when they end up in drinking water. For the majority of them, however, proper studies are lacking. The problem with PFAS and similar synthetic substances is that, unlike metals and classical air pollutants, they exist in so many variants that it is impossible to systematically investigate them all.

Another type of pollutant that has received considerable attention recently is microplastics – that is, ordinary plastics that have been mechanically broken down into very small particles. Current knowledge about the environmental and health effects of microplastics is still limited 20, but many experts believe that the risks are significant for both human health and the environment. 21

Admittedly, we consider a technology or product to be economically and ecologically sustainable only if it does not cause significant emissions of either ‘old pollutants’ or novel synthetic substances, as long as there is a risk that they may be harmful to human health or the environment.

However, we do not wish to place the rule of thumb to minimise pollution on the same level as our six other principles. This is not because the issue of pollution is any less important. The UN, for example, rightly identifies pollution as one of the components of the triple planetary crisis, alongside climate change and biodiversity loss.

In our view, the minimisation of pollution – at least today, in a country with stable institutions and well-developed environmental legislation – is better regarded as a basic ‘hygiene factor’: something that must not go wrong, but which in itself does not lead to success. Moreover, the six principles concern, in a completely different way, the management of the truly large flows of materials and energy – something we will return to shortly.




THE SWEDISH EXCEPTION
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Harsprånget on the Lule River — Sweden’s largest hydroelectric power station.


Sweden has a number of specific conditions that set it apart from most other countries when it comes to decarbonisation.

These are:


	Condition 1: Large forest areas

	Condition 2: Large hydropower capacity

	Condition 3: Significant nuclear capacity

	Condition 4: Northern geographical location (a condition we share with all of central and northern Europe)



Swedish condition 1: Large forest areas

In Sweden, there are 3 hectares of forest per inhabitant, far more than the




Swedish condition 2: Large hydropower capacity



Swedish condition 3: Significant nuclear capacity



Swedish condition 4: Northern geographical location




Summary of Swedish conditions
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