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SOLAR PHOTOVOLTAIC (PV) TECHNO-
LOGY is rapidly emerging as a cost-effec-
tive option in the world economy. Go-
vernments, corporations, and grassroots 
actors are promoting solar PV power in 
the hope of transforming the fossil-based 
energy regime and mitigating climate 
change. However, reports about misera-
ble working conditions, environmentally 
deleterious mineral extraction, and toxic 
waste dumps corrode the image of a pro-
blem-free future based on solar power. 

The research is contradictory and the environmental movement is di-
vided. Meanwhile, few are asking fundamental questions about what 
solar PV technology is from the perspective of global inequalities and 
asymmetric resource flows. This thesis investigates the extent to which 
the detrimental global consequences of solar PV technology are con-
tingent or inherent conditions for the technology itself. 
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This dread, this shadow of the mind must, thus be swept away 
Not by rays of the sun nor by the brilliant beams of day 
But by observing nature and her laws. And this will lay 

The warp out for us – her first principle: that nothing’s brought 
Forth by any supernatural power out of naught. 

Lucretius 
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1. Solar power at the brink: On the
need to relate solar visions to reality

“The majority of problems in the world are the result of the difference 
between how nature works and the way people think.” 

Gregory Bateson 

Solar photovoltaic (PV) technology is today one of the most favored responses 
to the ecological crisis. Simultaneously, researchers and environmentalists are 
concerned that the social and ecological consequences of solar power may be 
both harmful and unequally distributed (e.g., Zehner, 2012; Andersen, 2013 
Trainer, 2014; Hornborg, 2014; Yenneti et al., 2016; Dale, 2019; Sonter et al., 
2020; Jensen et al., 2021). This concern has been met by polarized responses 
ranging from a rejection of solar PV technology (e.g. Zehner, 2012) to prompt 
solutions (e.g., Mulvaney, 2019) to outright denial (e.g., Phillips, 2020). The 
question whether the harmful and unequally distributed consequences are 
inherent or transitory to solar PV technology lies at the very heart of the 
polarization. Meanwhile, few are asking the most fundamental question of 
what solar PV technology is. In this thesis, I combine perspectives from 
philosophy of technology and ecological economics in the hope to provide an 
answer to this question.  

The aim is a) to understand whether an uneven distribution of resources in the 
world economy is inherent to large-scale solar PV development, b) what this 
condition means for the definition of solar PV technology, and c) what this in 
turn implies for the premise that solar PV technology is a feasible option for a 
socially just and ecologically sustainable world.1 The purpose is to present 
propositions about ecologically unequal exchange and the ontology of 
technology that will clarify and deepen current discussions on solar power in 

1 The aim is not to compare whether the ecological effects of fossil fuels presents a better or 
worse ecological situation than the effects of solar power. It is abundantly clear that fossil 
fuels are finite and non-sustainable stocks of energy that the world’s actors must immediately 
stop burning in order to halt the detrimental effects of climate change (IPCC, 2014A, 2018). 
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a way that I hope will be useful for the manifold efforts to create a socially just 
and ecologically sustainable world. 

The thesis builds on the conviction that the conventional understanding of 
technology as “applied science” is fragmentary and misleading (e.g., 
Heidegger, 1977[1954]; Ellul, 1964; Winner, 1978, 2020[1986]; Feenberg, 
1991; Hornborg, 2001, 2013; Marx, 2010). Following this, the typical problem 
with technological solutions is that the full social, political, and ecological 
conditions of their deployment become apparent only after significant changes 
have already occurred (Winner, 2020[1986]; Johnston, 2020). “[A]s 
technologies are built and put into use,” Winner suggests, “significant 
alterations in patterns of human activity and human institutions are already 
taking place. New worlds are being made” (Winner, 2020[1986]: 11). 
However, we seldom stop to consider what kind of world is actually being 
made. This applies to solar PV technology as a contestant to fossil fuels. This 
time, however, the stakes are so consequential to the fate of the biosphere that 
we cannot afford to ignore what social-ecological conditions they may require. 

Considering that “solar power is no longer alternative technology,” it is both 
possible and incumbent upon us to consider how visions of a solar powered 
future compare to the social-ecological reality of its existence (Mulvaney, 
2019: 1). Importantly, there is a substantial amount of literature showing that 
the technologies that are applied to solve the ecological crisis seldom live up 
to their promises (e.g., Pimentel, 2003; Huesemann and Huesemann, 2011; 
Kabasakal and Albayrak, 2012; Bonds and Downey, 2012; Hornborg, 2014; 
Giampietro and Mayumi, 2015; Carton, 2019; Adua et al. 2021). In many of 
these examples, including biofuels, electric cars, nuclear power, and carbon 
capture storage, “green” technological solutions are pursued because they are 
granted a symbolic meaning that overshadow the reality of their application.2 
Following these studies, the hypothesis of this thesis is that the conception of 
solar PV technology contradicts the actual conditions of its existence. 

Human ecology, grounded in both the social and natural sciences, is uniquely 
equipped to understand how the symbolic meaning of solar PV technology 
relates to the physical conditions of its existence. As Paul Shepard (1967) 
contended long ago, “the central problem of human ecology may be 
characterized as the relationship of the mind to nature.” In particular, I draw 

 
2 So-called “greenwashing” – whereby corporations falsely brand commodities as 

environmentally sustainable to increase the rate of profit – is a well-known phenomenon by 
which misleading symbolism obscures the real world impacts of commodities (see e.g. Lyon 
and Montgomery, 2015; Takedomi Karlsson and Ramasar, 2020). 
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upon the theory of “ecologically unequal exchange,” which explains the 
mechanism by which industrial societies enjoy high levels of material wealth 
and technological development, while exporting the environmental loads of 
their lifestyles to the world’s impoverished (see chapter two). Importantly, it 
has been argued that the rise of fossil-powered machinery and industrial 
manufacturing was contingent upon an ecologically unequal exchange 
whereby the British Empire appropriated large amounts of embodied land and 
embodied labor from North America (Hornborg, 2006).3 So far, however, only 
two studies have empirically examined the relation between “green” 
technology and ecologically unequal exchange (Bonds and Downey, 2012; 
Hornborg et al., 2019). 

The possibility that solar PV technology is contingent on ecologically unequal 
exchange means that an uneven distribution of resources and environmental 
impacts in the world economy may be an inherent condition of solar PV 
technology. If this is so, then solar PV technology is more than an “applied 
science” to harness the forces of nature, since it then involves global social-
ecological relations without which it would not exist. In turn, this raises 
important questions concerning the premise that solar PV technology can be 
employed to solve global environmental problems. To get to the bottom of this, 
I ask the following set of research questions (RQs): 

• RQ1: Is solar PV technology based on ecologically unequal
exchange? Can large-scale solar PV technological development occur
without global asymmetric flows of resources?

• RQ2: In turn, what does this say about solar aspirations that are based
on the premise that solar PV technology is a feasible option for a
socially just and ecologically sustainable world?

• RQ3: What can this tell us about what solar PV technology is? More
generally, what can this tell us about what technology is?

In drawing on insights and discussions from philosophy of technology, I situate 
the core questions of this thesis as part of a long tradition attempting to 
understand the inconsistencies and contradictions of technological solutions in 
industrial societies. Among philosophers such as Karl Marx, Lewis Mumford, 
Martin Heidegger, Jacques Ellul, Herbert Marcuse, Ivan Illich, Langdon 
Winner, Ernst Schumacher, and others, there is a common ambition to examine 
the wider historical implication of advanced technology in industrial societies 

3 For a description of the term “embodied,” see Appendix A. 
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and its emancipatory promises. Importantly, these examinations were often 
raised from observations on how new machinery and new technologies were 
repeatedly inconsistent with their liberating and cornucopian promises. I draw 
upon these thinkers today, because it is now possible to identify contradictions 
in the visions of a future society based on solar PV technology. 

In this chapter, I first examine the social-ecological arguments for solar power 
and how the visit to a solar park in Sweden compelled me to ask questions 
about these arguments. I then show how solar power is a celebrated 
technological solution across the political spectrum, all while there is a 
growing group of contenders pointing out its drawbacks and contradictions. 
This is followed by a brief overview of the contents and structure of the thesis. 
Finally, I provide a note on the thesis’s interdisciplinary approach. 

The promising arguments for solar power:  
A contradictory vision 
Around ten to twenty years ago, every other book on the state of the planet 
seemed to end with a hopeful note on some of the most promising 
technological solutions. The “good news,” one well-known student textbook 
claimed, “is that we know a number of ways to slow the rate and degree of 
global warming and the resulting climate change caused by our activities” 
(Miller and Spoolman, 2009: 514). The solutions came down to three 
strategies: “[a] improve energy efficiency to reduce fossil fuel use; [b] shift 
from nonrenewable carbon-based fossil fuels to a mix of carbon-free 
renewable energy resources; and [c] stop cutting down tropical forests” (ibid.). 
The chapter proceeded to discuss seventeen different solutions, out of which 
over a half implied either a novel application or significant development of an 
advanced technology. Among these solutions was the suggestion to “[i]ncrease 
solar power 700-fold to displace coal-fired plants,” a figure that was much 
higher than the suggested installation of other renewable energy technologies 
(ibid.). At the time, countless books ended with similar visions proclaiming 
devotion to technological solutions and in particular solar power. Since then, 
much has changed, and it is now possible to assess the practical implications 
of these visions. 

It must be understood that the predisposition towards technological solutions 
such as solar power is based on important ecological reasons. There is no doubt 
that fossil-based energy systems need to be replaced as swiftly as possible for 
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world society to have any chance of mitigating anthropogenic emissions of 
greenhouse gases and stay below 2°C warming compared to pre-industrial 
levels (Hansen et al., 2013; IPCC, 2014a, 2018a). Many are convinced that 
solar power will largely replace fossil energy. Unlike fossil energy, solar power 
does not directly emit greenhouse gases in the process of generating electricity, 
which means that it does not directly cause air pollution that adversely affects 
plants, humans, and non-human animals in local ecosystems. By all practical 
accounts, direct sunshine is also a near-infinite energy resource that does not 
disappear from the world4 once it is “used,” as is the case with the combustion 
of coal or oil. 

There are also important social reasons for turning to solar power. Solar 
advocates have long pointed out how generating electricity from locally 
sourced direct sunshine is much more aligned with democratic values and just 
social relations (Mander, 1991; Scheer, 2007; Klein, 2014). Even technology 
critic Jerry Mander (1991), who accused the environmental movement in the 
1990s for “failing to effectively criticize technical evolution despite its 
obvious, growing, and inherent bias against nature,” saw solar power as 
“intrinsically biased toward democratic use” (Mander, 1991: 3, 36). This, he 
argued, was because solar technology “is buildable and operable by small 
groups, even families” and “does not require centralized control … a reason 
why big power companies oppose it” (ibid. 36). 

Together, the combined social and ecological reasons for advocating solar 
power form a powerful foundation for contemporary visions of a more 
democratic and ecologically sustainable future. Among the best syntheses to 
date can be found in Naomi Klein’s (2014) acclaimed book This Changes 
Everything, in which she tells the story of Henry Red Cloud, a Lakota 
entrepreneur who is working with the local community in the Pine Ridge 
Reservation in South Dakota to install solar power. For Red Cloud “‘solar 
power was always part of Native’s way of life’” because it embodies a 
worldview in which people are adapting to the rhythms of natural ecosystems, 
as opposed to dominating and controlling them (ibid. 393). The relinquishing 
of control, Klein continues, is inherent to solar power because in contrast to 
the power of coal, the sun does not shine all the time and cannot therefore 
generate energy on demand. This means that solar power also embodies 
fundamentally different “power relations between humanity and the natural 

4 I use the term “the world” in the philosophical sense to denote the whole of the physical 
universe (for a full list of concepts and terms see Appendix A). 
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world” and that humans have to work “with the earth” instead of simply 
consuming it, as if it was a resource (ibid. 239, emphasis in original).  

Klein argues that solar power should be understood as a tangible alternative 
for local communities to convert fossil infrastructure in their own backyard 
into locally owned and democratically operated solar parks. With examples 
from Navajo- and Hopi-led initiatives to convert a local coal mine into a solar 
park, she argues that these parks could provide training skills, jobs, and steady 
revenues for members in the community, all while generating “power not just 
for their reservation but also large urban centers” (ibid. 296). They would make 
a “fundamentally new [social-ecological] relationship” possible, in which 
communities themselves can set the framework and agenda for their own 
development while rejecting the extractive logic of fossil technology that 
destroys the land and the Earth (ibid. 297). In the case of the Navajo and Hopi, 
however, this vision could never be fully realized because of one major barrier: 
lack of capital. 

Despite the absence of practical examples, the core thrust of Klein’s vision 
remains strong: solar technology can inaugurate new social-ecological 
relations that are inherently aligned with ecological sustainability and 
democracy. For several reasons, rivalling energy options such as nuclear power 
cannot serve the same democratic, nature-bound basis for future societies. 
Nuclear power plants require expert knowledge on how to stabilize the fission 
process in the reactor core as well as expertise on how to build and maintain 
the necessary infrastructure and how to (not) take care of the radioactive waste 
materials. This immediately places a disproportionate amount of power – 
political and physical – in the hands of a few people. Contrary to capturing 
sunshine, the process of splitting atoms (fission) also implies that one 
intentionally encourages and exploits a natural weakness (molecular 
instability) to destroy the very fabric of life. This is often done under the 
misleading narrative that it will be possible to contain the fission process 
within the reactor cores and avoid releasing it upon the world through 
accidental meltdowns, or purposeful military operations (Sovacool, 2011; 
Diaz-Maurin and Kovacic, 2015; Wealer et al., 2019). Despite the 
ecomodernist conviction that “nuclear fission, and nuclear fusion represent the 
most plausible pathways towards the joint goals of climate stabilization and 
radical decoupling human from nature” (Asafu-Adjaye et al., 2015: 23-24), 
nuclear power is associated with higher demand on the natural world than fossil 
fuels (Diaz-Maurin and Giampietro, 2013). As such, solar power will likely 
remain a far more democratic and environmentally favorable option than 
nuclear power.  
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Armed with these arguments for solar power, I was curious to visit a local solar 
park that was founded upon values of ecological sustainability and grassroots 
democracy. In Sweden, the most famous solar park resembling what Klein 
described, is being developed and operated by a company called ETC just 
outside the town of Katrineholm. ETC is primarily a media company running 
an online media platform and publishing a monthly magazine consisting of 
left-leaning news that also caters to environmental concerns. Over the years, 
the company has gained some attention and is now making a name for itself 
among progressives and environmentalists. In contrast to the Navajo- and 
Hopi- led organization for solar power, ETC has been able to invest capital in 
a self-operated solar park funded by its readers, who either contribute 
financially through the subscription fee or invest directly in the solar park with 
an interest rate of two percent. ETC’s solar park displays both similarities with 
and differences from the proposed solar park of the Navajo and Hopi. Most 
importantly, ETC seem to have solved the problem of capital. 

I decided to contact the head of the park and was happy to receive the reply that 
I was more than welcome for a guided tour and a chat. A few months later, I was 
on my way to the park located roughly two kilometers north of Katrineholm. I 
arrived by train and decided to walk to the solar park. To my surprise, arriving 
at the park by foot was rather difficult. My immediate thought was that the park 
must have been newly built and that they simply had not had time to construct a 
proper entrance. It was only later that I realized that the park entrance was located 
on the other side of the compound and that visitors were expected to access the 
solar park by car. After orienting myself from the backdoor, I could see that the 
park was located just next to a large road and that some of the constructions in 
the park (e.g., a large solar tower with the ETC logo) were meant as 
advertisements for cars passing by on the highway. The idea, I figured, was that 
the visitors coming by car were exposed to an association between solar power 
and electric vehicles as a viable transportation alternative for the future. I later 
learned that the park offers free electric charging for those who pass by with 
electric vehicles. In this sense, the solar park was not a solar park at all, but a gas 
station, or, rather, a solar station. This came as a surprise to me, who had taken 
to heart Ivan Illich’s conviction that “[p]articipatory democracy demands low 
energy technology, and free people must travel the road to productive social 
relations at the speed of a bicycle” (1974: 12). 

At the park, the head of operations, David Eskilsson5, greeted me. He was just 
finishing an education session with a group of schoolchildren. David had been 

 
5 This name is a pseudonym. 
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a project manager at the ETC solar park for over seven years and now thought 
of himself primarily as an inspirer for solar cells and climate transformation. It 
became apparent through our talk that the solar park was founded on the idea 
of demonstrating that solar PV cells and other solar power solutions are 
effective to combat climate change, regardless of what critics say. But 
technological solutions, David told me, were by no means the most important 
aspect of what they were doing. Instead, their primary objective was to 
demonstrate that alternative ways of harnessing energy are a feasible option 
for the future. The purpose was to make people feel empowered to install solar 
cells or solar modules of their own after a visit to the park. 

To say that solar power is easy, David explained, is not to say that the 
development of solar projects is without setbacks. Technically, solar PV 
modules are easy to install, but the social-political context is not exactly 
generous to organizations (such as ETC) who are seeking to transform the 
nation’s energy regime. He proceeded to give a brief account of the power 
dynamics between the electric grid operators, the role of the state, and how the 
park could be part of a grassroots movement that could influence political 
decisions, if it grew big enough. He pointed out that this had in fact already 
occurred in Germany, where small-scale energy producers together formed a 
political force of consequence. In 2010, I later learned, up to 40% of 
Germany’s installed renewable energy capacity was owned by citizen energy 
cooperatives, so-called Energiegenossenschaften (Buchan, 2012: 9-11). 
Recently, David continued, this had become a tangible option for Sweden, 
because the price of solar energy had fallen considerably over the last years. 
This meant that energy cooperatives could soon wield considerable political 
power and influence many important decisions in Sweden, but only if people 
felt encouraged to install solar modules on their rooftops and organize into 
cooperatives. 

When I asked why the prices had fallen, David told me that it was because of 
lower production costs in solar PV cell manufacturing. In turn, I asked why he 
thought that production costs of solar cell had dropped in prices over the recent 
years. “It is because of the Chinese,” he replied without hesitation, “and that 
there is now a mass production [of solar PV modules]” (interview 02-10-2019). 
We briefly discussed the issue of being dependent on the international market 
for solar PV modules. David thought that it would be difficult if Sweden sought 
to become completely self-sufficient in solar PV module production. A certain 
level of international trade would remain necessary, he asserted. With the 
analogy of textile production in India and Pakistan, he explained how clothes 
would be far too expensive for Swedish consumers if they were all produced 
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in Sweden where labor is more expensive and where there are strong 
environmental regulations in place. “We need to find a good form for it 
[production of solar PV modules],” he argued, because we cannot completely 
get rid of this situation (ibid.). Both David and I saw the problem. 

The problem was that the vision for an environmentally sustainable and 
democratically aligned solar-powered energy regime orchestrated by 
grassroots actors was founded upon what seemed to be a socially and 
environmentally dubious division of labor in the world economy. To keep 
prices on solar panels low enough to be politically subversive appeared to 
require that they be produced on the other side of the world at low wages, with 
low environmental regulations, and often in fossil-powered industries. This 
confirmed my suspicion that solar power, however decentralized it appears 
when installed on rooftops and balconies, is not a local affair at all. To the 
extent that solar PV modules are made within an economic system largely 
organized in terms of price differences, even the smallest local initiatives to 
put solar modules on rooftops is contingent on a wider global economy. While 
the powerful solar visions of Naomi Klein and ETC are ecologically and 
democratically aligned, neither of them fully account for the processes 
occurring outside the boundaries of the solar parks, where these price 
differences are exploited (even if David was certainly aware of the issue). 

This means that the political visions for a solar powered future may not be 
consistent with the reality of their practical implementation. With reference to 
the introductory quote by Gregory Bateson, this inconsistency exemplifies a 
“difference between how nature works and the way people think” when it 
comes to solar PV technology as a feasible option for a socially just and 
ecologically sustainable future.6 To democratize the global production chains 
by increasing salaries and enforcing environmental regulations in China would 
not necessarily dissolve the inconsistency, because the solar parks and 
democratic solar cooperatives would then likely become unaffordable to 
Swedish citizens. The democratic possibility and sustainability potential of 
solar power available to the globally affluent may therefore be inextricably 
bound to the uneven and environmentally degrading conditions among the 
globally impoverished. This would mean that the massive push for solar PV 
technology is not only generating solar power in the sense of renewable energy, 
but also renewing the global social relations of power that has characterized 

6 Perhaps it would be more accurate to say that the situation exemplifies a difference between 
how the economy works and the way people think. This, however, would overlook the 
biophysical, nature-given aspects harnessed by economies to produce technological artifacts, 
including solar modules (see chapter two). 
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the world economy at least since the 16th century. By extension, if solar power 
is being posited as one of the most promising technological solutions to 
environmental problems, while simultaneously embodying notable 
environmental disadvantages and global asymmetries, have we really 
understood the nature of technological solutions to environmental problems, 
and, by extension, technology itself? 

With the world at stake:  
Renewables, ecomodernism, and ecorealism 
Despite disagreement among researchers and environmentalists, solar power is 
widely celebrated across the political spectrum. Over the last two decades, 
corporations from a diverse range of industries (oil to cosmetics) have 
transformed the production of solar technology into a profitable commercial 
industry driven by capital accumulation (Nemet, 2019).7 This is a still ongoing 
process occurring with considerable support from both socialist and neoliberal 
governments (see e.g., Dong et al., 2015a; Yu et al., 2016; Spivey, 2020). 
Simultaneously, the idea of a global “solar communism,” according to which 
solar technology can be installed to overthrow capitalist relations of 
production, is promoted by some eco-socialists (Schwartzman, 1996; Klein, 
2014). In this camp, solar technology is understood as antithetical to corporate 
energy generation and the fossil-based transportation system that is at the heart 
of global capitalism (Malm, 2016). Some advocates of degrowth – a controlled 
downscaling of modern industrial societies to ecologically sustainable levels 
of matter-energy throughput under socially favorable conditions – also 
consider solar power as a promising solution, given the right circumstances 
(for an overview, see Dale, 2019; Adler et al., 2019). On the opposite side of 
the political spectrum, parties on the far right, particularly in some European 
countries such as France, have articulated ambitions to develop their countries’ 
renewable energy capacity (Jeffries, 2017). This demonstrates how ambitions 
for solar power is now favored across the political spectrum. 

The many different proposals for a Green New Deal (GND) also reflect a 
common convergence around renewable energy technologies. The GND is an 
“ecology-centered economic stimulus program” with focus on renewable 
energy technology, economic growth, efficiency improvements, and creation 

 
7 I analyze this recent historical development in chapter four. 
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of “green” jobs (Chohan, 2019). In the United States, the GND has primarily 
been driven by social democrats occupying a moderate position between 
proponents of capitalist growth and advocates of degrowth (Dale, 2019). 
Currently, however, it is favored both in neoliberal proposals for “green 
growth” and in eco-socialist visions of an “ecological politics for the working 
class” (Schwartzman and Schwartzman, 2013; Kim and Thurbon, 2015; 
Huber, 2019). From this, we can conclude either that the respective ideologies 
share a common philosophy, or that there is a confusion regarding the politics 
and feasibility to transform the modern human-environmental condition 
through “green” technologies. While the former conclusion appears farfetched, 
there does indeed seem to be a confusion regarding the transformative potential 
of technology both in mainstream and Marxist theory (Hornborg and Roos, 
2021). 

Despite this confusion, the contradictions of renewable energy technologies 
have not gone unnoticed. A significant body of literature has emerged that 
critically examines the social and ecological conditions of different renewable 
energy technologies, including solar power, hydroelectric power, wind power, 
and biofuels. Here I attempt to summarize some of the most relevant findings 
of this rapidly growing literature: 

• Renewable energy technologies require comparatively large amounts
of land per energy unit harnessed (Scheidel and Sorman, 2012; de
Castro et al., 2013; Smil, 2015; Huber and McCarthy, 2017; Capellán-
Pérez et al., 2020). There is strong evidence that solar power, wind
power, hydroelectric power, and biofuels require large amounts of
horizontal surface area compared to fossil fuels (Smil, 2015).
Renewable energy sources such as sunshine, wind, and water are
dispersed flows of energy that are not highly concentrated in
subterranean deposits like coal, oil, or fossil gas. Since flows of energy
are less concentrated, technologies capturing them must be dispersed
across large surface areas.

• Renewable energy technologies require comparatively large amounts
of energy per energy unit harnessed (Hall and Klitgaard, 2012; Hall et
al. 2014; Ferroni and Hopkirk, 2016; de Castro and Capellán-Pérez,
2020). All renewable energy technologies – with the exception of
hydropower– require a large energy investment per unit of energy
return. By extension, these studies show that it will be problematic to
maintain advanced industrial societies solely with the help of
renewable energy technologies.
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• Large-scale manufacturing, transportation, and installation of
renewable energy technologies require significant amounts of fossil
energy and imply greenhouse gas emissions (Fu et al., 2015; Stamford
and Azapagic, 2018). The new energy regime can only emerge from
the energetic and material basis of the old one, i.e., by burning fossil
fuels. This fact gives rise to the dilemma known as the “energy-
emissions trap” that states that economies seeking to transition away
from high net energy fossil fuels to lower net energy renewables for
the sake of reducing greenhouse gas emissions must significantly
increase the emissions of greenhouse gases temporarily (Sers and
Victor, 2018).

• There are some studies suggesting that there are limits to the quantity
and quality of materials needed for massively scaling up the
installation of renewable energy technologies (Feltrin and Freundlich,
2008; de Castro et al., 2013; McLellan et al. 2016; Tokimatsu et al.
2017; Rhodes, 2019). For solar power, this includes potential limits to
recoverable reserves of silver, tellurium, indium, and selenium. Given
the geographical dispersal of high-quality materials and the fact that
“low-hanging fruits” are picked first, the finite nature of mineral
deposits will likely drive increasing levels of geopolitical conflicts
across the globe as renewable energy technologies are commercialized
(Vakulchuk et al., 2020).

• The installation of renewable energy technologies is not strictly
speaking replacing fossil technologies (York, 2012; York and Bell,
2019; Gellert and Ciccantell, 2020). Since the consumption of fossil
energy carriers is increasing, installing more renewable energy
technologies amounts to an energy addition, rather than an energy
transition. As we will see later in this thesis, most of the ambitious
plans to increase the relative level of solar power in the energy mix
simultaneously imply a total increase in fossil fuel use. Considering
that modern iron and steel production necessitate coke (pyrolysed
coal), fossil fuels cannot be completely replaced with renewable
energy (Smil, 2009, 2016a).

• In the global commodity chains, there are negative and unequally
distributed health effects and environmental consequences of
renewable energy technologies (Dubey et al., 2013; Yue et al., 2014;
Mulvaney, 2013, 2019; Nain and Kumar, 2020). These effects include
toxicity and environmental pollution in the manufacturing,
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transportation, and end-of-life processes. The effects disproportionally 
affect people who do not immediately benefit from the energy 
harnessed by the technologies. Similar injustices have been observed 
in state-backed enclosure of common land and dispossession of 
vulnerable communities to make way for utility-scale renewable 
energy parks producing energy for urban populations (e.g., Huber et 
al., 2016; Yenneti et al., 2016; Franquesa, 2018; Stock and 
Birkenholtz, 2019a, 2019b; Temper et al., 2020). 

• In the process of mining and producing more metals for renewable
energy technologies there are significant risks to biodiversity. These
“new threats to biodiversity,” one study concluded, “may surpass those
averted by climate change mitigation” (Sonter et al., 2020). Rehbein
et al. (2020) found that solar power, in comparison to other renewable
energy technologies, is more likely to be installed in protected areas
even if solar irradiation is widely available in low-biodiversity lands.

This critical literature shows that it is not at all clear that renewable energy 
technologies can contribute to the environmentally sustainable and socially just 
energy regime that so many desire. Thus, the benefits of solar power appear 
contradictory: On the one hand, solar power might embody the transformative 
potential to inaugurate new social-ecological relations by mitigating climate 
change, providing clean renewable energy, and encouraging democratic forms 
of ownership and decision-making. On the other hand, solar technologies may 
imply notable amounts of greenhouse gas emissions and other forms of 
pollution, depletion of non-renewable resources, global wage gaps, and non-
democratic conditions along the entire commodity chain. This multifaceted 
contradiction is significant because it forces us to question the conventional 
understanding of technology as “applied science” and what it means to choose 
renewable energy technologies in the hope of creating a better world. 

Despite all this, there is an unswervingly optimistic view characterized by faith 
in technological progress that tends to deny, downplay, or even ridicule the 
empirically observed downsides to solar power (e.g., Bastani, 2019; Phillips, 
2020). In this view – commonly labelled ecological modernism – new 
technologies, efficiency improvements, material/resource substitutes, and 
engineering design are frequently invoked as means to counter socially 
articulated concerns over technological problems or contradictions (see e.g., 
Spaargaren and Mol, 2013; Asafu-Adjaye, 2015). For ecomodernists, 
environmental degradation and socially eroding consequences of a particular 
technology are regarded as a “transient yet necessary phase” (Levidow et al., 
2012: 159). The Environmental Kuznets Curve is frequently invoked by 
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ecological modernists to explain how the environmental impacts in a country 
get worse before it gets better with further technological development and 
increasing income per capita (Stern, 2004). Technologies, in this view, are 
never inherently problematic, because they are continually improved, 
redesigned, or replaced by other technologies with different material 
components and social implications. In the discussions on the energy return of 
solar power, for example, the notion of technological progress is invoked to 
explain how solar PV cells can be made more energy efficient in the future and 
thereby fulfill one of the key criteria for feasibly sustaining advanced industrial 
societies (see chapter five). In this view, to choose a particular technology (e.g., 
solar power) does not mean to choose a particular world (e.g., a world without 
advanced industrialism). Ecological modernism offers a comfortable narrative 
suggesting that no significant social change is necessary for solving the 
ecological crisis. Any concerns regarding negative repercussions of “green” 
technology are brushed aside on the basis that human ingenuity represents an 
infinite creative and productive force. The alleged evidence for this infinite 
force is the rapid development that industrial nations have enjoyed since the 
Industrial Revolution (cf. Barca, 2011). This position is coupled with a 
teleological notion of history as a progressive journey of human mastery over 
nature, where an infinitely malleable nature exists to serve human ends 
(Pellizzoni, 2011). 

For those who are unwilling to trust this notion of technological progress, the 
contradictions associated with solar power represent significant risks to the 
world. In contrast to the defensive response of ecomodernists, these ecological 
realists (as we may call them) acknowledge contradictions and question the 
validity and desirability of technological – as opposed to social-political or 
cultural – solutions to environmental problems (e.g., Huesemann and 
Huesemann, 2011; Johnston, 2020; Ruuska et al., 2020). Matter-energy 
throughput and environmental impacts have massively increased in the world 
economy despite two centuries of technological progress (Wackernagel et al., 
2002; Wiedmann et al., 2015; Steffen et al., 2015a; WWF, 2020). Considering 
this historical evidence, ecological realists do not assume that technologies that 
have not yet been formally implemented in the world will necessarily solve 
environmental problems. Emphasis is placed on caution, risk prevention, and 
understanding rather than risk taking and a rush to deploy new technologies 
for the sake of technological progress itself (e.g. Gowdy, 1994). In this view, 
which Earl Cook (1976) once labelled the “prudence option,” problems are 
unlikely to be solved with technological solutions that are dependent upon the 
forces that generated them, but they may be solved through social-cultural 
change. Many ecological realists argue that there needs to be a societal-wide 
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convergence around the ambition to create a way of living in which less is 
produced, less is consumed, and in which life is simpler, slower, more caring 
and more communal (Trainer, 2007; Trainer and Alexander, 2019; Norberg-
Hodge, 2019). In relation to solar power, this position is exemplified in a study 
by Capellán-Pérez et al. (2020), which shows that the low energy return of 
solar PV technology means that solar power cannot support advanced 
industrial societies. Even if this is so, the authors argue, advanced industrial 
societies could in fact exist in the future, but only if solar PV modules are 
complemented with fossil fuels (see also Georgescu-Roegen, 1978). Thus, the 
contradictions of solar power serve to question the trajectory of advanced 
industrial societies based on the social condition to endlessly exploit the human 
and natural world.  

The structure and contents of this study 
This thesis consists of six chapters. In the next chapter, I clarify the 
methodological point of departure and the theoretical framework of the thesis. 
I first give a brief overview of philosophical materialism and the key relevance 
it has for understanding the biosphere and the current state of the planet. I then 
present my unanticipated discovery that the most prominent philosophies of 
technology have not been concerned with understanding technology as 
something contingent on matter-energy in the physical sense (ontological 
materialism). It follows that the interpretation of nature that is today employed 
to understand the dire state of the planet is broadly absent in the conception of 
solar PV technology as one of the most favored solutions. I propose that there 
is much to gain by allowing philosophical materialism to inform the 
understanding of technology. I attempt to show this by suggesting an 
interdisciplinary framework for understanding technology that is 
commensurable with the philosophical assumptions guiding research on the 
biosphere. The resultant “critical ecological philosophy of technology,” 
derived from the philosophies of Karl Marx, Lewis Mumford, and Alf 
Hornborg, invites us to consider modern technology as intertwined with the 
socially organized exchange of matter-energy that began with the Industrial 
Revolution. This notion is captured in a conceptual model that I call “the 
technological continuum,” which I will frequently refer to throughout the 
thesis. 

In the third chapter, I contextualize visions of transforming society by means 
of solar power by looking at the social-ecological prerequisites and 
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consequences of the Industrial Revolution. As argued by environmental 
historians, large-scale development of solar PV technology and other 
renewable energy technologies is conventionally envisioned to form the 
technological basis of an entirely new social-ecological regime. Such a 
transformation is analogous to historical events such as bipedalism, the 
adoption of fire, the Neolithic Revolution, and the Industrial Revolution. To 
understand what it means to transition away from the industrial regime based 
on fossil fuels, I place particular emphasis on accounting for the socio-
ecological conditions of the Industrial Revolution from which modern 
technologies first arose. I highlight how it is difficult to separate modern 
technology from some of the defining features of the industrial regime (other 
than analytically). This, as I show, is only one of at least three interpretations 
in the discussion of the potential of solar PV technology to inaugurate a new 
energy regime. At stake is whether large-scale development of solar PV 
technology can be said to continue, transcend, or reverse the social-ecological 
conditions of the Industrial Revolution. 

The fourth chapter deals with the recent and rapid developments in the global 
solar PV industry. Between the years 2000-2018, solar PV technology 
developed from being an “alternative technology” to becoming a fully-fledged 
“commercial commodity” on the world market. I show that the most common 
explanations for why and how this boom occurred have largely omitted any 
meaningful consideration of material flows in world trade. Through an LCA-
based assessment of ecologically unequal exchange, I examine the biophysical 
link between the two crucial actors Germany and China during the booming 
years. The results demonstrate that an ecologically unequal exchange – 
whereby demands on labor, land, energy, and greenhouse gas emissions could 
be displaced to China – was necessary for Germany to fulfill its solar visions 
at the time. This demonstrates that the recent low prices of solar PV modules 
are intimately connected to the contemporary world division of labor. From a 
broad perspective, this means that the notion of solar technology, as an 
“alternative technology” with promising democratic and sustainability 
potential must be reconsidered based on its potentially inherent global 
asymmetries. 

In chapter five, I discuss the question of whether and in what sense global 
asymmetric transfers of resources are inherent to large-scale solar PV 
technology projects. I discuss this in relation to Langdon Winner’s (1980) idea 
of the politics of technological artifacts. Drawing on methodological 
discussions on how to measure “energy return on energy investment” and 
“power density,” I raise the question of how drawing boundaries around what 
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constitutes solar power can affect whether we perceive large-scale solar PV 
development as inherently political or not. By calculating the “power density 
extended” of four leading nations’ solar aspirations (China, Germany, India, 
and Italy), I demonstrate that a technological boundary that extends further 
back in the global commodity chain shows that substantial amounts of indirect 
land requirements are necessary for fulfilling modern solar PV aspirations. In 
this way, the large-scale solar PV projects of China, Germany, India, and Italy 
all necessitate a highly politicized world division of labor as much as they 
necessitate polysilicon, engineers, electrical components, and direct sunshine. 
In this view, the world division of labor is an integral part of a new metabolism 
based on large-scale construction of solar PV parks. In contrast, a narrow 
technological boundary that perceives solar PV modules merely as artifacts 
independent from society cannot see this political condition as inherent in solar 
PV technology. I argue that the low “energy return on energy investment” and 
“power density” of solar PV technologies should not be understood as 
something that renders a large-scale transition to solar PV technology 
impossible, but that it may require (not merely encourage) unequal distribution 
of social and environmental burdens and benefits in the global economy that 
are problematic for the ongoing transition away from fossil fuels. Importantly, 
these problems will not be visible to us as long as we retain a narrow 
understanding of what solar PV technology, and indeed technology, is. 

In the final chapter, I reflect on the questions raised in this introductory chapter 
and discuss the results in relation to the theoretical point of departure. The 
results of the thesis suggests that ecologically unequal exchange is likely a 
prerequisite for practically realizing conventional solar visions and how this 
condition is repeatedly overlooked or denied by researchers, policy makers, 
corporations, and governments who are working towards a low-carbon 
transition. Thus, solar PV technology is being embraced without fully 
considering its global prerequisites. I suggest that this is a symptom of 
fetishization, whereby the biophysical history of solar PV modules is rendered 
immaterial and “forgotten”, and how it is likely that alienation, power, 
ideology, and denial are the determinants for this forgetting. I raise the question 
whether the strategic omission of the global distributive dimension of solar PV 
technology could one day be compared to ExxonMobil’s strategic denial of 
climate change. Finally, through an organic analogy, I discuss the ontology of 
technology and provide a definition of technology that can be employed to 
avoid this problem. 
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A note on interdisciplinarity 
In the process of writing, presenting, and discussing this thesis, I have realized 
that the reader deserves a clarification of the thesis’s interdisciplinary approach. 
This realization came in part from colleagues and friends who told me so quite 
explicitly and in part from self-reflection on how to communicate the thesis 
effectively to readers who do not have an interdisciplinary background. 

The first step in this clarification is to repeat that this thesis is a work within 
the interdisciplinary field of Human Ecology. Human ecology is a field of 
study that integrates insights from disciplines such as Biology, Physics, 
Sociology, Anthropology, Economics, History, Psychology, and Philosophy in 
order to reach a holistic understanding of human-environmental relations 
(Steiner and Nauser, 1993: 2-6). This means that the reader should be prepared 
that concepts from any of these disciplines could be presented, employed, and 
critically discussed in the thesis. Among these disciplines, many have 
“environmental” or “ecological” offshoots of their own with relevance for 
understanding solar PV technology. In particular, I draw upon concepts and 
insights from Ecological Economics, Philosophy of Technology, 
Environmental Sociology, Environmental History, Geography, Environmental 
Anthropology, and to a lesser extent Environmental Psychology.  

The second step is to clarify what an interdisciplinary approach is and what 
purpose it serves. One definition of interdisciplinarity is that it involves “bringing 
together distinctive components of two or more disciplines” (Nissani, 1997: 
203).8 A discipline is “any comparatively self-contained and isolated domain of 
humane experience which possesses its own community of experts” (ibid. 203). 
Interdisciplinarity is a process that includes the cognitive task of “integration,” 
which involves “critically evaluating disciplinary insights and creating common 
ground among them” (Repko and Szostak, 2017: 669). Whereas the disciplinary 
approach studies a range of cases, events, or things in order to develop a particular 
concept describing the world, the interdisciplinary approach integrates concepts 
from a variety of disciplines to understand one particular case, event, or thing in 
the world (figure 1). Emphasis is placed on general knowledge as opposed to 
specialized knowledge; integration as opposed to separation; and concept 
synthesis as opposed to concept analysis. 

8 Transdisciplinarity, contrary to interdisciplinarity, includes social groups outside academia as 
part of the research process (Jahn et al., 2012). By including social groups with knowledge 
that cannot be reduced to disciplinary categorization, transdisciplinarity transcends the very 
systematization upon which scientific disciplines are based. 
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Figure 1. A basic illustration of the disciplinary and interdisciplinary approaches.  
The arrows represent knowledge and/or concept application. 

The purpose of the interdisciplinary approach is to generate a more 
comprehensive knowledge of the phenomena studied. As such, the 
interdisciplinary approach encourages an epistemological transformation in 
the researcher during which numerous perspectives are eventually taken as a 
multitude of languages for expressing the same single phenomenon. 
Interdisciplinarity has the potential to generate a “hitherto non-existent 
connection” that cannot be generated from the perspectives of each of the 
disciplines it draws upon (Jahn et al., 2012: 9). In short, the disciplinary parts 
are integrated into a whole that is qualitatively distinct from the separate parts 
taken together. This thesis seeks to expose precisely such “hitherto non-
existent connections” of solar PV technology.  

The third step is to clarify the strengths and weaknesses of the interdisciplinary 
approach. The perhaps most persuasive strength of interdisciplinarity is that 
reality – contrary to modern scientific attempts to understand it – is not 
compartmentalized into disciplines. “These [disciplinary] boxes,” as 
Wallerstein (2004: x) called them, are in fact “constructs more of our 
imagination than of reality.” Moreover, a compartmentalized view of reality 
encourages professionals who, as Nassani put it (1997: 209), know “everything 
about the chemistry of CFCs yet nothing about the ozone layer,” or “everything 
about internal combustion engines and nothing about global warming.” Rigid 
disciplinarity may thereby create a situation in which scientific experts become 
alienated from the wider effects of their expertize (Jahn et al., 2012). One 
strength of interdisciplinarity is that it counters this situation.  
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The perhaps most important weakness of interdisciplinarity is that it aspires to 
translate “the chaos of babel,” as Steiner and Nauser (1993: 17) put it. This 
weakness, to be more concrete, is that each discipline comes with an often-
unique terminology, which prevents clear and effective communication across 
disciplines (ibid. 17). Pellmar and Eisenberg (2000: 43) articulates this 
challenge by pointing out how “extensive effort must be made to learn the 
language [terminology] of another field and to teach others the language of 
one’s own” before “successful collaboration can occur.” If the writer-reader 
relation is anything like a collaboration, then this means that interdisciplinarity 
may demand both increased efforts to communicate (on the part of the writer) 
and to understand what is written (on the part of the reader). For this reason, I 
have included a list with explanations of the most frequently recurring concepts 
in the thesis (Appendix A). 
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2. Earthing philosophy of
technology: A methodological
point of departure9

“There is a widespread philosophical tendency towards the view which tells 
us that Man is the measure of all things, that truth is man-made, that space 
and time and the world of universal are properties of the mind, and that, if 

there be anything not created by the mind, it is unknowable and of no 
account for us. This view, if our previous discussions were correct, is untrue; 

but in addition to being untrue, it has the effect of robbing philosophic 
contemplation of all that gives it value, since it fetters contemplation to Self. 

What it calls knowledge is not a union with the not-Self, but a set of 
prejudices, habits, and desires, making an impenetrable veil between us and 

the world beyond.”  

 Bertrand Russell 

How do we study whether solar PV technologies are conventionally perceived 
in ways that are incongruent with reality? In this chapter, I argue that answering 
this question requires that we have a notion of what constitutes reality and how 
this reality is filtered by modern cultural categories. This requires that we take 
a view of technology that is rooted in a recognition of nature as a physical 
phenomenon. In particular, as I will show, the assertions of philosophical 
materialism have been pivotal in modern history for recognizing the existence 
of a self-orchestrating nature, which the ancient Greeks called physis and the 
Chinese word Ziran. To this day, however, the same assertions have not been 
accepted or emphasized in the understanding of technology. This is a situation 
wherein the understanding of nature and the understanding of technology are 
based on fundamentally different assumptions about the world. To remedy this 

9 This is a reworked draft of a chapter that has been published by Oxford University Press in the 
book Sustainability beyond technology: Philosophy, critique, and implications for human 
organization, edited by Pasi Heikkurinen and Toni Ruuska (Roos, 2021). 
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situation, I side with the philosophical assertions that now guide research on 
the biosphere. I thereby situate the phenomenon of solar PV technology within 
a biophysical reality that is constituted by self-orchestrated processes of 
matter-energy. Ultimately, this methodological point of departure makes it 
possible to study how conceptions of solar PV technology contrast with the 
real-world conditions of solar PV development.  

The argument of this chapter is developed in three parts. I will first give a brief 
overview of philosophical materialism and the key relevance it has for 
understanding the biosphere and the current state of the planet. I then show that 
the most prominent philosophies of technology over the last two centuries have 
not primarily been concerned with understanding technology as something 
contingent upon matter-energy in the physical sense (ontological materialism). 
It follows that the interpretation of nature that is employed to understand the 
state of the biosphere is broadly absent in the articulation of the most favored 
solutions, such as solar PV technology. Third, I will propose that philosophy 
of technology, and indeed humanity, has much to gain by allowing 
philosophical materialism to inform the conception of technology. I attempt to 
show this by suggesting an interdisciplinary philosophical framework for 
understanding technology that is commensurable with the philosophical 
assumptions underscoring research on the biosphere. The subsequent “critical 
ecological philosophy of technology,” derived primarily from the works of 
Lewis Mumford, Alf Hornborg and John Bellamy Foster, invites us to consider 
modern technology as intertwined with the human-environmental exchange of 
matter-energy that started with the Industrial Revolution and greatly 
accelerated with the access to oil. From this methodological and philosophical 
framework, I develop a pre-analytic model of technology that I call “the 
technological continuum” that will follow the reader throughout the thesis. 

Does nature matter? Materialism  
as recognition of nature 
A general commitment to philosophical materialism implies an 
acknowledgement that all processes and things arise within nature itself. All 
that is, in short, is of this world as it emerges from the physical. In this view, 
even human thought is a physical expression of nature’s internal processes. As 
poetically pointed out by Loren Eiseley (1969: 52), even “the human mind 
burns by the power of a leaf.” Materialism in the philosophical sense must 
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therefore be distinguished from the more common understanding of 
materialism as a collection of values for accumulating desirable artefacts (“to 
be materialistic"). Following critical realist Roy Bhaskar (1991: 369), 
philosophical materialism consists of three foundational statements: 

a) Ontological materialism, asserting the unilateral dependence of social 
upon biological (and more generally physical) being and the 
emergence of the former from the latter; 

b) Epistemological materialism, asserting the independent existence and 
transfactual activity of at least some of the objects of scientific 
thought;  

c) Practical materialism, asserting the constitutive role of human 
transformative agency in the reproduction and transformation of social 
forms.  

Materialism in the philosophical sense has been lively debated for at least two 
thousand years and is typically contrasted with “idealism,” asserting that what 
exists are ideas. An important aspect of the material position is its formal 
opposition to religious explanations of nature and society that ascribe tangible 
powers to entities without substance in the world. While the rise of the 
material-mechanistic understanding of nature in Renaissance Europe has been 
identified as a central historical event underscoring modern ecological 
problems (Merchant, 1980), paradoxically, it is in the rejection of God that 
materialism bears a positive significance for an ecological understanding of the 
world. As John Bellamy Foster (2000) has demonstrated, philosophical 
materialism catalyzed ecological ways of thinking about the world. The tenets 
that today are central for ecology, Foster shows, can be directly related to the 
teachings of the ancient Greek materialist Epicurus. These include that i) 
everything is connected to everything else, ii) everything must go somewhere, 
iii) nature (or evolution) knows best, and iv) nothing comes from nothing (ibid. 
14). The full historical ebb and flow of these material-ecological tenets will 
not be reviewed here. Suffice to say, the historical prominence of materialism 
has fluctuated (for an overview see Lange, 1925). 

One important breakthrough for philosophical materialism came during the 
19th century. This breakthrough is today mostly associated with the work of 
Charles Darwin (2011[1859]), who in his theory of evolution by natural 
selection contributed to an understanding of the variation of species as a result 
of natural-historical processes. The philosophical pathway for this theory had 
been cleared by earlier materialist thinkers both the organic and mechanical 
kind, such as De La Mettrie, Diderot, Holbach, and the Comte de Buffon. Even 
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so, Darwin’s materialism was highly controversial in a culture that for a long 
time had been dominated by theological explanations of the world (Clark et al. 
2007). Even early materialists such as Isaac Newton, Francis Bacon, and 
Thomas Hobbes combined materialism with an acknowledgement of God 
(natural theology) that retained the understanding of nature as a static, non-
changeable, phenomenon. In modern history, according to Engels 
(1964[1925]), it was first with Immanuel Kant’s notion of nature as something 
that is “coming into being” and ”passing away” that the mechanistic outlook 
on nature could be fundamentally challenged.10 This discovery, Engels lauded, 
“contained the point of departure for all further progress” for an understanding 
of the world as historical-material (ibid. 27). 

Even if the work of Charles Darwin might be the most famous example today, 
the insight that nature was undergoing internal processes of change was 
actually first taken up in the field of geology. Already in the early 1800s, 
Abraham Gottlob Werner had revolutionized the field of geology by 
demonstrating how differences in rocks existed due to differences in the time 
and mode of formation (for a discussion, see Foster, 2000: 117-122). In short, 
Werner’s argument implied that different rock features did not simply exist 
statically in the world as orchestrated by a divine will. Rather, they had been 
formed by the Earth itself through geological processes over long periods of 
time. One of the principal contributions of Werner was that it allowed for an 
understanding of the Earth as a historical entity characterized by self-organized 
changes not ordained by God. Reference to nature’s internal processes, quite 
independent of any God, thus started to make sense as a basis for understanding 
an increasing range of phenomena in the world.11 

At this time, a physicist by the name of John Tyndall took an interest in the 
peculiar geological evidence indicating that there had been a prehistoric Ice 
Age. Armed with a material epistemology, he suggested that the cause of the 
disappearance of this Ice Age might have been climatic changes. Tyndall 
supported his claim by demonstrating that water vapor had the capacity to 
prevent infrared radiation from dissipating into space and thereby creating a 
heating effect in the atmosphere. Consequently, he proposed that fluctuating 

10 However, Kant’s notion was preceded by the ancient Greek philosopher Epicurus’s 
understanding of nature as mors immortalis (see below). Notably, the Greek word Physis 
meant nature, such as it “creates itself” and “emerges from out of itself” (Feenberg, 2009: 
160). The Chinese word Ziran similarly means, “it is so by virtue of its own” (Chan, 2005: 
542, emphasis in original). 

11 Notably, Marx’s and Engels’s programme, historical materialism, was an attempt to 
understand the evolution of human organization in this sense. 
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levels of H2O in the atmosphere could have been the cause for the observed 
climatic changes. Svante Arrhenius, a Swedish scientist, later showed that 
concentration of CO2 in the Earth’s atmosphere, fluctuating in self-reinforcing 
feedback mechanisms, was a better explanation for climatic changes. As the 
physicist Spencer Weart (2003: 6) explained in The Discovery of Global 
Warming, even if Arrhenius was “far from proving how the climate would 
change if CO2 varied, he did in truth get a rough idea of how it could change.” 

Today, the notion that nature is a material-historical process may seem 
obvious, even trivial. However, it is important to appreciate how the 19th 
century materialist turn constituted a fundamental shift away from the earlier 
European understanding of nature as a static phenomenon created and 
organized by God. A new epistemology took hold that acknowledged nature 
itself as God-independent processes of great complexity. The very notion of 
the biosphere as a complex living system of biogeochemical cycles was later 
to be founded upon such a material understanding of the world (Suess, 1875; 
Vernadsky, 1998[1929]; Clark et al. 2007; Steffen et al., 2011). As the Soviet 
scientist Vladimir Vernadsky explained in The Biosphere:  

Creatures on Earth are the fruit of extended, complex processes, and are an 
essential part of a harmonious cosmic mechanism, in which it is known that 
fixed laws apply and chance does not exist. We arrive at this conclusion via our 
understanding of the matter of the biosphere (1998[1929]: 44). 

Vernadsky’s seminal work and understanding of the biosphere as a cosmic 
process with complex internal interactions between living and non-living 
matter later influenced the development of Western ecology through G.E. 
Hutchinson, Eugene Odum, and Arthur Tansley in the 20th century (Oldfield 
and Shaw, 2013). What is more, Vernadsky contended, “all organisms are 
connected [to the biosphere] indissolubly and uninterruptedly, first of all 
through nutrition and respiration, with the circumambient material and 
energetic medium” (Vernadsky, 1945: 4). Importantly, humans too were 
regarded as organisms that were “indissolubly and uninterruptedly” part of the 
biosphere. In conversations with French scientists, Vernadsky proceeded to 
hypothesize that the biosphere was undergoing significant changes due to 
human influences. In the words of Steffen et al. (2011: 843), these “prophetic 
observers,” therefore laid the foundation not only for the understanding of the 
biosphere, but even anticipated today’s critical historical impasse. 
Contemporary deliberations on the “Anthropocene,” “Technocene,” or 
“Capitalocene” can all be interpreted as late variations to Vernadsky’s 
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observation that humans, “through [their] labor and [their] consciousness,” are 
shifting the Earth into a new geological state (Vernadsky, 2001[1938]: 22).  

This historical discussion simply scratches the surface of materialism and its 
significance for a recognition of nature.12 I nevertheless hope to have 
demonstrated that the understanding that is today driving an increasing concern 
for the natural world is underlined by philosophical materialism. In sum, 
materialism is an acknowledgement that nature matters in at least two basic 
ways: 

1. Nature matters in the physical sense of constituting biogeochemical
processes that exchange and transform matter and energy.

2. Nature matters in the sense of being necessary for the continuation of
humans and other forms of life.

While it is important to reflect upon nature as a mental concept, it is essential 
that we acknowledge and recognize nature in the biophysical sense if we wish 
to study the contrast between conventional social aspirations and ecological 
reality (Soper, 1995; Ruuska et al., 2020). In relation to the second point, 
human populations, like any other animal population, are part of the natural 
world, which they are dependent upon for their continuation (Daly, 1996; 
Heikkurinen et al., 2016). No organism can exist without an environment from 
which to draw matter-energy. 

Today, the 19th century materialist turn is important not simply because it 
reminds us that a fundamental shift in European epistemology occurred, but 
because the shift was never fully completed. For the purpose of this thesis, it 
is of particular relevance that this material turn was never fully applied to the 
understanding of technology. Even Vernadsky (1945: 4), who insisted that 
humans are “indissolubly” part of the biosphere, thought that technological 
progress was “the result of ‘cephalization,’ the growth of man’s brain and the 
work directed by his brain.” Karl Marx, who drew on the work of Charles 
Darwin, came closest to a materialist understanding of technology by 
speculating how it might be the human equivalent to “the formation of the 
organs of plants and animals, which serve as the instruments of production for 
sustaining their life” (Marx, 1990[1867]: 493, footnote 4). In the same footnote 
he wrote: 

12 For example, I have purposefully left out the question of whether consciousness (mind) is 
dependent or independent from nature. I address this issue in more detail below. 
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Technology reveals the active relation of man to nature, the direct process of 
the production of his life, and thereby it also lays bare the process of the 
production of the social relations of his life, and of the mental conceptions that 
flow from those relations (Marx, 1990[1867]: 493-494). 

However, even in the extensive corpus of Marx, this historical materialism of 
technology was relegated to only one footnote. To the extent that we can draw 
a distinction between technology and machines,13 Marx was much more 
interested in machines than in technology. For Marx, as for many of his 
contemporaries, the theme of the machine as a labor-saving device was of 
utmost interest. When reading Marx most famous passages on the machine, 
however, it is evident that Marx had an inclination to consider the productive 
potential of machines as originating from within the machines themselves (see 
e.g., Marx 1990[1867]: 494, 502; Marx 1993[1939]: 818-819). In particular, 
machines regularly appear in Marx as if they have been simply conjured into 
existence with a ready-made productive potential. This is an understanding of 
technology that resembles the pre-materialist geology, where rock formations 
are conceived of as independent from their geological history.  

Still today, I argue, the non-materialist view haunts contemporary analyses of 
technology. In effect, as I show further on in this chapter, modern conceptions 
of technology systematically miscalculate the feasibility to employ technology 
in the hope of solving environmental problems. The rejection of materialist 
ontologies of technology is most obvious in philosophical frameworks where 
technology is explicitly understood as “cognitive activity” or as a 
“consciousness.” However, ontological materialism appears to be absent even 
in supposed materialist philosophies of technology. The following section is 
meant to demonstrate this surprising situation. 

What is technology? A review of contemporary 
philosophy of technology as immaterial 
Let us now turn to contemporary philosophy of technology and ask what 
technology is. Among philosophers of technology, there have been countless 

 
13 In this thesis, I distinguish between technological artifacts (or objects) and technology as a 

continuum wherein technological artifacts are temporal manifestations (see below under sub-
headline “The technological continuum: An illustrative model”). In this view, a machine is a 
type of technological artifact. 
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ways of approaching this question (see Scharff and Dusek, 2014). Here, I will 
follow Andrew Feenberg’s (1991; 2008) categorization, which distinguishes 
between three overarching theoretical approaches to technology. These are 
“instrumentalism,” “substantivism,” and “critical theory.” To this list, I will 
add “actor-network theory.” While this is not an exhaustive account of all 
existing philosophies of technology, it does provide a point of departure from 
which it is possible to engage with the 20th-21st century discussions of 
technology. 

Instrumentalism: A gift from the other 
Instrumental theory is commonly pointed to as the dominant understanding of 
technology today (Feenberg, 1991: 5-7, 2008; Dusek, 2006: 53-69). This 
theoretical lens is employed for the most parts by governments and policy 
makers but is also common within the social sciences. At the core of scientific 
instrumentalism lie an anti-realist argument asserting that no theoretical 
explanation or concept can be claimed as explaining reality (Stanford, 2006). 
From this perspective, it is better to understand “theories as tools for pursuing 
practical ends” rather than as true descriptions of reality (ibid. 403). In 
instrumental takes on technology, this practical imperative extends from 
theories to technologies, which must only be judged by the degree of efficiency 
with which they can be employed to solve problems. Concerns regarding the 
conditions and effects of technologies are typically brushed to the side as an 
external concern. As Dewey (2008: 354-55) put it: 

There is no problem of why and how the plow fits, or applies to, the garden, or 
the watch-spring to time-keeping. They were made for those respective 
purposes; the question is how well they do their work, and how they can be 
reshaped to do it better. 

This position gives rise to the common, yet widely criticized notion that 
technologies are value-neutral (Winner, 1980; Huesemann and Huesemann, 
2011: 235-41). Technological neutrality, or value-neutrality, is recognized as 
a concept that can be captured in the cliché “guns don’t kill people, people kill 
people.” Technologies, in this reductivist view, are independent from the 
contexts in which they arise and which they reproduce. Such a value-neutrality 
underscores Marx’s famous critique of John Stuart Mill in the opening of 
chapter 15 in Capital vol. 1 where Marx argues that the role of machinery under 
capitalism is not to save labor, but that machinery can take on this social role 
in other social modes. 
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The anti-realism that underscores instrumental theories of technology is key to 
understanding in what way technology is value neutral. In Dewey’s work, 
summed up by Larry Hickman (2014: 408, 410), technology is considered a 
“cognitive activity” that is “brought to bear on raw materials and intermediate 
stock parts, with a view to the resolution of perceived problems.” This implies 
that technology is essentially an immaterial (cognitive) phenomenon, yet with 
tangible consequences in the material world.14 This process is made possible 
through the technical operation of engineers, or “engineering design” 
(Mitcham, 1994: 225-228). Technology in the engineering sense is a result of 
the human ability to come up with different designs. “Designing,” Mitcham 
(1994: 220) writes, can be identified as a process of extracting thoughts from 
the head of the engineers and delivering them into the real physical world via 
drawings, modelings and blueprints (see also Layton 1974: 38). Technology is 
consequently thought to originate from scientific knowledge and therefore 
understood as a form of applied science (Kline, 1995). 

The notion that technology is design is similar to the European pre-materialist 
view of nature, in which nature’s geological features were explained with 
reference to God's design. At times, the similarity is striking. For example, 
Frederich Dessauer, one of the founders of modern philosophy of technology, 
claimed that the mind of the engineer or inventor may be in contact with a 
transcendental realm (the Kantian thing-in-itself) when engaged in ingenious 
thought processes and when developing novel design patterns (see Mitcham 
1994: 29-33). Engineers are, in this Dessauerian sense, uniquely trained to 
maintain the relation between human cognition and the transcendental thing-
in-itself in order to conjure more efficient objects into the world. A similar 
notion is found in physicist Freeman Dyson’s widely cited statement that 
“Technology is a gift from God” and that “After the gift of life it is perhaps the 
greatest of God’s gifts.” It is not surprising that we should discover these 
quoted by ecomodernists such as Aaron Bastani (2019: 31) who builds his 
claims on the notion that technological progress is “amounting to nothing more 
than an upgraded [more efficient] re-arrangement of previous information” 
(ibid. 63). 

Underscoring the instrumentalist preoccupation with efficiency is the very 
common but seriously underexamined assumption that engineering design and 
technological progress is “an effort (at first sight, of a mental sort) to save effort 
(of a physical sort)” (Mitcham, 1994: 221). The engineer, it is believed, solves 

14 Vernadsky’s (1945) notion of the human brain as the determinant of technological progress is 
an example of this view. 
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“problems of fabrication that will save work (as materials or energy) in either 
the artifact to be produced, the process of production, or both” (ibid.). Design 
for efficiency, in other words, reduces physical expenditure through the 
application of knowledge. This is in fact no small assumption since a closer 
examination shows that it contradicts both the laws of thermodynamics and 
Epicurus’s observation that “nothing comes from nothing” (for the former, see 
Georgescu-Roegen, 1975). It is worth mentioning that instrumentalist physicist 
Ernst Mach (1911: 49) explicitly criticized the principle of conservation of 
energy and argued that: 

What we represent to ourselves behind the appearances exists only in our 
understanding, and has for us only the value of a memoria technica or formula, 
whose form, because it is arbitrary and irrelevant, varies very easily with the 
standpoint of our culture. 

That is to say, atoms, molecules and physical events, are semiotic 
representations, not true explanations, of the world (epistemological idealism). 
It follows that technology, as applied knowledge, must be considered as 
something immaterial. 

From the standpoint of philosophical materialism, this implies that engineering 
invention and design can circumvent natural laws and cheat nature for the 
benefit of humans and other technology-wielding organisms. It follows that 
technologies do not require, so much as “save,” matter-energy. This, I would 
like to argue, is the philosophical terminus of instrumental theory that is now 
at heart of the notion of “decoupling” that serves as a lodestar for 
ecomodernists. Moreover, it is likely that it also underscores the neoliberal 
commitment to take nature as purely instrumental and plastic for human benefit 
(cf. Pellizzoni 2011). It follows, as Feenberg (1991: 6) argued, that there is 
little left but unreserved commitment to technology if we accept this essentially 
Promethean framework, which encourages the notion of technology as 
historical destiny. 

Substantivism: A call for the sleeper to awake 
If instrumental theory is the dominant theory of technology then 
“substantivism”15 can be understood as its antagonistic rival. In contrast to 
instrumentalism, substantivist theories of technology point out that it is a 
dangerous fallacy to consider technologies merely as instruments without 
tangible consequences in the world. For substantivists, technologies are often 

 
15 Substantivism is sometimes called “the cultural approach” (Drengson, 1995: 39-50). 
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catalyzers for wider social-political change. Since it is not widely recognized 
that technologies often encourage social change, the uncritical acceptance of a 
new technologies is understood as something like a Trojan horse, which 
imposes often-unwelcomed changes to social relations and values. 

This perspective is primarily associated with Martin Heidegger and the French 
philosopher Jacques Ellul. In The Question Concerning Technology, 
Heidegger examines the instrumental notion of technology in order to 
understand its essence – “Enframing” (Gestell) – as a way of revealing nature 
as a “standing-reserve” of resources. The essence of technology, Heidegger 
contends, is nothing technological. Rather, we must understand technology as 
a historically specific method of revealing, or interpreting, what nature and 
history (or Being) is all about. Heidegger uses the case of the river Rhine and 
argues that the river is through the technological mode of revealing understood 
as a standing-reserve that subsequently appears to exist for the purpose of being 
exploited. The dam as technology, in other words, denotes not the dam itself 
with its turbines or valves, but the underscoring idea that the river exists 
primarily as an inert flow of exploitable matter (resource) available for human 
exploitation. In short, technology is more a phenomenological lens through 
which the natural world is understood and approached rather than itself a 
tangible material phenomenon in the world. 

In a similar vein, Jacques Ellul (1964: xxv) defines technology as “the totality 
of method rationally arrived at and having absolute efficiency.” The defining 
feature of the technological society as understood by Ellul is that every action 
and domain of social life are transformed by technology into rationalized 
processes with improved efficiency. However, technological values of 
rationality and efficiency occur at the expense of human values (connection, 
equality, sustainability, democracy, etc.). In the words of Langdon Winner 
(2020[1986]: 6), “technologies are not merely aids to human activity, but also 
powerful forces acting to reshape that activity and its meaning.” Technologies 
thereby engender new lifeworlds. 

But why is this technological change occurring according to substantivists? For 
Heidegger, the essence of Enframing was inherited by technology from the 
modern physical theory of nature. An answer as to why Being is revealed 
through enframing can therefore only be found by questioning “the essential 
origin of modern science” (Heidegger, 1977[1954]: 23; cf. Merchant, 1980). 
According to Ellul, in contrast, technology has come to execute societal 
transformations autonomously. Whereas the technical operation is that of 
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efficiency, the technical phenomenon is an autonomous consciousness16 in the 
presence of which humans are merely the “cellular tissue” in its total biology 
(Ellul, 1964: 142). All societal contact with nature or history is mediated by 
technology that thereby functions as a barrier for authentic communication 
with nature. “Enclosed within this artificial creation” Ellul writes, “man finds 
that there is “no exit”; that he cannot pierce the shell of technology to find 
again the ancient milieu to which he was adapted for hundreds of thousands of 
years” (ibid. 428).  

To break with the technological condition, if possible, humans must awake 
from “technological somnambulism,” a condition in which the symptom is to 
sleepwalk past the technological choices that produce the existence of the 
afflicted (Winner, 2020[1986]: 5-10). This implies that humans must become 
aware of what world they are making through their everyday technological 
choices and practices. Only once the end purpose of technology is made an 
explicit object of reflection can the appropriate means be discussed, developed, 
and implemented in possibly humane and democratic ways (cf. Illich, 1973). 
More importantly, since technologies may be inherently political, 
technological fixes are seldom the answer to social or ecological problems 
(Winner, 2020[1986]). Alternatives to technologies are therefore favored over 
alternative technologies (Winner, 1979; Heikkurinen, 2018). 

Critical theory: A political struggle over the technical code 
The critical theory of technology is primarily associated with the philosopher 
of technology Andrew Feenberg (1991, 2008) who draws on perspectives from 
the Frankfurt School, Georg Lukács and the early writings of Karl Marx. A 
key feature of the critical theory of technology is that it opposes the “take-it-
or-leave-it attitude” towards technology that Feenberg believes characterizes 
the ying-yang of instrumentalism and substantivism. Critical theory moves 
beyond considering technology as something either emancipatory or repressive 
by drawing on constructivist technology studies that open for considerations 
of the role of social power in the design of technologies (Feenberg, 1991; 
Bijker et al., 1989).  

More specifically, critical theory considers technological values (efficiency, 
productivity) as originating from the interests of the social group that has the 
most influence over the design process. Given the social character of the design 
process, technology is socially designed with a specific end in mind, rather 

 
16 In more recent work, this consciousness is not so much autonomous as something of ‘our own 

subconscious intelligence’ (Drengson, 1995, quoted in Heikkurinen, 2018: 1659). 
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than itself being an autonomous mind or cultural lens (as for substantivists). 
Feenberg (1991: 14) writes, “technology is not a thing in the ordinary sense of 
the term, but an ‘ambivalent’ process of development suspended between 
different possibilities.” What technology is, in other words, depends upon what 
social class, or interest, is in control of the design. Technology is in this sense 
a plastic, malleable, phenomenon that is considered ontologically plural (i.e., 
it can be many different things). Following this reasoning, Feenberg considers 
technology a medium within which societal values and developmental 
pathways are politically negotiated and contested. What is contested, more 
specifically, is the “technical code,” understood as “the realization of an 
interest or ideology in a technically coherent solution to a problem” (Feenberg, 
2008: 52). Technology, in the most general sense, is therefore a mediator of 
social-political action and influence. 

Critical theorists visualizes alternative technologies designed democratically, 
which can overcome the problems associated with capitalism, patriarchy, and 
modern industrialism. This requires active resistance to the current hegemony 
over the technical code through protests, grassroots movements, and reforms 
(see e.g., Kostakis et al., 2016; Likavčan and Scholz-Wäckerle, 2018). 
However, before this can occur, the illusion of technological transcendence 
must be exposed as an instance of reification that operate to maintain social 
inequalities. Here, Feenberg (2008) draws on both Martin Heidegger and 
Herbert Marcuse and argues that the transcendence via technology is a cultural 
illusion at the heart of the modern experience that legitimizes divisions of 
labor.17 Since no one is able to act without repercussions in a finite world, 
“technical action” represents not a full but “a partial escape from the human 
condition” (Feenberg, 2008: 48, emphasis added). While technology provide 
humans with net benefits, it has adverse and unequally distributed impacts in 
the world for different social groups. 

To understand how Feenberg’s critical theory arrives at the plastic ontology of 
technology, we need to explore the underscoring “philosophy of praxis” 
situated within the Western Marxist philosophical tradition (Feenberg, 2014). 
In particular, since Feenberg draws heavily on Georg Lukács, we need to 
understand how Lukács approached the society-nature distinction and in what 

 
17 Importantly, Feenberg’s critical theory shares some philosophical assumptions with both 

instrumentalism and substantivism. Feenberg agrees with instrumentalism that the ontology 
of technology is decided in the process of its design but rejects the notion of its mysterious 
origin or purpose. Feenberg also agrees with substantivism that technological values must be 
opposed and questioned but rejects the notion of technology as in any way inherently political 
or problematic. 
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way this has colored the take on materialism in Feenberg’s critical theory of 
technology. Lukács’s seminal work History and Class Consciousness is 
perhaps one of the most influential texts for Western Marxists. In a famous 
footnote, Lukács limits the Marxist method to society and history while 
simultaneously levying a critique against Engels’ dialectic method for claiming 
to know nature (Lukács, 1968[1923]: 24, footnote 6). To know anything about 
nature and matter, according to Feenberg’s reading of Lukács, we would have 
to resort to investigating the social production of nature in which formulations 
of laws and ecological limits are cases of reifications in service of the capitalist 
class. Marxists such as John Bellamy Foster, Alfred Schmidt, and others have 
rejected this approach as granting too much primacy to the realm of 
consciousness. They have consequently charged the early Lukácsian view with 
misinterpreting objectification (the coming to being, or evolution, of the 
natural world) as alienation, like Hegel (Feenberg, 2014:124-128; Schmidt, 
2014[1971]: 69-70; Foster, 2000: 244-49). Even Lukács himself, in what 
Feenberg calls a “unique example of philosophical self-misunderstanding,” 
rejected his approach as a flawed attempt to “out-Hegel Hegel” (Lukács, 
1968[1923]: xxiii; Feenberg, 2014: 126). 

Despite this, Feenberg continues to develop Lukács’s earlier statements on the 
society-nature distinction. According to Feenberg, Lukács’s solution was to 
argue for two separate ontological realms in which the dialectic method was to 
be applied differently. That is to say, we cannot understand nature the way that 
we understand society (see also Burkett, 2013). This clarification is central 
because it shows that Feenberg’s critical theory of technology is not seeking to 
understand technology from an interdisciplinary social-ecological perspective 
in which it is possible to study the common denominators of society and nature. 
While some (natural scientific) objects of thought exist independently of 
society, technology is not understood as such a natural object. To clarify, we 
can say that technology is more like the category “money” (semiotic) than the 
category “metal” (material) or “coin” (material-semiotic). This becomes clear 
if we remember that Feenberg’s work concentrates on the process of design, 
thereby conceiving technology as a primarily semiotic category. It follows that 
technology is ontologically plastic and can be transformed through human 
praxis if only people were conscious that they themselves produced it (much 
like the category “money”). Technology, then, similarly to money, is a social 
medium through which relations are decided and orchestrated. 

The notion that the natural (or physical) gives rise to the social (ontological 
materialism) is absent in this philosophy of technology. By following Lukács’s 
earlier separation of society and nature only to exile technology to the social, 
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Feenberg excludes the possibility that technology can be both a reification and 
an object in the world in the ontological-material sense (much like what is 
implied by the word ”coin”). Notably, for Marx, even if human labor is taken 
away, “a material substratum is always left. This substratum is furnished by 
Nature without human intervention” (Marx, 1990[1867]: 133). “The physical 
bodies of commodities,” Marx continues, “are combinations of two elements, 
the material provided by nature, and labour” (ibid. 133). Crucially, in 
Feenberg’s critical theory of technology, the physical element of matter is 
missing, or at least appears to be underrepresented. This implies in turn that 
society and technology can be transformed from the inside (through design), 
without reference to an outside (or a human-environmental relation), much like 
a caterpillar metamorphoses into a butterfly in isolation. 

Actor-Network Theory: Machines as social actors 
The final theory reviewed in this chapter, Actor-Network Theory (ANT), has 
gained widespread popularity within the social sciences and sparked many 
controversies in recent decades. The main thinkers associated with ANT are 
Bruno Latour, Michel Callon and John Law, two of whom have argued that 
ANT should not be understood as a theory at all (Latour, 1996: 377; Law, 
2009). It is nevertheless true that ANT is made up of a set of principles and 
assumptions that together form a coherent “metatheory” (Bhaskar and 
Danermark, 2006; cf. Latour, 1996: 377-378).18 

As a metatheory, then, ANT consists of a set of principles that are all 
constitutive of the central assertion of ANT; that the world is exclusively made 
up of networks. At heart, “ANT is a change of metaphors to describe essences: 
instead of surfaces one gets filaments [threads],” writes Latour (1996: 370). By 
substituting the metaphor of surfaces for the metaphor of network, ANT is 
seeking to get rid of the conceptual dichotomies (such as society-nature) that 
are believed to be at the root of the problems of the modern age (Latour 1993, 
2004). Nature and society are therefore shattered into millions of analytical 
pieces called “actants” that relate in complex “networks.”  

ANT invites us to think of the world in terms of actants and networks, but is 
technology an actant or a network? The question itself does not make sense 
within ANT because the actants are ontologically defined by reference to their 
relations in the network (Latour 1988; MacGregor 1991). This underscores the 
relation between humans and technological artefacts who are seen as mutually 

 
18 These include (i) a radical rejection of conceptual dichotomies, (ii) the principle of symmetry, 

(iii) a definition of agency as “having an effect,” and (iv) the principle of decentralized power. 



48 

giving rise to one another: On the one hand, humans are in control of 
technologies as far as humans create and delegate tasks to technologies. On the 
other hand, technologies, such as a door-closer, “prescribe back what sort of 
people should pass through the door” and is therefore interpreted as a “highly 
moral, highly social actor” (Latour, 1988). As in substantivism and critical 
theory, technologies challenge human values. However, instead of thinking of 
technology as a consciousness or a politically contested medium for social 
transformation, Actor-Network theorists think of technologies themselves as 
social actors (Latour, 1988, 1996). As social actors, technologies are 
constituted through technology-human relations and are therefore not purely 
autonomous – but then again, neither are humans. This philosophy resembles 
postmodernist feminist Donna Haraway’s categorization of the “cyborg,” 
which blurs the boundary between the organic and the inorganic, much like the 
blurred boundary between the female and the male (1991). 

ANT is frequently described as “material-semiotic” (Law, 1999, 2009; Law and 
Mol, 1995). This can be understood as a perspective that simultaneously takes 
into consideration the fact that materials (frequently referred to as “stuff”) effect 
and gives shape to what is typically categorized as social. “The social,” writes 
Law and Mol (1995:276) “isn’t purely social” but also material because all social 
relations involve relations with stuff. In turn, the same goes for technologies; 
“the electric vehicle is a set of relations between electrons, accumulators, fuels 
cells … and consumers” (ibid. 276-277, emphasis added). In short, stuff is vital 
for the existence of people and people are vital for the existence of stuff. 
However, while networks involve and gives rise to material stuff, “a network is 
[itself] not a thing” writes Latour (1996: 378). Rather, networks are essentially 
semiotic. Networks, as opposed to actants, are invisible connections that are 
“immersed in nothing,” writes Latour (1993: 128). 

From the position of philosophical materialism, some of the premises in ANT 
are based on fallacies. The first fallacy arises from the tendency to fetishize 
artefacts (Hornborg, 2017). Fetishization, in the Marxist sense, refers to the 
fallacy of assigning agency to commodities (Marx, 1990[1867]: 163-77). We 
will return to this point later. A second fallacy that ANT makes is to think of 
agency and relations (albeit not “stuff”) as something essentially non-physical. 
Exponents of ANT (and new materialism) claim that inanimate things “have 
effects,” “do things,” “produce effects,” or “have powers,” and that these 
agential powers come from within things. For example, Bennett (2010: 18) 
writes “so-called inanimate things have a life, that deep within is an 
inexplicable vitality or energy … a kind of thing-power.” This energy, or 
“thing-power,” does not follow the regular habits of energy explained by 
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physics.19 The notion that things can animate themselves from within, without 
reference to an environment from which to draw the necessary matter-energy 
to exert their power, reduces relations in ANT to the study of signs (semiotics). 
Actants may be material “stuff” but relations are purely semiotic. This is so 
because the “effects” and “powers” that actants exert over one another are not 
understood as physical. Thus, Latour (1993: 378) writes, “what circulates [in 
networks] has to be defined like the circulating object in the semiotics of texts” 
and “a network is not a thing, but the recorded movement of a thing.” Networks 
of signs are thereby thought to give rise to material “stuff” (ontological 
idealism). A third fallacy that indicates the ontological idealism underscoring 
ANT is the very notion that dichotomies can be transcended by efforts of 
thought alone. To simply un-think the dichotomies of the world is mistaken 
from a materialist point of view, since dualities are tangible, material, 
differences in the real world that arise historically. As shown by Adrian 
Wilding (2010), ANT thus cannot explain how the dichotomy that they 
criticize has come to bear significance in the world in the first place. 

So what is technology? On lightbulbs as bright ideas and technology as a 
historical novelty 
So, what have we learned from inquiring into these philosophies of 
technology? First, it is possible to see that there are both important differences 
and similarities across the four theories in the conception of technology. 
However, what is arguably most striking is the general commitment to 
understanding technology as ontologically non-material. The reference to 
human cognition, consciousness, design, and semiotic networks as core aspects 
of technology demonstrates the absence of ontological materialism. This is 
quite remarkable, but it should perhaps not come as a surprise in a culture that 
visualizes bright ideas as lightbulbs.  

If these interpretations are correct, then we have every reason to question why 
ontological materialism is absent from contemporary philosophies of 
technology. The embryo of an answer can be found in Leo Marx’s (2010) 
fascinating study on technology as a concept. While the concept of technology 
originates from a combination of the ancient Greek words technē and logos, it 
was not used in the now familiar sense of the word until well into the 20th 
century. Technology as a concept emerged as late as 1880 to fill the “semantic 
void” appearing due to considerable material changes in industrializing regions 

19 MacDuffie, in his study on the fictionalization of energy, shows that energy as a metaphor in 
this sense arose from the erroneous 19th century British experience of the city as a closed 
system capable of feeding on itself (MacDuffie 2014). 
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at that time. While the word technology first emerged to describe the complex 
material development of railway networks, the very “lack of specificity” made 
it “susceptible to reification” and eventually only the most obvious parts of the 
system stood in as “tacit referents” of the whole (Marx, 2010: 574). This 
suggests that the modern-day conception of technology has much more to do 
with the world-historical changes in the 19th century than with the ancient 
Greek notions of technē and logos. 

Through a search on Google Book’s Ngram Viewer we can confirm Leo 
Marx’s assessment that the word technology is a historical novelty (figure 2). 
This data shows how the word technology emerged in the beginning of the 
1900s only to gain momentum by the 1960s and peaking in popularity just 
prior to the 2000s. Technique seems also to have entered the English language 
sometime in the beginning of the 1900s only to reach a modest peak in the late 
1980s. In contrast, the word “machine” was used already from the 1700s 
onward and peaked just before the 1920s.20 This confirms that the idea of 
technology is a very recent historical phenomenon. As we shall now see, 
reuniting the concept of technology with the specific socio-metabolic system 
emerging at this time in Europe and North America has major consequences 
for our understanding of what technology is. 

Figure 2. The occurrence of the words “technology,” “machine,” and “technique” in books published 
in the English language, 1800-2019. Source: Ngram Viewer (2020a). 

20 In other European languages, the results are similar. In French, the word “technique” shows a 
similar curve as the word “technology” in the English language (Ngram Viewer, 2020b). In 
German, the word “technologie” follows a curve very similar to English (Ngram Viewer, 
2020c). 
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En route to a critical ecological  
philosophy of technology 
I will now attempt to bring together Foster’s devotion to Epicurus’s and Marx’s 
philosophical materialism and Hornborg’s interdisciplinary understanding of 
technological systems. The aim is to point out how the abovementioned 
philosophies of technology can be understood to represent different 
interpretations and analytical foci of the single social-ecological phenomenon 
of technology. The purpose is to offer a hypothesis of technology that is based 
upon the same philosophical assumptions of the world as research on the 
biosphere. The social-ecological philosophy that I propose is indebted to all 
the philosophies of technology reviewed above. However, based on its 
commitment to materialism it is also distinct from them. It relates to the above-
mentioned philosophies as follows:  

1. It agrees with instrumentalism that the truth-value of conceptions is
determined through successful and sustained praxis, but adds that this
truth-value should primarily be considered in terms of how such
conceptions relate to social-ecological sustainability (i.e., the long-
term survival of society in nature). For example, if the mental category
of “technology” is part of a conceptual arsenal to exploit the natural
world in an unsustainable fashion, then it can rightfully be considered
to have a low truth-value and ought to be reconsidered.

2. It agrees with substantivism that modern technologies may be
indistinguishable from the social or political relations that they
encourage or demand, but adds that such relations might also originate
from the matter-energy required to produce them. For example, if solar
PV projects require more matter-energy than can reasonably be
supplied by a social group itself, then, in order for it to exist, it might
encourage or demand specific social relations of exchange through
which resources are appropriated.

3. It agrees with critical theory that technological transcendence is an
illusion of the capitalist mode of production but adds that technology
is likely not transcendent under other modes of production either. For
example, even if solar PV technology is installed to harness energy at
low monetary costs, such harnessing is impossible without material
demands on the natural world and cannot therefore transcend the
fundamental metabolic condition of human societies.
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4. It agrees with ANT that modern technology can be defined by
reference to a network but asserts that this network is foremost an
international trade network orchestrating a global exchange of matter-
energy. For example, even if solar PV technology design and
manufacturing is orchestrated by actors in networks of knowledge
exchange, the production process of solar PV modules necessarily
involves an exchange of matter-energy in international trade to take
physical form.

To understand this philosophical position, we will first have to look to the 
notion of materialism and metabolism in Karl Marx and understand how it 
suggests an understanding of dialectics as metabolic. 

Ontological materialism, metabolism, and dialectics 
The nature of Marx’s materialism has long been a matter of dispute (Lukács, 
1968[1923]; Schmidt, 2014[1971]; Vogel, 1996; Foster, 2000; Cassegård, 
2017). Despite wide-ranging disagreements, there is nevertheless a consensus 
that Marx’s materialism was heavily influenced by ancient Greek and Roman 
philosophers such as Epicurus, Democritus, and Lucretius. Remarkably, 
modern understandings of space, time, evolution, and human origins were to a 
large degree anticipated by these philosophers. It is clear that Epicurus’s 
philosophical materialism influenced not only Marx but played an 
extraordinary role for the founders of modern science and the English and 
French Enlightenment in general (Foster, 2000: 39-51). This hinged in large 
part on the fact that Epicurus’s philosophy of nature was non-teleological. For 
Lucretius, the concept of nature was mors immortalis (immortal death), which 
refers to the inescapable and transitory mortality of nature itself. It was in the 
false notion that this condition could be escaped (e.g., the promise of an 
afterlife) that institutionalized religions could gain extraordinary powers. In 
opposition to this, Epicurus contended, true freedom was only ever achieved 
by embracing death as senseless (Foster, 2000: 6, 36).  

In this material philosophy, dynamic and open-ended change in nature take 
precedence over God or final causes. By extension, humans are not created in 
the image of God or Spirit but are temporal and sensuous beings through whom 
nature actively engages with itself. Thus, Marx (2000[1841]: in Ch. 4) quoted 
Epicurus: “In hearing nature hears itself, in smelling it smells itself, in seeing 
it sees itself.” Contrary to Lukács’s charge against Engels that humans cannot 
know nature dialectically, Epicurus’s and Marx’s position implies that nature 
can be known, because knowing nature is synonymous with knowing oneself. 
This does not mean that human knowing is always true or complete. Rather, as 
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a biological species, what is true is whatever mental representation of the 
world sustaining a given human organization (society) over time in any given 
environment (nature).21 In this, signs are as much supportive of material 
relations as they are “plays,” “struggles,” “quests for mastery,” or whatever 
signs or meaning the social metabolism invites or demands (cf. Rappaport, 
1968; Harris, 1980). 

If critics argue that such epistemological materialism is Baconian, it is because 
they fail to acknowledge the relationism in Marx’s notion of metabolism 
(Foster 2000: 10-11). Schmidt (2014: 78) illuminates this contested topic by 
noting that Marx abandoned his early Baconian view once he replaced the 
linear notion of human appropriation of nature with the dialectical notion of 
“metabolism” [Stoffwechsel]. Stoffwechsel, or metabolism from the Greek 
metabolē (exchange), was a term that came to be used by German biologists in 
the 1800s to explain how cells in the human body could maintain their material 
form over time. The understanding that there was a similar metabolic exchange 
between human bodies and their environment was later pointed out by Justus 
von Liebig. Influenced by Liebig, Marx wrote, “man lives on nature … nature 
is his body, with which he must remain in continuous exchange if he is not to 
die” (Marx, 2000[1844]: 31). Crucially, since human organisms are social, the 
metabolic exchange also applies to different social formations. Hence, some 
interdisciplinary scholars use the term “social metabolism” to denote the 
socially organized relation to the environment (Sorman, 2012). A cell, a human 
or a human society, is then, primarily, a materially integrated component of 
nature sustaining itself through metabolic relations with its surrounding. The 
essential difference between the Baconian view and the metabolic view is 
whether nature (the biogeochemical processes in the biosphere) is understood 
as an external resource existing for human exploitation or as the necessary 
counterpart of society without which society would not exist. 

The notion that human societies can escape this metabolic relation to nature, 
bound within mors immortalis, is a central theme in religion and political 
ideologies throughout history. Today, in both instrumentalism and ANT, we 
see attempts at breaking with this fundamental metabolic condition in two 

21 For example, as Foster (2000:55) noted, “in Epicurus is found even the view that our 
consciousness of the world (for example, our language) develops in relation to the evolution 
of the material conditions governing subsistence.” God, in this sense, can be true (but not real) 
if the specific practical actions derived from the worshipper positively affects the reproduction 
of the social metabolism. In contrast to the instrumental conception of objective truth as 
socially constructed, human knowledge of the world is here understood to operate in feedback 
with a real material world (Rappaport, 1968; Bateson, 2000[1972]). 
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opposite ways. While instrumentalism and ecomodernists champion a radical 
separation of society and nature, ANT champions a radical unity of society and 
nature. Neither approach is correct from the metabolic view because metabolic 
exchange forms a relation that is characterized by both connection and 
separation. While society and nature are the same at one level, they cannot 
exist in unity without a separation that facilitates a metabolic exchange 
between the two. We might say that relations necessitate separation; otherwise, 
there would be nothing to connect. This is true if we consider human-to-human 
relations in our everyday life and it is true physically, as becomes evident by 
the “useful fact” that the “universe is not one solid mass, all tightly packed,” 
as Lucretius (2007: 18) wittingly observed. This means that we have good 
reasons to question whether escaping from the social metabolic condition 
through technology or any other method is possible. The material perspective 
of Epicurus and Marx implies that this is indeed an impossibility. This is 
something that we learn also from thermodynamics. 

Thermodynamics, evolution, and exosomatic organs 
The modern science of thermodynamics has its antecedents in 19th century 
Britain and France. At that time, the rise of the political power of the 
bourgeoisie was increasingly connected with the steam engine, employed to 
pump water out of coalmines and perform mechanical work in industries 
(Malm, 2016). Still, the early steam engines managed to convert only a paltry 
two percent of the potential energy in coal into useful work. Increasing the 
efficiency of steam engines was therefore a key concern for early industrialists. 
At this time, one important question was how efficient steam engines could 
become. Was it possible that steam engines could be developed to feed on their 
own boilers in perpetuity without further human effort? These questions were 
intimately bound to relations of power. As Rabinbach (1992: 58) argued, the 
quest for perpetual motion was “the phantasmagoria of a society dedicated to 
making work superfluous.” In effect, there was a “pervasive moral criticism of 
those who resisted work” because they were defectors in the “search for an 
alchemy of work without struggle” (ibid. 58).  

It was in the search for a perpetual motion machine that Sadi Carnot discovered 
the irreversibility of heat passing from hot to cold, now known as the second 
law of thermodynamics (the entropy law). The implications of Carnot’s engine 
were later formalized by Rudolf Clausius (1867), who stated that the transfer 
of energy from a warmer to a colder body always implies a total loss of useful 
energy. The nature of energy, which Hermann von Helmholtz (2001[1862]) 
praised for being a universal indestructible “Kraft”, was that it universally 
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tended towards less useful states. It slowly dawned; the world was 
characterized by entropy, an inescapable tendency towards disintegration and 
thermal equilibrium. The cornucopian potential in the first law of 
thermodynamics – that energy cannot be created or destroyed – was effectively 
shattered with the understanding of the entropy law. It implied that the 
omnipresent “Kraft” could not be reused infinitely. The implications were 
game-changing because they struck at the core of the 19th century European 
cosmology.  

As Stokes (1994: 67) points out, “the effect of the thermodynamic laws on the 
thinking about evolution in the universe was profound.” How could organisms 
live, grow, and evolve in a universe characterized by entropy? It did not take 
long until the biologist Herbert Spencer (1904) provided an answer: The 
human body counter-maneuvered the law of entropy by drawing energy from 
its environment. Schrödinger (1945: 75) later defined life in general as that 
which “feeds upon negative entropy”: 

Thus, the device by which an organism maintains itself stationary at a fairly 
high level of orderliness … really consists in continually sucking orderliness 
from its environment. This conclusion is less paradoxical than it appears at first 
sight. Rather could it be blamed for triviality. 

However, it is through this “triviality” that the anti-mechanism of the law of 
entropy becomes evident, since it implies that nothing can be said to exist 
simply by reference to its internal parts. For example, take a human body, a 
tree, or a clockwork mechanism. A human cannot continue without food; a tree 
cannot continue without sunshine; a clockwork mechanism cannot continue 
without a human winding up its spring. The entropy law was and still is proof 
of the inescapably relational character of artefacts, life, and societies 
(Georgescu-Roegen, 1971; Bateson, 2000[1972]; Foster et al., 2010).  

In terms of evolution, humans have been highly successful in maintaining 
metabolizing collectives in a wide range of environments without any drastic 
variation in their physiology (Bates, 2001). This can partly be explained by the 
fact that human organs are not all part of the physiology of the individual 
human body, as becomes evident through thermodynamics and as Karl Marx, 
his contemporary Ernst Kapp, and later Alfred Lotka pointed out (Marx, 
1990[1867]: 493; Kapp, 2018[1877]; Lotka, 1956). Apart from the 
“endosomatic organs” that are part of the body, human depend extensively on 
“exosomatic organs” outside their bodies that provide access to a range of 
different environments (Lotka, 1956). One universal example is fire, an 
exosomatic organ for digestion and an aid to making environments more 
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accessible to the human body through cooking and more effective hunting. 
Another example is the plow, an exosomatic organ intensifying the amount of 
humanly available biomass that can be extracted from a given environment. 
Yet another example is the British Imperial coal network and the colonial 
triangular trade that facilitated an appropriation of labor time and natural 
resources from ever more remote environments and peoples (Hornborg, 2006; 
Pomeranz, 2000). As will be elaborated below, all such organs provide matter-
energy, but only through prior and continual use of matter-energy. 

Even if exosomatic organs all in varying degrees facilitate an appropriation of 
resources from the environment, different organs may imply different relations 
within a society. Lewis Mumford (1964) sheds light on this issue by separating 
what he calls “democratic technics” from “authoritarian technics.” Examples 
of democratic technics are fire, baskets, nets, bows and simple water pumps, 
all defined as democratic with reference to the fact that they can be learned, 
produced, and controlled by any adult member of the species. Democratic 
technics, he writes, are “relatively weak, but resourceful and durable” and 
work best in contexts where aspirations for accumulation are low (Mumford, 
1964: 2). However, as is evident both historically and in our own time, social 
aspirations may imply material pressures on environments that exceed their 
regenerative biocapacity (Pomeranz, 2000; Wackernagel et al., 2002; WWF, 
2020). For such aspirations to be saturated, energy and material resources have 
to be extracted from non-local environments and peoples (Hornborg et al., 
2007; Rice, 2007). The “authoritarian technics” required for such aspirations 
included an orchestration of both nature and people in systems of material and 
ideological power (Mumford, 1954; Hornborg, 2001). In short, these organs 
cannot be democratically produced or maintained since they necessitate (and 
in a sense are) undemocratic relations of production whereby some people 
work for the benefit of others.22 Mumford (1964) pointed out that contrary to 
the humble democratic technics, authoritarian technics excel simultaneously in 
both mass construction and mass destruction. Whether these technics, or 
organs, are understood as emancipatory or destructive is therefore contingent 
upon how particular social groups are positively or negatively affected by 

22 Engels (1972[1874]) position on authority and industrialism recognized that industrial 
machinery is inherently authoritarian regardless of ownership. In effect, “wanting to abolish 
authority in large-scale industry is tantamount to wanting to abolish industry itself” (ibid. 
731). Moreover, since authority was seen by Engels as inseparable from large-scale industry 
and since industrialism was interpreted as inevitable, Engel’s regarded large-scale industry as 
being exempt from moral questioning or radical critique. 
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them, something that today often corresponds to particular geographical 
locations (see Hornborg, 2014; Isenhour, 2016). 

Ecologically unequal exchange and machine fetishism 
Like Mumford’s “authoritarian technics,” Alf Hornborg’s interdisciplinary 
work on ecologically unequal exchange has suggested that modern technology 
is inseparable from the global social-ecological arrangement orchestrated by 
European colonial powers at least since the 18th century (Hornborg, 1992, 
2001, 2013, 2016). Drawing on world-systems analysis (Wallerstein, 2011a-
d), dependency theory (Frank, 1966; Amin, 1972; Emmanuel, 1972; Bunker, 
1985), and ecological economics (Georgescu-Roegen, 1971; Martinez-Alier, 
1987), the theory of ecologically unequal exchange proposes that capitalist 
world trade orchestrates an exchange whereby richer (core) regions of the 
world appropriate resources from impoverished (peripheral) regions of the 
world (Giljum and Eisenmenger, 2004; Hornborg, 2006; Jorgenson et al., 
2009; Lawrence, 2009; Dorninger and Hornborg, 2015; Hao, 2020; Dorninger 
et al., 2020). It explains these differences by empirically demonstrating how 
economic exchange – conventionally measured in money – facilitates an 
unequal exchange in terms of labor time, embodied land, and/or natural 
resources. This is possible because any symbolically equal exchange, for 
example in terms of money ($100 for $100), may simultaneously imply a 
physically uneven exchange in terms of resources or resource investments (say, 
100 kg for 10 kg).  

In our own time, Hornborg (1998: 131-132) argues, “market prices are the 
specific mechanism by which world system centres extract exergy from, and 
export entropy to, their peripheries.”23 According to Wallerstein (2004), core 
regions in the world economy are those in which the production process is 
largely controlled by state-backed corporations. Through tariffs, subsidies, tax 
benefits, and other measures, states in core regions facilitate a wide margin 
between production costs and sales prices for corporations. Thus, wages and 
prices remain high in core regions because market competition is effectively 
annulled. In contrast, corporations in peripheral regions of the world economy 
do not enjoy the same state benefits. They are therefore “truly competitive” in 
a manner that pushes down wages and prices on their products (Wallerstein 
2004: 28). Semi-peripheries exhibit both core-like and peripheral-like 
conditions of production. If we look at China as an example, wages and prices 
remain low in China by international standards even if there is a growing 

 
23 For a description of “exergy,” see Appendix A.  
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middle class enjoying a higher income. When the country opened for 
international capital in 1978, the inflow of foreign direct investments (FDIs) 
forced state-operated firms to compete with private firms from overseas. This 
led the Chinese state to purge the state-operated firms from low productivity 
workers in the 1990s (Yang et al., 2010). These included less educated 
workers, old workers, and women in precarious positions. As production was 
made more efficient, wage levels increased. Thus, state regulations generated 
higher wages. Even as wages increased, however, the unskilled population was 
left without a steady income, effectively becoming (in Marxist terms) a 
“reserve army of labor,” desperately offering unskilled labor at very low wages 
(Yang et al., 2010). While wages and worker benefits are increasing in China, 
these effects are also unevenly distributed. In countries with weaker states, 
wages are even more exposed to market competition driving down wages. 
When commodities are exchanged on the international market under regional 
price differences, a net transfer of embodied resources tends to flow from 
periphery to core, periphery to semi-periphery, and semi-periphery to core. By 
extension, much of the environmental load of the high-consumption lifestyles 
in the core is displaced to the world peripheries (Hornborg, 2009; Dorninger et 
al., 2021). 

According to the theory of ecologically unequal exchange, technologies have 
been intertwined with socially determined rates of exchange (prices) whereby 
some nations have been able to appropriate resources from other nations to 
build and maintain modern infrastructure at least since the mid-19th century. 
Hornborg (2005, 2013) shows, for instance, that in exchanging British cotton 
manufactures for North American raw cotton at equal monetary prices, Britain 
in 1850 established a net flow of embodied labor and embodied land to Britain. 
Technology can be understood from two vantage points in the orchestration of 
such material exchange: 

1. Machine technology such as water mills and steam engines
necessitated a concentration of resources to be constructed and
operated. For example, the development of early industrial machinery
in Britain was based upon the import of large amounts of Scandinavian
iron, and later, after the repeal of the Corn Laws, Russian and Prussian
wheat for feeding the labor force (Pomeranz, 2000; Debeir et al., 1991:
108-11; Hornborg, 2006).

2. Machine technology such as water mills and steam engines facilitated
asymmetric metabolic relations by lowering production costs in the
cotton industries. This in turn leads to more favorable exchange rates
and further rounds of resource appropriation. In such a way, not only
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state power, but also productive infrastructure contribute to low 
production costs relative to commodity prices (Warlenius, 2016). To 
this rationale, we add the use of military technologies to subdue and 
exploit peoples around the world to secure labor and resource-
abundant or geopolitically favorable locations (Headrick, 2010).  

Asymmetric metabolic relations, in theory, are what modern technology at 
once necessitates and facilitates. As such, modern technology can be 
understood as emerging due to the ecologically unequal exchange that allowed 
the elites of the British Empire to eventually accumulate more resources than 
the biocapacity of the British Isles could provide (Pomeranz, 2000; Hornborg, 
2006). The same asymmetric relations, Hornborg contends, can be observed in 
the distribution of light in night-time satellite images of the Earth today (see 
NASA, 2017). If the “inventors of nuclear bombs, space rockets, and 
computers are the pyramid builders of our own age” (Mumford, 1964: 5), then 
Hornborg argues that ecologically unequal exchange is the indispensable 
mechanism through which the necessary labor and natural resources for these 
inventions can be accessed. 

The notion that modern technologies necessitate ecologically unequal 
exchange has profound implications for a philosophical consideration of 
technology. This is so because the work that technological artifacts appear to 
perform in a local environment necessitate resource expenditures (materials, 
land, labor, etc.) elsewhere in the world economy. This means that “the 
rationale of machine technology” is not necessarily to do work, but rather to 
“(locally) save or liberate time and space, but (crucially) at the expense of time 
and space consumed elsewhere in the social system” (Hornborg, 2006: 80). 
Smartphones, for instance, provide obvious benefits (time, energy “saved”) for 
those who can afford them, but they simultaneously imply obvious burdens 
(time, energy “spent”) across the global production process. From this, we may 
ask, do the physical costs shouldered by nature and workers outweigh the 
physical benefits gained by the technology user? With reference to the second 
law of thermodynamics, the transformation of matter-energy is always 
accompanied by an increase in disorder. This alone excludes the possibility 
that technology is something that delivers net benefits in a physical sense. In 
addition, as pointed out by Lucretius (2007: 11), “nothing can be made from 
nothing.” Technologies, then, do not add anything physical to the world.  

From a critical ecological perspective, to believe that technologies provide 
physical net benefits in the world is an illusion maintained by the fact that the 
adverse costs of any given technological artefact or efficiency improvement 
are displaced to nature or to other parts of the world. The question, then, is for 
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whom a given technology is biophysically worthwhile. In the world economy, 
the burdens, or costs, associated with technology are taking place far from the 
everyday sensuous experience of the user. This is the root of “machine 
fetishism” wherein technologies appear to have innate productive qualities (or, 
agency) since they are understood as isolated from the global social-ecological 
arrangement that generated them (Hornborg 1992, 2016). Rather than having 
innate productive qualities, however, technologies are better understood as 
having productive qualities due to resource expenditures elsewhere in society 
or nature. The “agency” or “thing-power” spoken of by new materialist and 
ANT theorists is therefore not innate to the technological artefacts themselves 
but granted to them by virtue of being the embodiments of resources dissipated 
elsewhere. To put it simply, we can say that the smartphone is working because 
it has implied a loss of resources (low entropy) earlier in its life cycle. The 
degree to which a given technology works to the maximal benefit of the user 
depends upon to what degree the loss of low entropy can be displaced to other 
systems (social or natural) or not. The question concerning technology is 
therefore ultimately a matter of matter-energy distribution (not addition) 
between natural processes (e.g., nutrient cycles) and social groups. 

In sum, the critical ecological framework in this thesis is underscored by at 
least six basic assumptions. These assumptions are all related to the 
overarching assumption explored in this chapter, i.e., that philosophical 
materialism provides invaluable insights into the processes of nature and 
history. This includes: 

• First, an agreement with ontological materialism asserting that human
populations emerge from nature’s independent processes, to which
they therefore are metabolically bound. From this assumption emerges
an understanding of the fundamental paradox that all human-
environmental relations imply human-environmental separation.

• Second is an agreement with epistemological materialism when
assuming that human semiotic representations of nature are true to the
extent that they support a particular metabolic interaction with – and so
survival in – nature. Given today’s ecological problems, this assumption
motivates a questioning of the modern outlook of science, economics,
and technology and their relation to the metabolic reliance upon fossil
fuels and the Industrial Revolution (for science and economics, see
Georgescu-Roegen, 1971; Daggett, 2019). The notion that technology
constitutes a problematic concept in modern culture is reflected in the
lack of ontological materialism in contemporary philosophies of
technology that have effectively omitted biophysical nature.
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• Third, any given technology is part of a socially organized 
metabolism.  

• Fourth, since “nothing comes from nothing” and “everything must go 
somewhere,” technologies do not add – merely redistribute and 
dissipate – matter-energy in the world. By virtue of being made of 
large amounts of initially dispersed material compounds, modern 
technologies require global social relations that concentrate resources. 
The neglect of this fact leads to the pervasive modern cultural 
misrepresentation of technologies referred to as “machine fetishism.”  

• Fifth, the question concerning technology is foremost a question of 
matter-energy distribution across social groups and natural processes 
in contrast to the conception of it. This is the theme of this thesis, as 
applied to solar power. 

• Sixth, in line with practical materialism (see definition above), human-
environmental relations can change in a more sustainable direction 
through deliberate human technological practices adjusted to carrying 
capacities and nature’s processes (see below). 

The technological continuum: An illustrative model 
To explain my critical ecological approach to technology, I propose a 
continuum of technology (figure 3) that analytically divides the complete 
phenomenon of technology into: 

i) Technology as past social conditions and consequences (prior to being 
assembled as artefacts). 

ii) Technology as an artifact in the present.  
iii) Technology as future social relations and consequences.  

With reference to this continuum, Hornborg’s concept of “machine fetishism” 
explains a collective difficulty in thinking of past social-ecological relations 
and consequences – and so the full material continuum – as essential to what 
technology is. If the full continuum is taken into consideration, we understand 
that we are dealing with a relation between the systems on the left side of the 
continuum (among which the loss of low entropy occurs and the technological 
artifact’s capacity to do work is generated) and the systems on the right side of 
the continuum (in which technological artifacts are applied for their capacity 
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to do work). In this view, technological artifacts in the present embody low 
entropy (or resources) “spent” that can be put to work by the user to facilitate 
further rounds of appropriation in the future. In other words, technologies are 
means for continuous ecologically unequal exchange (Hornborg, 2003). 

Figure 3. The technological continuum. 
Representing an exchange of embodied matter-energy from the left end to the right end. 

Let us briefly take a closer look at the biophysical past of a specific 
technological artifact to see what is omitted in the fetishized perspective. To 
this end, I would like to refer to the German company Nager IT, which 
produces the “Faire Maus.” The aim of the company is to produce a computer 
mouse that is a hundred percent fair. It meticulously documents the working 
conditions under which all the mouse’s material components are 
manufactured. Figure 4 is a summary illustration of the company’s effort to 
trace and assess the mouse’s commodity chain. This represents the biophysical 
past of a particular technological artifact – in this case a computer mouse – as 
an illustration of the technological continuum. The mouse itself, of course, 
represents the technological artifact, such as it appears to consumers in the 
present. In this illustration, we can see how the biophysical past of a modern 
technological artifact is immensely complex. To produce something as 
seemingly simple as a computer mouse requires more than twenty material 
components extracted from around the world, which are then transported, 
processed, packaged, and assembled in a range of different stages. If the boxes 
in the illustration represent particular material components or manufacturing 
processes, the lines in between the boxes represent instances of matter 
exchange and transportation. 
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A recurrent problem for ecological economists who are interested in the 
exchange of matter-energy is the fact that commodity chains are 
conventionally accounted for in terms of money. Money, however, is simply 
the symbolic representation of what is actually being exchanged (matter-
energy) and spent (low entropy). In this physical sense, technological artifacts 
do not come from money, but from matter-energy that has been appropriated 
from nature and transformed by labor. In industrial capitalism, this process 
occurs with the aid of highly energy-dense fossil fuels (see chapter three). So 
far, it seems, this fundamental biophysical condition of technological artifacts 
has been sidestepped in the philosophies of technology reviewed above. 

The review of the assumptions in contemporary philosophies of technology 
suggests that it is common to consider technology as something ontologically 
non-material, yet often with tangible consequences in nature. This is most 
obvious in instrumentalism, in which technology, like a deus ex machina, is 
lowered down onto the theatre of the present to solve material problems for the 
future (Smith and Marx, 1994; Foster et al., 2010: 116). This is the view that 
powerful organizations such as OECD and UNEP are now operating with, 
using defunct notions of “green and sustainable growth” (OECD, 2011; UNEP, 
2011, 2014; cf. Hickel and Kallis, 2019; Parrique et al., 2019). This omission 
can also be deduced from the assumptions in ANT, which thinks of 
technologies as emerging from semiotic networks (as if that which the boxes 
and lines of the Faire Maus commodity chain illustration represent are simply 
ideas). The reference to technology as design or consciousness is similarly 
problematic since it downplays and sometimes obfuscates the social-ecological 
origin of technological artifacts. This is not to say that design and 
consciousness are not necessary aspects of technology. However, it does mean 
that design and consciousness are not sufficient to describe the complete 
material phenomenon of technology. To acknowledge the complete 
technological continuum implies a consideration of what a given technological 
artifact at once necessitates (the left side of the continuum) and facilitates (the 
right side of the continuum). By understanding technologies this way, it 
becomes possible to evaluate how a given technology alters nature’s processes 
and/or contributes to a transformation of human-environmental relations 
within the confines of the biosphere. 

Perhaps the most important point offered here is that technologies should not 
be assumed to alleviate environmental pressures in one area without implying 
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such pressures elsewhere in the world.24 With that said, the notion that modern 
technology is a means to orchestrate unequal exchange of matter-energy does 
not mean that technology can or should be rejected. As we have seen, all 
organisms, or collective of organisms, require strategies of appropriation for 
their very survival, i.e., strategies to suck orderliness from their environment, 
or, to metabolize. Without such strategies, they would cease to exist. This is an 
inescapable condition of being an organism, or a collective of socially 
organized organisms, in nature. While this appropriation is by definition 
unequal, human organizations can, in theory, choose to what degree they 
expend other people’s resources by exploiting their land and labor. As current 
global ecological footprints greatly exceed the carrying capacity of the Earth 
(WWF, 2020), this will be a major challenge for 21st century societies seeking 
to transition away from fossil fuels in a just and humane way. 

This chapter has highlighted the discrepancies between the philosophical 
assumptions of natural science and the philosophical assumptions dominant 
within the philosophy of technology. In particular, it has shown that 
ontological materialism has remained marginal in the major strands of 20th 
century philosophy of technology. While research on the biosphere has 
emerged from an understanding of the world as a complex interplay of 
geological forces and biogeochemical cycles of matter-energy commensurable 
with philosophical materialism, technology has come to be interpreted as 
ontologically immaterial, springing forth from human cognition, 
consciousness, design, or semiotic networks. The remedy to this discrepancy 
– by acknowledging ontological materialism in the philosophy of technology
– suggests that technology may be understood as a means to orchestrate
ecologically unequal exchange. Technology, in this view, is not merely an
artifact but a processual continuum, which requires and reproduces specific
social-ecological conditions.

24 Similar forms of displacement may also apply to the working conditions and gender relations 
altered when new technologies are commercialized in the world core. 
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3. The industrial regime as a
historical parenthesis:
The social-ecological context of
solar PV technology and the
question of the new metabolism

“People make their own history, but not exactly as they please. Rather, they 
must struggle under conditions established by the complex coevolution of 

nature and human production, and the relations of power and ideology, 
inherited from the past.”  

– Foster, Clark, and York

If solar power is to play a significant role in replacing fossil fuels, as is 
conventionally expected, we need to consider what such a replacement implies. 
To this end, it is essential to understand how the current energy regime 
emerged historically and how it still affects us today. The purpose of this 
chapter is to sketch out an interdisciplinary understanding of the most recent 
major energy transformation – the Industrial Revolution – to understand the 
ramifications of altering the metabolic basis of industrial societies by means of 
solar PV technology. We will see how the Industrial Revolution both 
necessitated and facilitated specific ecological conditions, social relations of 
power, and cultural imaginaries, which are not easily separated from the 
development of solar PV technology today. This will be followed by an 
analysis of three different interpretations of the Industrial Revolution, which 
all understand the prospects and implications of leaving the industrial regime 
differently. I show that the answer to whether solar PV technology is based on 
ecologically unequal exchange (RQ1) tells us whether solar PV technology is 
a means to continue the metabolic basis of industrial societies, or a means to 
alter it. 
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Numerous approaches have been developed by social scientists to understand 
how energy technologies at once arise from and generate particular social 
relations (Fouquet and Pearson, 2012; Markard et al., 2012; Geels, 2012, 2014; 
Last, 2015; Sovacool, 2016). However, as we saw in the previous chapter, the 
most relevant approaches to energy technology are those that acknowledge 
how energy transformations are biophysical events. Energy transformations 
are bound to alterations in the natural environment and of nature’s processes. 
As recently suggested by environmental historians Ian Jared Miller and Paul 
Warde “energy transitions are always at some level also environmental events” 
(2019: 466). This means that the unit of analysis must include not only the 
socio-technical formation associated with a particular energy regime, but the 
socio-technical formation within its environment. Many of the interdisciplinary 
studies that have been conducted in this vein have concluded that to leave the 
fossil regime implies a transformation that is comparable to the Neolithic and 
Industrial Revolutions (Debeir et al. 1991; Fischer-Kowalski and Haberl, 2007; 
Podobnik, 2005; Haberl et al., 2011; Lenton et al., 2016).  

The history of human-environmental relations is not the history of humans or 
the history of environments, but a history of the relation between the two. 
Weisz et al. (2001: 122) summon Maurice Godelier to argue that humans 
“transform their relation with nature by transforming nature itself.”25 In turn, 
these transformations, which affect the dynamic biogeochemical processes of 
nature itself, provoke the historical opportunity or necessity for social-
technical changes. This social-ecological dialectic is the underlying 
methodological departure for the study of a range of phenomena, such as 
“energy systems” (Debeir et al., 1991), “dialectical materialism” (Foster, 2000; 
Foster et al. 2010), “raw materialism” (Gellert and Ciccantell, 2020), 
“ecological-economic history” (Martinez-Alier and Schandl, 2002) and 
“ecologically unequal exchange” (Hornborg, 1998; Bunker and Ciccantell, 
2005a; Hornborg, 2009). We can say that these approaches all in one way or 
another deal with the process of “coevolution” wherein societies are 
“structurally coupled to parts of their environment, leading to a process where 
both mutually constrain each other’s future evolutionary options” (Weisz et 
al., 2001: 123; see also Kallis and Norgaard, 2010). 

The concept of “social-ecological regimes” (Fischer-Kowalski and Haberl, 
2007; Krausmann et al., 2016) provides a helpful systematization of human-

25 As we saw in chapter two, humans cannot choose to end this transformative interaction if they 
wish to survive in nature, since the reproduction of society necessitates a matter-energy 
exchange, a Stoffwechsel, which always implies a transformation of nature. 
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environmental coevolution in history. Essentially, a social-ecological regime 
denotes “a specific fundamental [metabolic] pattern of interaction between 
(human) society and natural systems” (Fischer-Kowalski and Haberl, 2007:8). 
These fundamental patterns may contain different forms of social relations and 
are therefore broader historical categories than Marxist “modes of production,” 
which are defined foremost by historically developed social relations (Debeir 
et al., 1991: 12).26 The essential difference between different social-ecological 
regimes is how human populations harness matter-energy from their 
surrounding environment. Crucially, however, such metabolic interactions 
cannot fully be understood without considering how internal social relations 
facilitate and reproduce them. Social interaction, its preconditions and form, 
alters continually in relation to the dynamic changes of natural environments. 
In the study of social-ecological regimes, culture, understood as the “the total 
socially acquired life-style of a group of people including patterned, repetitive 
ways of thinking, feeling and acting,” is similarly understood as facilitating the 
reproduction of a given social metabolism (Harris, 1997: 88; Weisz et al., 
2011). Alongside environmental changes, transitions from one socio-
ecological regime to another are therefore associated with major historical 
alterations in both social relations and cultural imaginaries.27 

In this chapter, I describe the Industrial Revolution as the emergence of a 
historically novel social-ecological regime, with far-reaching consequences for 
the global environment, for the cementation of a world division of labor, and 
for modern imaginaries. To this end, I first deal with its prerequisites and how 
it necessitated particular historical conditions. In particular, I consider how 
colonialism, capitalism, and fossil fuels were crucial for the formation of this 

 
26 For example, what in historical materialism are called the ‘ancient mode of production’ and 

the ‘feudal mode of production’ can be understood both to be encompassed within the 
‘agrarian socio-ecological regime’ because they are both metabolically based on energy 
captured through cultivation of plants. Modes of production have at times changed 
simultaneously as transitions in social-ecological regimes. Hypothetically, therefore, new 
social-ecological regimes might imply new modes of production in the Marxist sense, but not 
necessarily the other way around (see Fischer-Kowalski et al. 2019). As such, it seems likely 
that changes in social relations alone do not determine changes in socio-ecological regimes. 
However, the opposite might hold some truth historically. As argued by York and Mancus 
(2009) this difference in periodization between “critical human ecology” and classical 
historical materialism is rooted in the former’s acceptance of an ahistorical understanding of 
nature, such as exemplified by natural laws. 

27 In this thesis, I distinguish “social metabolism” from “social-ecological regime.” Whereas 
“social metabolism” denotes a socially organized exchange of matter-energy with the 
environment, a “social-ecological regime” denotes the social metabolism and the cultural 
imaginaries to support it. 
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social-ecological regime. This reading stands apart from the conventional 
interpretation of the Industrial Revolution as a progressive and liberating 
transformation emerging primarily from enlightened rationality and 
engineering ingenuity. I then deal with its consequences and how it facilitates 
particular historical conditions. Similar to the previous part, I provide a reading 
of the consequences of the Industrial Revolution that contrasts with the 
conventional view, which commonly ignores how it required and generated 
social inequalities and unprecedented environmental destruction (Barca, 
2011). I show that these consequences must be considered as much a part of 
industrial societies as the widely celebrated boons of technological progress. 
Given the numerous interpretations of the social and ecological consequences 
of the Industrial Revolution, the last part of this chapter deals with three distinct 
understandings of what it means to attempt to leave the industrial regime by 
means of renewable energy technologies, such as solar PVs. This part shows 
that it is still up for debate whether today’s solar aspirations will continue, 
transcend, or reverse fossil-propelled industrial capitalism. If solar PV 
technology is based on ecologically unequal exchange, industrial societies 
shifting away from fossil fuels will probably require intensified global 
asymmetries to maintain their level of consumption. 

The prerequisites of the Industrial Revolution: 
Colonialism, capitalism, and fossil fuels 
There is no doubt that the Industrial Revolution marks the beginning of 
historically unprecedented changes in human-environmental relations. Much 
of the recent work in environmental history considers the Industrial Revolution 
as the analytical focal point par excellence for understanding the roots of the 
global environmental problems of today (Haberl et al., 2011; Barca, 2011; 
Steffen, et al. 2015a; Hornborg, 2015; Malm, 2016). However, as these studies 
show, more than fundamentally altering the environment on a global scale, the 
Industrial Revolution marked the beginning of an entirely new form of social-
ecological regime. This is an important point, because it is crucial to 
acknowledge how today’s global environmental challenges emerged in tandem 
with specific social relations and cultural ideas that took shape with the 
historically new means to harness highly energy-dense fossil energy.  

As in the other two major energy transformations in history, the taming of fire 
and the Neolithic Revolution, it is difficult to isolate the exact causality behind 
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the emergence of the industrial social-ecological regime in a satisfactory way 
(Weisdorf, 2005). This is not to say that scholars have not attempted the task 
of doing so. To date, causal explanations range from the classical notion of 
human (notably British) engineering ingenuity in the design of the steam 
engine following the Enlightenment, to the British factory owners’ desire to 
dominate labor in the process of accumulating more capital (see Landes, 1969; 
Barca, 2011; Malm, 2016). Western scholars have typically thought of the 
industrial revolution as something emerging first in Britain around 1760, as an 
effect of some cultural, social, or ecological factor internal to Britain. This 
approach still dominates today, even if numerous historians have made much 
effort to demonstrate the flaws in such reductive and Eurocentric approaches 
(Frank, 1966; Wolf, 2010[1982]; Denemark and Thomas, 1988; Pomeranz, 
2000; Inikori, 2002; Moore, 2003; Barca, 2011; Marks, 2015; Hornborg, 
2015). Acknowledging that the emergence of industrialism in Britain was 
contingent upon international relations – as exemplified by the increasing role 
of the international market, the slave trade, and raw material imports from 
colonies – implies in turn that any attempt to understand the birth of the 
industrial regime must be sensitive to historical patterns established well 
before the year 1760. These include understanding capitalism and colonialism 
as a world strategy for ecological appropriation, emerging already in the late 
15th century. Here, we shall try to understand colonialism and capitalism as 
two interconnected prerequisites for the emergence of the industrial regime. In 
addition to these prerequisites, it is widely acknowledged that the industrial 
regime could not emerge without burning fossil fuels to propel machines used 
in the mass-production of commodities for the world market. 

Colonialism and capitalism as prerequisites for the Industrial Revolution 
If industrialism refers to “an inclination toward mass production of 
commodities,” then we have good reason to think that the industrial regime 
could not emerge without an already significant level of social-political 
complexity (Hornborg, 2015: 863). This is so because mass production cannot 
exist without the mass extraction of matter-energy inputs and a large-scale 
system of labor orchestration. For the ecological economist Robert Ayres 
(2016: 389), “[e]nergy (exergy) availability was the main engine of growth 
from the start of the Industrial Revolution.” However, this energy availability 
was not represented by the fossil fuels lying dormant in the Earth’s crust, but 
rather the access to copious amounts of biomass from the world peripheries 
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without which fossil fuels would be impossible to extract and burn.28 From 
this, we can deduce that the industrial regime must have emerged from a 
“successful” agrarian social metabolism that drew resources from an immense 
land base. As some environmental historians have shown, such complexity was 
generated through colonial expansion of European imperial powers, which 
appropriated natural resources and displaced entropy around the globe through 
means of trade, warfare, and slavery (Wallerstein, 2011a; Crosby, 1986; 
Pomeranz, 2000; Moore, 2003; Hornborg, 2006).  

Environmental historian Jason Moore (2003, 2007) has thoroughly examined 
the mechanisms and root causes of the capitalist world-system and its relation 
to early European colonialism. Drawing on the work of Immanuel Wallerstein, 
Moore provides an interdisciplinary interpretation of the rise of capitalism that 
considers “nature and society as mutually relational” (2003: 357). In seeking a 
“synthesis of theory and history for the study of large-scale socio-ecological 
change over the long duree,” Moore’s early work on the origins of capitalism 
is an indispensable contribution to the environmental history of social-
ecological regimes (ibid. 308). According to Wallerstein and Moore, the 
capitalist world economy emerged out of the social-ecological crisis in 15th 
century European feudalism that had “overstepped the socio-ecological limits 
to continued expansion” (Moore, 2003: 313, see also Wilkinson, 1973). For 
Wallerstein (2011: 37), the most plausible explanation for this crisis was that 
“[a]fter a thousand years of surplus appropriation under the feudal mode, a 
point of diminishing returns had been reached.” Feudalism, in the process of 
producing a surplus for the ruling strata, tended not to reinvest in the soil, 
which eventually led to soil exhaustion and diminishing returns (Moore, 2003: 
330; Wallerstein 2011: 23).  

In the crisis of feudalism, ecological factors such as climatological change and 
the Black Death were important catalysers for the emergence of capitalism. 
The Black Death, in particular, was a significant event because it 
fundamentally altered the power structure of feudal Europe through changes in 

 
28 Large-scale industrial operations to manufacture machines, construct railways, extract coal, 

and transport commodities across the world required a substanital amount of workers and raw 
materials. Both the food for this workforce (including both wage laborers and slaves) and 
many of the raw materials themselves implied substantial amounts of biomass. This includes 
biomass in the form of sugar from South -and Central America, cotton from North America, 
and wheat and wood from the Baltic (see below). As concluded by Inikori (2002: 478), "the 
claim, that technological development ... caused the growth of overseas sales instead of the 
other way round, is contrary to the clear evidence from the northern countries that led the 
technological change in cottons, woolens, and metals." In short, technological development 
and industrialization was contingent on biomass and raw material importation. 
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demography. The effects in Europe were devastating, leading to the death of 
40-60% of the population. In turn, this had serious repercussions for the
production of surplus for the managerial elites, who found themselves without
the provisions generated through serf labor. The dissolution of “the feudal
equivalent of the ‘reserve army of labor’” implied that the peasants bargaining
position drastically improved (Moore, 2003: 314). To put it crudely, the
“supply” of peasant serfs drastically diminished, thereby increasing their
perceived value. The result was that “Europe’s peasantry waged the class
struggle much more effectively than heretofore, squeezing the seigneurs, who
in turn squeezed the states, who were forced to recognize the former’s voice in
policy-making” (ibid. 2003: 317). Since the European peasantry resisted
increased exploitation, often in outright rebellion, “Europe’s ruling strata”
came to favor “’outer’ rather than ‘inner’ expansion” to satisfy their need for
surplus and political power (Wallerstein, 2011a; quoted in Moore, 2003: 316).

Internal reforms, such as converting arable land to pasturage in Castile and 
England, were attempted in the hope of increasing the production of surplus 
value by producing wool for export. In the end, these were not very effective 
and “transatlantic expansion was the path of least resistance” (Moore, 2003: 
316). Meanwhile, stories of a new world in the west were spreading. 
Christopher Columbus, in a speech to the Court in Madrid, gave an alluring 
account of his travels to what he believed to be a group of islands just east of 
Asia:  

Hispaniola is a miracle. Mountain and hills, plains and pastures, are both fertile 
and beautiful … the harbors are unbelievably good and there are many wide 
rivers of which the majority contain gold … There are many spices, and great 
mines of gold and other metals (Zinn, 1995: 3). 

Columbus’s choice of words in describing Hispaniola (known by the 
indigenous peoples as Haiti or Quizqueia) was not accidental. Nor was it 
romantic. It was a description of a financial opportunity for commerce and 
surplus production. Fertile lands, good harbors and wide rivers were all optimal 
conditions for resource exploitation and extraction. Precious metals such as 
gold and silver were extremely desirable goods on the emerging world market 
and were therefore likely to attract investment opportunities from commercial 
city-states such as Genoa, who financed the Iberian colonial expansion. Silver, 
in particular, was highly sought after due to an enormous Chinese demand 
stemming from Chinese financial reforms (from ca. 1400) that remonetized the 
economy from paper and copper coinage to silver as a medium of accounting 
and store of value (Pomeranz, 2000: 159-162). 



74 

In Europe, the increased quantities of bullion extracted from the Americas, 
such as gold and silver, functioned as a foundation for the emerging 
international market. As grain prices went up in one part of Europe, for 
example, the bullion functioned as a means for purchasing grain from 
elsewhere in Europe, thereby stabilizing prices in a common market sphere. 
As such, Wallerstein argues, increased access to bullion operated as a “hedge” 
and “sustained the thrust of the expansion, protecting [the] still weak system 
against the assaults of nature” (2011[1974]: 45-46, 76). The result was the 
emergence of a more resilient form of world-commerce operating with a world 
division of labor under the logic of commodification, i.e., the capitalist system 
(ibid. 77).  

World trade in luxury goods, or “preciosities”, such as silk, carpets, and spices 
had existed for some time, but it had done little to alter or affect regional 
metabolisms in Europe to the degree that it upset domestic power relations 
(Wallerstein, 2011a: 41-42). In China, in contrast, the intensified production 
of silk (among other goods) for international trade contributed to considerably 
changing social and ecological conditions (Abu-Lughod, 1989). With the 
expanding capitalist market, trade in staples such as wheat, wood, and sugar 
proved to have tangible material effects both in the regions that benefited from 
the trade and in those regions that carried the consequences. Wheat and wood 
imported from the Baltic (part of Europe’s “internal Americas”) freed up land 
in core regions that could be converted to pastures for draft animals and 
livestock, while simultaneously feeding a growing labor force and serving as 
raw material for house- and shipbuilding. Sugar, an emerging food staple in 
the core, was first planted by the Portuguese with slave labor on the island of 
Madeira, and this model was exported to the Americas where it was expanded 
and intensified to provide increased revenues for the newly formed coalitions 
between the merchant classes, the bankers, and the ruling classes of Europe. 
Sugar, in particular, was intimately tied to slave labor and both the colonial 
production of sugar and silver (and later cotton and tobacco) were extremely 
destructive and inhumane processes. The detrimental effects of sugar 
plantations led to what Moore (2003) calls “sequential exploitation,” whereby 
the ruthless treatment of landscapes and slaves through extractive mono-
cropping forced colonial plantation capitalists to move from region to region 
throughout the Americas in order to maintain profitable yields.  

From a wider, world-economic point of view, this degradation occurred for the 
benefit of those who could enjoy the final products. Early capitalist expansion 
and colonialism was ultimately a process whereby “[n]utrients [and all manner 
of resources] flowed from country to city in the New World, and thence from 
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urban centers in the periphery to the core” (Moore, 2003: 334; see also 
Hornborg, 2006; Clark and Foster, 2009; Infante-Amate and Krausmann, 
2019). As we have seen, the accumulation of resources and raw materials in 
the world core were used to increase living standards for a growing middle 
class, to gain political influence, to develop technological infrastructure, and 
to ramp up the manufacture of cheap commodities for the world market 
(Hornborg, 2006). The result was not only detrimental social and ecological 
effects in the peripheries, but also that some European nations, such as Britain, 
could uphold a metabolic throughput larger than the biocapacity of their 
domestic land base (Pomeranz, 2000). 

Even in colonial centers, however, the material bounty collected from around 
the world was unequally distributed. In core regions of the world, such as 
Britain, the “country to city” flow of nutrients was a central aspect of the 
emergence of capitalist class relations, ultimately contingent upon the 
“enclosure acts” by which landowners displaced peasants from their land to be 
used as sheep pasture (Foster, 2000: 172; Hornborg, 2015). The displaced 
peoples congregated in the cities where they made up the new class of the 
proletariat, a “reserve army of labor” condemned as serfs for capitalist 
industrial manufacturing (Marx, 1990[1867]). The new capitalist class gaining 
influence through the process of commodity production eventually grew 
powerful enough to challenge the tributary-based state system and so the power 
structure was recomposed (Wolf, 2010[1982]: 265-266).  

In this way, the rise of capitalism was inseparable from European colonialism 
and world commerce. Since its inception, then, capitalism has been contingent 
upon a world division of labor upholding an unequal distribution of social-
ecological benefits and burdens (Wallerstein, 2011a; Moore, 2003, 2007; 
Hornborg, 2006, 2013). In effect, “where earlier ecological crises had been 
local, capitalism globalized them. And it did so at a pace that outstripped all 
previous existing historical systems” (Moore, 2003: 303; see also Clark and 
Foster, 2009). Capitalism, in this sense, is inherently global in character, 
defined by the world social relations that allowed for the rise and continuation 
of resource accumulation among European imperial powers. Compared to 
previous empires, capitalism could (and did) draw on resources from around 
the globe (Wolf, 2010[1982]). According to Moore (2003), this distinctive 
feature was the foundation for a completely new form of world-economy in 
which the European capitalist resource base greatly exceeded its predecessors 
both in absolute and relative terms. This was, in other words, a historically 
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unique social condition distinct from feudalism.29 In Marx’s words 
(1990[1867]: 915):  

The discovery of gold and silver in America, the extirpation, enslavement and 
entombment in mines of the indigenous population of that continent, the 
beginnings of the conquest and plunder of India, and the conversion of Africa 
into a preserve for the commercial hunting of blackskins, are all things which 
characterize the dawn of the era of capitalist production. These idyllic 
proceedings are the chief moments of primitive accumulation.  

The term “primitive accumulation” is used here to denote the “prehistory and 
the precondition of capital” (Foster, 2000: 173, emphasis added). It was only 
within a highly exploitative world economy that the resources necessary for 
industrialization could be acquired, maintained, and increased. 

Fossil fuels as a prerequisite for the industrial regime 
Even if industrial mass-production was first propelled by hydropower, fossil 
energy played a definite role for the industrial regime, such as it developed in 
the 19th and 20th century (Malm, 2016). Beyond the role of coal as a source 
of energy in 19th century steam-powered manufacturing, fossil gas and oil 
were later pivotal for the development of industrial agriculture based on 
artificial fertilizer and for a range of artificial material compounds that replaced 
naturally occurring materials (Smil, 2001, 2016b).  

To understand the importance of fossil energy for the historical development 
of the industrial regime, we need first an informed understanding of what fossil 
energy is. This begins with an acknowledgement that fossil fuels originate as 
organic material that has been transformed over millions of years under 
conditions of enormous pressure and high heat in the crust of the Earth. This 
organic material was once the bustling ecosystems of prehistoric plants and 
animals that captured direct energy from the sun through photosynthesis and 

29 Such a definition of capitalism differs from positions that considers institutionalized wage 
labor, class-based ownership of the means of production, or even the combustion of fossil 
fuels as core defining features of capitalism. The famous Wallerstein-Brenner debate signifies 
a core dispute regarding the scale of the level and unit of analysis for understanding capitalism, 
where Brenner has challenged Andre Gunder Frank’s and Wallerstein’s analytical focus on 
exchange and class relations at the level of the emerging colonial world economy (Brenner, 
1977). I have sided with Wallerstein, who provides a basis for considering the rise of 
industrialism as fundamentally intertwined with world strategies for environmental load 
displacement prior to the fossilization and mechanization of the industrial manufacturing 
process (for this position, see also Denemark and Thomas, 1988; Bunker and Ciccantell, 
2005a; Hornborg, 2006; Barca, 2011). 
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built themselves from material found in the air, water, and soil. Over several 
hundred million years, layer upon layer of dead organic material accumulated 
in anaerobic environments (such as swamps). These layers were then buried 
under each other and pushed down in the Earth’s crust where they were 
subjected to extreme heat and pressure that eventually transformed them into 
the coal, oil, or fossil gas that industrialists extract today. As such, fossil fuels 
represent millions of years’ worth of “buried sunshine” that is highly energy-
dense (Dukes, 2003). The fact that modern humans orchestrate collective 
efforts to release the energetic potential of this fossilized solar energy in the 
blink of an eye, by geological standards, helps to explain the unique historical 
condition of the industrial regime today.  

Swedish journalist Therese Uddenfeldt pedagogically appeals to our sensory 
experiences as she explains the fundamental difference between direct solar 
energy and fossil energy. She writes (2016: 20, my translation),  

A simple experiment: First, reach out with one of your hands into a beam of 
sunshine and enjoy. Then put a piece of burning coal in the other. In the first 
hand, you experience the effects of direct sunshine. In the second hand, 
concentrated sunshine is in the process of melting your skin. What you 
experience is the difference between how much direct sunshine and 
concentrated sunshine can accomplish. 

Note that the difference between the two energy sources is not a difference in 
original energy source, i.e. sunshine. Coal, however, is a concentrated form of 
sunshine that is highly energy dense. The high energy density in the coal is 
contingent upon the time it took for it to accumulate and compress in the 
Earth’s crust, and the space for the original sunshine to hit the Earth and to be 
sequestered by ancient photosynthesizing plants. The sheer scales and 
timespans in question make it impossible for humans to imitate the formation 
of fossil fuels without great energetic costs (see e.g., Nikiforuk, 2012: 96). It 
is, in other words, energetically futile to attempt to produce artificial fossil 
energy carriers in the hopes that these could maintain any human social 
metabolism. This is why fossil fuels are considered non-renewable, as it simply 
takes too long for them to be renewed through the biogeochemical processes 
described above. Access to fossil fuels and the great energetic potential they 
embody is by all practical accounts a historically one-time opportunity (for a 
discussion, see Love and Isenhour, 2016).  

The non-renewability of fossil energy carriers does not preclude the fact that 
they are highly lucrative sources and substitutes for both space and time 
(Hornborg et al., 2019). Space and time, both represented in fossil energy, 
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correspond to the two categories of land and labor that had a primary 
significance for the expansion and increased complexification of social 
metabolisms in the agrarian regime (Sieferle, 2001). Let us briefly look at these 
two categories in turn.  

Fossil energy as compressed space. In Uddenfeldt’s “simple experiment,” it 
becomes easier to understand how the transition from the reliance upon direct 
sunshine to the reliance upon coal altered the relation to land with the industrial 
regime. Simply put, the lump of coal held in the second hand can be understood 
to represent numerous concentrated hands of the first kind. In the terminology 
of ecological economics, the coal is said to contain a lot of “embodied land,” 
i.e., the energetic potential of land areas. As the reliance upon coal grew (first
in Britain), the social metabolism increasingly came to rely upon the land
embodied in the fossil fuels extracted from mines. The historian Edward
Wrigley (1988) famously thought of the British industrialization as a transition
from an “organic economy” to a “mineral-based economy” that burst the solar
income constraint of the agrarian regime limited by access to land (for a
critique, see Malm, 2016). Studies that are more recent have come to similar
conclusions of how fossil fuels represent access to space (Sieferle, 2001;
Bridge, 2010; Huber and McCarthy, 2017). Geographer Gavin Bridge (2010)
considers the geography of the industrial regime as a “geography of holes,”
with reference to how extractive sites of coal, oil, and fossil gas are
comparatively small in relation to the amount of energy potential that is
extracted.

The concept of “power density,” as developed by Vaclav Smil (2006, 2010, 
2015), also captures the relation between land and fossil fuels. In short, power 
density is a measure of how much space is needed for any given means of 
capturing energy (W/m2). The concept is primarily used for understanding the 
challenges in transitioning away from fossil fuels, but it is equally useful for 
understanding what it implied to transition to fossil fuels in the first place. For 
example, Smil (2015: 3-4) has calculated that harvesting oak or beech has a 
power density of 0.22 W/m2, while a British coal mine in the 1770s produced 
fuel with a power density of nearly 1,200 W/m2.30 Again, this shows that the 
industrial regime fundamentally altered the human relation to land and the 
environment. Given this situation, it becomes evident that there is a 
fundamental difference between the agrarian regime and the industrial regime 
regarding the access to the energy necessary for the metabolic process. 

30 These calculations only account for the land occupied by the mine itself (10,000 m2), i.e., not 
the land embodied in the mechanical infrastructure, the capital, or the labor. 
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Whereas the agrarian regime is highly dependent on access to quantities of 
(preferably fertile) land for the production of consumable biomass, the 
industrial regime is less dependent upon quantities of land for access to energy, 
but increasingly reliant upon what we may call “qualitative” lands or “holes” 
rich in stocks of fossil fuels.  

The consequence of the very high energy density of coal was that it allowed 
matter-energy throughputs to be increased beyond the biocapacity of local 
environments, including the flow of energy harnessed through waterpower or 
wind power. Even if fossil energy did not cause the Industrial Revolution, 
access to fossil energy meant that the “social metabolism [could] be greatly 
increased without decimating the base of human nutrition” (Weisz et al., 2001: 
129).31

Fossil energy as compressed time. Uddenfeldt’s experiment is also an entry for 
understanding how fossil energy relates to time and labor. As for land, the 
scorching heat burning the skin of the second hand can be understood as a 
concentration of millions of years’ worth of sunshine. Apart from embodied 
land, fossil fuels represent also high concentrations of embodied time. The very 
essence of industrialism as an inclination towards the mass production of 
commodities under the capitalist logic of accumulation was founded upon this 
new energy-time relation. Andrew Nikiforuk (2012: 26) uncovers how early 
industrial capitalists marveled at the capacity for work embodied in coal as 
“two pounds of coal could … lift a man to the summit of Mont Blanc without 
any human toil.” The time embodied in coal was used to speed up the 
manufacturing process and reduce the time for traveling and transportation of 
goods and materials (Hagens, 2020). For example, prior to the industrialization 

31 A bit of caution is warranted on the basis that the transition to fossil fuels was not simply a 
transition from biomass to coal, but also a transition from water energy to fossil energy in key 
early industrial industries such as the cotton manufacturing industry (Malm, 2016). It is 
nevertheless crucial that we understand the extraction of fossil fuels and industrial technology 
as an alternative means for increasing matter-energy throughput that is distinct from the 
territorial expansion in the agrarian regime. This, however, does not imply that the conquest 
of territories was halted with the Industrial Revolution. Quite the contrary, the increased 
access to energy was still contingent upon an increased access to materials extracted from 
environments in remote lands for building and maintaining highly complex forms of (energy) 
infrastructures in the core (Bunker and Ciccantell, 2005a; Hornborg, 2006). In this sense, 
fossil energy was not substitutive of, but additive to, colonial strategies for matter-energy 
appropriation (Barca, 2011; Hornborg, 2015). As is becoming increasingly clear in scholarly 
work, fossil energies did not prevent the logic of capitalism, rather it cemented capitalist 
relations of production, wage labor, and the spread of the world market (Bunker and 
Ciccantell, 2005a; Huber, 2008, 2015; Malm, 2016). 
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of the manufacturing process it took up to 50,000 human labor hours to spin 
50 kg of cotton. With the fossilization of the cotton industries, the process of 
spinning the same amount of cotton took only 135 hours (Hornborg 2010: 122). 

Coal, however, could not be fed to human or animal bodies in the hope of 
converting its potential energy into useful work. These “prime movers”32 were 
contingent upon biomass (food, such as grain) to do work. To convert fossil 
energy, another category of prime mover was necessary. The steam engine, 
built for this purpose, was first developed by the Spanish mining administrator 
Jerónimo de Ayanz, who employed it to pump water out of the silver mine in 
northern Seville, Spain, 1606. It was in Britain, however, that the steam engine 
made its true commercial breakthrough (Headrick, 2009: 91-110). The 
eventual dependency on coal in industrial manufacturing was coupled with a 
combined dependence on steam engines (Smil, 2016b). One could not exist 
without the other. In the transition from the agrarian to the industrial regime, 
to put it succinctly, coal was to machinery what biomass was to animals 
(Hornborg, 2014). The increased reliance upon the coal-machinery 
combination was biophysically favorable given its massive energetic potential, 
but also because it meant that human and animal nutrition did not compete 
directly with the access to energy for other purposes, such as manufacturing 
and transportation (Weisz et al., 2001). 

The consequences of the Industrial Revolution: 
Fossil dependency, world division of labor, 
ecological crisis, and modernity 
As we have seen, colonialism, capitalism and fossil fuels generated the 
conditions for a rapidly expanding social metabolism. The consequences of 
this were nothing short of a revolution with far-reaching repercussions in many 
aspects of human (and non-human) life. Let us now turn to some of the 
arguably most important consequences. 

Fossil dependency as a consequence of the Industrial Revolution 
In Fossil Capital, Malm (2016: 288) concludes that at a certain stage in the 
development of capital, fossil fuels became an indispensable part of capitalist 

32 Defined as components converting energy sources into motive power, also known as “energy 
converters” (see Giampietro and Mayumi, 2008). 
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production of surplus value “across the [entire] spectrum of commodity 
production,” in which each round of appropriation generating money was 
coupled to an increased burning of sources of fossil energy. While most 
scholars have been content with pointing out how fossil energy facilitated a 
transgression of the local solar income constraint of the agrarian regime, Malm 
argues that coal was favored by British cotton manufacturers because it could 
facilitate capitalist relations of production in which the workers were separated 
from the means of production, thereby lowering the cost of labor and the price 
of the British cotton textiles. 

The first obvious problem with fossil dependency is that fossil energy carriers 
are non-renewable. Therefore, by all practical accounts, extracting and burning 
fossilized sources of energy is a one-time historical opportunity that is 
subjected to diminishing energy returns. Economist Stanley Jevons was early 
to point this out in relation to the importance of coal to the continued expansion 
of the British Empire. In The Coal Question, Jevons lamented over how 
digging deeper would only cause the price of British coal to increase, 
something that would in turn raise the prices of domestically manufactured 
goods on the world market and undermine the competitiveness of British 
manufacture. Import of coal from the colonies, Jevons continued, would also 
raise prices of British manufactures and so he concluded that the British 
Empire was doomed to end with the diminishing returns on coal. In this, Jevons 
was early to uncover the general pattern of industrial metabolism operating 
with diminishing EROI (Jevons, 1865; today, see Hall and Klitgaard, 2012; 
Hall et al., 2014).  

Since fossil energy carriers are non-renewable, depending on them 
metabolically is inseparable from an imperative to expand the depth and reach 
of the social metabolism. Typically, the most easily accessible and lucrative 
sources of fossil energy carriers are extracted first, which means that it 
becomes increasingly expensive to continue the reliance upon a specific fossil 
fuel (Hall and Klitgaard, 2012). Historically, relying upon coal as a non-
renewable energy carrier thereby incentivized British capitalists to develop and 
build networks of railways and trade routes that allowed for the extraction of 
coal in even the most distant areas throughout the world (Debeir et al., 1991; 
Malm, 2016b). 

Given the fact that infrastructure and old extractive equipment quickly become 
obsolete or inadequate in the face of the recurrent challenges to dig deeper, 
travel further, or extract faster, industrial capitalism has been forced to 
constantly renew its means of metabolic throughput. The diminishing EROI of 
fossilized energy carriers has thereby given rise to a dynamic non-equilibrium 
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in the industrial regime where the social-technical means for appropriation 
constantly needs to be developed. Alongside “[t]he need of a constantly 
expanding market for its products” this has led “the bourgeoisie over the entire 
surface of the globe” in search for fossil fuels (Marx and Engels, 1969[1848]; 
Malm, 2018a). This expanding process is a biophysical imperative in the 
industrial regime. Essentially, the expansive quest for increased quantities of 
energy, material resources, and labor for the production of ever-cheaper 
commodities demands that industrial capitalism enters new areas of nature or 
society, something that in turn requires novel technologies. In this sense, 
“primitive accumulation” is not a historical one-time event, but an ongoing 
logic of capital expansion that constantly generates new markets and new 
spheres of appropriation (Luxemburg, 2003[1913]; Harvey, 2003; Bunker, 
2007). Considering this imperative, it is legitimate to consider to what degree 
solar PV technology provides an escape from this or whether it is chiefly a way 
to exploit nature or society further. 

To understand this movement in history, Andreas Malm (2018a) historicizes 
the entry of new fossil energy carriers in relation to what economists call “long 
waves” of economic development. Throughout the 19th and 20th centuries, in 
short, the economic surges in the industrial regions of the world have been 
supported and upheld by either novel ways of extracting and burning fossil 
energy or upon the discovery and commercialization of entirely new fossil 
energy carriers (table 1). Complementary figures from Smil (2016a) show that 
humans and draft animals, propelled by biomass, were the dominant prime 
movers at the onset of the Industrial Revolution. This, however, changed fast 
with the coming of the 20th century as the industrial metabolism gained 
momentum. 
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Table 1. Long waves of fossil development in the industrial regime. 
Adapted from Malm (2018a) and revised with reference to Smil (2016a). 

Economi
c waves 

Upswi
ng 

Down
swing 

Dominant 
prime 
mover(s) 

New prime 
movers 

Industries 
and input 

Domin
ant 
energy 
carrier(
s) 

New 
energy 
carriers 

First 
wave 

1780-
1825 

1825-
1848 

Humans and 
draft animal 

Water-
powered 
mechanizati
on, 
stationary 
steam 
engine 

Cotton and 
iron 

Biomas
s 

Coal 

Second 
wave 

1848-
1873 

1873-
1896 

Humans and 
draft animal, 
steam 
engines 

Mobile 
steam 
engine 

Railways, 
machine-
tools, cotton, 
iron 

Biomas
s 

Coal 

Third 
wave 

1896-
1914 

1914-
1945 

Steam 
engines 

Steam 
turbines, 
electric 
generators 

Electrical 
equipment, 
engineering, 
chemicals, 
steel 

Coal Crude oil, 
fossil 
electricity 

Fourth 
wave 

1945-
1973 

1973-
1992 

Internal 
combustion 
engine, 
electric 
generators 

Nuclear 
reactors, 
gas turbines 

Automobiles, 
aircrafts, 
refineries, 
petrochemic
als 

Crude 
oil, 
coal, 
fossil 
gas 

Fossil gas, 
nuclear 
electricity 

Fifth 
wave 

1992-
2008 

2008-
? 

Internal 
combustion 
engine, 
electric 
generators 

Solar PV 
modules, 
wind 
turbines, 
etc. 

Computers, 
software, 
microproces
sors, 
fracking 

Crude 
oil, 
coal, 
fossil 
gas 

Tar sands, 
shale oil, 
renewable 
electricity 

These long waves of fossil development are commonly mistaken for energy 
transformations in two regards. First, it is often assumed that absolute 
quantities of a previously dominant energy carrier are decreasing when another 
rises to prominence. The rising prominence of crude oil, for example, is easily 
mistaken as indicating a decrease in the burning of coal. Coal burning is, in 
fact, increasing even today (Gellert and Ciccantell, 2020). The same applies to 
the rapid expansion of solar PV technology, which does not prevent the 
expansion of fossil energy, including crude oil and fossil gas (IEA, 2020f). 
Second, the transition from one type of fossil energy to another (e.g., from coal 
to oil) is often mistaken for an energy transformation comparable to shifts in 
socio-metabolic regimes (e.g., Fouquet and Pearson, 2012; Sovacool, 2016). 
However, energy sources such as petroleum, fossil gas, tar sands, and shale oil 
are all non-renewable sources that support a qualitatively similar human-
environmental relation. These energy carriers are all made from “buried 
sunshine” and contingent upon mechanical prime movers. The shift from one 
fossilized source of energy to another, therefore, is more analogous to shifting 
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plants to forage among hunter-gatherers or species to domesticate among 
agrarians. These transitions do not fundamentally challenge – but rather 
support – the continuation of the metabolic logic of the respective socio-
ecological regime.  

The fact that the introduction of new fossil energy carriers supports the 
industrial regime is perhaps most clearly illustrated in how the fourth wave of 
economic development after the Second World War ushered in a massive 
increase in the metabolic throughput of industrial societies – a historical event 
now known as “the Great Acceleration” (Steffen et al., 2011, 2015a). Access 
to and burning of oil in combustion engines facilitated this drastic acceleration 
of industrial metabolism from 1945 and onward. Oil is an extremely energy 
dense source of fossil energy with even higher energy values (40-44 MJ/kg) 
than coal (18-25 MJ/kg) (Smil, 2016b: 12). In world peripheries and world 
cores alike, it is hard to overestimate the developmental impact of oil extraction 
and consumption (Mitchell, 2011). Still today, gross domestic production 
(GDP) of the world is intimately connected to oil extraction and dissipation – 
if the world’s oil extraction falls one percent, the world’s GDP also falls one 
percent (Ayres, 2016: 382-389). Moreover, the period between 1950 and 2010 
saw perhaps the greatest expansion of societal metabolism in world history, 
with primary energy use increasing 500%, real GDP increasing by 600%, 
fertilizer consumption reaching 160 million tonnes per year from practically 
zero, and world population soaring from 2.5 billion to 7 billion (Krausmann et 
al., 2009; Steffen et al., 2015a).  

Like any form of fossilized energy source, however, oil is also subjected to 
diminishing EROI (Hall and Klitgaard, 2012). From the start, oil dependency 
was questioned based on this fact. The most famous warning came 1956 from 
Shell-employed geologist Marion King Hubbert who estimated that the U.S. 
domestic production of petroleum would follow a bell-shaped curve (the 
Hubbert curve) that he expected would peak in the early 1970s. Hubbert’s 
calculations were first met with skepticism from Shell and the oil industry. 
However, when the peak in production came in 1971 the tone changed from 
skepticism to praise. The debate around what today is known as “peak oil” 
largely sprang from Hubbert’s surprisingly accurate predictions of the U.S. oil 
production peak in the early 1970s. The U.S. domestic peak oil contributed to 
the 1973 oil crisis by making the U.S. more dependent upon international oil 
reserves and therefore vulnerable to Arab oil embargos motivated by U.S. 
interventions in the Middle East. While U.S. demand for oil was eventually 
saturated, some economists believe that something like the Hubbert curve may 
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be applicable to global oil production today (Höök et al., 2009; Hall and 
Klitgaard, 2012; Ayres, 2016).  

Today, however, the total amount of oil produced continues to increase even if 
so-called “conventional oils” are subjected to diminishing returns. This, some 
argue, is because oil industries are turning to less lucrative and much dirtier 
forms of oil, such as tar sands or shale oil, which become cost-effective when 
the EROI of conventional oils diminish (Ayres, 2016). As the EROI of 
conventional oils diminish, a larger portion of society’s resources must be 
allocated to oil extraction. Many of the world’s governments now provide the 
necessary resources in the form of subsidies (Erickson et al., 2017). In this 
way, the extraction and burning of oil continues to increase, despite the global 
peak in conventional oil production. Crucially, however, this occurs at 
substantial real-world costs to global and local environments and communities 
in the form of more frequent devastating weather events, displacement, and 
loss of biodiversity (Nduagu and Gates, 2015; Parson and Ray, 2016; Ayres, 
2016). 

The ecological crisis as a consequence of the Industrial Revolution 
With access to energy-dense coal, oil, and fossil gas, human-environmental 
relations were fundamentally altered. As put by Uddenfeldt (2016: 61, my 
translation), industrial societies “were not just separated from nature in a 
philosophical sense, but for real. Free, unbound, and independent.” The notion 
that the development of more advanced technologies made industrial societies 
free and independent from nature is a surprisingly common assertion (e.g., 
Landes,1969; Asafu-Adjaye et al., 2015). Among ecological modernists, this 
leads to the contradictory position that “technologies … have made humans 
less reliant upon the many ecosystems that once provided their only 
sustenance, even as those same ecosystems have often been left deeply 
damaged” (Asafu-Adjaye et al., 2015: 8). However, the premise that industrial 
societies have decoupled from nature is a fundamental mistake. 

First, industrial societies are utterly dependent upon stocks of fossil energy, 
raw materials, and fertile lands that either originate from or represent aspects 
of nature. This nature dependency is in fact increasing. Between 1900 and 
2009, industrial capitalism generated a tenfold increase in material extraction 
(Krausmann et al., 2018). Similarly, between 1970-2010 both material and 
energy throughput increased threefold (UNEP, 2016; BP, 2020). Human 
appropriation of net primary production (HANPP) is a measure of how much 
of the world’s potential natural vegetation is currently being appropriated by 
humans. A recent study calculated that 28% of the world’s productive surface 
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has been claimed for human land use (agriculture, infrastructure, etc), a 
doubling of HANPP in the 20th century (Haberl et al., 2007; Krausmann et al., 
2013). Similarly, the ecological footprint of industrial societies has drastically 
increased over the last century, and the sum total of humanity’s ecological 
footprint has been larger than the Earth’s biocapacity since the 1970s 
(Wackernagel et al., 2002; WWF, 2018). The industrial-capital colonization of 
environments is in turn intimately connected to the massive loss of biodiversity 
during the 20th century (Haberl et al., 2011; Barnosky et al., 2011; Dawson, 
2016; IPBES, 2019). In particular, the loss of natural habitat due to agricultural 
intensification has been identified as the biggest threat to global biodiversity 
(WWF, 2018).  

Second, the industrial regime has massive impacts on the natural world through 
pollution. To quote ecological economist Clive Spash (2017: 9), pollution “is 
an inevitable part of the economic process, not an avoidable externality that 
disappears if the prices are ‘right’.” Any metabolizing system “pollutes” its 
environment. Typically, however, the pollution of non-human organisms is 
considered food for fellow species within the ecosystem. In contrast, the 
millions of artificial chemicals produced in the industrial regime are not the 
natural foods of other species. Instead, they are often poisonous. However, it 
is the immense scale and rapidity with which industrial societies dissipate 
matter-energy that should be the primary cause for concern. The sheer 
quantities of pollution from the industrial metabolism makes it practically 
impossible for the ecosystems of the Earth to absorb and sequester the material 
in time. This is most starkly illustrated by how Earth’s nutrient cycles, 
including the carbon cycle and the nitrogen cycle, have been overburdened by 
pollution from 20th-century industrial metabolism.  

Concerning the nitrogen cycle, the Haber-Bosch process is the single largest 
cause of the intensification of nitrates into the air and water, something 
associated with numerous ecological problems including eutrophication and 
acidification (Smil, 2001; Rockström et al., 2009). Similarly, the carbon cycle 
has been affected by the anthropogenic emission of greenhouse gases, leading 
to concentrations of CO2 in the atmosphere that now cause a dramatic increase 
in global temperatures (IPCC, 2014a, 2018). Current levels of CO2 in the 
atmosphere must therefore drastically be reduced to avoid catastrophic changes 
to Earth’s life-supporting systems (IPCC, 2018; Steffen et al., 2018). As put 
by Malm (2018b), “nature comes roaring back” in the form of increased 
frequency of extreme weather events such as droughts and floods, rising sea 
levels, loss of coral reefs, and considerably harder conditions for plant 
cultivation (IPCC, 2018). Already today, the effects of climate change are 
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disproportionally felt by the poor and most vulnerable people in the world 
system (IPCC, 2014b; Harrington et al., 2016; Byers et al., 2018). To keep 
global temperatures below 1.5 degrees relative to pre-industrial levels, no more 
than 275 GtCO2 must be emitted in the period 2016-2100 (Rogelj et al., 2018). 
Merely during the years 2011-2015, however, as much as 200 GtCO2 were 
released (ibid.). The emissions embodied in the known fossil energy reserves 
have been estimated to amount to roughly 2900 GtCO2 (McGlade and Ekins, 
2015). With vested economic interests capitalizing on these lucrative fossil 
assets, it is unlikely that the Earth system will be spared further detrimental 
changes unless a radical transition towards another socio-ecological regime 
occurs (Foster, 2013).  

The impacts of all past civilizations fade in comparison to the “world-eater” 
that is industrial capitalism (Hagens, 2020; Dunlap and Jakobsen, 2020). No 
other energy transformation in history has had such an all-pervasive effect on 
the natural world as the Industrial Revolution. It is not difficult to understand 
the industrial regime’s problematic relation to the environment against the 
definition of industrialism as an inclination towards the mass production of 
commodities and capitalism as a global system of exchange driven by the 
social aspiration to accumulate and profit ad infinitum (Foster, 2000; 
Hornborg, 2015). As we have seen, nothing comes from nothing (chapter two). 
This means that the ever-increasing mass production of commodities is 
coupled with an ever-increasing mass extraction of the necessary matter-
energy (Adams, 1982). At the other end of the social metabolism, mass 
pollution also has a considerable effect upon the biosphere in the form of 
accumulation of numerous artificial chemicals and greenhouse gases. In this 
sense, the development of the world core over the 19th and 20th centuries is 
inseparable from the destruction and alteration of natural environments that are 
now threatening the continuation of life on an unprecedented scale (Steffen et 
al., 2011, 2015b; Dawson, 2016; Wiedmann et al., 2020).  

In this context, it is absurd to suggest that industrial capitalism is becoming 
increasingly independent from nature. In the midst of a historical situation 
characterized by increasing extraction, production, consumption, and 
pollution, i.e., metabolizing, of an ever-increasing amount of matter-energy, 
the industrial metabolism is now fundamentally altering nature’s nutrient 
cycles that have been stable for thousands of years (Foster et al., 2010). With 
this in mind, it seems more correct to say that societies’ dependence upon 
nature is rapidly increasing. Nature’s processes are now so deeply affected by 
industrial capitalism that it has raised debates regarding humans as the major 
force in a new geological epoch (cf. Malm and Hornborg, 2014). Even if 
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ecomodernists characterize the suggested Anthropocene as a historically 
“great” achievement (Asafu-Adjaye, 2015), the unequivocal hallmark of this 
epoch is the destruction of millions of years’ worth of evolution and 
biodiversity through human interference in Earth’s life-supporting systems. 
While the tendency to alter environments at the point of civilizational collapse 
has occurred in the past, never before has the Earth system been altered so 
radically by any human metabolic interaction. This, ultimately, is a situation 
uniquely attributable to the industrial regime. 

World division of labor as a consequence of the Industrial Revolution 
The industrial regime has facilitated social and economic improvements that 
have generated greater freedom and independence in certain aspects of life 
compared to some earlier societies. For instance, never before have so many 
been able to consume so many goods and enjoy so much material wealth or 
been so educated. Never before was it possible to travel vast distances at 
incredible speeds or communicate with another person on the other side of the 
globe in real time. In part due to modern medicine, human health conditions 
have now also returned to levels equivalent to those of the Upper Pleistocene 
(Gowdy, 2020). Politically, industrialization and access to fossil fuels have 
been shown to correlate with social revolutions, some of which swept away 
despotism and introduced more democratic forms of governance (Fischer-
Kowalski et al., 2019). The world, some insist, is getting better and better (e.g., 
Pinker, 2018; Rosling, 2018). But this is not the case for everyone. With all the 
evidence at hand, industrial capitalism is still characterized by a world division 
of labor that shares burdens and benefits unequally (Martinez-Alier, 2002; 
Roberts and Parks, 2007; Hornborg, 2013; Milanovic, 2013, 2016; Harrington 
et al., 2016; Oxfam 2017; WWF, 2018; Chakraborty et al., 2018; Scheidel and 
Schaffartzik, 2019). Crucially, this discrepancy is not due to differences in 
technological progress or cultural sophistication, but a result of the historically 
developed condition with roots in Western colonial expansion and capitalist 
relations of production (Wolf, 2010[1982]; Bunker, 1985).  

Despite all its advantages to beneficiary regions and classes, industrial 
capitalism does not challenge the world division of labor. Why not? The short 
answer is that this world division is a sine qua non of the regime itself. In other 
words, without this division, it would grind to a halt. Global discrepancies in 
environmental burdens and benefits are not simply a consequence of the 
industrial regime, but a necessary condition for the continued development and 
technological progress in core regions (Hornborg, 2001, 2016; Jorgenson et 
al., 2009). Without a means to access highly dense forms of energy and 
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massive quantities of high-quality raw materials scattered throughout the 
world, it is likely the world-economic cores would not be able to maintain a 
continually increasing level of matter-energy throughput. Industrial capitalism, 
in the end, does not challenge the world division of labor because it would then 
undermine its own capacity to develop technologies that could penetrate nature 
and social life in novel ways to establish new market outlets for capital 
investment and profit. This means that ecologically unequal exchange is not a 
side effect of industrial metabolism, but a necessary aspect of its reproduction 
(Hornborg, 2013; cf. Andersen, 2013).  

The mechanisms by which it is possible to maintain this relation include a) 
securing necessary resources through military means or b) trading resources 
under price differences that provide favorable terms of trade in a biophysical 
sense (see chapter four; Hornborg, 1998; Pérez-Rincón, 2006; Jorgenson and 
Clark, 2009; Downey et al., 2011). Examples of the former include the U.S. 
invasion of Iraq in 2003 that secured U.S. access to lucrative oil reserves. 
Timothy Mitchell (2011) has brilliantly shown how democratic governance in 
core regions of the world are dependent upon anti-democratic governance in 
peripheral regions, such as Iraq, that facilitates the flow of petroleum—and so 
its social benefits –from periphery to core. Examples of the latter include a 
wide range of historical and contemporary cases of ecologically unequal 
exchange as well as neoliberal schemes such as “structural adjustment 
programs” that deregulate and force open publicly controlled environments 
and resources of impoverished and indebted countries to the world market at 
low prices (e.g., Jorgenson, 2010; Noble, 2017; Frey et al., 2019).  

While this social condition generates enormous wealth in core regions of the 
world, it simultaneously impedes wealth generation in peripheral regions 
(Jorgenson et al., 2009). We can therefore conclude that fossil fuels both 
extend and deepen capitalist relations of production through a process that is 
perhaps best described as “ecological imperialism” (Huber, 2008; Clark and 
Foster, 2009; Foster et al., 2010; Malm, 2016; Hornborg, 2016). Ultimately, 
then, the industrial regime reproduces the same world division of labor upon 
which it was founded. 

The modern worldview as a consequence of the Industrial Revolution 
For some time, anthropologists have insisted that people in world economic 
cores are just as susceptible to so-called magical beliefs as premodern peoples 
(Latour, 1993; Stivers, 1999; Hornborg, 2016). This insight challenges the 
conventional self-image of modern culture as having been liberated from 
supposedly false beliefs concerning the world (Hornborg, 2015: 866). The 
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industrial regime is no historical exception when it comes to questionable 
cultural imaginaries, even if the dominant narrative of the Industrial 
Revolution relies upon this claim (Landes, 1969). Studies in emerging fields 
such as “energy humanities” have shown how often arguably irrational cultural 
imaginaries are formed and upheld through processes reliant upon fossil fuels 
in industrial societies (Boyer, 2011; Huber, 2015; Love and Isenhour, 2016; 
Wilson et al., 2017; Daggett, 2019; Folkers, 2021). Questions regarding how 
fossil fuels have affected modern culture include a broad range of issues, from 
the modern notion of freedom (Huber, 2015) to something as innocent as the 
celebration of New Year (Uddenfeldt, 2016). As suggested by Wilson et al. 
(2017: 8), “just as politics has been shaped by and in reaction to oil, so, too, 
have many of our most important concepts and theories.” For the purpose of 
this thesis, I will highlight only two such issues, the immaterial conception of 
the economy and the modern conception of technology.  

Ecological economists have for a long time critiqued neoclassical economists 
for failing to recognize biophysical nature as an essential foundation for the 
economic process (Georgescu-Roegen, 1971, 1975; Daly and Farley, 2011; 
Hall and Klitgaard, 2012; Spash, 2017). Scholars from other fields have more 
recently also pointed out that the neoclassical school of economics emerged in 
tandem with the increased access to and burning of fossil fuels during the late 
19th and early 20th centuries (Mitchell, 2011; MacDuffie, 2014; Wilson et al., 
2017). With the access to extremely lucrative and seemingly nature-
independent sources of fossil fuels, economic theories became less concerned 
with physical production factors (e.g., land, labor, energy, materials) (Mitchell, 
2011: 247). This is somewhat paradoxical, because the rise of the neoclassical 
school around 1860-1870 (the Marginalist Revolution) is commonly 
understood as based upon insights from the physical sciences. The crucial 
point, as pointed out by ecological economists and historians, is that the 
insights from thermodynamics were only adopted metaphorically, with little 
interest for understanding the biophysical basis of the economy (Mirowski, 
1989; Walker, 2020). To Jevons, for example, the economic notion of utility 
was understood as parallel to the physicist’s notion of gravity, and value as 
parallel to energy (Mirowski, 1989: 219). The failure to realize how the 
economic process is actually subjected to the law of entropy, Georgescu-
Roegen (1975) argued, was intimately connected to the mechanistic-
epistemological inclination in neoclassical economics, through which the 
economy is understood as a perpetual motion machine operating independently 
from an outside environment. Thus, fossil fuels, the Earth’s species, and 
nature’s biogeochemical cycles were misconstrued as somehow “external” to 
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the economy, all while economists took pride in the scientific basis of their 
discipline.  

The notion of the economy as nature-independent arose in tandem with the 
notion that mechanical artifacts are inherently productive. If the wealth 
generated by the economy does not originate from labor, land, or material 
resources, it must have some other origin. As we have seen, instrumental 
descriptions attribute the productive potential to human scientific knowledge 
(e.g., Landes, 1969). Even today, it is common to attribute the productive 
potential of machines to scientific knowledge or even to the machines 
themselves rather than attributing it to the natural origin of the matter-energy 
that it transforms. The failure to realize the distinction between “energy 
converters” and “energy carriers/sources” still confuses modern economic 
analyses of the Industrial Revolution and technological progress (Giampietro 
et al., 2008; Hornborg and Roos, 2020). This is a situation in which the 
productive potential of technologies appears to originate only from the prime 
mover assembled in society, when it is in fact also contingent upon the primary 
source of energy derived from nature. One of the results of this, as we have 
seen, is the common belief that “innovation” or “engineering design,” quite 
independent of any environmental concern, is a sufficient condition for 
developing new technologies. One important result of this is the rise of the 
notion that it is possible to leave the industrial regime without setting off wider 
social-ecological changes that challenge its technological development. 

The new metabolism: Continuing, transcending,  
or reversing the industrial regime? 
As stated in the introduction to this chapter, some scholars point out that 
leaving the fossil regime implies a metabolic transformation that is comparable 
to the Neolithic and Industrial Revolutions. We now have a historically rooted 
understanding of what this actually means, beyond merely implying a shift in 
the dominant energy carrier. I have given an overview of how the Industrial 
Revolution gave rise to historically novel social, cultural, and ecological 
relations. What social, cultural, and ecological relations and conditions are we 
then to expect from the now much-anticipated transformation away from fossil 
energy? To be sure, given the major changes associated with such major energy 
transformations, “it is probably as difficult for us to imagine a sustainable 
society as it was for people in the 16th century to imagine the industrial society 
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today” (Haberl et al., 2011: 11). We have no way of knowing exactly what the 
future will look like. Most likely, history will make fools of anyone who 
attempts any such prediction. There are, nevertheless, current processes and 
events that can be put under scrutiny to begin to understand some of the 
prerequisites of the new social metabolism.  

Putting aside the dip in fossil energy throughput during the first year of the 
corona pandemic, there is little to suggest that the industrial regime based on 
fossil fuels is undergoing a process of fundamental metabolic transformation 
(Krausmann et al., 2018; UNEP, 2016; Foster et al., 2020; IEA, 2021). Even if 
the consumption of electricity generated through renewable energy 
technologies is increasing, fossil energy carriers still supply 80-90% of the 
world’s primary energy (Smil, 2016c; Voosen, 2018; BP, 2020). Since 
diminishing energy throughput is antithetical to corporate investments in fossil 
energy reserves and social-political complexity at large, it also seems 
reasonable to expect that the push for higher levels of fossil energy throughput 
will persist if no radical action is taken (Tainter, 2006; Foster, 2013; Hall et 
al., 2014; Carroll and Daub, 2018). This becomes clear in the light of recent 
studies, which show how the installation of renewable energy technologies 
tend to add to, not replace, already fossil-dominated energy mixes (York, 2012; 
Marques et al., 2018; York and Bell, 2019; Hornborg et al., 2019; Hagens, 
2020). We might nevertheless be witnessing the beginning of an energy 
addition in which the economic imperative of endless accumulation pushes 
society to increase both fossil energy and renewable energy simultaneously. 

There are several concerns that call into question whether renewable energy 
technologies can support industrial levels of energy-matter throughput in the 
absence of fossil energy subsidies or a world division of labor. The central 
question today concerning energy transformation is therefore whether the 
development of renewable energy technologies is currently in the process of 
continuing, transcending, or reversing the industrial regime. Let us look at each 
in turn.  

Continuing the industrial regime: The conventional position is that the 
increased installation of renewable energy technologies represents the 
emergence of a more sustainable human-environmental relation that will 
continue the industrial regime. In this view, declining prices of renewable 
energy and increasing technological efficiencies are commonly referred to as 
signs of the emergence of a sustainable and universal form of industrial 
capitalism (UN-Energy, 2012, UNEP, 2011; UNDP, 2016). However, in 
relation to the technological continuum, the social-ecological prerequisites for 
the existence of renewable energy technologies are systematically ignored or 
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downplayed. In effect, the installation of renewable energy technologies 
commonly take on the discursive role of a “technological fix” that bypasses 
the necessity for significant social, cultural, or biophysical changes that are 
otherwise associated with transforming the industrial regime (Goldstein, 2018; 
Johnston, 2020). Arguably, this position only holds as far as colonialism and 
the metabolism of fossil energy are analytically separated from industrialism 
(Barca, 2011). In conventional interpretations, the Industrial Revolution was 
made possible historically through British engineering design applied to 
harness natural forces (Landes, 1969; cf. Barca, 2011; Hornborg, 2015). By 
extension, scientific knowledge is considered the causal prime mover of energy 
transformations. Since industrialism itself arose out of human ingenuity, it 
follows that it can be made sustainable through the application of better 
scientific knowledge and technological design. Because of this, no material 
prerequisite, such as a particular energy source or a particular social relation is 
seen as necessary for the continuation of industrialism (table 4). Designs and 
technological improvements of renewable energy technologies, nuclear 
reactors, and/or fossil energy converters are considered the novel scientific 
knowledge upon which the new metabolism will be based. In this sense, 
current levels of production and consumption can be extended ad infinitum 
without further harm to the biosphere or people throughout the world.  

Transcending the industrial regime: The second position sees the conditions 
and trajectories of the current historical moment as a moral obligation to 
transform industrial capitalism into a new metabolism that maintains industrial 
levels of matter-energy throughput under more just social relations. This stance 
argues that the post-fossil era must necessarily be post-capitalistic (e.g., Huber, 
2008; Malm, 2016; cf. Bosch and Schmidt, 2019). This is shown, in part, by 
demonstrating how fossil energy carriers were necessary for the emergence 
and lock-in of the capitalist division of labor within Britain during the 
Industrial Revolution (Huber, 2008; Malm, 2016). As argued by Andreas 
Malm (2016), early British cotton manufacturers employed fossil-propelled 
machinery because it provided a means for superior control over workers 
through its (seemingly) landscape-independent character.33 Still today, Malm 
(2013, 2016, 2018) argues, capitalism cannot exist without fossil energy 
because its biophysical characteristics are essential for the mobility of 

33 Fossil fuels, once they are extracted, are highly transportable energy carriers that can be used 
to power machinery in almost any location. This sets them apart from biomass, waterpower, 
and wind power. This landscape-independent character, however, is illusory, since the effects 
of fossil fuels upon the landscape is today returning in the form of extreme weather events 
(not to mention the desolate landscapes generated from the extraction of coal or tar sands). 
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transnational corporations relying upon the relocation of factories to regions 
with low prices for manufacturing in order to stay competitive on the world 
market. It follows that if we wish to leave fossil energy in the ground to 
mitigate environmental problems such as climate change, capitalism needs to 
be radically transformed.  

This transformation can occur through the development and installation of 
renewable energy technologies that are qualitatively different from fossil 
energy carriers by virtue of being more integrated in landscapes (Malm, 2016, 
2018). Renewable energy technologies, as such, are antithetical to the capital 
accumulation of transnational corporations because these corporations 
necessitate fossil fuels to move extraction processes and manufacturing 
facilities across the world with impunity. It cannot be expected that actors, 
whose primary interest consists in accumulating capital, should develop 
renewable energy technologies, since maintaining high rates of profit requires 
low wages in the world economy, which can only be facilitated by fossil energy 
carriers. What is needed instead is the active and purposeful intervention of 
powerful states that can connect the comparative advantage of different 
national energy-landscapes in international super grids harnessing renewable 
or nuclear sources of energy (Malm, 2016, 2018). Through central planning, a 
more sustainable and greener metabolism can arise that challenges the social-
ecological relations of industrial capitalism (Schwartzman, 1996). Crucial to 
this position is that the energy transformation will only occur through an 
increased matter-energy throughput (Schwartzman, 2012; Phillips, 2015). This 
change will necessarily arise from a social telos connected to a revolutionary 
class that considers the social metabolism not as an engine for profit or capital 
accumulation (e.g., Huber, 2019). The industrial regime will therefore be 
transcended simultaneously as the social relations of capitalism. In this sense, 
through a purposeful and rapid revolution, industrial levels of production and 
consumption can be extended justly throughout the world without further harm 
to the biosphere. 

Reversing the industrial regime: The third position considers the industrial 
regime as a historical parenthesis that is fundamentally contingent upon fossil 
energies that are now showing signs of diminishing energy returns (Hall and 
Klitgaard, 2012; Hornborg, 2014, 2020; Love and Isenhour, 2016). This is 
supported by a number of points showing how leaving fossil fuels in the ground 
will reintroduce some of the major characteristics of the agrarian regime.  

Similar to the second position, those who think that the industrial regime is 
being reversed recognizes the landscape-dependent character of renewable 
energy sources as a feature that sets them apart from fossil energies. As we 
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have seen, the power densities of renewable energy sources such as solar PVs 
and biofuels are low in comparison to fossil energy carriers (Smil, 2010, 2015; 
Prieto and Hall, 2013; Ferroni and Hopkirk, 2016; Capellán-Pérez et al., 2017). 
This also applies to unconventional oils, such as tar sands and shale oil 
(Cleveland and O’Connor, 2011; Smil, 2015). Compared to the industrial 
regime, the new metabolism is therefore predicted to be vastly more dependent 
on direct surface areas for maintaining current (or higher) levels of energy 
throughput (Scheidel and Sorman, 2012; Huber and McCarthy, 2017). The 
same applies to both mineral and energy requirements (Hall and Klitgaard, 
2012; Hall et al. 2014; Ferroni and Hopkirk, 2016; de Castro and Capellán-
Pérez, 2020; Feltrin and Freundlich, 2008; de Castro et al., 2013; McLellan et 
al. 2016; Tokimatsu et al. 2017; Rhodes, 2019; Vakulchuk et al., 2020).  

Contrary to the second position, the comparatively large biophysical demand 
to generate renewable energy is not understood as antithetical to global 
capitalism. The point here is a subtle one: While fossil fuels reduced the costs 
of relocating factories to regions with low wages, it is the resultant wage and 
price differences in the economy, not fossil fuels per se, which determine the 
continued success of capital accumulation. As history shows, there are other 
means for creating and upholding regional or global price differences, 
including enslavement or indebtment. To the extent that current price 
differences are maintained (or deepened), the real costs for generating 
renewable energy is a relative issue contingent upon wages and prices in a 
particular region. Since the industrial regime arose from colonialism and the 
price differences enforced through slavery and military domination, there is a 
possibility that capitalist relations of production will continue in a new 
metabolism energized again by renewable energy sources.  

A throughput as large as in today's affluent societies is likely to require 
enormous amounts of resources. Without access to subterranean stocks of 
energy (fossil fuels), these resources must be extracted from current 
ecosystems located above the Earth's crust. This leads to the question whether 
current levels of consumption will be maintained in core regions at the expense 
of peripheral regions of the world. This would effectively reverse the Industrial 
Revolution by making core countries increasingly dependent upon 
embodiments of labor and resources in international trade. The larger relative 
land requirements per unit of energy implied by biofuels and solar PV energy 
indicate that the new metabolism may necessitate ecologically unequal 
exchange (see e.g., Hermele, 2014; Hornborg, 2014; Hornborg et al., 2019). 
To the extent that this is true, it is unlikely that a matter-energy throughput as 
large as in today's affluent societies is an ambition that is environmentally 
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sustainable or socially just, even if it propelled by renewable energy. This non-
universality contrasts to the first and second positions’ visions of a new 
metabolism that will distribute high energy-matter throughput equally 
throughout the world through the development of renewable industrial mega-
projects.  

At times, it is unclear whether the different positions above argue what their 
respective authors want to happen or what they sincerely think will happen. 
This may be thought of as the distinction between a utopian and an analytical 
lens. Both lenses must arguably be combined if we wish to establish an at once 
desirable and credible vision of the new metabolism. That is to say, any social-
technical aspiration must be understood together with the social-ecological 
conditions necessary to realize it. In the end, “people make their own history, 
but not exactly as they please” (Foster et al., 2010: 38). It is with this in mind 
that we next turn to the global industrial manufacturing of solar photovoltaic 
modules. 
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4. From alternative technology
to world commodity:
Ecologically unequal exchange
and the commercialization of
solar PV technology 2002-2018

“Solar power is no longer alternative energy.” 

Dustin Mulvaney 

In this chapter, I will look at “the boom” in solar PV manufacturing that is widely 
celebrated as making solar energy a commercially viable option. The purpose is 
to examine the global political relations that are associated with the 
commercialization solar PV technologies. In the previous chapter, we have seen 
how the Industrial Revolution arose with the increased use of coal to propel 
machines for mass production in Britain and how this industrialization was 
historically inseparable from specific matter-energy flows whereby resources 
were asymmetrically transferred between world regions. This chapter seeks to 
understand the relation between ecologically unequal exchange and the 
commercialization of solar power 2002-2018 based on the possibility that solar 
PV technology might not be a challenge to but a continuation of the industrial 
regime,. Before we turn to this matter, let us briefly look at the history of solar 
PV technology, such as it is commonly narrated.  

Solar PV technology is based on the photovoltaic effect.34 The effect has been 
known ever since French physicist Edmond Becquerel discovered it in his 
father’s laboratory in 1839. By the beginning of the 20th century, Albert 

34 In essence, the photovoltaic effect is a physiochemical effect that generates an electric 
potential when light hits two (or three) layers of material with polarized electric charges 
(typically silicone doped with phosphorus or boron). 
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Einstein was awarded the Nobel Prize for discovering the laws of the 
photoelectric effect and the quantum theory of light that proved important for 
the advent of modern solar PV cells. Still, it took a few more decades before 
the solar PV cell was applied. The first practical PV cell was developed by 
scientists in Bell Labs in New Jersey, more than a hundred years after the first 
discovery of the PV effect. This development was demonstrated in 1954 and 
utilized only a few years later to power the U.S. satellite Explorer 6. In the late 
20th century, PV cells proved usable in a number of contexts, ranging from 
powering pocket calculators to space satellites. While this invited the 
aspiration to develop an advanced post-industrial society propelled entirely by 
renewable energy from the sun, scaling up solar PV technology remained an 
elusive project of the future. 

It was not until the oil crisis of the 1970s that public discourse in industrialized 
nations entertained the notion to scale up renewable energy technologies. Solar 
technology represented an alternative to fossil fuels, which were increasingly 
perceived as unreliable for long-term societal stability. Energy security was a 
prominent argument for renewable energy at the time, but a number of 
visionaries pointed out that renewable energy technologies were superior to 
fossil fuels both on social and environmental grounds (for an overview, see 
Mittlefehldt, 2018). Environmentalists such as Murray Bookchin (2009[1964]) 
and Barry Commoner (1979) argued that solar technology would decentralize 
power and end poverty. The perhaps most influential spokesperson for 
renewables (at least in the US) was Amory Lovins, who in 1976 introduced the 
idea of the “soft energy path” (Lovins, 1976, 1979). Lovins argued for a society 
relying on energy captured directly from the sun and the wind. Such a society, 
he argued, would at once be more efficient and provide a technological basis 
for reduced resource consumption. Lovins was directly influenced by the work 
of Ernst Schumacher who in Small is Beautiful argued for “intermediate 
technology” (what was later called “appropriate technology”). Schumacher 
defined this famous concept as follows:  

I have named it intermediate technology to signify that it is vastly superior to 
the primitive technology of bygone ages but at the same time much simpler, 
cheaper, and freer than the super-technology of the rich. One can also call it 
self-help technology, or democratic or people's technology - a technology to 
which everybody can gain admittance and which is not reserved to those already 
rich and powerful (Schumacher, 1993[1973]: 127, emphasis in original). 

In comparison to nuclear power, solar technology was considered an 
appropriate technology, at once more democratic and environmentally 
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friendly. With the increasing awareness of the detrimental effects of 
anthropogenic climate change, the argument for renewable energy 
technologies took on a new dimension by the end of the 1990s (Hake et al., 
2015). The new argument was that societies could reduce the dangerous 
greenhouse emissions by installing solar technology. The discourse on 
renewable energy was reinvigorated. Herman Scheer, an influential German 
visionary and green-wing politician soon laid out a vision for a future society 
sustaining on energy harnessed directly in local environments that was at once 
more efficient, community empowering, and environmentally friendly (see 
Scheer, 2005, 2007). 

Today, the fundamentally underlying attitude and feeling is that solar PV 
technology is still an appropriate, democratic, environmentally friendly, and 
empowering technological option (see chapter one). But it is important to 
recognize that these visions and arguments for solar power were articulated at 
a time when actual manufacturing and installations of solar PV modules 
remained modest and small-scale. As expressed in an article from Science 
Magazine two years ago, “the recent rapid declines in PV system pricing 
illustrate that we are entering an era in which PV already is or will soon become 
cost-competitive with conventional electricity generation in many parts of the 
world” (Haegel et al., 2019). Over the last 20 years, the installation of solar PV 
capacity has soared beyond most expectations and solar PV modules are 
rapidly becoming commodities available for advanced societies in the world 
economy. 

How did this occur? More importantly, what does this commercialization mean 
for social-ecological visions assuming that solar PV technology is a democratic 
and environmentally friendly technology? If, as Schumacher (1993[1973]: 
127) contended, “the technology of mass production is inherently violent, 
ecologically damaging, self-defeating in terms of non-renewable resources, 
and stultifying for the human person,” is there a contradiction in producing 
“appropriate technologies” en masse for increased mass-consumption of 
commodities? Arguably, while the biophysical condition of solar PV 
technologies has changed with the introduction of mass manufacturing, the 
inherited techno-political visions of the 1970s have essentially remained 
unchanged.  

In this chapter, I first give a brief account of the Chinese PV manufacturing 
boom. I then provide a review of the most common explanations for the boom 
and show how they rest on the assumption that technology is immaterial, as 
unpacked in chapter two. This will be followed by an empirical investigation 
into the presence of ecologically unequal exchange between Germany and 
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China during the time of the boom. (The reason why I focus on these two 
countries will soon become apparent.) I then discuss the implications in a final 
part which deals with how the Chinese boom in solar PV manufacturing and 
trade was contingent on material world relations characterized by asymmetric 
flows of resources and what this means for global peripheries as the world 
economy further increases its aspirations for solar PV technology. Given the 
results of this investigation, I conclude that societies propelled by solar PV 
technology are not by default antithetical to social aspirations for endless 
accumulation and that ecologically unequal exchange may be inherent to large-
scale solar PV development.  

The boom: An explosive dawn for  
commercial solar PV technology 
Over the last two decades, the global solar photovoltaic market has developed 
in a way that has reshaped the meaning of solar PV technology. The most 
apparent consequences of this development have been that prices of crystalline 
solar PV modules plunged, while global installations of PV systems soared. 
Between the years 2000 and 2012 the price per watt peak (Wp) manufacture 
fell from 3.7 USD to 1 USD, only to plunge to 0.25 USD/Wp in 2018 (Yu et 
al., 2016; Haegel et al., 2019). Meanwhile, cumulative global installations of 
PV capacity soared from a modest 1.2GW in 2000 to a momentous 500GW in 
2018 (Yu et al., 2016; Jäger-Waldau, 2019). Notably, the added capacity in the 
year 2018 alone was equivalent to the world’s historical cumulative capacity 
up until 2012 (figure 5). This period of industrial frenzy has aptly been called 
a “boom” in the global PV market. Judging from forecasting scenarios, the 
manufacture and installation of PV technologies is believed to increase over 
the two coming decades, with installations possibly doubling in the coming 
five years (Jäger-Waldau, 2019; SF-UNEP/BNEF, 2020). 
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Figure 5. World total installations of solar photovoltaic capacity 2006-2018. 
Data source REN21 (2016, 2019).  

There is little doubt that the boom in the global solar PV industry correlates with 
the entrance of China into the international market as a manufacturing and 
exporting nation, motivated and encouraged by European demand (Zhang and 
He, 2013; Quitzow, 2015; Fialka, 2016; Yu et al., 2016; Nemet, 2019). Dustin 
Mulvaney, in his recent book Solar Power: Innovation, sustainability, and 
environmental justice, considers the emergence of the entrance of China as 
“arguably the most significant story in renewable energy over the past decade” 
(2019: 224). To be sure, even if Chinese firms have only been engaged in 
industrial solar PV production since the mid-1980s, the significance of Chinese 
industry cannot be underestimated. Compared to U.S. industries that pioneered 
the development of the solar PV cell in the 1950s, Chinese actors were latecomers 
to the PV industry. While the Chinese manufacture of crystalline solar cells 
increased considerably during the 1990s, the Chinese PV market was then almost 
exclusively geared towards small off-grid rural electrification projects that did not 
facilitate much industrial growth (Zhang and He, 2013: 394). 

This situation gradually changed with the growing international demand for 
solar PV technologies driven by a progressive German energy politics, starting 
with the red-green coalition formed in 1998. As part of the long red-green 
effort to phase out nuclear power and transition to a renewable energy mix, the 
coalition offered generous feed-in tariffs (FITs) supported by the Renewable 
Energy Act (EEG) in 2000. This resulted in a remarkable increase in global 
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solar PV demand and installation (Hake et al., 2015). Despite amendments to 
the act in 2009 to reduce FITs, German demand continued to soar and soon 
Germany was the largest PV market in the world, representing 50 percent of 
world PV module demand. With this demand, there was a need for a large 
increase in production that German solar PV corporations could not meet 
(despite fiscal support). This represented an opportunity for Chinese 
entrepreneurs to start up, or shift, to production for the global solar PV industry 
to turn considerable profits (Nemet, 2019). Soon, German equipment providers 
selling manufacturing equipment established links with Chinese PV 
manufacturers exporting solar PV modules back to Germany (Quitzow, 2015). 

As noted in an article in Scientific American, “Germany … provided the 
capital, technology and experts to lure China into making solar panels to meet 
the German demand,” and “‘the Chinese took it’” (Fialka, 2016). Encouraged 
by European (mostly German, but also Spanish) demand and armed with low-
cost labor, cheap coal-propelled manufacturing, and generous government 
loans, Chinese companies initiated the “explosive increase” in global solar PV 
module manufacturing by the mid-2000s (Yu et al., 2016: 466). China quickly 
rose as the largest solar PV manufacturer in the world, producing nearly 30 
percent of all solar PV modules in 2007. In 2011, this figure had increased to 
60 percent and in 2018 to 64 percent (Jäger-Waldau, 2019: 2). By 2017, 95 
percent of the world production of solar PV modules was located in Asia 
(Mulvaney, 2019: 224). Meanwhile, “China’s solar-electric panel industry 
dropped world prices by 80 percent” (Fialka, 2016). Between the years 2008 
and 2009, after a period of polysilicon shortage, the price on silicon PV cells 
dropped by almost 50 percent (figure 6). 
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Figure 6. Avarage selling prices of solar PV modules, 2002-2018.  
Data from Nemet (2019) and Haegel et al. (2019). 

As of 2006, a whole 96 percent of China’s PV production was geared towards 
the international market (i.e. exported) (Yu et al., 2016: 466). However, as 
international demand diminished due to trade regulations and the financial 
crisis of 2008, the Chinese government responded in its 11th five-year plan 
(2006-2010) by increasing domestic demand in a series of national PV-
financing programs, such as the “Golden Sun Demonstration Program.” 
Following these plans, China also became the largest consumer of solar PV 
technologies by 2015, even surpassing Germany as the previous leader in solar 
PV installations (REN21, 2019). Today, China is unrivaled in both the 
production and installation of solar PV modules, even if at least half of the 
modules manufactured in China are still produced for export.  

The effects of the boom were systemic. Most notably, it upset international 
relations between China and other nations in the world, as Chinese solar 
manufacturing companies effectively shattered all competition and glutted the 
global market with cheap products. The four largest solar manufacturers in 
Germany (Q-Cells, Solar Millennium, Solon, and Solarhybrid) and no less than 
sixteen U.S. solar companies (including BP Solar, Evergreen Solar, SolarWorld, 
and SolarPower) closed down, off-shored production to Asia or were sold as a 
result of the rise of Chinese manufacturers (DW, 2012; Mulvaney, 2019: 226). 
In Japan, a staggering 65 solar-related companies filed for bankruptcy and had 
to close down (REN21, 2017: 70). The German government, who was offering 
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generous FITs as incentive for increased rooftop installations, was threatened 
with heavy financial costs as installations soared. In an effort to defend the 
national economy and German manufacturing profits and jobs (and by extension, 
the German consumer base), it decided to reduce funding in its FIT program. 
Later, the European Commission levied import tariffs and anti-dumping fees on 
a majority of cheap solar PV technologies imported from China. This was met 
by fierce opposition from some European solar corporations and ENGOs such 
as WWF and Greenpeace, who saw it as an obstacle to a rapid transition to 
renewable energy (Reuters, 2017).  

In the U.S., some solar corporations successfully lobbied for import tariffs on 
Chinese solar PV modules to protect their businesses. This resulted in Chinese 
PV products being subjected to tariff fees of up to 250 percent (Mulvaney, 2019: 
236). When these measures were implemented, it sparked an outright “trade 
war” between China and the U.S., in which each accused the other of anti-free 
trade measures (Mulvaney, 2019: 230-239). Consequently, in part to avoid 
European and U.S. tariffs and in part due to other factors contributing to 
increasing production costs (e.g., labor prices), large Chinese solar companies 
such as Trina Solar relocated their factories to Southeast Asian countries 
including Thailand and Vietnam (Roselund, 2016; Watt et al., 2019; Sinn, 2019). 

Another effect of the boom was the noticeable increase in demand for materials 
needed in the manufacturing of solar PV modules. In terms of materials, the 
mono- and poly-crystalline PV technologies that make up around 90 percent 
of the global PV market requires solar grade silicon, silver, lead, and nickel 
(Grau et al., 2011: 3; WB, 2017). In comparison, less commercially viable 
technologies such as thin-film technologies require more specific material 
compounds, including tellurium, indium, cadmium, and zinc, which are often 
higher in toxicity (WB, 2017; Exter et al., 2018; Muteri et al., 2020). Much 
attention has been paid specifically to silver, which is a potentially scarce 
material for a large-scale development of the now commercially viable PV 
technologies (Piano and Mayumi, 2017). One recent study has shown that the 
booming production of solar PV technologies caused a definite increase in 
global silver prices (Apergis and Apergis, 2019). Similarly, solar grade 
polysilicon production boomed with the rapidly expanding solar PV industry 
and China’s initiative to create a domestic polysilicon production industry 
(Bernreuter, 2020). 

The sheer amount of materials mined and processed for the rapidly expanding 
solar PV industry has become a basis for social and environmental concern. 
Silver has been found in high concentrations in various Chinese municipalities 
(Chen et al., 2020), where it has shown to be a driver of eutrophication and 
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terrestrial eco-toxicity (Muteri et al., 2020: 17). Polysilicon production has also 
been pointed out as hazardous for workers and environments due to dangerous 
chemicals such as silicone tetrachloride and hydrofluoric acid leaking into 
environments. In an article in Nature, Yang et al. (2014) reported that 
Greenpeace and the Chinese Renewable Energy Industries Association found 
that two thirds of all solar companies in China failed to meet the national 
environmental regulations. This was reported even after the scandal of 2011, 
when rest-products from a solar-panel factory in Haining City were discovered 
to have severely polluted the Mujiaqiao River. The company, Jinko Solar, had 
been dumping toxic wastewater into the city river that killed a considerable 
amount of fish (Chan, 2011). This was met by a local uprising against the 
factory that was suppressed only after three days by the Chinese police’s 
“heavy-handed tactics” (ibid.). 

In addition to this, there are several environmental, health, and safety hazards 
throughout the production chain of solar PV technologies that are less 
regulated in Chinese factories (SSTI, 2016; Wang and Feng, 2014). These 
hazards allow for production at lower prices. LCA analyses frequently find that 
low-cost production in Chinese PV industries is associated with higher (up to 
double) social-ecological impacts in comparison to U.S. or European industries 
(Dubey et al., 2013; Yue et al., 2014; Stamford and Azapagic, 2018). These 
include, most notably, much higher energy consumption and greenhouse gas 
emissions. It is no secret that China’s rapid ascent as a global economic super-
power is linked to its low-cost labor force and massive burning of coal to propel 
its industries (Thomson, 2003; Wang et al., 2011; Malm, 2013). Consequently, 
as PV production companies relocated from Europe and the U.S., the carbon 
footprint of solar PV modules increased drastically. 

In the case of the boom in solar PV production, some have argued that 
relocating the production of solar PV modules to China resulted in “energy 
cannibalism” in which the energy and emissions payback has been offset by 
aggregate growth in annual solar PV module production (Pearce, 2009; 
Decker, 2015). The annual amount of energy dissipated and greenhouse gases 
emitted in the production of solar PV modules is cancelling out the annual 
mitigating potential embodied in the installed PV technologies. Taking into 
consideration factors such as solar insolation, geographic distribution, LCA 
accounts and more, Decker (2015) arrives at the conclusion that the maximum 
sustainable growth rate for the now global solar industry is 16 percent per year. 
Based on these figures, one important effect of the boom is that the 
manufacturing and installation of solar PV technologies may itself have 
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facilitated – not mitigated – increased energy consumption and greenhouse gas 
emissions (cf. York, 2012; York and Bell, 2019; Gellert and Ciccantell, 2020). 

In light of these social-ecological conditions, recent research has begun to seek 
ways for mitigating environmental injustices throughout the production chains 
of solar PV technologies (e.g., Mulvaney, 2019). These, however, typically do 
not focus on understanding whether the observed social and environmental 
problems were necessary conditions for meeting the German demand and the 
low manufacturing costs. Even Decker (2015), who provides a highly critical 
analysis, does not consider how the price differences between U.S/European 
nations (notably Germany) and China may have been a necessary condition for 
it to occur in the first place. While we should seek to “ensure that solar energy 
commodity chains evolve in a just and sustainable way” (Mulvaney, 2019: 
248), and “carefully select locations for production and installation” (Decker, 
2015), we must ask whether such interventions would impede the expansion 
of solar PV technologies. 

This means that we should ask what characterized the international relation 
between Germany and China over the course of the boom in solar PV 
technology. Why, in other words, could Germany not supply its own solar PV 
technologies? Why did Germany outsource the manufacture of its energy-
political vision? If Germany possessed the “capital, technology and the 
experts,” then why could German companies not employ these assets to ramp 
up its own domestic production? In this chapter, I argue that the world division 
of labor between Germany and China – characterized by an ecologically 
unequal exchange – may have been a key condition for the global market boom 
for solar PV in 2000-2018. However, before we consider this interpretation, 
we shall look at some of the already existing explanations for the boom and 
their underlying philosophical assumptions. 

Current explanations for the boom:  
An infatuation with immaterial factors 
The present explanations for the boom all draw on frameworks that understand 
technology as an ontologically immaterial phenomenon. The solar PV boom 
and the plunging prices are, according to these explanations, supposed to have 
sprung forth from ideas. These explanations can be found among a variety of 
sources represented by both academics and non-academics. The following 
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explanations are not exhaustive, but they provide a general overview of the 
conventional interpretations of the boom. 

Instrumental explanations: The boom originated from increases in scientific 
knowledge 
The first explanation is the conventional notion that breakthroughs in scientific 
knowledge and engineering design contributed to the plunging prices in solar 
PV technology. This explanation centers on the notion that efficiency 
improvements push down prices per unit produced by allowing more to be 
done with less. This explanation focusing on efficiency takes at least two 
forms. The first form emphasizes how improved engineering design of the 
technological artifact improves efficiencies and thereby reduces prices. 
Examples of this includes findings in a study from MIT showing that increases 
in module efficiency may have contributed up to 25 percent of the decline in 
prices between 1980 and 2012 (Kavlak et al., 2018). However, the same study 
pointed out that the increase in solar power plant size and policies likely had 
larger effects on the drop in prices from 2001 onwards.  

The second form emphasizes the increases in efficiency in the wider sphere of 
installation and manufacturing that comes from applied, or practical, 
knowledge over time (e.g., Haegel et al., 2019). The underlying assumption 
here is that the more frequently something is done, the more efficiently and 
cheaper it can be done. This is referred to as the Experience Curve (or 
Henderson Curve) explaining and modelling how increases in production 
correlate with more efficient practices over time. Aaron Bastani, in his Fully 
Automated Luxury Communism, falls back on this model in explaining the 
plunge in solar PV module prices. Here it is worth quoting Bastani (2019: 47-
48) at length.  

[T]he most important area where one sees the experience curve at work is with 
the price of photovoltaic (PV) cells. … Here progress correlates almost 
perfectly to what Henderson would have predicted, with the cost of PV falling 
20 per cent every time capacity doubled over the last sixty years. When the 
technology was deployed for the first time aboard NASA’s Vanguard 1 satellite 
in 1958, each panel was able to generate a maximum half a watt of energy at a 
cost of many thousands of dollars each. By the mid-1970s, that figure had fallen 
dramatically to $100 per watt … Yet by 2016 the price-performance ratio of 
solar had been transformed, with a watt of energy from solar array costing as 
little as fifty cents … and with global solar capacity doubling every two years 
… a virtuous cycle between increased capacity and ever-falling prices has been 
established (emphasis added). 



108 

Here we can see how the knowledge derived from larger amounts of PV 
modules installed is itself understood as a driver for the increased PV module 
demand. In other words, lower prices driven by increased knowledge are 
creating an increase in demand for solar PV technologies (i.e. knowledge -> 
efficiency -> lower prices -> demand -> installations -> knowledge). However, 
as we have seen in the case of the boom in the global PV market between 2000 
and 2018, the demand was clearly driven by German political interests, not by 
progress in PV engineering design. Other than reiterating technological 
determinism, where knowledge via technological progress is believed to 
determine social change, this explanation fails to explain why German 
companies, who possessed expert knowledge in solar PV manufacturing, were 
outcompeted by Chinese entrepreneurs who had previously produced as 
dissimilar products as water purification products, cosmetics (Suntech), or 
household detergents (Trina Solar) (Nemet, 2019: 148-150). 

This is not to say that knowledge and designs that are more efficient did not 
have any effect on PV module prices during the years 2000 to 2018. But the 
claim that increased experience in the wider sphere of manufacturing and 
installation were key mechanisms driving the boom contradicts the actual 
events. To be sure, ideas surrounding solar PV technology served a discursive 
function for German red-green politics, but this had been the case already since 
the early 1970s (Hake et al., 2015). What changed just prior to the boom was 
not any spectacular increase in knowledge or technological breakthrough in 
cell efficiency, but a shift in power in favor of red-green politics that advocated 
solar PV technologies over nuclear power and fossil fuels. This, of course, 
together with China’s rise as manufacturer of the world.  

Chinese governance: The boom originated from planned Chinese policy and 
government support 
The second explanation focuses on how the powerful central state of China 
strategically planned and implemented measures to develop its PV 
manufacturing industry. This explanation stems from considerations on how 
China, sometimes described as a “developmental state” or as an 
“environmental authoritarian” state, implemented top-down measures to 
support PV manufacturing companies located within its borders (Gilley, 2012; 
Chen and Lees, 2016). This explanation bears some resemblance to Feenberg’s 
critical theory of technology, which highlights the importance of different 
social forms in designing and developing particular technologies. However, 
rather than being concerned with the design of a specific technological artifact, 
this explanation for the global boom in PV installation focuses on how the 
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Chinese government, operating with social-political interest disparate from 
Western nations driven by corporate profit-maximization provided a unique 
environment for solar PV manufacturing to flourish.  

Writing for Aljazeera, Larry Beinhart (2018) argues that it was Chinese 
development policies and planning that catalyzed the rise of PV manufacturers 
in China, which ultimately led to the global commercialization of solar PV 
technology. These policy designs, modelled from South Korea, include the 
nationalization of commercial banks and state control over credit, which 
allowed its “solar industry to prosper as part of a long-term, well-thought-out 
industrial development strategy” (ibid.). Beinhart points out that in comparison 
to China, the U.S. were “against ... an articulated, thoughtful, deliberate 
industrial policy.” This, Beinhart points out, explains why China and not the 
U.S. is now the global leader in the solar PV market. As with the case of 
German demand, this explanation emphasizes how policies, driven by different 
forms of governance with specific social-political interests, influence the 
prospects for solar PV development.  

The notion that the Chinese government supported solar PV manufacturers 
from a position of a “well-thought-out industrial development strategy” can be 
questioned on the basis that the Chinese government generally lacked an 
interest in PV manufacturing until Chinese firms appeared in Western stock 
exchange around 2008 (Nemet, 2019: 138-139). Notably, the interest of the 
Chinese government was kindled only after Chinese manufacturers produced 
a majority of the world’s PV modules (Yu et al., 2016: 466). The Chinese 
government, it seems, was reactive in the development of the solar PV 
manufacturing industry that was crucial to meet German demand. The Chinese 
Renewable Energy Law of 2005, which is commonly pointed out as a core 
mechanism by which the Chinese government supported the solar PV industry, 
was at the time geared towards increasing domestic demand and installation 
and did not seem to have any direct importance for manufacturers (Martinot, 
2010). The law can be understood as the Chinese equivalent to the German 
EEG, developed with expert help from both Denmark and Germany. In 
addition to this, Nemet (2019: 148), who recently documented the 
development in his How Solar Energy Became Cheap, explains how 
pioneering Chinese corporations, such as Suntech, relied on foreign direct 
investment from Western corporations such as Goldman Sachs for their 
economic success. Only after the economically successful establishment of 
Chinese PV manufacturers did the Chinese government take an active interest 
in their continuation. 
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While Beinhart provides an important comparison between China and the U.S., 
this raises the question why German companies – who also benefitted from 
generous government policies – could not scale up to meet German consumer 
demand (see Grau et al., 2011). Here, the economic impact of the financial 
crisis in 2008 may have played a larger role than differences in governance. In 
Germany and other European nations, government support (such as FITs) had 
to be cut down as economies went into recession (Yu et al., 2016). In contrast, 
the Chinese economy was not affected in the same way by the crisis, in part 
due to its strength in the world economy and in part due to previous experiences 
with financial crises (Li et al. 2012). Consequently, even at the height of the 
crisis in Europe in 2008, China’s government had the capacity to strengthen 
policies for increasing domestic PV installation. At this time, Chinese 
development banks also offered generous loans for solar companies struggling 
to turn a profit (Dong et al., 2015a). The degree to which the role of China in 
the world economy was strong due to its particular form of governance (state 
capitalism) is debatable. It would seem, however, that the different world-
economic positions of Germany and China provide a better explanation for 
why the development of a world-scale solar PV manufacturing capacity 
occurred in China and not in Germany (as I discuss below).  

International co-evolution: The boom originated from 
increased knowledge exchange 
The third explanation focuses on how the global solar PV market emerged from 
a complex international network of entrepreneurs, corporations, and 
government actors engaged in knowledge exchange (Nahm and Steinfeld, 
2014; Quitzow, 2015; Quitzow et al., 2017). This explanatory framework 
acknowledges that China’s capacity to scale PV manufacturing was an 
important reason why a commercially viable solar PV industry could emerge. 
While it is sometimes acknowledged that prices in material input factors, such 
as wages, rent, energy, and materials had an initial significance for the Chinese 
capacity to meet German demand, this framework considers “knowledge” 
(sometimes referred to as innovation or expertise) as the supreme input factor 
shaping the dynamics of the global PV market. Curiously, even the Chinese 
capacity for mass manufacturing is here understood as something originating 
from knowledge as opposed to originating from specific material conditions 
characteristic of the Chinese economy, such as the heavy reliance on coal 
(Goodrich et al., 2013).  

In contrast to the purely instrumental explanation above, the knowledge in 
question is not understood to originate from scientific expertise or engineering 



111 

design, but from actors making up an international network of knowledge 
exchange. In other words, the boom did not occur because Chinese actors were 
unique in their ability to innovate or scale-up manufacturing but because an 
international network of knowledge exchange emerged in which European, 
Australian, and U.S. actors could trade knowledge with Chinese manufacturers 
and vice versa. Helveston and Nahm (2019: 395) conclude, for example, that  

Chinese manufacturers gain technological know-how from advanced foreign 
incumbents, and the foreign partners feed the manufacturing and scale-up 
solutions their Chinese partners identify back into up-stream R&D activities.  

In this explanation, knowledge exchange typically constitutes a win-win 
situation where each actor or nation has something to benefit from engaging in 
knowledge transfer (sometimes called “technology transfer”) to optimize or 
improve their respective manufacturing capabilities. This means that there was 
no unique event, condition, or knowledge within China or among Chinese 
corporations that drove the boom in global solar PV manufacturing. Certainly, 
the Chinese capacity to scale was important, but the emerging PV industry, as 
put by Quitzow (2015: 143) was “a co-evolutionary process of mutual 
cumulative causation,” where the knowledge exchange between Chinese and 
German actors co-created the boom.  

Importantly, these studies acknowledge that the co-evolution underlying the 
emerging PV industry did not necessarily imply that the exchanges were 
always equal or just. As pointed out by Nahm and Stenfield (2014), solar PV 
products that are “made in China” typically benefit U.S. and European firms 
who, unlike their Chinese partners, do not have to navigate substantial financial 
or environmental risks. In this explanatory framework, a world division of 
labor is sometimes mentioned in passing, but quickly downplayed with 
reference to manufacturing automation or the rapid increase in Chinese 
technical know-how. For example, Helveston and Nahm (2019: 796) argue in 
their concluding remarks that even if world assymmetries are present today, 
“[t]he division of labor between Western inventors and Chinese manufacturers 
is not fixed or inevitable.” This is true, but it should not deter us from 
questioning to what degree a world division of labor was a necessary condition 
for solar PV commercialization, and to what degree it may be a permanent 
(albeit geographically mobile) condition for modern technological progress in 
general.  

That is to ask, could the boom have occurred without this particular division 
of labor? If yes, then, why did it not? Helveston and Nahm (ibid.) continue by 
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saying that, “in a global marketplace such as energy technology, it is unlikely 
that the entire value chain for a complex, manufactured product would lie 
entirely within national boundaries.” Again, this is certainly true, but it should 
not deter us from questioning why certain parts of the supply chain – typically 
primary sectors – are systematically placed in lower-wage, peripheral or semi-
peripheral regions of the world (see e.g., Muradian and Martinez-Alier, 2001; 
Pérez-Rincón, 2006; Ciccantell and Smith, 2009). To turn a blind eye to the 
world division of labor under which the solar PV boom occurred is arguably 
to miss the most important historical condition under which solar PV 
technologies were commercialized.  

Overall, in focusing on how efficiency improvements, governance, or 
knowledge exchange creates conditions for increased production, most 
explanations omit the role of particular human-environmental relations and the 
energy and material flows that make up the physical production of solar PV 
technologies. This is especially peculiar if we consider the vast amount of 
evidence pointing at a strong historical and physical correlation between mass 
production (i.e., industrialism) and the access to fossil fuels (see chapter three). 

Ecologically unequal exchange between Germany and 
China 2002-2018: Trading German PV manufacturing 
machines for Chinese solar PV modules 
As we have seen, the relation between Germany and China had a particular 
significance for the boom in production of solar PV modules between 2000 
and 2018. As some studies have already suggested, it makes little sense to 
understand China and Germany as isolated countries in this historical context 
(see section above). Rather, it may be best to understand that these countries, 
along with their associated actors, make up a particular relation that itself 
catalyzed the boom. Paradoxically, to understand such a relation, we must 
understand some basic qualitative differences between the countries that allow 
for such a relation to emerge (relations, as I have argued in chapter two, being 
characterized by both separation and connection). This implies that we should 
seek to understand that each country in the modern world economy, even if 
unique, develops in a co-evolutionary process. Crucially, however, such a 
relation must be understood to constitute not only innovative knowledge or 
governing orders, but also biophysical flows of matter-energy. Knowledge and 
governance is certainly important, but neither exist apart from a transformation 
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of matter-energy (see e.g. Strumsky et al., 2010). Therefore, the question is 
what kind of material relation that emerged historically between Germany and 
China and what role this relation played in the boom of the global PV market. 
To understand this, we will first very briefly look at the history of each country 
and then calculate the material relations that catalyzed the boom itself. Finally, 
I will discuss ecologically unequal exchange as a historical necessity for solar 
PV technology becoming a commercially viable option in the 21st century. 

Ecologically unequal exchange between China and Germany 
From a world-systems perspective, Germany is a core country and China is a 
semi-peripheral country. Ranked by the World Bank as a high-income 
economy, Germany is known for its internationally strong vehicle industry, 
medical industry, and the production of machinery for export. Measured in 
monetary exchange value, the Observatory for Economic Complexity (OEC) 
ranks Germany as one of the most complex and largest exporting nations in the 
world. This ranking is linked to a very specific historical past. Germany was 
one of the first countries to transition from an agrarian to an industrial regime, 
with a rapid increase in the use of fossil energy during the 19th century 
(Fischer-Kowalski et al., 2019). Already by the 1860s, over 50 percent of the 
energy throughput in the German economy was fossil-based (Molina and 
Toledo, 2014: 337). In addition to this, Germany has a colonial legacy, 
spanning roughly from the onset of the Scramble for Africa (1880) to the end 
of the First World War (1918). At the height of its power in 1914, the German 
Empire could draw on resources from an additional 10.6 million square 
kilometers and 55.5 million inhabitants outside its borders (ibid. 225). 
Germany’s early industrialization combined with its colonial legacy has no 
doubt shaped the country’s contemporary profile in the world economy (see 
e.g., Infante-Amate and Krausmann, 2019). Despite its turbulent 20th century 
history, with economic depression, two world wars, fascism, and the cold war 
period, Germany is today a strong state and a top actor competing for increased 
economic power in the world economy.  

Today, Germany boasts ambitious environmental targets and some of the most 
promising trajectories for ‘sustainable development’ according to conventional 
discourse (UNEP, 2011). However, the quantifiable difference between 
Germany’s climate targets and actual environmental mitigations – the so-called 
“emissions gap” – remains wide (CAT, 2020b). Germany’s environmental 
loads far exceed the carrying capacity of the German land base and globally 
sustainable footprints per capita (WWF, 2018). In part, the conventional 
narrative is kept alive because Germany is importing much of its energy-matter 
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throughput via international trade. Several studies have documented how 
Germany as a core, high-income country, relies upon a net import of matter-
energy in the world economy (Giljum and Eisenmenger, 2004; Jorgenson, 
2009; Dorninger and Hornborg, 2015). While Germany is a net exporter in 
terms of monetary exchange value, the country is a net importer of embodied 
matter-energy. Germany’s ambitious environmental politics is thereby 
associated with an environmental load displacement, whereby Germany 
exports a considerable amount of the environmental degradation resulting from 
its economic development to other countries. From a biophysical perspective, 
then, Germany exhibits a clear core-like position in the world economy.  

Now we turn to China. According to the World Bank, China ranks as an “upper 
middle income” country. Currently, China is the largest exporting nation in the 
world, mainly exporting machinery (broadcasting equipment and computers), 
textiles, and a vast range of other commodities. China has an immensely rich 
cultural and material history. The region of contemporary China is associated 
with some of the earliest and most complex civilizations in history and at least 
a dozen dynasties well before the 20th century. World-system and dependency 
scholars Kenneth Pomeranz and Andre Gunder Frank have argued against a 
Eurocentric understanding of history by stressing the central role of China in 
the formation of the modern world economy, not the least with reference to the 
Chinese demand for silver as a core incentive for early European colonialism 
(see chapter three).  

Despite China’s central role in the early modern period, the country was late to 
industrialize. Several explanations exist as to why China did not industrialize 
earlier, or simultaneously with western European nations. Pomeranz (2000), for 
example, suggests that China’s deteriorating relations to its peripheries 
contributed to halting its industrialization. To this, we could add the deteriorating 
social conditions in China imposed by the British Empire with the forceful 
opening of the Chinese markets for opium trade. The two opium wars that 
followed established relations between China and European colonial powers that 
benefitted the British Empire (e.g., Clark and Foster, 2009). With impediments 
such as these, combined with the fall of the Chinese Empire in 1911, two world 
wars, and the stumbling Maoist attempt at industrialization through the Great 
Leap Forward, Chinese industrialization did not take off until well into the 20th 
century, a whole century after Germany and other western European countries 
(Fischer-Kowalski et al., 2019). The economic reforms of 1978 are typically 
pointed out as a key turn-around event that served as a new foundation for 
modernization and industrialization in China. Since then, China has quickly risen 
as the second most powerful economy in the world.  
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During this time of rapid economic growth, China has been fundamentally 
dependent on coal as the energetic basis for its expanding industries. Energy 
expert Vaclav Smil (2016: 275) explains that “China’s total coal output more 
than quadrupled between 1980 (907 Mt) and 2013 (3.97 Gt), when it accounted 
for almost as much as the rest of the world production put together.” Even if 
the relative amount of coal in the Chinese energy mix is slowly being reduced, 
Chinese industries continue to burn larger and larger amounts of coal every 
year to propel its increasing economic activity, which provides massive 
amounts of commodities to the world. Given its high fossil fuel dependence 
and the vast amounts of extraction of other non-renewable resources, China is 
often described as one of the worst polluters in the world. The Climate action 
tracker, for instance, categorizes China’s efforts at decarbonization as “highly 
insufficient,” estimating that the Chinese emissions reduction targets are in a 
range that would warm the Earth to a detrimental 3°C–4°C above pre-industrial 
levels (CAT, 2020a). In a highly globalized economy, however, it is 
problematic to place blame simply upon the Chinese government for this 
trajectory, since the country is an arena for a number of national and 
international actors with economic interests in producing cheap commodities 
for a global market (Malm, 2013; Dong et al., 2015b; Shen, 2017). 
Considerable parts of the environmental damages from Chinese production 
processes benefit other countries or actors by virtue of commodities being 
exported to other world regions or providing profits for non-Chinese actors.  

In a study assessing the physical trade between China and 186 other countries 
in the world economy it was found that developed regions (including the EU) 
displace their environmental loads to China through trade (Yu et al., 2014). 
This environmental load included embodied greenhouse gas emissions (CO2 
and SO2) as well as embodied water and embodied land. The same study 
concluded that China in turn exports some of its own environmental loads to 
less developed regions of the world, including Southeast Asian and African 
countries. China, seen from a biophysical world-systems perspective, thereby 
exhibits both core- and periphery-like processes, marking it as a semi-
periphery in the world economy. Several other studies have confirmed the 
Chinese role as semi-periphery, as it simultaneously exports embodied 
greenhouse gas emissions, embodied energy, embodied land, and embodied 
material while it imports embodied forests, embodied land, and embodied 
water (Yu et al., 2014; Peng et al., 2016; Tian et al., 2017; Shandra et al., 2019). 

Given their respective roles in the world economy, it is not surprising that 
direct trade relations between China and Germany have been shown to 
facilitate an ecologically unequal exchange whereby embodied matter-energy 
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is transferred to Germany (Tian et al., 2017). It is interesting to note that the 
most relevant trade sectors between China and Germany, considered in 
physical measurements, included the German export of “machinery” to China 
and the Chinese export of “electrical and optical equipment” to Germany (Tian 
et al., 2017). This means that the German export of machinery, such as cars, 
PV equipment, and similar products, has a biophysical significance for the 
Chinese economy, while electrical equipment, such as computers and solar PV 
modules, have a physical significance for the German economy. 

LCA-based methods for calculating ecologically unequal exchange 
As we have already seen how the world economic relation between Germany 
and China is characterized by ecologically unequal exchange at the nation-
scale, the goal here is to calculate the presence of unequal exchange in the trade 
in products specific to the global solar PV market between 2000 and 2018 and 
discuss its significance. While the most common methods for calculating the 
occurrence of ecologically unequal exchange typically focus on specific 
industrial sectors, entire economies, or even world economic regions, I will 
here follow a method based on Life Cycle Analysis (LCA), by which it is 
possible to assess ecologically unequal exchange in trade with specific 
commodities (Oulu, 2015). This is the first step in the wider goal to understand 
the significance of ecologically unequal exchange for the commercialization 
of solar PV technology.35 

Following Oulu (2015), LCA-based calculations on ecologically unequal 
exchange have two basic parts. First is to calculate the embodied resources and 
impacts of the individual commodities traded and second is to calculate the 
bulk exchange of these commodities in the world economy relative to a fixed 
market price. This includes at least four sub-phases.  

• First, a scope definition should be provided wherein the functional 
unit, system boundaries, and units of measurements are articulated.  

• This is followed by an inventory analysis wherein the resource 
intensity per functional unit is determined and presented.  

• Third, an impact assessment is made wherein unequal exchange is 
determined via a comparison of the resource intensity per unit of 
exchange value.  

 
35 This method is chosen in part because this thesis is an attempt at understanding the ontology 

of PV technology. 
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• Finally, the implications of the results are discussed. The remaining
part of the chapter will follow this systematization.

To compare the ecological exchange implicated in two commodities in the 
solar PV market, the functional units were defined as follows: One Chinese 
solar multi-crystalline silicone solar photovoltaic module36 and one German 
solar photovoltaic manufacturing machine.37 The system boundaries were set 
to include measurements traced from the extraction of the necessary matter-
energy to the assembly of the final product (figure 7 and 8). Since we are here 
narrowly concerned with the exchange of finished products, environmental 
impacts associated with the usage, disposal, and recycling phases are 
considered outside the system boundaries. Only domestic resources and 
greenhouse gas emissions are taken into account (for solar PV, see Dong et al. 
2015b). For this study, the units of measurement include embodied land, 
embodied labor, embodied energy, and embodied CO2 emissions. These units 
of embodiments were then related to quantities and monetary exchange values 
(USD) of the respective commodities, derived from the UN database 
COMTRADE (2020) and the Trend economy (2020) database on commodity 
exchanges. 

Figure 7. System boundary for a Chinese multi-crystalline silicone (m-Si) solar PV module. 

36 Properties: 1,482 x 992 x 35 mm (1,47 m2), 16.8 kg, 54 cells (6 x 9), lifespan 25 years, 200 
Wp. 

37 Properties: 2,500 kg, lifespan 30 years (OpenLCA, 2020). 
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Figure 8.System boundary for a German solar photovoltaic manufacturing machine. 

Table 2 summarizes the resource intensity of a Chinese solar PV module. 
Methodologically, the resource intensity in the life-cycle inventory table is 
presented as if it is static in time. This means that variations in resource 
intensity associated with changes in the manufacturing process have not been 
taken into consideration. In order to avoid portraying the resource intensity as 
larger than it was during the last years of the boom, the inventory table is based 
on LCA-analyses published as recently as possible (typically from 2013 
onwards). Contrary to what is often assumed, the LCA-analyses reviewed 
shows that resource efficiencies in manufacturing may not have changed 
considerably over the last twenty years. For instance, one review reveals that 
CO2 emissions and energy use in the production of solar PV systems were in 
some cases higher in 2017 and 2018 than 20 years earlier (Ludin et al., 2018). 
This may in turn be linked to observations that increased automation in 
manufacturing implies higher energy expenditures per commodity produced 
even if it lowers the amount of necessary labor hours (Hagens, 2020) or that 
economies of scale are offset by “diseconomies of space” (Bunker and 
Ciccantell, 2005b; Ciccantell and Smith, 2009). 
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Table 2. Life-cycle inventory table for a Chinese solar multi-crystalline silicone (m-Si) solar photovoltaic 
module.  

Process/input Energy (MJ) Land (m2)c Labor (h)d Emissions (kg 
CO2-eq.) 

Extraction of raw 
materials 

2552a  57 0.35 0.6b 

Processing of 
materials  

2071a  44 0.87  186.1b  

Production and 
assembly 

1382a  29 3.26 88.9b 

Module packaging 1512b  31.5 N/A 167.6e  
Total 7517 161.5 4.47 443.2 
aData from Wong et al. (2016). 
bData from Dong et al. (2015b).  
cCalculations based on energy values from Wong et al. (2016) and Dong et al. (2015b) converted into land 
hectares with a coefficient (1.56 W/m2) calculated from land requirements of China’s solar PV industry 
(table 12). The coefficient includes indirect land requirements of the necessary labor and capital, but 
excludes the land for carbon sequestration. 
dData from Llera et al. (2013). Considering a 1800h work year in China.  
eData from Dong et al. (2015b). Includes some emissions associated with assembly of the aluminum frame 
not previously included. 

 

Table 3 summarizes the resource intensity of a German solar photovoltaic 
manufacturing machine. Ironically, it is notoriously difficult to access life-
cycle data on machinery, perhaps because there is a limited interest in 
understanding machines as material artifacts (see chapter two). The LCA 
accounts on machinery that do exist focus almost exclusively on variations in 
production efficiency in the usage phase by examining variations in machine 
design (so-called “eco-design”). These typically do not contain any 
measurements of resource expenditures or environmental impacts of the 
machines themselves. The most significant exception to this trend can be found 
in research on energy flows in agricultural systems (e.g., Fluck, 1992; 
Pimentel, 2006; Bochtis et al., 2019). In these studies, energy embodiments 
associated with the manufacture of machinery are sometimes considered 
relevant for the overall energy expenditure of a particular food product or a 
particular agricultural system. Usually, such measurements are based on 
energy intensities per kg of machinery. In literature on ecological footprints, it 
is also possible to find coefficients concerning land embodiments for different 
industrial sectors (e.g. Hubacek and Giljum, 2003). The life-cycle inventory 
for the German manufacturing machine draws upon these studies. 
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Table 3. Life-cycle inventory table for a German solar photovoltaic manufacturing machine. 
Process/input Energy (MJ)a Land (m2)b Labor (h) Emissions (kg 

CO2-eq.)d 
Extraction and 
processing of raw 
materials 

1,286,500 8,276 N/A 74,617

Manufacturing 61,000 385 N/A 3,538
Transportation 3,225 20 N/A 187
Total 1,350,725  8,681 849c 78,342
aData from Bochtis et al. (2019).  
bCalculations based on energy values from Bochtis et al. (2019) converted into land hectares with a 
coefficient (4,93 W/m2) calculated from land requirements of Germany’s solar PV industry (table 12). The 
coefficient includes indirect land requirements of the necessary labor and capital, but excludes the land for 
carbon sequestration. 
cCalculated by dividing the annual turnover of Germany’s manufacturing and equipment industry with the 
amount of jobs focused on export in the sector (Kolbe, 2011; Dauth et al. 2017). Considering a 1,350h 
work-year in Germany.  
dCalculated with a coefficient of Germany’s carbon intensity (0.058 kg/MJ) (Worldometer, 2020; BP, 
2019a). 

The next step was to apply the resource intensities associated with each 
commodity to aggregate quantities traded between Germany and China during 
the time of the boom. Tables 4 and 5 summarize the associated flows implied 
in the Chinese export of solar PV modules to Germany and the German export 
of solar PV manufacturing machinery to China. The results show an unequal 
exchange whereby net transfers of embodied energy, embodied land, embodied 
labor, and embodied emissions are flowing from China to Germany (Figure 9, 
10, 11, 12). In all embodiments calculated, the biophysical exchange 
implicated in trade with these two commodities shows a considerable 
asymmetry as of 2013. Even prior to this period, a notable (yet smaller) 
asymmetry was present that started accelerating in 2006. Figure 13 provides a 
closer look at the trends in the crucial early years 2002-2010. 
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Table 4. Trade volumes and embodied resources in Chinese export of solar PV modules to Germany 
2002-2018. 

Year Chinese solar PV module 
exports to Germany 

Embodied resources 

Export (kg) Prices (USD) Energy 
(GJ) 

Land 
(ha) 

Labor (h) Emissions 
(tonnes 
CO2-eq.) 

2002 117,206 15,655,463  52,442 113 31,177 3,092 
2003 129,521 20,093,089  57,953 124 34,453 3,417 
2004 1,234,167 145,459,891  552,216 1,186 328,288 32,559 
2005 3,963,096 458,772,870  1,773,248 3,809 1,054,184 104,550 
2006 6,976,314 802,959,450  3,121,482 6,704 1,855,700 184,042 
2007 31,539,586a 1,387,741,794 14,112,072 30,310 8,389,530 832,050 
2008 65,828,307a 3,134,085,716  29,454,218 63,261 17,510,330 1,736,617 
2009 158,658,712a 3,776,077,334 70,990,254 152,471 42,203,217 4,185,575 
2010 375,570,340 7,663,736,157 168,045,193 360,923 99,901,710 9,907,921 
2011 327,077,931 5,704,730,963 146,347,749 314,322 87,002,730 8,628,643 
2012 211,272,309 2,131,681,388 94,531,682 203,033 56,198,434 5,573,575 
2013 59,025,716 592,278,908  26,410,466 56,724 15,700,840 1,557,157 
2014 58,083,459a 345,596,582  25,988,863 55,818 15,450,200 1,532,300 
2015 75,283,694a 313,933,004  33,684,936 72,348 20,025,463 1,986,059 
2016 111,149,346a 396,803,166  49,732,663 106,815 29,565,726 2,932,231 
2017 100,319,671a 358,284,551  44,887,081 96,438 26,692,198 2,646,528 
2018 155,734,982a 463,406,970  69,682,131 149,710 41,436,627 4,108,437 
Sources: Data from COMTRADE (2020), commodity codes 854140 and 854150. Embodied resources, 
including indirect land requirements, calculated by author. 
aData on export (kg) missing from COMTRADE (2020). Calculated based on prices (USD) from COMTRADE 
(2020) and $/W from Nemet (2019: 156-157). A price of $0.3/W in 2017 was deduced from price trends 
displayed in Nemet (2019: 156) and a price of $0.25/W was considered for the year 2018 (Nemet, 2019: 156; 
Haegel et al., 2019). 
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Table 5. Trade volumes and embodied resources in German export of solar PV manufacturing equipment 
to China 2002-2018. 

Year German solar PV machine 
exports to China 

 Embodied resources 

 Export (kg) Prices (USD)  Energy 
(GJ) 

Land 
(ha) 

Labor (h) Emissions 
(tonnes 
CO2-eq.) 

2002 106 38,000  57 0.03 36 3 
2003 2,500 909,000  1,350 1 849 78 
2004 7,300 3,843,000  3,944 3 2,479 229 
2005 10,900 3,321,000  5,889 4 3,702 342 
2006 28,100 12,458,000  15,182 10 9,543 881 
2007 853,900 130,479,000  461,354 297 289,984 26,758 
2008 1,9849,44 300,227,011  1,072,445 689 674,087 62,202 
2009 2,448,306 312,712,046  1,322,795 850 831,445 76,722 
2010 8,884,239 1,187,604,272  4,800,065 3,085 3,017,087 278,404 
2011 11,555,939 1,944,456,603  6,243,558 4,013 3,924,397 362,126 
2012 4,453,060 391,886,514  2,405,944 1,546 1,512,259 139,545 
2013 2,214,644 277,799,826  1,196,550 769 752,093 69,400 
2014 2,934,083 322,045,392  1,585,256 1,019 996,415 91,945 
2015 2,379,973 285,157,862  1,285,876 826 808,239 74,581 
2016 5,321,773 418,854,750  2,875,301 1,848 1,807,274 166,767 
2017 5,892,225 613,486,356  3,183,510 2,046 2,001,000 184,643 
2018 5,009,753 606,865,365  2,706,719 1,740 1,701,312 156,990 
Sources: Data from COMTRADE (2020) commodity code 8486 and Trend economy (2020) commodity 
code 903082. Embodied resources, including indirect land requirements, calculated by author. 

 

  
Figure 9. Exchange of embodied energy per 
10,000 USD. 

Figure 10. Exchange of embodied land per 10,000 
USD.  
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Figure 11. Exchange of embodied labor per 
10,000 USD. 

Figure 12. Exchange of embodied emissions per 
10,000 USD. 

Figure 13. Exchange of embodied land per 10,000 
USD, 2002-2010. 
A closer look at asymmetry emerging in 2006. 

At the peak of asymmetry in 2018, the exchange implied a net transfer of 1,459 
GJ, 3.2 hectares of embodied land, 866 embodied labor-hours, and embodied 
greenhouse gases equivalent to 86 tonnes of CO2 from China to Germany for 
every 10,000 USD exchanged. The drop in solar PV module prices is likely a 
factor contributing to these biophysical trends (cf. Nemet, 2019: 156), because 
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lower prices on solar PV modules relative to prices on PV machinery implies 
that less embodied resources are traded for more embodied resources. The fact 
that German machinery has not followed the same price trajectory as Chinese 
solar PV modules is likely the underlying reason for the intensification of 
ecologically unequal exchange. 

Was ecologically unequal exchange a  
necessity for solar PV commercialization? 
The results above indicate that trade in the solar PV market was indeed 
ecologically unequal between Germany and China between the years 2002 and 
2018. The emerging solar PV industry represents a technological expansion in 
which Germany displaced the environmental loads and work loads of its 
politically motivated energy transition to China. Let us now return to the 
question of whether ecologically unequal exchange was a necessary condition 
for the boom in the global solar PV market that transformed alternative solar 
technology into a fully-fledged world market commodity. This includes 
answering the questions whether Germany could reasonably have provided the 
energy, land, labor-hours, and carbon sink potential domestically and whether 
trade with China was a condition for fulfilling Germany’s solar PV aspirations. 
Following this, I will also provide two brief notes on the implications of this 
finding for modern solar PV aspirations and in relation to current trends in the 
world economy.  

At the peak of asymmetry in 2018, for an exchange of 463,406,970 USD worth 
of PV modules and PV equipment respectively (the total amount spent on 
Chinese solar PV modules by Germany), Germany gained a total amount of 
67,615,260 GJ of embodied energy, 148,381 hectares of embodied land, and 
20,069 embodied person-year-equivalents from China. In addition, 3,989,852 
tonnes of CO2-eq. were emitted in China for the “benefit” of Germany. Based 
on the observation that Germany’s primary energy supply, total surface area, 
and total population  is significantly greater than the volumes of resources 
embodied in trade with China, it seem that Germany could theoretically have 
provided the necessary energy, land, and labor-hours domestically. However, 
we should recognize that that these figures represent a significant volume of 
resources in relation to electricity capacity. If we take into consideration that 
the 463,406,970 USD exchanged in 2018 represent 1,854 MW solar PV 
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capacity,38 then an equivalent of 0.009% of Germany’s electricity capacity39 
required the equivalent of 0.005% of its energy supply,40 0.004% of its surface 
area,41 the labor of 0.00027% of its population,42 and greenhouse gases 
equivalent to 0.005% of its annual emissions.43 Since these figures account 
only for the resources embodied in trade with China, the total amount of 
resources required is in fact higher.44 This is a significant amount of resources 
per electricity capacity installed, confirming that solar PV modules require 
larger amounts of resources than is conventionally assumed. 

This finding imply that Germany’s solar aspiration would probably imply high 
economic costs if the energy, land, and labor had to be supplied domestically. 
This possibility can be tested by calculating the cost of the solar PV modules 
(USD/W) based on German wages and energy prices. In 2018, China exported 
solar PV modules to Germany at a total exchange value of 463,406,970 USD 
(table 5). The total amount of labor-hours embodied was 41,436,627 (table 5). 
With Chinese manufacturing wages of 6.2 USD/hour, these labor-hours cost 
256,907,087 USD (Trading economics 2021). With German manufacturing 
wages of 28 USD/hour, the same amount of labor hours would have cost 
1,160,225,556 USD (Salary explorer, 2021). Thus, the total price on the solar 
PV modules installed by Germany would have increased to 1,366,725,439 
USD (0.74 USD/W) if they were manufactured with German wages. 
Additionally, the embodied energy to manufacture the solar PV modules 
amounted to 69,682,131 GJ (table 5). With Chinese electricity prices of 0.08 
USD/kWh and German electricity prices of 0.38 USD/kWh (Statista, 2021), 
the prices on the solar PV modules would increase by 5,806,844,250 USD if 
they were manufactured in Germany.45 This means that the solar PV modules 
that Germany imported from China at an exchange value of 463,406,970 USD 
would cost 7,173,569,689 USD if they were manufactured with German wages 

38 Considering a price of 0.25 USD/W (Nemet, 2019: 157). 
39 Germany’s total power generation capacity was 154,100 MW in 2011 (Fraunhofer, 2020). 
40 Calculations based on figures from AGEB (2019). 
41 Germany’s surface area is 35,738,600 hectares.   
42 The 40,137,492 labor-hours are equivalent to 22,299 people if we assume a 1,800 long work-

year. In 2018, Germany’s total population was 80.33 million (Koptyug, 2020). 
43 Germany emitted 731,300,000 million tonnes CO2-eq. in 2018 (BP, 2020: 13). 
44 The figures do not account for expenditures associated with installing the PV modules, 

maintaining the modules, and managing the waste of the massive infrastructure. 
45 The price of the Chinese electricity was 1,548,491,800 USD (69,682,131 GJ * 0.08 

USD/kWh) and the price of the Germany electricity was 7,355,336,050 USD (69,682,131 GJ 
* 0.38 USD/kWh). The difference between them is 5,806,844,250 USD.
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and energy prices. This means that prices on solar PV modules would be at 
least 15 times higher if they were produced in Germany rather than China.46 
This represents an increase in PV prices from 0.25 USD/W to 3.87 USD/W, a 
price that is equivalent to the situation just prior to the boom, around the year 
2000 (Nemet, 2019: 156). This demonstrates that the global solar PV boom 
was essentially based on ecologically unequal exchange. From this, we can 
conclude that ecologically unequal exchange was indeed a necessity for 
Germany to begin realizing its techno-political aspirations.  

Since conventional economics does not take biophysical flows of embodied 
resources into account, it is unlikely that the boom was initiated based on 
economic arguments for environmental load displacement. Rather, the 
opportunity for environmental load displacement was most likely expressed as 
favorable manufacturing prices in Asia relative to Germany. The gap in 
manufacturing costs between Germany and China were so large that even the 
world’s most established solar PV companies – such as German Q-Cells – who 
had been leading PV manufacturing for decades and had maximized 
opportunities for low cost manufacturing within Europe, still could not scale 
up manufacturing to saturate the growing German demand (Nemet, 2019: 118-
123). To a large degree, this insufficiency was due to high raw material costs 
(ibid.). In Asia, by comparison, resources and labor could be accessed at 
decidedly lower prices. For this reason, a few years before Q-Cells was sold to 
the Korean corporation Hanwha Solar, the company built a production line in 
Malaysia in the hope of increasing its global competitiveness.  

Quite opposite to what proponents of the Experience curve suggests, this 
shows that lower relative manufacturing costs was a key necessity for scaling 
up manufacturing in solar PV modules and not the other way around. This can 
be explained by the fact that an increase in scale (i.e., “scaling up,” or 
“growth,” or even “complexity”) can only occur with an absolute increase in 
matter-energy throughput in highly ordered structures (Georgescu-Roegen, 
1975; Tainter, 1988; Hall and Klitgaard, 2012). In turn, such an increase 
necessitates lower prices on matter-energy inputs for ventures bound within 
the cycle of capital accumulation. In the case of the global PV boom, the 
relative price difference in energy, raw materials, and labor between China and 
Germany served precisely this purpose of allowing higher energy-matter 
throughputs at lower prices. Far from exhibiting unique Ricardian comparative 

46 We should bear in mind that these figures do not include prices on carbon emissions or 
expenses associated with the land requirements. If these were calculated, it would likely imply 
that the prices of the solar PV modules would be even higher if they were manufactured in 
Germany. 
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advantages in knowledge on how to scale up, firms in China had the “absolute 
advantage” of access to cheap and unregulated use of fossil fuels, lower wages, 
cheap or unregulated land, and cheap materials necessary to produce larger 
amounts of solar PV modules at low prices (i.e., scaling up production).  

In relation to this, we should recall that relative price differences in resources 
and wages in different geographical regions is a core mechanism through 
which ecologically unequal exchange occurs (Emmanuel, 1972; Hornborg, 
1998; Pérez-Rincón, 2006). This is reflected in how the annual environmental 
load displacement increased with the successively lower prices on solar PV 
modules in China relative to German solar PV machinery. As we see between 
the years 2011-2013, for instance, even if export (in kg) increased, the volume 
of embodiments increased per unit of exchange value. This shows that price 
differences – not amounts of mass exchanged – is the central determinant for 
the rates of ecologically unequal exchange (see also the years 2004-2006). This 
drop in manufacturing prices in China relative to those of Germany exemplifies 
what economists call “deteriorating terms of trade” whereby an ever-increasing 
quantity of export is needed every year to balance the same amount of import. 
For the purpose of maintaining a regular export income flow, Chinese and 
foreign manufacturers in China were compelled to produce ever more solar PV 
modules to the beat of an ever-faster rhythm of natural resource extraction, 
increased pollution, and more cost-effective manufacturing processes. 
Increased environmental degradation and efficiency improvements can here be 
understood as an effect of market conditions and the never-ending quest for 
profit maximization under capitalism.  

Even if the radical drop in prices in Chinese solar PV modules in 2002-2018 is 
conventionally understood in a positive light, it masks an uneven biophysical 
relation that was as much a necessary condition for the boom as scientific 
knowledge, knowledge-exchange in manufacturing, or strong government 
support. For simultaneously as extraction and manufacturing soared in China, 
the German economy reaped the benefit of the increased import of embodied 
resources (in the guise of seemingly social-ecologically benign solar 
technologies) that further contributed to the modernization and 
complexification of its social metabolism. In this way, ecologically unequal 
exchange enabled the emergence of a global low-cost solar PV market 
inseparable from underlying questions concerning environmental 
sustainability and uneven distribution of work, resources and pollution in the 
world economy. 
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Implications for modern solar PV aspirations 
These calculations indicate that the commercialization of solar PV technology 
was linked to a particular global political relation without which an expanding 
global solar PV market could not be established. As we have seen, discourses 
that consider solar PV technologies as a democratic or appropriate technology 
have so far remained silent about this form of global political relation (in 
chapter six I discuss why this is so). Visions of a post-industrial metabolism 
driven by solar energy captured from local rooftops or solar parks must 
arguably re-consider the politics of solar PV technology based on this recently 
acknowledged reality of a global division of labor in solar PV manufacturing. 
Large-scale solar PV development is today far from an “appropriate 
technology” or a “tool for conviviality” (Illich, 1973; Schumacher, 
1999[1973]). In fact, the results are suggestive of Ivan Illich’s (1973: 11) 
conviction that a technology that grows beyond a certain scale tend “to frustrate 
the end for which they were originally designed.” Equally distant is the popular 
vision of local energy democracies facilitating energy security and greenhouse 
gas mitigation, for example as argued by Herman Scheer (2005, 2007) and 
Naomi Klein (2014). To be sure, these technological visions and their outlook 
on technology still hold relevance, but only to the extent that the materiality of 
the global economy is ignored. As I have argued, however, to omit this aspect 
is to miss a fundamental part of what technology is (chapter two).  

This omission can only be remedied by taking into consideration the 
biophysical past of technologies. This is easily done by recognizing that 
technologies do not spring forth from nothing. While it is possible to argue that 
solar PV technologies required ecologically unequal exchange even prior to 
the boom in the global solar PV market (e.g. by virtue of being manufactured 
in Eastern Germany and installed in Western Germany), the commercialization 
that is characteristic of the boom is linked to a qualitatively specific global 
political relation whereby a net transfer of resources from a semi-peripheral 
nations (China) proved necessary to fulfill the aspirations of a core nation 
(Germany). 

The ecologically unequal exchange between Germany and China that provided 
the foundation for the emerging solar PV market demonstrates how an 
instrumental notion of technology, exemplified in German policy, was vital for 
the emerging global asymmetries. The Renewable Energy Act (EEG), geared 
towards incentivizing mass installation of PV modules, was especially 
important to this end. It rested upon an understanding of renewable energy 
technologies, such as solar PV modules, as exempt from so-called “external 
costs” (BMU, 2000: 16-17). It is clear that fossil energy carriers were 
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understood to have problematic socio-ecological impacts that are not reflected 
in their price. The EEG was meant to remedy this situation by “internalizing” 
the “costs” of fossil fuels, while simultaneously making renewable energy 
technologies more cost competitive on the market through subsidies (feed-in-
tariffs). This solution, however, never took into consideration that renewable 
energy technologies also have definite socio-ecological impacts in the world, 
similar to fossil technologies. In effect, as installation of renewable energy 
technologies were economically incentivized, the socio-ecological impacts 
associated with solar PV modules increased. In this sense, the narrow view of 
solar PV technology (i.e. as exempt from a biophysical past) facilitated the 
global asymmetries between Germany and China. As theorized in chapter two 
and three, this demonstrates how the conventional, fetishized understanding of 
solar PV technology sustains the global relations of industrial capitalism. 
These are the very same social relations, we might add, from which the 
fetishized view of technology and commodities emerged.  

Implications for the solar PV technology of tomorrow:  
China’s aspirations for the world economy  
It is important to note that the rapid rise of the global solar PV market has not 
been fast enough to meet installation targets set in the Paris agreement 
(Halveston and Nahm, 2019: 796). Despite reaping the benefits of Chinese low-
cost solar PV modules, Germany has only met 50% of its intended targets of 
installing 98 GW worth of solar PV capacity by 2030 (Enkhardt, 2019a). 
According to an article in Nature, an additional 500 GW of solar PV capacity is 
expected worldwide already by 2023. The same article suggests that “scaling in 
production … is something that China … is certainly capable of in the future” 
(Nature editorial, 2019: 623). As world leaders race for an increase in PV 
manufacturing and installation, it is important to understand the underlying 
biophysical relations that are linked to the continuation of such mega-
industrialization. The result uncovered in this chapter may shed theoretical light 
on some of China’s changing trade relations with neighboring its countries.  

China has articulated one of the world’s most ambitious aspirations for a future 
industrial economy propelled by renewable energy. The degree to which this 
aspiration will be fulfilled remains unclear but given its record of 
accomplishment of manufacturing and installing solar PV modules, it should 
be taken seriously. In a speech to the UN in October 2016, Liu Zhenya, the 
former chairman of the State Grid Corporation of China spelled out the vision 
for the international organization Global Energy Interconnection Development 
and Cooperation Organization (GEIDCO) whose mission is to develop the 
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installation of a global renewable electricity grid under the flag of sustainable 
development. As reported by Fialka (2016) in Scientific American, Liu Zhenya 
laid three phases of the global mega project that would eventually “transmit 
solar, wind and hydroelectric-generated power from places on Earth where 
they are abundant to major population centers, where they are often not.” First, 
individual nations will redesign their electricity grids. Second, international 
efforts will be mobilized to build cross-national grids. Third, power lines and 
undersea cables will be built to connect cross-national grids across the globe. 
Liu Zhenya continued to argue that this would create a win-win situation in 
which sunny regions such as Africa and Central America could export clean 
energy to major cities that have the biggest need for the energy. In the end, 
Zhenya claimed, “the world will turn into a peaceful and harmonious global 
village with sufficient energy, green lands and blue sky.” Questions concerning 
matter-energy requirements, their social distribution, and social-ecological 
impacts were conspicuously absent.  

From what we learn in the case of the boom of the solar PV market, it quickly 
becomes illusory if social-cultural aspirations – such as Liu Zhenya’s – are 
separated from their associated matter-energy requirements, social 
distribution, and social-ecological impacts in the world. Here it is important to 
remember the ecologically asymmetric relations between China and world 
economic peripheries that may come to increase in significance and magnitude 
with aspirations such as Lie Zhenya’s (Yu et al., 2014; Peng et al., 2016; Tian 
et al., 2017; Shandra et al., 2019). Already, studies have shown that the Chinese 
PV industry will have to import many of the materials used in solar PV 
manufacturing from elsewhere in order to further scale up its solar PV 
manufacturing (Wang et al., 2019). Simultaneously, Chinese firms are 
relocating their manufacturing facilities to Southeast Asian countries while 
attempting to create new export markets in semi-peripheral and peripheral 
countries (Shen and Power, 2017). In line with this, Yu et al. (2016: 471) 
suggest that new demand may be explored in less-developed regions that could 
benefit from increased electrification and green growth. The question, 
however, is what Chinese firms would demand in turn and what biophysical 
trade relations this would imply. Taken together, the Chinese social-cultural 
aspirations for a globally interconnected electricity grid harnessing renewable 
energy and the biophysical implications of such an endeavor points to the 
increasing relevance of understanding the distributive problems of advanced 
solar PV technologies and the anticipated new metabolism. 
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The solar boom: The vision and the reality 
At least since the early 1970s, utopian visions in which modern societies sustain 
themselves on the direct energy of the sun has informed the collective imagination 
of developed nations. These visions were articulated in a time when actual 
manufacturing and installations of renewable energy technologies remained 
small-scale and modest. Today, however, solar PV technology is no longer an 
alternative technology. Over the last two decades, a boom in solar PV 
manufacturing and installation has occurred that has transformed solar PV 
technology into a commercial commodity. This boom, motivated and encouraged 
by European (notably German) demand, started with the increasing significance 
of coal-propelled China into the international market as a manufacturing and 
exporting nation. So far, explanations for this boom have focused on solar PV 
technology simply as an immaterial phenomenon. The consequences of the 
preoccupation with idealist explanations are that the underlying social-ecological 
relations of the commercialization have remained invisible.  
This chapter has shown that the boom itself – understood as a trade relation 
between China and Germany – was characterized by an intensification of 
ecologically unequal exchange whereby Germany could displace an ever-
increasing amount of the environmental burdens associated with the realization 
of its social-cultural vision of an industrial society sustaining itself on 
renewable energy sources to China. Without this relation, presented as an 
option due to relative price differences between the nations, Germany would 
not have been able to fulfill its goals of installing solar PV capacity without 
compromising the stability of its domestic economy and the condition of its 
domestic environment. These results support the hypothesis that a net transfer 
of resources, flowing from one social group to another, is a necessary social 
relation for realizing conventional aspirations to capture energy directly from 
the sun through the means of solar PV technology.  
Even if solar PV modules can be installed to facilitate local democratic 
communities that embrace democratic ways of being, this chapter shows that 
there is an additional political dimension to solar PV technologies at the scale of 
the world economy. This political dimension, characterized by a world division 
of labor, likely intensified with the commercialization of solar PV technology 
over the last two decades. Recent changes in the now global solar PV industry are 
thereby associated with a transformation of solar PV technology that current 
visions for a future sustainable society relying on renewable energy sources has 
yet to catch up to. This is likely to become an ever-greater concern in need of 
attention in a world economy where major actors continue to advocate for an 
ever-faster installation of ever-more solar PV technology. 
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5. The political ecology of the
technological boundary:
On the inherent politics of large-
scale solar PV development

“The solar advocate’s belief that solar technologies are compatible with 
democracy pertains to the way they complement aspects of society removed 

from the organization of those technologies as such.”  

Langdon Winner 

Drawing boundaries is a powerful political act. Consider the enclosure acts in 
England (circa 1600-1900) that gave rise to the proletariat through widespread 
privatization of the commons, or the Valladolid debate in Spain in the mid-
16th century that came to justify war against Native Americans on the 
erroneous belief that they were categorically different from Christian 
Europeans (so-called “natural slaves”). In both cases, a categorical boundary 
was drawn and enforced to justify social relations of power, i.e., capitalism and 
colonialism respectively. Importantly, there was nothing inherent in the 
English landscapes that forced the landowners to draw the new property 
boundaries. Nor were there any inherent biological differences between 
Americans and Europeans that could justify colonial exploitation and war. The 
resulting social relations – proletariat/capitalist and slave/colonizer – were not 
material categories, but socially and historically constructed ones. 

In the context of drawing boundaries for political purposes, it is interesting to 
see how cognitive scientists distinguish what they call “artificial” versus 
“natural” categories: 

By natural object categories we mean categories with lexical entries (e.g., bird) 
whose instances correspond to entities in the world (e.g., robin, turkey, pigeon). 
Artificially constructed categories typically involve novel stimuli where the 
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constituent features or properties of examples are familiar, but where the 
experimenter [or boundary drawer] specifically manipulates the properties of 
examples and the assignment of examples to categories to create some 
particular category structure of interest. Neither the examples nor the categories 
need necessarily correspond to real-world entities (Medin and Heit, 1999: 101-
102).  

In the examples above, two artificially constructed categories (property and 
natural slave) were developed for political purposes (capital accumulation and 
resource exploitation), through the drawing and enforcing of boundaries 
(enclosure and othering) that were not naturally encouraged in the world. The 
possibility that humans can cognize categories that have no counterparts in the 
physical world is at once helpful and politically charged. On the one hand, it 
allows for deductive learning and hypothesis testing (i.e., establishing a priori 
categories that are then tested). On the other hand, in the lack of relations to 
“real-world contexts,” artificial categories can miss or purposefully leave out 
important aspects of the world, sometimes with far-reaching political 
consequences (Medin and Heit, 1999: 103). 

An illustrative example of the latter is the partition of the African continent 
during “the scramble for Africa,” where European colonial powers during the 
Berlin congress 1884-85 drew artificial boundaries to agree over what colonial 
power owned what territory. This was done with little regard for the real-world 
context, such as physical features of landscapes (including rivers, forest areas, 
mountains, etc.) or already established social-political entities or cultural 
groups (Griffiths, 1986). The awkward straight lines of many African states 
today is but one reminder of the scant regard in colonial Europe for the 
continent and its peoples. Still today, more than a hundred years later, Africa’s 
inherited political geography influences its politics and serves as a catalyst for 
numerous political-ecological conflicts, including trans-boundary resources 
disputes (Okumu, 2010) and ethnic wars (Michalopolous and Papaioannou, 
2016).  

The latter examples demonstrate Alfred Korzybski’s (2000[1933]: 58) 
observation that “a map is not the territory it represents.” That is to say, the 
representation (or categorization) of a thing is not the same as the thing itself. 
However, the representation (the map) can be truer to the thing (the territory) 
the more attentive one is to the real-world context. What aspects of reality 
should be included in the representation, however, is a notoriously political 
question. Current debates regarding the feasibility of “green growth” illustrates 
this very clearly. Evaluations of the notion of “green growth” are intimately 
tied up in questions concerning the categorization of economies, where 
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“decoupling” of economic activity from matter-energy throughput is more 
likely experienced if the boundary of what constitutes an economy is narrowly 
drawn at the regional or national level and/or if indirect biophysical costs are 
omitted from the analysis (Jiborn et al., 2018; Kan et al., 2019; Hickel and 
Kallis, 2019). This is a situation in which two sets of categorizations of what 
constitutes “the economy” typically lead to two sets of conclusions regarding 
the phenomenon of “decoupling” and the sustainability of “green growth.” 
Whereas the more narrowly defined categorization – of the economy as a 
national or regional entity – sometimes confirms the presence of relative 
decoupling, the more widely defined categorization – of the economy as an 
international phenomenon – tends to disprove it. The logical conclusion, as 
pointed out in several studies, is that national or regional decoupling occurs, 
but that it occurs through mechanisms of environmental load displacement, 
such as ecologically unequal exchange (Jorgenson and Clark, 2012; Isenhour 
and Feng, 2014; Parrique et al., 2019). This conclusion can only be reached by 
considering the economic process as a wider, international category. However, 
this is methodologically foreclosed in most studies on decoupling.47 

The question of how to draw boundaries around what constitutes technology 
(or, technologies) are well known, albeit contested, within philosophy of 
technology (see chapter two). The instrumental definition of technologies, as 
neutral tools to be employed for different social-political purposes, has been 
thoroughly criticized. One path-breaking study in this regard, edited by Wiebe 
Bijker, Thomas Hughes and Trevor Pinch (1989), established that technologies 
are deeply social both in how they arise from and shape social interactions. 
The instrumentalist view, from this perspective, is objectivistic and narrow 
because it captures only a miniscule proportion of what constitutes the vital 
components of a particular technology. From this critique emerged the systems 
view of technology, primarily related to the work of Thomas Hughes (1986), 
who extended the boundary of technological artifacts by recognizing how they 
were inseparable from a system consisting of organizations and things such as 
“manufacturing firms, utility companies, and investments banks … books, 
articles, and university teaching and research programs” as well as “regulatory 
law” and “natural resources” (ibid. 51). Crucially, the interaction of each 
component was understood to “contribute directly, or through other 
components, to the common system goal” (ibid.). Technological artifacts, in 

47 In a substantial review (N=11,500 screened, n=835 analyzed) of “decoupling”, Wiedenhofer 
et al. (2020) concluded that as few as 8% of all studies included consumption-based 
environmental loads occurring outside the national boundary. 
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this sense, are component parts emerging from and within a specific systemic 
telos.48 

The widely accepted systems view of technology redefines in what sense 
technologies are considered political. As suggested by Dusek (2006: 36), if we 
include “advertising, propaganda, government, administration, and all the rest, 
it is easier to see how the technological system can control the individual, 
rather than the other way around.”49 The choice of including or excluding 
certain aspects of technological systems is a political act because it defines who 
or what is relevant to consider. To understand this, it is worth quoting Hughes 
(1986: 55) at length: 

The definer or describer of a hierarchical system’s choice of level of analysis 
from physical artifact to world system can be noticeably political. For instance, 
an electric light and power system can be so defined that externalities or social 
costs are excluded from the analysis. Textbooks for engineering students often 
limits technological systems to technical components, thereby leaving the 
student with the mistaken impression that problems of system growth and 
management are neatly circumscribed and preclude factors often pejoratively 
labelled “politics.” On the other hand, neoclassical economists dealing with 
production systems often treat technical factors as exogenous. Some social 
scientists raise the level of analysis and abstraction so high that it matters not 
what the technical content of a system might be. 

On the one hand, then, technologies can be so narrowly defined that aspects of 
great importance are omitted from the analysis. On the other hand, 
technologies can be so broadly defined that they lose sight of any meaningful 
relation between the system telos and the technologies within it. Winner (1980: 
122) warned early that “the corrective,” i.e., to draw the technological
boundary very wide, could lead to the erroneous conclusion that technical
artifacts do not matter at all. Somewhat provocatively, he contends that this
conclusion validates what social scientists tend to think of the study of
technology in general, “namely, that there is nothing distinctive about the study
of technology in the first place” and that they therefore “can return to their
standard models of social power … and have everything they need” (ibid. 122).

48 This telos is generated by the historically developed relations of production and upheld by the 
social aspirations of powerful actors. Today, it pertains to the drive for infinite capital 
accumulation (see chapter three). 

49 ANT scholars, such as Latour (1988), carried this position to an extreme, suggesting that 
technological artifacts themselves have agency by virtue of their consequential interaction 
with humans. 
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In response to this, Winner (1980) has offered the to-date most thorough 
analysis of how political artifacts themselves can be considered political.  

Winner’s (1980) thoughts on the politics of artifacts can be presented as three 
ways in which technologies can be political.50 First, a technological artifact can 
acquire politics by virtue of being nested in a particular political context that 
is not necessary for its existence. This is a situation in which tweaking the 
design, rearranging the political context, or mitigating a particular effect of the 
technology does not change the device in any significant way. Technologies, 
in this sense, can nevertheless be political because their existence can be linked 
to the political aims of the owners or designers (Winner 1980: 130). In such 
cases, the technological artifact is both an embodiment of and a tool for the 
establishment of a particular social relation, but it is not inherently so, since it 
might exist as a “roughly similar device” also within other social-political 
contexts. Winner does not name this form of politics, but we could simply call 
it “acquired” politics on the basis that the particular politics is granted 
exogenously by the system telos, e.g. from the organizational networks that are 
in control of the design process (see e.g. Feenberg, 1991). In this sense, 
technologies are political in the sense that they can – but do not have to – be 
employed to further specific social-political relations or agendas (e.g., 
research, commerce, war, or capital accumulation).  

Second, Winner’s analysis reveals the existence of so-called “inherently 
political technologies” that are contingent upon specific social relations of 
power.51 Winner (1980: 130) divides these inherently political technologies 
into two sub-categories. For ease of reference, we may call them “strong 
inherent politics” and “weak inherent politics.”  

1. Strong inherent politics: Technologies that require particular social-
political relations to exist in the physical world. Railways, nuclear
power, and atom bombs, Winner suggests, are technologies that
require engineering and military experts operating under hierarchical
chains of command that make sure the system is predictable and safe
(ibid. 130-32). These technologies require a “social environment to be
structured in a particular way in much the same sense that an

50 Winner defines the political as “arrangements of power and authority in human associations 
as well as the activities that take place within those arrangements” (1980: 123). 

51 A relation of power is broadly understood as a situation in which one group or individual has 
a disproportionate capacity to form decisions or carry out actions affecting another group or 
individual. Power, as the capacity to form decisions and carry out actions, is both social and 
physical (Russell et al., 2011). 
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automobile requires wheels in order to turn” (ibid. 130). The social-
political relation, in short, is a necessary condition (or part) of the 
technological artifact or technological project. Engels, we can recall, 
argued that industrialism in general, or what he called “the factory 
system,” embodied such an inherent politics (see chapter three).  

2. Weak inherent politics: Technologies that are strongly compatible with 
particular social-political relations. In this political form, a technology 
does not strictly require a particular social-political context, but it does 
encourage it. Here, Winner briefly discusses solar energy technology 
as an example of a technology that many consider to be strongly 
compatible with a more democratic and egalitarian society, based upon 
how it encourages decentralized ways of harnessing energy that is at 
once more “accessible, comprehensible and controllable” (ibid. 130).  

As the introductory quote to this chapter suggests, Winner himself is somewhat 
reserved regarding the weak inherent politics of solar energy technology, 
because this categorization analytically excludes the system’s context through 
which solar technologies are actualized in the world. That is to say, the 
perceived democratic potential of solar energy technologies may depend upon 
how the boundary of the technology is drawn. In this chapter, I assess the 
inherent politics of large-scale solar PV projects as it relates to the perceived 
boundary of what technology is. The aim of this analysis, following Winner, 
is not to tease out the trade-offs of a particular technology concerning number 
of jobs, pollution, or potential revenues in a sort of cost-benefit analysis, but 
to examine the “important consequences for the form and quality of human 
associations” as a result of the pursuit of solar PV technology, particularly as 
it relates to the current formation of the new metabolism (Winner, 1980: 131; 
see chapter three). 

This chapter will attempt to answer and discuss the question of whether and in 
what sense large-scale solar photovoltaic technology projects are inherently 
political. This will be considered in relation to two biophysical measurements, 
those of “energy return on energy investment” (EROI) and “power density.” 
First, I attempt to show how methodological disagreements in the study of 
EROI illustrate how specific ways of drawing the technology boundary is 
intertwined with different notions of how solar PV technologies are understood 
as political. Following this, I turn to the “power density” measure and show 
that the large-scale solar PV projects proposed by four leading solar countries 
(China, Germany, India, and Italy) are inherently political by virtue of 
necessitating displacement of land requirements in the world-system. In the 
discussion, I make the claim that the low EROI and low power density of solar 
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PV technologies should not be understood as something that renders a large-
scale transition to solar PV technology impossible, but that it raises important 
questions of justice, ecological sustainability, and social relations of power in 
the emerging metabolism. 

The boundary debate in the study of  
energy return on energy investment (EROI) 
All ordered structures, including all living things, require an inflow of energy 
from their environment in order to sustain themselves in the world (see chapter 
two). Among dissipative structures – identified by the ability to reproduce their 
own structure – some of this energy is necessarily dissipated in the search for 
energy. The myriad of organisms in nature, all dissipative structures, represent 
a great variety of strategies by which energy is dissipated in the search for 
energy. They are nevertheless all subjected to a common rule, namely that they 
need to acquire more energy than they dissipate during their search for energy. 
To be sure, many animals and even some humans skilled in the art of fasting 
can go long periods without energy inputs. But even if many organisms have 
ways of buffering energy access, e.g., through fat storage, the fact that they 
need to acquire more energy than they dissipate remains true over their 
lifetime. Importantly, it is not enough that the organism obtains the exact same 
amount of energy that it dissipates, since the transformation of one energy form 
to another necessarily implies a loss of useful energy. The digestion of food, 
for instance, requires that a certain amount of energy be dissipated. In the case 
of organisms, some energy also needs to be designated to building their own 
body (e.g., maintaining healthy cells, growing, healing), providing for the 
continuation of the species (e.g., reproducing, nursing, courting) and 
enjoyment (e.g., playing, socializing, etc.).  

The concept of “energy return on energy investment” (EROI) captures this 
biophysical condition of dissipative structures and presents it as a measurable 
ratio (figure 14). In its most elementary form, it is understood as the ratio of 
the energy returned to the energy invested of a particular energy technology 
(or energy strategy).  
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Figure 14. A simple rendition of how to measure energy return on energy investments. 

The strength of the measure lies partly in its capacity to test some basic 
biophysical necessities of energy strategies. As I have already mentioned, 
every energy technology necessitates a higher energy return than the energy 
invested in building and maintaining that strategy, simply as a way of 
surviving. This means that the EROI of any energy technology needs to be 
larger than 1:1 (expressed as “one to one”) to be regarded as an energy strategy 
with the capacity to harness energy from nature. Hall et al. (2009: 29-30) go as 
far as suggesting that this imperative should be regarded as an “iron ‘law’ of 
evolutionary energetics,” the so-called “law of minimum EROI.” The fact that 
dissipative structures need to dissipate energy not only for the sake of acquiring 
energy, means that the EROI of any viable energy strategy needs to be higher 
than 1:1. There must be some net energy surplus to sustain other necessary 
practices of the dissipative structure. Hall et al. (2009: 45) have suggested that 
3:1 is the bare minimum EROI for sustaining larger human societies. Recent 
studies (de Castro and Capellán-Pérez, 2020: 4) suggest that an EROI of 10-
15:1 is necessary for sustaining advanced industrial societies, with high quality 
modern healthcare, well developed transportation infrastructure, and more. 
Lambert et al. (2013), in a study on the relation between EROI and life quality, 
conclude that a high EROI in a society correlates with few underweight 
children, high health expenditure per capita, high access to water among rural 
populations, and high gender equality.  

The non-linear character of the EROI measure means that there is a more 
significant difference between 2:1 and 5:1 than there is between 20:1 and 50:1. 
The “net energy cliff” illustrates the relation between EROI, the percentage of 
energy required to invest in a specific energy strategy, and the percentage of 
energy returned to society, or the organism (figure 15). An energy technology 
with an EROI of 2:1, for example, means that 50% of society’s energy is 
dissipated in the procurement of energy. The remaining 50% can be allocated 
to other ends. In contrast, an energy strategy with an EROI of 10:1 demands 
only 10% of society’s energy for energy procurement, while the remaining 
90% can be allocated to other ends. The difference between 10:1 and 50:1 is 
merely a few percentages. In line with Carnot’s theorem, no matter how high 
the EROI is, a certain percentage of the energy surplus is always necessary for 
energy procurement. 
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Figure 15. The Net Energy Cliff.  
Adopted and reworked from Murphy and Hall (2010: 108). 

The measure of EROI is primarily applied to the study of human energy 
strategies, i.e. energy technologies, where it serves the purpose of assessing the 
viability of different energy technologies in relation to particular ends. Since 
the concept rose to prominence, it has triggered two core debates among 
researchers. These demonstrate the problematic character of the measure. The 
first of these debates arose from the concern that the production of biofuels, 
such as ethanol from corn, might require more energy than the final ethanol 
fuel can deliver to society (Giampietro et al., 1997; Pimentel, 2003; Pimentel 
and Patzek, 2005). However, the low EROI meant not simply that corn ethanol 
and other biofuels might not be able to deliver a net energy to society, but also 
that they would require energy subsidies from other fuels, such as coal and 
fossil gas, which would contribute to an increase in greenhouse gas emissions. 
These studies also pointed out the link between a low EROI and the 
requirement of large amounts of land under intensive industrial cultivation 
means that biofuels compete with food production and contribute to significant 
deforestation and soil degradation. A substantial amount of literature and 
activism then emerged around understanding and combating the environmental 
impacts of biofuel production, particularly as they were disproportionally felt 
in the global peripheries (e.g., Shiva, 2008; Dauvergne and Neville, 2010; 
Martinez-Alier, 2011; Hermele, 2014).  

Contra to this, Farrell et al. (2006) offered an apologetic view, suggesting that 
the EROI of biofuels might be higher than the break-even point at 1:1 and that 
they therefore displayed some positive potential in applications for 
environmental ends (see also Cleveland et al., 2006). This positive potential, 
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however, would only come under future technological improvements, such as 
“sustainable agriculture and cellulosic ethanol production” (Farrell et al., 2006: 
508). Even with the development of new biofuels and continued claims of 
technological improvements, biofuels remain the least efficient energy 
technology of industrial societies to date (see Murphy and Hall, 2010; Hall et 
al., 2014; Chiriboga et al., 2020). Meanwhile, environmental, and social-
political implications have largely been ignored in favor of instrumentalist 
preoccupations with artifact improvement.  

The second debate concerns the EROI of solar PV technologies. In this debate, 
the major question has been whether the EROI of solar PV technologies is 
generally high enough to sustain advanced industrial societies. While Prieto 
and Hall (2013) were early to demonstrate the importance of this question, the 
kindle of the recent debate was a study by Ferroni and Hopkirk (2016) showing 
that solar PV systems in regions with moderate solar insolation (such as 
Switzerland) had an EROI less than 1:1. In these authors’ words, solar PV 
systems can thereby be understood as “non-sustainable energy sink[s] or a non-
sustainable net energy loss” (ibid. 343). This was soon met with a 
comprehensive response from Raugei et al. (2017) pointing out a number of 
methodological issues and suggesting that the actual EROI of solar PV systems 
was in fact an order of magnitude higher than Ferroni and Hopkirk’s study 
showed. The response in turn by Ferroni et al. (2017) rebutted these 
methodological concerns in a manner that allows us to point out some core 
issues in the debate.  

The debate seems at heart to concern the issue of what boundaries are appropriate 
for an EROI analysis of solar PV technology. The boundary problem is a well-
known problem among EROI scholars, and it featured also in the biofuel debate. 
However, it arguably became more prominent in the solar debate. If we look at 
the disagreement more closely, we can see that Ferroni et al. (2017: 499) 
repeatedly indicate that they think Raugei et al. (2017) adopt a narrow 
understanding of PV technology by “confin[ing] themselves within unrealistic 
boundaries” for understanding the transition away from fossil energy. Raugei et 
al. (2017), on the other hand, seem more concerned with making sure that 
different energy technologies can be subjected to comparison under the same 
technological boundary. To put it simply, while Ferroni and Hopkirk’s (2016) 
study is concerned with the biophysical reality of transitioning away from fossil 
energy, Raugei et al. (2017), in their critique, is concerned with establishing a 
methodological consistency by drawing a narrow, well-defined, technological 
boundary. Raugei (2019) has elsewhere made the remark that this narrow 
boundary is drawn for the purpose of providing clear proposals for policy makers. 



143 

This exemplifies a case in which the particular aim of the study or research 
program informs what technological boundary is appropriate (for discussion, see 
Carbajales-Dale et al., 2015; Palmer and Floyd, 2017).  

It has long been recognized within the study of EROI that a more widely drawn 
technological boundary gives a lower EROI ratio and vice versa (Murphy and 
Hall, 2010; Hall et al., 2014; Capellán-Pérez et al., 2019). Subsequently, 
numerous types of technological boundaries have been suggested for different 
aims. These boundaries vary primarily in how to understand the numerator 
(energy invested). These include, from narrowest to widest, the following 
technological boundaries (see Hall et al., 2014; Capellán-Perez et al., 2019; de 
Castro and Capellán-Perez, 2020):  

a) Standard EROI (EROIst): This boundary represents the narrowest 
technological boundary. It includes the direct energy dissipated on site 
and the indirect energy dissipated in the manufacturing of the 
infrastructure used on site.  

b) Point of use EROI (EROIpou): Apart from the energy dissipated 
directly on site and in the manufacturing of infrastructure used on site, 
this boundary includes also the energy required for delivering a certain 
energy carrier to a particular point of use (including refinery, 
processing, transportation, maintenance of electric grid, etc.).  

c) Extended EROI (EROIext): This boundary considers the energy 
dissipated for getting, delivering and using a given energy carrier. This 
boundary also extends further back in the production chain by 
considering the energy embodied in the necessary labor time and 
capital investment. 

This shows how the very same energy technology can be understood in many 
different ways depending on what technological boundary is chosen. While 
this fact is taken as evident within the EROI literature, from a philosophical 
point of view it is an interesting finding. It means that even the physical 
performances of technological systems can be understood very differently 
based on how they are demarcated. The different boundaries above thereby 
represent different epistemologies, but ultimately suggest routes to an 
alternative ontology of technology. The first point I wish to make in this 
chapter is that the boundary of solar PV technology may influence not only its 
calculated efficiency, but also – by extension – the way in which solar PV 
technology is understood as inherently political. To begin to understand this, 
we can look at the results of different EROI calculations of solar PV 
technology under different technological boundaries. 
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Table 6. Energy return on energy investment for solar PV technology under three different technological 
boundaries. 

Technological boundary EROIst EROIpou EROIext 
Solar PV technology 7.7-38:1a 3.5:1b 0.82-4.5:1c 
a(Raugei et al. 2012; Bhandari et al., 2015; de Castro and Capellán-Peréz, 2020)  
b(de Castro and Capellán-Peréz, 2020) 
c(Weißbach et al., 2013; Ferroni and Hopkirk, 2016; de Castro and Capellán-Peréz, 2020) 

Table 6 shows how the expansion of a technological boundary implies a 
decrease in calculated EROI ratios. This is an expected result. These different 
boundaries and their results can be understood as corresponding to different 
demarcations of the technological continuum (see chapter two). All the EROI 
measures take into consideration the energy dissipated for the manufacturing 
of the infrastructure of solar PV technologies prior to the actualization of the 
modules. All the boundaries to some degree preclude fetishisation. Even the 
narrowest EROIst measure is a way of understanding the relation between past 
energy investments and present and future energy returns. In this way, the 
concept is an acknowledgement that energy is not created from human 
ingenuity (i.e. a recognition of the first law of thermodynamics). However, 
each measure does so differently and under different assumptions regarding 
technology. Since EROIpou is uncommon in the study of solar PV technology, 
I will focus on the goals, conclusions, and assumptions derived from EROIst 
and EROIext respectively. 

EROIst 
Among those favoring the EROIst boundary, the goal, as we have seen, is often 
explicitly to offer a comparison between solar PV technologies and fossil energy 
technologies for policy makers. The results, usually concluding that the EROI for 
solar PV technologies is fairly high, have so far been that solar PV technologies 
do indeed offer a viable option for replacing fossil energy carriers and for 
sustaining advanced industrial societies. However, when confronted with the fact 
that the technological boundary is narrowly drawn, the replies sometimes reveal 
fetishized understandings of technological progress. For example, in their critique 
of the EROIext boundary, Raugei et al. (2017: 378) write:  

It is crucial to recognize that extending the EROI boundaries beyond the 
inclusion of the physical inputs required for the production and operation of one 
unit of energy output from the analysed energy system also gradually shifts the 
goal of the analysis from the (comparative) assessment of its intrinsic net 
energy performance … to the assessment of the ability of the analysed system 
to support the entire societal demand for the type of energy carrier it produces 
(emphasis added). 
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This is a view in which the technological artifact is of primary importance 
because it is believed that it can exist and perform tasks apart from its wider 
systemic context. The phrase “intrinsic net energy performance” reveals the 
assumption that energy technologies have productive capacities that should be 
understood as separate from their wider social-ecological conditions. While the 
necessary past social-ecological conditions are taken into consideration to 
some degree, they are narrowly considered. 

As in the case of biofuels, the view in which the boundary is narrowly drawn 
serves the ideological function of covering for potential technological 
inefficiencies with reference to a taken-for-granted improvement of an 
exogenous system. If a particular technology shows a low EROI value, then 
this is not taken as a wider cause for concern but seen as an opportunity for 
further technological progress. For example, Raugei et al. (2012: 580) argue, 
“technological improvements are expected to continue providing incremental 
life cycle energy efficiency gains to the existing PV technologies, and even 
radically more efficient, third-generation devices might become available in 
the long run.” However, the energy necessary for such technological progress 
is not considered relevant for the EROI analysis, which remains confined to 
the study of the energy technology’s “intrinsic net energy performance” (ibid. 
581). Thus, energy consumption associated with such processes as the design 
and research for improved cell efficiency, the search and extraction of 
promising raw materials, added transportation routes, additional refining and 
processing of materials, added links in the commodity chains, etc., are all seen 
as independent from the technological progress that they are advocating. 
Meanwhile, we know that the search and extraction of new and higher 
quantities of materials for the transition to a new metabolism is having very 
real and politically laden consequences for communities and ecosystems 
worldwide (see e.g., Hein et al., 2014; Yenneti, et al., 2016; Church and 
Crawford, 2018; Sonter et al., 2020). 

Raugei et al. (2017: 382-83) refute the need for including such “associated 
environmental externalities” in the EROI measure, while simultaneously 
stressing the importance of keeping up-to-date regarding technological 
improvements and data in the case of “rapidly evolving technologies such as 
PVs.” This selective view is symptomatic of “machine fetishism” whereby the 
technological artifact (e.g., PV module) and improvements upon it are 
understood as independent from the wider social-ecological relations and 
conditions that it necessitates. This, in short, is a view that is blind to the wider 
political-ecological implications of solar PV technologies and their 
development during the formation of the new metabolism. Within the 
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overarching goal of providing recommendations for policy makers, studies 
employing the EROIst boundary thereby primarily serve the political purpose 
of uncritically legitimizing the large-scale production of solar PV technologies 
under any social-ecological condition. 

EROIext 
Among those who favor the EROIext boundary, the goal is often directed to the 
question of whether solar PV technologies can be employed to sustain 
advanced industrial societies (Prieto and Hall, 2013; Pickard, 2014; Ferroni 
and Hopkirk, 2016; Capellán-Peréz et al., 2019; de Castro and Capellán-Perez, 
2020). Among these studies, comparison between electricity generated from 
solar PV technologies and fossil energy is of minor importance, because it is 
already clear that a transition away from fossil energy is both necessary and 
desirable. Since the last 200 years of rapid industrialization have proven the 
viability for fossil energy technologies to support the emergence (but not 
necessarily continuation) of advanced industrial societies, a comparison is not 
strictly relevant for the aim of these studies. Rather, what is truly pressing is 
the question whether renewable energy technologies, such as solar PVs, can 
support global industrialism. The question at stake is the very continuation of 
high-energy modernity (see chapter three). To understand this, the technology 
boundaries must necessarily be widely drawn to give a more complete picture 
of the associated energy investments and necessary energy returns.  

The methodological difficulties in studying the energy dissipated along the 
production chains around the globe remains a complex problem, but the results 
of studies on the EROIext of solar PV technologies are nevertheless surprisingly 
similar. Most studies seem to reach the conclusion that the EROIext, ranging 
from 0.82:1 to 4:1, is too low for maintaining advanced industrial societies (see 
table 1). Even among the most favorable estimations (4:1), the net energy 
available to society would amount to no more than roughly 70% of all energy 
metabolized (see figure 15). Roughly 30% of all global societal efforts 
(including all jobs, infrastructure, research, etc.) would need to be geared 
towards the energy sector in such a scenario.  

Several conclusions can be drawn from these findings. Some have concluded 
that solar PV technologies can be a viable option for sustaining industrial 
societies, but only if they are complemented with fossil energy carriers (Prieto 
and Hall, 2013; Hall et al., 2014). This, as they often note, defeats the purpose 
of rapidly installing solar PV technologies in the hope of mitigating 
catastrophic climate change. In the scenario of a rapid transition relying upon 
solar PV technology, the low EROI implies that an enormous amount of energy 
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and materials would need to be metabolized during the transition phase 
(Capellán-Peréz et al., 2019).52 Such an increase in metabolic throughput is 
antithetical to greenhouse gas emissions reduction targets aiming to remain 
below a global warming of 2°C, which is why the rapid transition has to be 
geared towards a degrowth trajectory that aims to reduce aggregate metabolic 
throughput (Sers and Victor, 2015; Capellán-Peréz et al., 2019). This 
paradoxical situation, wherein the energy transformation is reliant upon an 
increased matter-energy throughput problematic for reaching the emissions 
targets, has been called “the energy-emissions trap”and the “transformation 
paradox” (Sers and Victor, 2015; Heikkurinen, 2019). Capellán-Peréz et al. 
(2019:18) similarly conclude that there is a “trade-off between urgent climate 
mitigation and viability of the [economic] system,” essentially showing that 
the proposed trajectory for “green growth” based on the Environmental 
Kuznetz Curve hypothesis is detrimental for mitigating climate change. 
Studies employing the EROIext boundary thereby serve the political purpose of 
questioning the sustainability of the large-scale production of solar PV 
technologies under specific economic imperatives (e.g. growth). 

I would like to suggest that both these interpretations have their shortcomings 
when it comes to the emerging metabolism and its global politics. On the one 
hand, the claim that technologies harbor an intrinsic productive potential can 
only be true from a fetishized perspective that purposefully ignores the wider 
global politics of the emerging solar PV industry. On the other hand, the 
assertion that solar PV technologies cannot be installed to further advanced 
industrial societies under the label “green growth” seems to be at odds with the 
boom in both the manufacturing and installation of solar PV modules over the 
last two decades (see chapter four). The synthesis of these two conclusions, I 
would argue, is that the low EROIext of solar PV technologies can partly be 
circumvented by select social groups if the associated energy investments are 
displaced elsewhere. The high EROIst of solar PV technologies can be 
understood as evidence of this possibility. In such a way, the continued use of 
fossil energy and the continuation of global environmental inequality would 
make solar PV technologies viable for certain groups at the expense of other 
groups in the world-system.  

52 Given the 20-30-year life span of solar PV modules, this situation is likely a continuing 
problem if the energy system reliant upon solar PV technology should become mature under 
capitalism. 
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Therefore, while it may be true that “inequality makes the metabolic system 
less efficient,” a world division of labor53 may actually serve to increase the 
EROI of solar PV technologies in certain parts of the world through 
displacement of material-, labor-, and energy-intensive production processes 
to other parts of the world (quote from de Castro and Capellán-Peréz, 2020: 6). 
As shown in the previous chapter, much of the energy dissipated for the 
German solar boom came from processes outside the national boundary, 
notably China. This indicates that a country or social group may enjoy higher 
energetic benefits from the installation of solar PV systems as long as they can 
outsource the associated energy and land investments to other countries or 
social groups.  

The main point here is that physical inefficiencies are substitutable for global 
social inequalities in the transition to solar PV technology. This view, 
crucially, can only be understood from a widely drawn technological boundary 
that also takes into consideration world trade in resources and world division 
of labor. This view is in agreement with the generic conclusions drawn among 
those studying solar PV technology under the EROIext boundary but adds the 
question for whom the “green growth” trajectory is problematic. If, as some 
studies suggest (Isenhour, 2016), the policy makers of core regions of the 
world experience “green growth” from the fetishized perspective of the EROIst 
boundary, then this can be understood as a cultural impediment to successfully 
mitigating climate change at a global scale. The transition would, under such 
circumstances, seem successful for the globally rich (i.e., from their own 
perspective), while actually depending on increased energy throughput and 
greenhouse gas emissions displaced to other parts of the world-system. 

With reference to the low EROIext of solar PV technology, it remains unclear 
whether environmental load displacement is not only possible, but also 
necessary for the success of large-scale solar PV technology projects. That is 
to ask, given their low physical efficiency, do large-scale solar PV technology 
projects embody a “strong inherent politics” by necessitating environmental 
load displacement in the world-system? With reference to the definition of 
“strong inherent politics” above, we can rephrase this question in terms of 
whether a world division of labor is a necessary condition for (or part of) large-
scale solar PV projects in the absence of fossil subsidies. To answer this 
question, we will leave the realm of energy and turn to the calculation of land 
requirements for the proposed plans for installing solar PV modules in four 
countries. 

 
53 Understood as global differences in wages, rent, and pricing of natural resources. 
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Power density extended: Calculating the necessary 
land for the solar aspirations of China, Germany, 
India, and Italy54 
Apart from requiring energy, all organisms and their energy strategies occupy 
space in the world. The concept of power density, developed by Vaclav Smil 
(2006, 2015), formalizes this condition in a simple measure designating the 
horizontal land area needed per watt of energy (expressed as W/m2) (figure 
16). In Smil’s own words, power density is a means of “quantifying [the] 
power that is received and converted (or that is potentially convertible) per unit 
of land, or water, surface” (2015: 14-15). Similar to EROI, power density is a 
powerful indicator because of its simplicity and wide applicability. However, 
it also hides complexities in how to measure the denominator and numerator, 
which is dependent upon a wide range of contextual factors (Smil, 2015: 23-
40). In the case of the denominator (power), this includes factors such as solar 
insolation of the particular geographical region, PV cell conversion 
efficiencies, panel direction, risks of direct damage, entropic degradation over 
time, and more. These are all factors that in situ reduce the theoretical peak 
power capacity (Wp) of a particular energy infrastructure. For instance, in the 
case of a modern wind turbine operating under laws of aerodynamics, the 
efficiency is never higher than 0.59 * Wp (Smil, 2015: 19). In the case of the 
numerator, variations depend upon whether only the surface area of the solar 
PV modules or the aggregate surface area, including the spacing between the 
panels or turbines, is considered (de Castro et al., 2013; Smil, 2015: 36-40). 
However, the land required for the necessary labor and capital should also be 
included as relevant for the numerator (Hornborg et al., 2019). 

Figure 16. Simple rendition of how to calculate “power density.” 

The measure has so far mostly been used in the study of societal energy 
technologies for understanding the limits to surface areas in the transition away 
from fossil energy. At root of many assessments over the global implications 
of transitioning away from fossil energy lie concerns over the low “power 

54 This part contains reworked excerpts from Hornborg et al. (2019). 
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density” of renewable energy technologies (Scheidel and Sorman, 2012; de 
Castro et al. 2013; Piano and Mayumi, 2017; Capellán-Peréz et al., 2017). 
Calculations have shown that renewable energy technologies have a relatively 
low power density in comparison to fossil energy technologies (table 7). 
Compared to fossil energy technologies such as coal or oil, renewable energy 
technologies such as solar PVs require substantially more surface areas per unit 
of energy generated. This applies even to solar PV technologies, which display 
the highest power density among renewables. 

Table 7. The power density of selected energy technologies. 
Based on (Smil, 2006, 2015). 

Energy technology Power density (W/m2) 
Coal, oil, fossil gas 100-24,000 
Nuclear 20-4,000
Solar PV power 9-13 
Water and wind power <10 
Biofuels <1

Following this troubling fact, critical geographers have pointed out that the 
transition away from fossil energy through mass installation of renewable 
energy technologies may “necessitate new and uneven power relations over 
land, energy, and territory that will not necessarily point to ‘just’ transitions to 
‘sustainability’” (Huber, 2015: 9; McCarthy, 2015; Huber and McCarthy, 
2017). Indeed, studies have shown how the import of biofuels and other 
“green” commodities produced in the world periphery or semi-periphery 
sometimes represents significant displacements of environmental loads in the 
world-system (Bonds and Downey, 2012; Hermele, 2014). A global political 
ecology of biofuels is emerging from nations’ efforts to transition away from 
fossil energy while aspiring to maintain an increasing matter-energy 
throughput. 

With solar PV technologies in mind, Huber and McCarthy (2017: 666, 
emphasis added) contend that  

the geographies of industrial-scale renewable energy production might involve 
just as many ‘extractive peripheries’ or ‘sacrifice zones’ as current geographies 
of fossil fuel extraction, while their siting and the distribution of the energy 
produced there, and of its costs and benefits, would be no less inherently 
political. 

To transition away from fossil energy, they continue, would imply that access 
to land become elevated as “the centre of energy struggles,” as it once was 
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under the agrarian regime (ibid.; see also Scheidel and Sorman, 2012; cf. 
Malm, 2016). Notably, this understanding of solar PV technologies as 
inherently political contrasts to the more common view wherein the social-
ecological problems associated with solar PV technologies are classified as 
“unintended consequences” or injustices in the “solar energy commodity 
chains” that can be engineered away (Andersen, 2013; Mulvaney, 2019; 
Hernandez et al., 2019). In this latter view, there is nothing inherently political 
with the technologies themselves. So far, however, this has not been 
empirically tested in relation to large-scale solar PV projects. 

Power density extended: Principles and how to calculate it 
In order to test whether large-scale solar PV projects are inherently political, 
the necessary surface area to realize a country’s solar aspiration can be 
converted into a percentage of the entire country’s surface area, which can then 
be related to the aspired percentage of solar PV capacity in the country’s 
energy mix. Theoretically, this will reveal the extent to which large-scale solar 
PV technology projects can be considered as necessarily embodying a “strong 
inherent politics” by virtue of requiring an amount of surface area that would 
seriously restrict the country’s economy (e.g., food production). This land 
requirement might also be higher than is feasibly available within a country’s 
borders (e.g., MacKay, 2009). 

Crucially, Smil’s calculations of power densities only account for the immediate 
physical potential of a given technological infrastructure and not its total 
sociometabolic ‘‘footprint’’ including indirect spatial requirements. In Smil’s 
account, technologies are drawn to coincide with the physical extent of the 
infrastructure rather than the total sociometabolic system that reproduces it. This 
corresponds to the technological boundary of the EROIst measure. We can call it 
“power density standard” (power densityst). In relation to the technological 
continuum, the power densityst measure considers a given energy technology 
narrowly as an object in the present. Still, the physical space covered by an 
infrastructure for harnessing fossil or renewable energy only represents a fraction 
of the space required to generate the necessary capital to build solar PV 
infrastructure. Smil estimates that electricity generation from PV solar modules 
has a power densityst of 10–20 W/m2 (Smil, 2015). This figure accounts for the 
space occupied by the surface of the solar modules only. When the aggregate 
space demanded by solar parks on site are taken into consideration the power 
density declines to 4–9 W/m2 (Smil, 2015: 49–61). We may call this “power 
density aggregate” (power densityag). This measure takes into consideration 
spacing between the solar PV modules, the infrastructure’s “right of way”, 
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access roads, service buildings, and space not used on the site. Refining this 
boundary for solar PV technology, de Castro et al. (2013) examine six newly 
constructed solar parks in Europe and North America and arrive at an average 
power densityag of 4.28 W/m2. The most land-efficient solar park in Spain 
reaches a power densityag no higher than 5.55 W/m2 (table 8). For the 
calculations of the direct land requirements in this chapter, I will assume an 
average power densityag of 5 W/m2. Considering the relation between 
technological boundary and EROI, I expect to find that power densityext will be 
lower than both power densityst and power densityag (see table 7). 

Table 8. PV technology and its measured “power density standard” and “power density aggregate.”  
“Power density extended” has not yet been calculated. 

Technological 
boundary 

Power densityst Power densityag Power densityext 

Solar PV technology 10-20 3.7-5.5 ? 
Sources: de Castro et al. (2013), Smil (2015), Capellán-Peréz et al. (2017). 

The requisite labor and capital costs for solar development ultimately also 
represent land requirements. As both labor and capital have incontrovertible 
spatial correlates in the land areas required to reproduce and generate them, a 
calculation of the land requirements of a given technology would be 
incomplete without including the spatial demands corresponding to the inputs 
of labor and capital in the technology’s construction and operation. This 
corresponds to assumptions regarding the technological boundary made in the 
study of EROIext (Prieto and Hall, 2013; Ferroni and Hopkirk, 2016; de Castro 
and Capellán-Perez, 2020). In line with these approaches, an assessment of the 
conditions for a renewable energy transition must attend to the total spatial 
demands of the labor and capital required to construct and maintain a massive 
technological infrastructure capable of replacing fossil fuel technologies. To 
build energy technologies is not simply a matter of applying engineering 
knowledge to certain physical forces of nature, but of accumulating a material 
infrastructure for harnessing such forces. The human labor and raw material 
for this infrastructure are spatially dispersed in a global political economy of 
social-ecological exchanges that are notoriously difficult to trace (see the 
example from Nager IT as provided in chapter two). 

To indicate the magnitude of demands on surface area, the person-years of 
labor time needed for a country’s PV development can be multiplied with the 
average ecological footprints of the workers inside and outside that nation’s 
borders. The required labor time could then be translated into hectares. While 
these ecological footprints would exist regardless of whether the workers 
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produced and maintained solar panels, a country’s planned PV capacity—i.e., 
the solar panels themselves—cannot exist without a supply of labor time 
representing eco-productive space under the given historical circumstances. 
The labor demand for solar PV manufacturing, installation, and servicing 
ranges from 18,400 (IEA, 2017; IRENA, 2017) to 37,286 (DOE, 2017) to 
53,028 labor-hours per MW. Based on a somewhat conservative average of 
these figures I will assume an estimate of 35,000 labor-hours per MW 
throughout the entire global commodity chain. These labor-hours are dispersed 
in the world economy according to different tasks throughout the commodity 
chain (table 9). The ecological footprints of the aggregate labor-hours vary by 
country depending on what labor tasks in the commodity chain are conducted 
domestically and what tasks are outsourced to other nations. 

Table 9. Employment distribution in select events throughout the global commodity chain of a solar PV 
module.  
Based on Llera et al. (2013: 266).  

Select labor tasks in the PV 
module commodity chain55 

Percentage of labor-hours (%) Geography 

Projects/studies 1 Domestic/international
Silicon processing 3 Domestic/international 
Cell manufacturing 8 Domestic/international 
Module assembly 30 Domestic/international 
Solar tracker 22 Domestic/international 
Elect. Components and inverters 9 Domestic/international 
Installation 21 Domestic
Operation 6 Domestic
Total 100 -

How do we calculate the spatial correlates of the extraction, transport, and 
manufacturing of the component parts of solar PV modules? The main obstacle 
to doing this is that economic exchange is conventionally measured in money. 
However, this complication can be overcome if we recognize that energy 
consumption and real GDP are causally linked (Warr and Ayres, 2010; Ayres, 
2016; Sultan and Alkhateeb, 2019). Based on this observation, I use a method 
that translates money into energy and then translates energy into land (see also 
Prieto and Hall, 2013; Hornborg et al., 2019). Let us look at each translation 
in turn: 

a) Money to energy. As the GDP of a country is proportional to its energy
consumption, the money to energy ratio is straightforward (Ayres,
2016: 382-386). In physics, all production processes are

55 Llera et al. (2013) do not account for the labor necessary for the raw material extraction. 
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transformations of materials, which require energy. Real GDP is a 
measure of a given economy’s total production output (be it in goods 
or services). Since all production processes are transformations of 
materials that require energy, energy consumption is inextricably 
connected to GDP. As Hagens (2020: 6, footnote 2) put it, “Money is 
a claim on energy, materials, and many other things. But every single 
good and service which generates GDP requires some energy 
conversion.” In short, energy is a physical production factor without 
which economic activity would simply not be possible.  

b) Energy to land. The best available estimate of how much land is
embodied in energy is the carbon footprint. This has been calculated
by Wackernagel and Monfreda (2004), who estimate that the carbon
footprint of fossil fuels is 1,050-1,900 ha/MW. This means that for
every MW worth of fossil fuel infrastructure, 1,050 to 1,900 hectares
of land is required. I will use the median figure 1,475 ha/MW.
Importantly, this figure includes both the land for the physical
infrastructure and the land for sequestering the carbon emissions
accociated with the output of that infrastructure. Today, 84% of
industrial energy is generated from fossil fuels, which means that I will
calculate 84% of the capital investment as having a spatial correlate
(BP, 2020).56 This method of calculating the footprint of fossil fuels
includes the surface areas needed for carbon sequestration through
reforestation, which make up most of the footprint (99.998%). These
surface areas may not strictly speaking be necessary for the operation
of large-scale solar PV projects, but they are nevertheless required for
their long-term sustainability.

Estimating the direct land requirements as well as the indirect land 
requirements of the necessary labor and capital required in the global 
commodity chains will provide an estimate of what we may call “power density 
extended” (power densityext) (figure 17). This measure, when adjusted to the 
life span of the solar PV modules, can be used to assess the possible necessity 
for a country to rely upon a net importation of resources from the global 
economy in order to construct, install, and maintain a significant PV 
infrastructure over time. 

56 Since other energy sources have spatial correlates too, this means that the full footprint of the 
capital investment in PV is not calculated. 
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Figure 17. The gradually expanding scope of the power density numerator (surface area). 
Ranging from an instrumental focus on the PV cell to an extended focus considering the global PV commodity 
chain. PD = power density. 

It is with this in mind that we will turn to the necessary surface area associated 
with four countries’ solar PV aspirations. For generating results that can be 
discussed in relation to the emerging metabolism, I have chosen four countries 
based on their leading role in solar PV installation. These are China, Germany, 
India, and Italy (see IEA, 2020a). While many countries aspire to expand the 
share of renewable energy in their national energy mix, governments favoring 
market-based strategies rarely present detailed plans on how to achieve it, as 
would be expected. Japan, which is a leader in solar PV installation, has been 
excluded from the analysis due to the lack of explicit and detailed future energy 
targets. The countries analysed below have either documented their official 
plans or otherwise outsourced strategy plans to an affiliated organisation, 
which I consult. First, I give a brief description of each country’s global 
energopolitical context, followed by a description of the country’s current solar 
PV aspirations and project plans. Second, I calculate the power densityext in 
order to relate the land requirements to the available surface area within the 
country’s borders. This allows me, ultimately, to draw some conclusions 
regarding the “inherent politics” of solar PV technologies, regardless of a 
specific country’s internal social relations of production. 

China’s aspiration for an “ecological civilization” by 2050 
China is by far the most ambitious country when it comes to the installation of 
solar PV modules. In 2015, China surpassed Germany in total installed PV 
capacity and since then the expansion of solar PV technology has grown by 
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leaps and bounds. In 2019, China installed more PV capacity than the EU and 
US combined (IEA, 2020a). Despite recent disruptions in the commodity chain 
due to the pandemic, China continued to install solar PVs in 2020 and is now 
expecting a “strong recovery” for solar demand (Shaw, 2020; Bellini, 2020a). 
However, China is also by far the largest polluter on the planet, currently 
housing half of the world’s coal power capacity and being responsible for 
emitting almost a third of all greenhouse gases world-wide (Ritchie and Roser, 
2017a; CAT, 2020a). China’s relentless appetite for coal is only increasing, 
with an additional 150 GW coal capacity currently under construction 
domestically and an additional 100 GW financed internationally (Shearer et 
al., 2019; CAT, 2020a). While the soaring installation of solar PV modules 
may induce some hope for the environmentally concerned, the latter 
development is detrimental to any serious effort to mitigate China’s – and so 
the world’s – impact on the biosphere (CAT, 2020a). As concluded by Shearer 
et al. (2019: 4), China’s “power generation alone will be more than three times 
as large as the global limit on coal power use determined by the IPCC to keep 
warming well below 2°C.” 

China’s proclivity towards fossil energy has put the country under international 
pressure. This may have been one of the reasons why president Xi Jinping 
recently pledged that China now plans on becoming carbon neutral before 2060 
(Sengupta, 2020). China has previously been participating in international 
negotiations and pledged to reduce its impacts under the Paris Agreement, even 
agreeing to a “climate pact” with President Obama to peak its emissions by 
2030 (Magill, 2020). While China’s targets under the Paris Agreement are 
reportedly far too modest for maintaining warming below 2°C , Xi Jinping 
proclaimed that the ambition to peak China’s emissions by 2030 will be 
strengthened (CAT, 2020a). Despite Xi Jinping’s recent announcement to the 
world, the Chinese government has remained silent on how to achieve its 
ambitions. If Liu Zhenya’s speech to the UN in 2016 is any guideline, then the 
Chinese strategy will operate simultaneously nationally and internationally 
(see chapter four). China is currently active in international mega-
industrialization through its “Belt and Road initiative” aiming to connect 
nations at a world scale through massive expansion of infrastructure, including 
roads, railways, and sea routes. China’s ambitions for a renewable world, as 
we have seen, also stretch far beyond the borders of China. It remains to be 
seen, however, whether Zhenya’s vision will come to fruition. 

While China’s international influence is unmistakable, its national targets for 
phasing out fossil energy through installation of renewable energy 
technologies is ambitious, but vague. The most concrete formulation of 
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China’s ambition can be found in a “roadmap study” by the Energy Research 
Institute (ERI) of the Chinese National Development and Reform Commission, 
an executive branch of the Chinese government (ERI, 2015). The study by ERI 
lays out a “high renewable energy penetration scenario” by 2050 with a 
stepping stone target for 2030 that aspires to inaugurate an “ecological 
civilization … complying with and protecting the nature” (2015: 1). The 
scenario is highly ambitious, with greenhouse gas emissions peaking before 
2025 and the entire economy entering a degrowth trajectory by 2025, 
effectively proposing to reduce its total energy throughput between 2025 and 
2050. The focus of the study is on the electricity sector and solar power and 
wind power are clearly favored in the proposed scenario. The roadmap 
suggests that the installation of coal capacity will rise until 2025 and thereafter 
slowly reduce (perhaps as old plants are decommissioned). 

The study sets a goal for the electricity sector for the year 2030, which will be 
the basis for my calculations (table 10). In ERI’s (2015: 12) “high renewable 
energy penetration scenario,” 1,048 GW solar capacity will be installed by 
2030 and nearly 2,700 GW by 2050. Between 2015 and 2030, a total addition 
of 999,785 MW, rounded to 1,000 GW, of solar PV capacity is proposed. 

Table 10. Actual and projected annual electricity output per energy source in Chinas’s national electricity 
system under a “high renewable energy penetration scenario.” 

Energy 
technology 

2015 (MW) 2015 (%) 2030 (MW) 2030 (%) 

Coal 822,495 54 1,052,150 26
Oil 1,166 <1 1,012 <1
Fossil gas 94,273 6 130,119 3 
Hydropowera  305,589 20 522,063 13
Wind 114,880 7.5 1,103,944 28
Solar 42,025 3 1,048,858 26
. Of which is PV (41,731) - (1,041,516) - 
Nuclear 42,790 3 66,000 2
Biomass 77,838 5 18,794 <1
Otherb 21,232 1.5 58,203 1
Total 1,522,288 100 4,001,143 100 
Source: ERI (2015). 
aIncluding “pumped hydro storage.”  
bIncluding geothermal, ocean, waste, biogas, and chemical energy storage. 

Calculating the direct land requirements of China’s plan to massively increase 
its solar capacity by installing an additional 1,000 GW, we can begin by 
calculating the power densityag with the coefficient above (5 W/m2). This 
yields the figure 20,000,000 ha, representing the surface areas occupied by the 
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solar PV modules, as well as the spacing between them, access roads and 
empty land within the park fencing. 

As for labor, we can begin by noting how the increased automatisation in solar 
PV manufacturing has led to a decrease in labor hours over the last two 
decades. This explains the relatively small percentage of labor hours (8%) 
designated to the task of “cell manufacturing” in the commodity chain of solar 
PV modules (table 5). This reduction, however, should not be confused with 
the increasing trend to outsource the manufacturing facilities to peripheral 
nations such as Vietnam and Indonesia (see chapter four). That said, Chinese 
corporations, such as GCL System Integration, are also investing heavily in 
domestic manufacturing capacity, boasting plans to manufacture the largest 
solar module factory in the world that will be located in the eastern Chinese 
province of Anhui (Bellini, 2020b). Given this situation, it is hard to foresee 
how much of the anticipated 1,000 GW will be manufactured domestically 
contra internationally. Based on this qualitative assessment, I will assume that 
85% of the solar PV modules emerge within a completely domestic commodity 
chain, while the remaining 15% are manufactured and assembled in Vietnam 
and Indonesia. 

The total 1,000 GW multiplied by the total labor-hours throughout the 
commodity chain (see above) amounts to 35,000 million labor-hours. 
Assuming a 2,000-hour long work-year, these labor-hours represent 
17,500,000 person-year equivalents, 85% of which are located in China and 
15% of which are in part (38%) located in Vietnam/Indonesia. With an average 
ecological footprint in China of 3.6 ha and the average ecological footprint in 
Vietnam (2.1) and Indonesia (1.7) of 1.9 ha, this amounts to a requirement of 
59,697,500 ha associated with Chinese workers and 1,745,625 ha associated 
with Vietnamese and Indonesian workers. Measured this way, this gives a total 
land requirement of 61,443,125 ha. 

As for the capital investment, the International Finance Corporation estimates 
that the cost of solar parks is approximately 1.74 million US dollars per MW 
(IFC, 2015). IFC’s benchmarks include labor costs but exclude costs related to 
FITs, interest payments, insurance, construction of access roads, 
administration costs, the construction of a potential backup storage system, and 
repairs following events such as floods, hurricanes, and wildfires. Subtracting 
the labor costs (120,000 per MW) and adding 0.5 million US dollars per MW 
for some of the above-mentioned expenses (see Hornborg et al., 2019; cf. 
Prieto and Hall, 2013; Ferroni and Hopkirk, 2016) yields an estimate of 2.12 
million dollars per MW. Using this coefficient, the Chinese ambition to install 
an additional 1,000 GW corresponds to 2.12 trillion US dollars. 
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Given that 1,823,200 million US dollars (i.e. 84%) of capital investments in 
PV represent around 13.8% of China’s GDP57 and that China’s total use of 
fossil energy is around 23,301 TWh per year (2,003,512 ktoe; IEA, 2020b), the 
country’s investment in PV can be taken to represent the use of approximately 
3,728 TWh of fossil energy. Dividing this fossil energy by 8,766 hours in a 
year and converting the quotient into MW, we get 366,747 MW. Considering 
a footprint of 1,475 ha/MW, this figure corresponds to 540,951,825 ha. 

Table 11. Direct and indirect land requirements of ERI’s (2015) renewable energy scenario by 2030.  
Also shows the power densityext calculated. 

Solar PV Direct land 
requirements 
(ha) 

Indirect land 
requirements, 
labor (ha) 

Indirect land 
requirements, 
capital (ha) 

Total (ha) 

Aggregate 20,000,000 61,443,125 540,951,825 622,394,950

Annual 20,000,000 2,457,725 21,638,073 44,095,798
Power densityext 
(W/m2) 

0.16 

If China’s trajectory towards an “ecological civilization” progresses in such a 
way that China succeeds in reaching its 2030 targets, then 25% of its electricity 
capacity will be made up by solar PV modules by 2030. The success of this 
target is associated with direct and indirect land requirements amounting to 
622,394,950 ha (table 11). To generate 25% of China’s total electricity output58 
through this added infrastructure would implicate approximately 63% of 
China’s total surface area.59 The annual indirect land requirements would 
amount to roughly 24,095,798 ha during the 25-year long lifespan of the solar 
PV modules. Adding this to the direct land requirements (20,000,000 ha) 
means that an amount of land equivalent to 4.6% of China’s total surface area 
(44,095,798 ha) will need to be designated to solar PV development every year. 
Even if the percentage of renewable energy capacity has increased since 2015, 
solar PV modules covers no more than 1.2% of China’s total energy 
consumption (BP, 2019b). This means that, if carbon sequestration were 
included within the system’s boundaries, it would implicate a surface area 
more than the entire country to sustain a Chinese economy exclusively 
propelled by electricity generated from solar PV technology. 

57 China’s GDP was 11,064.67 billion US dollars in 2015 (Worldometer, 2020b). 
58 This is the percentage represented by the added solar PV capacity. 
59 China’s total surface area is 9,597,000 km2. 
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Germany’s coal phase-out and renewable electricity plan  
Germany has long been recognized as a global leader in solar power, only 
recently surpassed by China in installed solar PV capacity. Similar to China, 
however, Germany is still heavily reliant upon a range of fossil energy sources, 
including coal, oil, and fossil gas. The country’s increasing fossil dependency 
has partly been blamed on the phase-out of nuclear power under the 
Energiewende with the aim to transition to a clean and low-carbon energy mix 
by 2050 (Bruninx et al., 2013; cf. Kunze and Lehmann, 2019). Despite 
Germany’s high success in installing renewable energy technologies, the 
country relies heavily on energy imports. As much as 64% of Germany’s total 
energy consumption is imported. The country’s use of oil and fossil gas are 
both heavily reliant (at least 97%) upon import, primarily from Russia 
(Gazprom) and Norway (BMWI, 2020). Oil and fossil gas, moreover, 
constitute the two largest primary energy carriers for the German economy, 
making the country highly dependent on the international market for its energy 
throughput. 

In contrast, the largest domestic energy source consists of coal (both lignite 
and bituminous). Historically, coal was a key energy source for German 
industrialization and development. Today, while Germany’s ambition is to 
phase out coal, new coal-fired power stations are still being built (Meza, 2020) 
and the persistent proclivity towards coal for electricity generation is being met 
by widespread grassroots mobilization and protests. 

In efforts to mitigate climate change, ensure energy security, and stave off 
unrest, the government approved the Climate Action Plan 2050 
(Klimaschutzplan 2050) in 2016. The plan aims to make the country carbon 
neutral by 2050, while increasing the share of renewable energy in the energy 
mix (BMUB, 2016). After the UN summit (COP25) in 2019, Greta Thunberg 
and 15 other young activists filed a lawsuit against the five biggest polluters, 
including Germany, for breaching the Convention on the Rights of the Child 
on the basis that these countries were promoting fossil energy and thereby 
compromising the lives of current and future children. Perhaps as a response 
to these accusations, Germany adopted a climate policy package the same year, 
which included a plan for reaching the interim targets for 2030, lifting the 52 
GW PV cap and confirming a Climate Action Law. The most exciting of these 
developments is arguably the law that aims to phase out coal by 2038, starting 
with the shutdown of four coal power plants in Rhineland already by the 31st 
of December, 2020 (Wettengel, 2020). 
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Until recently, it was believed that Germany would miss its climate targets set 
for 2020 to reduce greenhouse gases to 40% of its 1999 levels (Enkhardt, 
2019b). The Climate action tracker, however, projects that Germany will now 
likely reach its targets as a direct consequence of the reduced industrial 
production and energy demand during the pandemic (CAT, 2020b). 
Nevertheless, the efforts of the German government are not deemed 
compatible with a 1.5°C pathway, largely because the proposed actions come 
too late, with too many compromises and with too vague guidelines for the 
project plans (ibid.). 

The most concrete scenario projections for Germany’s 2050 plan have been 
developed by the climate think-tank Agore Energiewende, which provides 
three possible scenarios for Germany’s energy mix in 2030 depending on 
policy decisions (AER, 2018). Out of these, the scenario “coal phase-out + 
65% renewable energy” is the one most aligned with the current government’s 
position and promises (table 12). In this scenario, an additional 50 GW PV 
capacity will be installed by 2030, a target explicitly mentioned by the German 
government (Enkhardt, 2019a). This means, in essence, that solar PV capacity 
will double over a period of 13 years. This target scenario will serve as the 
basis for my calculations. 

Table 12. Projected annual electricity output per energy source in Germany’s national electricity system 
under the scenario “coal phase-out + 65% target (KA65).” 

Energy 
technology 

2017 (MW) 2017 (%) 2030 (MW) 2030 (%) 

Coal 46,000 21 16,000 6
Oil 2,000 1 6,000 2
Fossil gas 30,000 14 33,000 12
Nuclear 10,000 5 0 0
Wind 57,000 27 98,000 37
Solar PV 43,000 20 93,000 35
Hydro 10,000 5 10,000 4
Biomass 8,000 4 5,000 2
Other 7,000 3 5,000 2
Total: 213,000 100 266,000 100
Source: AER (2018). 

Turning to the land requirements of Germany’s ambition to double its solar PV 
capacity, we can begin by calculating the direct land requirements according 
to the power densityag above (5 W/m2). Applying this figure to the 50 GW solar 
PV infrastructure equals an even 1,000,000 ha. This designates the surface area 
necessary for the solar PV parks, including the solar PV modules, spacing 
between them, and access roads. 
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Apart from the direct land requirements, there are also the indirect land 
requirements of labor and capital. Let us look at labor first. As we saw in the 
previous chapter, Germany’s rapid installation of solar PV modules hinged in 
large part on the access to cheap Chinese raw materials, fossil energy, and 
labor. Still in 2020, Germany is dependent upon this relation as 80% of all 
modules installed are imported to Germany from Asia (notably China) (Wirth, 
2020). These 80%, however, are both installed and operated in Germany. 
Assuming that the remaining 20% of the modules are manufactured in 
Germany, albeit with Chinese polysilicon, the German aspiration to install an 
additional 50 GW of solar PV capacity until 2030 will require approximately 
350,000,000 labor-hours, 58% of which will be work in low-wage nations like 
China and 42% of which will be work done in Germany.60 Related to the 
ecological footprint of an average Chinese and German worker, 203,000,000 
labor-hours from China represents 197,622 hectares and 147,000,000 labor-
hours from Germany represents 533,556 hectares.61 This amounts to a total of 
898,956 hectares for Germany’s target to install 50 GW by 2030. 

Calculating the land requirement of the capital investment, I apply the same 
method of calculation as described above in the case of China. This involves 
using the IFC (2015) benchmarks on the costs of utility-scale solar parks, albeit 
with a subtracted cost of the labor and the added costs of processes not included 
by IFC. The estimate reached above was 2.12 million US dollars per MW. In 
the case of Germany’s 2030 aspiration to install 50 GW solar PV capacity, this 
corresponds to 106,000 million US dollars. The portion of this capital that 
derives from fossil energy (84%) is 89,040 million US dollars, which 
corresponds to 2.4% of Germany’s GDP at the time of the proposal.62 In the 
same year, Germany’s total fossil energy use was roughly 2,904 TWh (IEA, 
2020c). The country’s investment in PV can thereby be taken to represent the 
use of approximately 69,696,000 MWh of fossil energy. Converted into MW, 
we get 7,951 MW, which corresponds to a footprint of 11,727,725 ha. 

60 Assuming that an equivalent of 8,000 MW solar PV capacity is manufactured in China, but 
that 28% of the associated labor-hours are performed in Germany (research, installation, 
operation) and that the remaining 2,000 MW capacity is produced in Germany with 3% of 
associated labor-hours performed in China (silicon production). 

61 The average ecological footprints of the German and Chinese populations in 2016 were 4.9 
and 3.6 global hectares per person and year (GFN, 2019). I have calculated a work year of 
1,300 labor-hours in Germany in 2016 and a 2,000-hour work-year for Chinese laborers 
(OECD, 2019). 

62 Germany’s GDP (nominal) in 2017 was 3,693.2 billion US dollars (Worldometer, 2020c). 
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Table 13. Direct and indirect land requirements in Germany’s target scenario “KA65.”  
Also shows the associated power densityext. 

Solar PV Direct land 
requirements 
(ha) 

Indirect land 
requirements, 
labor (ha) 

Indirect land 
requirements, 
capital (ha) 

Total (ha) 

Aggregate 1,000,000 898,956 11,727,725 13,717,681
Annual 1,000,000 35,958 469,109 1,505,067
Power 
densityext 
(W/m2) 

0.36 

As we have seen, Germany’s target is to provide 35% of its electricity from solar 
PV modules by 2030. Out of this percentage, the added 50 GW would contribute 
to roughly 17% of Germany’s total capacity for electricity generation (half of the 
total installed capacity in 2030). We can now see that this ambition to install an 
additional 50 GW of solar PV capacity would require access to 13,717,681 ha, 
which is equivalent to a power densityext of 0.36 (table 13). 

Given that the total surface area of Germany is 357,386 km2, Germany’s 
ambition to generate 17% of the country’s electricity through solar PV capacity 
would implicate an amount of land equivalent to 38% of its total surface area. 
Over the course of the 25-year long lifespan of the solar PV modules, the 
annual indirect land requirements are 505,067 ha (1/25 of 12,626,681 ha63), 
However, not only the indirect land requirements, but also the direct land 
requirements will be required each year. The total annual land requirement, 
1,505,067 ha, amounts to 4.2% of Germany’s total surface area. If we take into 
consideration that renewable energy supplied 14.8% of Germany’s primary 
energy in 2019, 1.6% of which was generated from solar PVs, this means that 
it took 4.2% of Germany’s land surface to supply 1.6% of its energy in 2019 
(AGEB, 2020). Thus, in the case of a scenario in which Germany’s entire 
energy supply comes from renewable energy technologies, such as solar PVs, 
it would likely require a surface area greater than that of the entire country. 

India’s path towards energy independency through 2030 
The “rise of India” can largely be attributed to the country’s massive burning 
of domestic coal and imported oil (Chikkatur and Sagar, 2009; Chacko, 2015). 
Today, India is the world’s third largest coal producer (after China and the 
U.S.) and second largest coal consumer (after China), consuming a massive
5,172 TWh in 2019 (Ritchie and Roser, 2017b; BP, 2020). The Indian

63 This is the sum of the indirect land requirements of labor and capital divided by the average 
life span of the solar PV modules (25 years) (see table 9). 
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economy is also importantly geared towards burning imported oil from Iraq, 
Saudi Arabia, and Iran. This is linked to the changing nature of the Indian state 
in the beginning of the 2000s, which reframed the country’s energy situation 
in terms of “energy security” for economic growth, increased welfare, and 
international competitiveness (Chacko, 2015). Access to oil and coal were two 
key energy carriers that became central to achieve this aspiration. Given its 
very modest oil reserves, India’s increased economic growth over the last years 
has been contingent upon multilateral cooperation in the international arena, 
including an active involvement in curbing piracy on the Somalian coast in 
order to secure reliable supplies of oil (Chacko, 2015). However, relying on oil 
imports and diminishing coal reserves bodes ill for long-term energy security 
and ecological sustainability (Chikkatur and Sagar, 2009; CAT, 2020c). 

In a nutshell, the current focus of the Indian government is to simultaneously 
expand its coal and renewable energy capacity (Spencer et al., 2020). This may 
seem like a contradictory pathway, but reflects the government’s prioritization 
of energy security and economic growth in an internationally competitive 
context. On the one hand, India can be understood as an international leader 
and role model for the energy transformation under a government that has 
pledged 500 GW of renewable capacity by 2030, leading to more than 60% 
renewable energy in its electricity mix. On the other hand, the Indian 
government’s increasing dependence upon coal can be understood as not 
consistent with the Paris agreement and possibly detrimental for tackling 
climate change (Shearer et al., 2017; CAT, 2020c). Regardless of how we 
interpret this situation, India is set on continuing its economic development 
through green technology and growth to saturate the rising demand for 
electricity in its urban centers. 

These developments will likely alter the Indian energy landscape as well as 
international energy politics. As stated by a recent commentator, “if India can 
convert even a tiny portion of the 150,000 gigawatts of natural solar radiation 
that it’s bombarded with per year into cost-effective electricity, it will not only 
transform the energy and manufacturing landscape of the world’s largest 
democracy but also dramatically alter the geopolitical equation of Asia” 
(Sinha, 2020). The hope, as stated in the article, is that India will manage to 
both manufacture, produce, and consume renewable energy within its borders 
independently from Chinese manufacturers and interests. This aspiration came 
partly as a response to the crippling supply chains of Chinese solar PV modules 
in the wake of the COVID-19 pandemic. For this end, the Modi government is 
currently making ready land for over 40 solar parks throughout India. The 
question, however, is whether India’s solar ambitions can be implemented in 
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democratic ways. Already, studies have revealed how the development of solar 
energy mega-projects in India dispossesses vulnerable communities for the 
benefit of capital coalitions through the enclosure of commons and extra-legal 
land politics (Yenneti et al., 2016; Stock and Birkenholtz, 2019a, 2019b). 
Apart from this, it is also unclear to what degree the large-scale development 
of solar PV technology can fit into a nationally confined energy system not 
reliant upon international markets. 

As in the case of Germany, the Indian government does not provide target 
scenarios of their own. However, statistics over the government’s ambitions 
can be found in a pathway study provided by the New Delhi-based Energy and 
Resources Institute (Spencer et al., 2020). In their own words, the point of the 
study is to “outline what is required to take the share of VRE [solar power and 
wind power] to levels greater than 30% of generation by 2030” (ibid. 1). The 
model provides two scenarios, the “Baseline Capacity Scenario” with 36% of 
electricity generation from renewable energy technologies and the “High 
Renewable Energy Scenario” with 64% from renewable sources (table 14). 
The latter scenario is aligned with the Modi government’s target for 500 GW 
renewable capacity by 2030. In this scenario, the total amount of renewable 
generation capacity amounts to 505 GW (adding hydro, wind, solar and 
biomass/waste). In analyzing the requirements of these targets, the study 
reveals that India’s future energy mix will likely require a substantial amount 
of battery storage. Since I do not estimate the land requirements of battery 
storage in the other cases, I will intentionally leave out the labor and raw 
materials necessary for this infrastructure and focus only on the direct and 
indirect land requirements associated with the additional 184.3 GW PV 
capacity modelled in the “High Renewable Energy Scenario.” 

Table 14. Actual and projected annual electricity output per energy source in India’s national electricity 
system under the “High Renewable Energy Scenario.” 

Energy 
technology 

2019-20 (MW) 2019-20 (%) 2030 (MW) 2030 (%) 

Coal, oil, gas 231,000 62 263,000 33 
Hydropower 51,000 14 84,000 11
Wind 38,000 10 169,000 22
Solar 35,000 9 229,000 29
. Of which is PVa 33,250 (9) 217,550 (28)
Nuclear 7,000 2 17,000 2
Biomass, waste 10,000 3 23,000 3
Total 372,000 100 785,000 100 
Source: Spencer et al. (2020). Figures from the “High Renewable Energy Scenario.” 
aAssuming 95% of the solar power capacity from PV (see IRENA, 2017: 56). 
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Now turning to the calculations, we can begin by applying the power densityag 
coefficient (5 W/m2) to the additional 184.3 GW solar PV capacity now 
planned in India. This amounts to 3,686,000 ha necessary for the direct 
infrastructure, including spacing and other open surfaces within the park limits. 

As for the indirect land requirements of labor, despite efforts on behalf of the 
Indian government to favor domestic manufacturing of solar PV modules, most 
of the solar PV modules installed in India are imported from China (Gupta, 
2020). As much as 85% of the solar PV modules are imported from China, 
Vietnam, or Thailand (Gupta, 2019; MERCOM, 2020). Given these 
developments and ambitions, I will assume that India will be able to reach a 
domestic production of 30% of the annual installed capacity during the next 10 
years. The remaining 70% will be calculated as if they are imported from 
China, where labor-tasks related to research, silicon processing, cell 
manufacturing, module assembly, manufacturing of solar tracker, and various 
electrical components are located (63% of all labor in commodity chain). Even 
if the solar PV modules are imported from China, they are installed and 
operated with Indian labor (27% of labor in commodity chain). The total 184.3 
GW multiplied by the total labor-hours throughout the commodity chain 
amounts to 3,225,250 person-year equivalents. Out of these labor-years, 56% 
will be located in India and 44% will be located in China. When multiplied 
with the ecological footprint per capita of the two countries, this amounts to 
2,163,498 ha for the Indian labor and 5,120,406 for the Chinese labor. In sum, 
the indirect land requirement of the labor for India’s solar PV aspiration 
amounts to 7,283,904 ha. 

Using the coefficient of 2.12 million dollars per MW, India’s capital 
investment in solar PV modules amounts to a sum of 390,716 million US 
dollars. The proportion of this money that can be said to derive from fossil 
energy (84%) is 328,201 million US dollars, which corresponds to 11.4% of 
India’s GDP.64 In the same year, India’s total fossil energy supply was 7,762 
TWh (667,385 ktoe; IEA, 2020d). India’s investment in solar PV development 
can thereby be taken to represent the combustion of approximately 885 TWh 
of fossil energy. Converted into MW, this amounts to 100,958 MW with a 
footprint of 148,913,050 ha. 

64 India’s GDP (nominal) was 2,875.14 billion US dollars in 2019 (Trading economics, 2020). 
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Table 15. Direct and indirect land requirements for India’s 2030 target. 
Also shows the power densityext calculated. 

Solar PV Direct land 
requirements 
(ha) 

Indirect land 
requirements, 
labor (ha) 

Indirect land 
requirements, 
capital (ha) 

Total (ha) 

Aggregate 3,686,000 7,283,904 148,913,050 159,882,954 
Annual 3,686,000 291,356 5,956,522 9,933,878 
Power 
densityext 
(W/m2) 

0.12 

 

If these calculations are accurate, then India’s aspiration to install an additional 
184.3 GW solar PV capacity will have a total land requirement of 159,882,954 
ha (table 15). This added capacity, which will make up 23% of India’s total 
electricity generating capacity, will implicate a surface area equivalent to 49% 
of India’s total surface area.65 Over the 25-year long lifespan of the PV 
modules, the indirect land requirements amount to 6,247,878 ha per year (1/25 
of 156,196,954 ha indirect land requirements). Thus, the annual requirements 
(including the direct land) amounts to 9,933,878 ha, which is equivalent to 3% 
of India’s total surface area. Today, the latest data indicate that solar power in 
India – including PV and CSP – contribute to 0.9% of the country’s total 
energy consumption (BP, 2019c). 

Italy’s solar development and commitment to the Belt and Road initiative 
Italy has a long history of being dependent upon imported fossil energy. Still 
today, the country’s primary energy supply is made up of over 83.7% fossil 
energy, primarily in the form of crude oil imported from Azerbaijan, Iraq, 
Russia, and other countries (Ritchie and Roser, 2020; Statista, 2020). In recent 
years, however, Italy has increasingly turned to renewable energy for 
satisfying its energy demand, even if the proportion of renewable energy in its 
primary energy supply remains modest. For a time, during the solar PV boom, 
Italy was the world’s leading nation in solar power. Today, within the EU, it is 
second only to Germany with an installed capacity of roughly 20,000 MW. 
Nevertheless, with a large share of fossil energy, Italy’s efforts to mitigate 
climate change ranks as “insufficient” alongside the other EU member states 
(CAT, 2020d). 

In the beginning of the 2010s, the two Italian energy corporations Enel Green 
Power and Terna were part of the Germany-initiated DESERTEC project that 
was intended to provide electricity to Europe via high-voltage direct current 

 
65 India’s total surface area is 3,287,000 km2. 
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transmission generated in the Saharan desert. The ideological trigger for the 
massive project was a thesis (May, 2005) claiming that only a fraction of the 
land of the highly insolated Saharan desert could supply the entire world’s 
energy need. The energy need of all the countries in Europe could be saturated 
from an even smaller surface area. At the time of the proposal, DESERTEC 
was seen as a promising solution to environmental problems, energy security 
and peak oil. As one commentator put it, as “an apolitical techno-fix, it 
promises to overcome these problems without fundamental change, basically 
maintaining the status quo and the contradictions of the global system that led 
to these crises in the first place” (Hamouchene, 2020). The non-political 
essence of the proposals eventually led to splits within the project, separating 
those who saw it as a way to satisfy European demand and those seeing the 
project as the beginning of a truly international and democratic power grid. 
The basis of the failure of the wider project coalition, however, was the marked 
drop in prices of renewable energy technologies during the time of the solar 
PV boom (ibid.). Still today, however, some of the DESERTEC partners are 
in continued collaboration with the aim to generate solar power (mostly 
through CSP) from the Saharan desert. 

With the decline of the DESERTEC project and increased collaboration with 
Asian markets, Italy is now in close collaboration with Chinese developers 
working on the massive Belt and Road initiative. In 2019, the Chinese 
corporation Jetion Solar signed a deal with the Italian state-owned fossil 
corporation Eni to install 1 GW solar PV power in the country (Hall, 2019). 
This deal reportedly came as a reward for Italy’s agreement to be part of the 
initiative that will encompass solar PV projects spanning from South East Asia 
to Europe. In turn, Italy is starting to establish manufacturing facilities in China 
(Hutchins, 2019). In a stroke of historical repetition, Italy is once again 
connected to eastern Asia via the historical route of the “Silk Road.” Ironically, 
then, while the Italian government reportedly see the European Green New 
Deal as a “an opportunity for Europe to become a key geopolitical actor,” such 
an opportunity might become contingent upon a global political economy with 
core actors in Eastern Asia (Coratella, 2020). 

In the midst of these developments, three ministries of the Italian government 
presented the joint Integrated National Energy and Climate Plan that targets to 
supply 55% of the country’s electricity generation from renewable energy 
sources in 2030 (table 16). To achieve this, Italy plans to develop an additional 
31,438 MW PV capacity. This figure is the basis for the calculations below. 
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Table 16. Actual and projected annual renewable electricity capacity in Italy’s national electricity system 
under the “Integrated National Energy and Climate Plan.” 

Energy 
technology 

2017 (MW) 2017 (%) 2030 (MW) 2030 (%)a 

Hydropower 18,863 12 19,200 11
Geothermal 813 0 950 0
Wind 9,766 6 19,300 12
Solar 19,682 13 52,000 30
. Of which is PV (19,682) (13) (51,120) (30) 
Bioenergy 4,135 3 3,760 2
Total: 53,259 34 95,210 55 
Source: NECP (2019: 69-70). Does not include fossil technology capacity (coal, oil, fossil gas, etc.), hence 
the “missing” percentages. 
aPertains to the estimated electricity generated (not the generation capacity). 

Taking the power densityag of 5 W/m2 as an estimate, the additional 31,438 
MW PV capacity needed to generate 30% of the annual electricity in Italy 
would require 628,760 ha of land directly (table 17). As for labor, during the 
boom of the global solar market, Italy relied to a high degree upon imported 
solar PV modules from China. During this time, around 85% of Italy’s demand 
for solar PV modules was met through international trade (Terzini et al., 2011; 
Cai et al., 2017). There is little to suggest that this situation will change in the 
near future. I will therefore assume that 15% of Italy’s planned solar PV 
capacity will be manufactured domestically and that the remaining 85% will 
be manufactured in China (albeit installed and operated in Italy). Italy’s 2030 
target will require approximately 550,165 labor-years, 208,791 of which will 
be work in Italy and 341,374 being labor embodied in imported materials and 
components from China. These figures represent a land requirement equivalent 
to 918,681 ha (Italy) and 1,228,946 ha (China) respectively. The land 
embodied in the required labor-time thereby amounts to 2,147,627 ha in total. 

Concerning capital investment, Italy’s plan to install 31,438 MW of solar PV 
capacity translates into 66,649 million US dollars (2.12 m$/MW). Given that 
55,985 million US dollars (i.e. 84%) of Italy’s capital investment in PV 
technology represent around 2.8% of Italy’s GDP66 and that Italy’s total fossil 
energy supply is around 1429 TWh per year (122,894 ktoe; IEA, 2020e), the 
country’s investment can be taken to represent the use of 40 TWh of fossil 
energy. Dividing this fossil energy by 8,766 hours and converting it from 
energy consumption to energy capacity (MW), we get 4,563 MW. Considering 
the footprint of fossil energy (1,475 ha/MW), this corresponds to 6,730,426 ha. 

66 Italy’s GDP was 1994 billion US dollars in 2017 (Worldometer, 2020d). 
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Table 17. Direct and indirect land requirements for Italy’s 2030 target 
Also shows the power densityext calculated. 

Solar PV Direct land 
requirements 
(ha) 

Indirect land 
requirements, 
labor (ha) 

Indirect land 
requirements, 
capital (ha) 

Total (ha) 

Aggregate 628,760 2,147,627 6,730,426 7,361,959
Annual 628,760 85,905 269,217 983,882
Power 
densityext 
(W/m2) 

0.43 

In total, the direct and indirect land requirements of Italy’s ambition to install 
31,438 MW PV capacity amounts to 7,361,959 ha. These figures yield a power 
densityext of 0.43. This added capacity, which represents 18% of Italy’s 
electricity capacity in 2030, would necessitate an amount of land that is 
equivalent to 24.4% of Italy’s total surface area67 The indirect land 
requirements in the necessary labor and capital, however, are dispersed over 
time. Over the 25-year long lifespan of the solar PV modules, these land 
requirements (8,878,053 ha) are equivalent to 355,122 ha per year. If we also 
consider the direct land requirements as annual, the total annual land 
requirements (983,882 ha) amount to roughly 2.5% of Italy’s total surface area. 
Today, electricity generation represents 21% of Italy’s total energy 
consumption (IEA, 2020e). To the degree that this remains the same in 2030 
(despite NECP’s ambitious targets), the 18% of electricity generated through 
the added solar PV capacity represents 3.8% of Italy’s final energy 
consumption and the associated power densityext. 

The political ecology of the technological boundary: 
The case of large-scale solar PV development 
I will now discuss some of the most central implications of these results. First, 
the calculations suggest that the power densityext of large-scale solar PV 
projects is likely somewhere between 0.12-0.43 W/m2. This is an order of 
magnitude lower than the values reached with the power densityag boundary 
(table 18). This means that solar PV technology, when understood from a broad 
systems perspective, requires a substantially higher amount of land per watt 
capacity. Since no equivalent to the “net energy cliff” has been developed for 
the power density measure, it is difficult to determine exactly at what value a 

67 Italy’s total land surface area is 391,338 km2. 
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particular technology can be considered to require a land subsidy.68 In this 
chapter, I have taken the relation between a country’s total surface area and the 
surface area necessary to provide that country’s energy as relevant for 
understanding the inherent global politics of solar PV technology. The inherent 
politics of solar PV technology is found in the relation between the social 
aspirations and the biophysical conditions to fulfill them, i.e. in the mismatch 
between the socially motivated ends and the biophysical means or limits. 

Table 18. Solar PV technology and its measured “power density standard,” “power density aggregate,” 
and “power density extended.” 

Technological 
boundary 

Power densityst Power densityag Power densityext 

Solar PV technology 10-20 3.7-5.5  0.12-0.43 
Sources: de Castro et al. (2013), Smil (2015), Capellán-Peréz et al. (2017) and author’s calculations. 

So, do the inherent politics of solar PV technology depend upon how the 
technological boundary is drawn? Table 19 shows the results above in relation 
to the same calculations under the power densityst boundary. Here we can see 
that the differences between the two boundaries are significant. If we look at 
electricity generation, the solar aspirations of all countries seem favorable from 
the perspective of the power densityst boundary; to generate between 17-25% 
of the countries’ electricity would require only 0.3-1.4% of their respective 
total surface area. In contrast, from the perspective of the power densityext 
boundary, all the aspirations seem more problematic; to generate 17-25% of a 
country’s electricity supply would necessitate 2.5-4.6% of a country’s total 
surface area. This means that it could implicate up to 25.6% of an entire 
country’s surface area to generate 100% of the electricity from PV technology. 
If we recognize that electricity only constitutes a small portion of a country’s 
total energy supply, then we can see that there is a significant difference 
between the boundaries. In all cases but Italy, the percentage of the countries’ 
surface area that is needed for the PV electricity is higher than the percentage 
of PV electricity in the total energy mix. This means that it would require more 
surface area than the geographical territory of the entire country if 100% of the 
total energy supply is generated from solar PV technology. Notably, the power 
densityst boundary cannot detect this possibility. 

68 Future studies could seek to understand at what power densityext value the energy technology 
would have repercussions for other sectors of a country (such as food production) to the extent 
that relying upon the energy technology becomes unfeasible or undesirable. 



172 

Table 19. Land requirement related to solar PV energy generated from the viewpoint of two technological 
boundaries. 

Technological boundary Power densityst Power densityext 
Energy generated by PV (%) Annual land requirement (%)a,b Annual land requirement (%)a 
China 
25 % of electricity, or, 1.2% of 
total energy supply 

0.5-1 4.6

Germany 
17% of electricity, or, 1.6% of 
total energy supply 

0.7-1.4 4.2

India 
23% of electricity, or, 0.9% of 
total energy supply 

0.3-0.6 3

Italy 
18% of electricity, or, 3.8% of 
total energy supply  

0.4-0.8 2.5

a Percentage of the country’s total surface area. 
b Calculated by considering a power density of 10-20 W/m2. 

Interpreted this way, the results confirm that conventional solar aspirations 
require more land than the total available surface area if 100% of the electricity 
is generated through solar PV technology (see also MacKay, 2009). If not just 
a country’s electricity, but its total primary energy is supplied through solar 
PV technology, the results demonstrate that this will be practically difficult 
without a net import of embodied labor, embodied land, or raw material. This 
is so even if the indirect land requirements are dispersed over the life span of 
the solar PV modules. Even if a country such as Italy could theoretically keep 
its solar energy production within its borders, the question is how the very high 
land requirements would compete with other claims on land and the natural 
habitat of local species. 

The calculations suggest that large-scale solar PV technology projects are 
probably inherently political by virtue of necessitating or encouraging 
ecological appropriation in the world-system. This means that the large-scale 
solar PV ambitions of China, Germany, India, and Italy are probably unfeasible 
if they are not coupled to either fossil subsidies, an ecological appropriation 
from other parts of the world economy, or both.69 The major point here, 

69 Since the direct land requirements increase with additional installations of solar PV capacity, 
this inherent politics of solar PV technology will probably not be mitigated. While some 
countries, such as Japan, are now installing solar PV modules on water surfaces, this leads to 
a dynamic whereby increasing installations within the border of a country puts further pressure 
on that country, thereby encouraging extraction, manufacturing, and labor displacements. 
Technological progress in cell efficiency, as far as it is dependent upon an increasingly 
complex commodity chain, is not by default a solution because it is associated with increased 
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however, is that the recognition of this political-ecological condition of solar 
PV technology depends upon how the boundary is drawn. 

The solar future: The vision and the reality 
The above calculations indicate that each country’s solar PV aspiration make 
demands on land that far exceeds the extent of the solar modules themselves.70 
In each case, this demand is so large that the geographical territory within each 
country’s borders is insufficient to accommodate the envisioned solar PV 
development. From this we could conclude that a net import of resources from 
elsewhere is a necessary condition for successfully realizing large-scale solar 
PV visions. Such environmental load displacement, as we saw in the previous 
chapter, occurs through an ecologically unequal exchange that follows from 
relative price differences in the world economy. Such an exchange is 
ultimately upheld through disproportionate distribution of dismal working 
conditions, negligent environmental regulations, and a copious burning of 
fossil energy (notably coal) in the world economy. Under these conditions and 
assumptions, the large-scale solar PV projects of China, Germany, India, and 
Italy all necessitate a highly politicized world division of labor as much as they 
necessitate polysilicon, engineers, electrical components, or direct sunshine. In 
this view, a world division of labor is an integral part of the new metabolism 
as far as it is based on large-scale construction of solar PV parks. 

But do the solar PV projects analysed above really necessitate such a world 
division of labor, as opposed to strongly encouraging it? What I have 
demonstrated is that large-scale solar PV projects necessitate a biophysical 
subsidy, as was concluded by Georgescu-Roegen already 40 years ago: 

The truth is that any present recipe for the direct use of solar energy is a “parasite,” 
as it were, of the current technology, based mainly on fossil fuels. All the 
necessary equipment (including the collectors) are produced by recipes based on 
sources of energy other than the sun’s. And it goes without saying that, like all 
parasites, any solar technology based on the present feasible recipes would subsist 
only as long as its “host” survives (Georgescu-Roegen, 1978: 19). 

 
biophysical expenses (e.g., new material components, added manufacturing techniques, added 
trade routes, more labor, etc.) (Bunker, 2007; Gutowski et al., 2009; Strumsky et al., 2010). 

70 In this, I would like to add, solar modules are no different than other industrial means of 
harnessing energy, such as fossil energy. 
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Several points in this quote are worth considering. First, as we saw in chapter 
three, the Industrial Revolution was successful precisely because feeding coal 
to machines provided access to copious amounts of “buried sunshine,” 
ultimately representing large amounts of buried land. The fact that solar PV 
technology requires large surface areas could therefore theoretically be 
“solved” with a fossil energy subsidy. A country could theoretically develop a 
significant solar PV infrastructure if it was constructed with the help of fossil 
energy. Indeed, this seems to be the primary form of subsidy in modern 
Chinese manufacturing today. Also, in both China’s and India’s PV pathways, 
fossil energy consumption is projected to increase. Considering this, the large-
scale development of solar PV technology does not strictly necessitate a world 
division of labor, but encourages it in cases where fossil energy is scarce or 
otherwise considered undesirable, i.e., it embodies a “weak inherent politics.” 

This conclusion, however, overlooks the fundamental political ecology of 
fossil energy in the world economy. To think that large-scale solar PV projects 
merely encourage a world division of labor by necessitating fossil energy is to 
forget that the access, use, and pollution of fossil fuels are politically charged 
processes intertwined with a world division of labor (Huber, 2008; Mitchell, 
2011; Schaffartzik et al., 2014; Malm, 2016; Warlenius, 2016).71 Since solar 
PV modules show the greatest promise among the low-carbon alternatives 
when it comes to power densityst, it is unlikely that the biophysical subsidy 
could come from other renewable energy technologies. Seen from this 
perspective, large-scale solar PV projects embody a “strong inherent politics” 
because they necessitate a biophysical subsidy that could be granted through 
ecologically unequal exchange or through continued extraction and burning of 
fossil fuels. This means that large-scale solar PV development necessitate a 
world relation of power through which resources are unevenly distributed.  

This leaves us with two technological boundaries with two distinct 
implications for interpreting the ontology of solar PV technology and the 
emerging metabolism. Considering this thesis’s research question (RQ2), 
which boundary is more realistic for assessing solar PV technology as an 
option for a socially just and ecologically sustainable world? 

In the introductory paragraph to this chapter, both the Enclosure acts in Britain 
and the Valladolid debate in Spain justified social relations of power 
(capitalism and colonialism) by enforcing what cognitive scientists call 
“artificial” categories, i.e., categories that do not correspond to entities in the 
world. Out of the two technological boundaries, or categorizations, the 

71 The same can be said for nuclear power. 
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narrower boundary of technology may seem to correspond more to the natural 
world than the broader boundary of technology as a system. After all, you 
might say, “here is the computer,” and you might think of the computer as a 
technology. However, I would like to argue that the narrow definition is in fact 
more “artificial,” because it excludes processes that are vital for the technology 
to exist in the world. There is after all no such thing as a functioning computer 
without a continuous electricity input, or a solar PV module without raw 
material extraction. The widely drawn boundary actually includes more of the 
biophysical world and should therefore be understood as a more realistic 
category. 

It remains, however, that the broader category is not widely recognized in most 
people’s everyday interaction with technological artifacts. The narrow 
definition of technology as an artifact remains more intuitive. This is a problem 
because it is precisely in this more intuitive and narrow understanding of 
technology that the feeling of a mystical technological power can take root and 
bloom (Hornborg, 2001, 2016). Anthropologists and historians have noted how 
modern technological faith is a type of magical thinking, where magic enters 
in the space between a collective wish and its fulfillment (Stivers, 1999). In the 
case of solar PV technology, magical thinking enters in instances where 
engineers and policy makers justify technological inefficiencies or 
environmental injustices with reference to a future progress in design. 
Recurring sentiments such as “if PV cells are redesigned, they can become 
more land-efficient in the future,” or “if the commodity chain is altered, the 
technology can become more just,” may in fact be expressions of such magical 
thinking. Such views are ultimately contingent on understanding solar PV 
modules as artifacts separate from the wider processes that generate them, 
rather than seeing these processes as necessary for their existence. Such views 
overlook the fundamentally material – and so social – ontology of technology 
(see chapter two). In effect, technological faith may implicitly and 
unintentionally justify social relations of power that are as much part of the 
technology as any material component that cannot be engineered away. 

Similar to the Enclosure Acts and the Valladolid debate, these relations are 
encouraged and upheld through a cultural category that may seem correct, but 
which hides relations of power. With this in mind, it seems that the broader 
categorization of solar PV technology as intertwined with a world economy is 
more realistic if the aim is to establish a socially just and ecologically 
sustainable world. Given that the word “technology” is a fetishization of the 
complex sociotechnical systems emerging at the time of the Industrial 
Revolution (Marx, 2010; chapter two), it is only fitting that the word is 
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defetishized in the transformation away from fossil fuels. That said, it is crucial 
to remember that the conventional notion of power densityst is the dominant 
boundary today, regardless of whether it is in some way irrational or 
problematic. 

What does it mean to say that large-scale solar PV projects embody a strong 
inherent politics? Why does it matter and to whom? To understand the 
consequences of this, we can begin by recognizing that the strong politics 
informed by the extended boundary leads to a recognition of the incongruence 
between the proposed visions and the implications of their actual fulfillment. 
As we have seen, the contrast between the conception of technology and what 
technology is can unwittingly legitimize social relations of power and further 
exploitation of the natural world. In the case of China, the vision is to 
inaugurate an ecological civilization in which the world can flourish. 
Simultaneously, China’s massive Belt and Road initiative is likely to draw on 
resources from throughout the world in a manner analogous to the imperial 
colonial era of the 1800s. India, as we have seen, is seeking to become energy 
independent by turning to large-scale solar PV projects. Simultaneously, 
India’s vision can only be fulfilled via international collaborations that 
facilitate an import of vital raw materials, embodied labor, and embodied land 
from countries such as China, Thailand, and Indonesia. The German 
government is planning to phase out its domestic coal production by 2038 and 
plans to become more energy independent through the installation of 
renewable energy technologies. Simultaneously, this will necessitate a net 
import of resources from countries in the world economy that are currently 
expanding domestic coal production. Italy, meanwhile, is seeking higher 
energy independence and decarbonization. Simultaneously, it is seeking to 
achieve this through participation in a historically unprecedented infrastructure 
initiative aimed at expanding international exchange relations. In each case, 
admirable visions of an environmentally benign post-carbon transition are 
counteracted in their practical application. 

The important consequence of this inconsistency between vision (“the map”) 
and practical application (“the territory”) is that the unfolding of the new 
metabolism is allowed to add to the social-ecological problems of the old, 
purely fossil-based, regime. The twist, however, is that the dismal working 
conditions, negligent environmental regulations, and copious burning of fossil 
energy can now be glossed over with reference to a progress in the 
development of renewable energy technologies. Ultimately, such progress may 
be an illusion maintained under narrowly drawn technological boundaries that 
fail to acknowledge the global political implications of the physical 
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inefficiencies. Meanwhile, as the world gets warmer and the EROI of fossil 
energy carriers start slipping down the net energy cliff, the real risk is that 
different social groups start blaming each other for the atrocities and 
catastrophes of the world based on perceived differences. The resulting 
conflicts may in turn lead to justifications for further resource appropriation. 
To avoid this, it is highly relevant to align modern solar PV visions with the 
ecological reality of the world by recognizing what technology actually is. 

  





179 

6. The world and the solar module:
Ecologically unequal exchange and
the ontology of technology

“In order to reconquer the machine and subdue it to human purposes, one 
must first understand it and assimilate it. So far, we have embraced the 

machine without fully understanding it.”  

Lewis Mumford 

This thesis set out with the hypothesis that solar PV technology is 
conventionally perceived in ways that are incongruent with the physical 
conditions of its existence. Through philosophical, historical, and empirical 
considerations of solar PV technology, I have now shown that the social and 
ecological conditions of its existence are indeed more complex than is 
generally assumed. In particular, I have shown how ecologically unequal 
exchange is a likely prerequisite for solar PV technology and how this 
condition is repeatedly overlooked by researchers, policy makers, 
corporations, and governments who are working towards a low-carbon 
transition. Thus, solar PV technology has been embraced without a full 
understanding of its global prerequisites. We see the mushroom but not the 
mycelium, so to speak. In these final pages, I provide a summary of the 
conclusions and revisit the larger philosophical question of what technology 
ultimately is. In the text, I have marked the sentences that provide answers to 
the thesis’s three sets of research questions (RQ1, RQ2, and RQ3). 
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The world in the solar module: Solar PV technology 
as ecologically unequal exchange 
This thesis has shown that contemporary solar aspirations tend to require an 
ecologically unequal exchange through which embodied labor and matter-
energy flow from one social group to another (RQ1). This condition may be 
inherent in large-scale solar PV technology projects, such as they are now 
being pursued by industrialized nations. The fact that Germany appropriated a 
notable amount of embodied resources from China in order to realize its solar 
PV aspirations during the period 2002-2018, is testimony to the significance 
of this relation. So is the fact that the solar aspirations of leading solar nations, 
including China, Germany, India and Italy, require an amount of land that 
would make a complete low carbon energy transition unfeasible without 
substantial biophysical subsidies. Such biophysical subsidies could be 
obtained either by continuing to extract and burn fossil fuels or by exchanging 
commodities at favorable prices, as Germany did during the crucial period 
2002-2018.7273 

This finding shows how fulfilling large-scale development of solar PV 
technology necessitates global asymmetries as much as they necessitate 
polysilicon, electrical components, engineers, or direct sunshine (RQ1). While 
solar PV modules may be employed with or without specific social or 
ecological goals in mind, I have highlighted how the very existence of the 
modules may require social asymmetries in resource distribution. Solar PV 
technology can thus be categorized as “authoritarian” in Mumford’s sense and 
as “inherently political” in Winner’s sense (Mumford, 1964; Winner, 1980). 
This implies that solar power is intertwined with global political economy just 
as much as fossil fuels. The difference is that the politics of fossil fuels pertains 
primarily to these fuels as energy carriers (coal, oil, gas), whereas the politics 
surrounding solar PV modules primarily pertains to the massive amount of 
material infrastructure necessary for capturing the dispersed and intermittent 

 
72 Theoretically, such a subsidy could also be obtained through tribute payments or by 

appropriating resources through plunder (e.g., Wallerstein, 2004: 28). Since solar PV 
technology is the most land efficient renewable energy technology, it is unlikely that a 
biophysical subsidy could come from other renewable energy technologies such as wind, 
water, or geothermal. 

73 Even prior to this period, a division of labor was evident in Germany’s solar PV industry, but 
it was then confined to relative price differences within the nation, i.e., between the western 
and eastern parts of the country. 
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flow of direct sunshine.74 Since these requirements stem from the physical 
circumstances of capturing large amounts of direct sunshine through 
technically sophisticated and materially voluminous artifacts, it is not likely 
that this condition could be transformed even under new relations of 
production. In Marxist terminology, the relations of production and the means 
of production are inseparable. Globally asymmetric resource transfers appear 
to be an integral part of the envisioned socio-ecological regime based on 
capturing large amounts of energy with solar PV technology. 

This conclusion has consequences for whether further pursuits of solar PV 
technology contributes to a continuation, transcending, or reversal of the 
industrial regime (see chapter three). Conventional interpretations of nature, 
technology, history, and development anticipate that progress in solar PV 
technologies will contribute to a world in which climate change and global 
injustices are being mitigated, while industrialism and affluent high-energy 
lifestyles continue. Such perspectives tend to overlook the fact that 
technological artifacts are contingent on both the natural world and the world 
economy. This neglect is most apparent in the common assertion that solar 
power is “free”, “abundant”, and problem-free (e.g., Schwarzman, 1996; 
Bastani, 2019; McKibben, 2019). The fact that solar PV projects require large 
capital investments and large amounts of land, energy, and material per unit of 
energy harnessed suffices to invalidate this assertion. Solar power is not free 
and abundant. Solar PV infrastructure comes at the expense of the natural 
world and emerges within a context of world inequalities, as shown by the fact 
that the drop in prices in solar PV modules over the last twenty years occurred 
because manufacturers took the initiative to exploit international wage -and 
price differences. 

A point raised by those who believe that solar PV technology presents a way 
to transcend the industrial regime is that the energy harnessed from solar power 
cannot be used to power the global transport system currently propelled by 
easily transportable and highly energy dense energy carriers, such as oil (see 
chapter three). This is so because solar PV energy, given its landscape-
dependent character, cannot be used to transport manufacturing facilities to 
regions in the world where wages are low without great economic costs. This, 
so the argument goes (Malm, 2013, 2016), will put an end to a two-hundred- 
year-old arbitrage in which capitalists have had the power to shape the 

74 To be sure, installation and operation of fossil infrastructure is also a significant and highly 
politicized issue. In comparison to solar PV technology, however, the infrastructure necessary 
for fossil extraction is relatively small per unit of energy harnessed (Smil, 2015). 
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demands and regulations of global manufacturing by threatening to move 
production facilities. As this thesis shows, however, ending this exploitation 
of the world peripheries might in fact increase prices on solar PV modules and 
halt the rate of installation. Fulfilling global economic aspirations for solar 
power would then undermine the process of capital accumulation and the 
societal prerequisites for solar PV technology. 

Importantly, price differences are the key determinant for the availability of 
solar PV modules in the world economy. Ecologically unequal exchange, 
whereby matter-energy flows from one region to another, will occur only if 
wages and prices on raw materials and carbon sinks are higher in one region 
than in another. In effect, if global transportation can be maintained, albeit in 
a more costly form, perhaps utilizing battery power and wind power, then the 
conditions for producing solar PV modules might still be upheld even in the 
absence of fossil fuels. The higher costs in transportation would not render 
trade impossible, but it would make the commodities traded less available for 
the many. In such a context, the larger the price differences in the world 
economy, the more affordable is solar PV modules in wealthier regions of the 
world. Therefore, in the absence of fossil fuels, it is likely that intensified 
global asymmetries are necessary for societies (or specific social groups within 
them) aspiring to maintain high-energy lifestyles. Thus, the question is not if a 
new socio-ecological regime is possible or not, but rather for whom and how 
many it will be available. The following section discusses what this says about 
solar aspirations based on the premise that solar PV technology is a feasible 
option for a socially just and ecologically sustainable world. 

The solar module in the world:  
Fetishism in conventional solar visions 
I now wish to reflect on some of the issues I raised in the introduction. Let us 
recall that ETC’s solar park in Katrineholm was a showcase for demonstrating 
how easy and affordable it is to “save the world” by purchasing solar PV cells 
and organizing citizen energy cooperatives. This combination of solar power 
and local democracy, so the argument went, had already been demonstrated in 
Germany. We now know that a reason why a large share of Germany’s 
electricity could by generated by democratically organized renewable energy 
cooperatives was because Germany benefitted from asymmetric resource 
transfers in the world economy. It is peculiar how easy it was to spend a whole 
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day in the solar park without encountering any information about these global 
asymmetries. As I walked around the park, my attention was directed to the 
various types of solar cells and to information about their technical properties. 
Thus, the solar modules were exhibited as being in the world but not of the 
world. The solar modules had undergone a process of fetishisation through 
which knowledge about the early stages of their commodity chain had been 
erased and replaced by posters focusing on their features as technical artifacts. 
Following Marx’s definition of fetishism, this was “nothing but the definite 
social relation between men themselves which [assumed] here, for them, the 
fantastic form of a relation between things” (1990[1867]: 165). 

The closest to a mention of global asymmetries was a paragraph on one of the 
information signs by the park’s row of thin film solar panels. With a headline 
in capital letters saying “thin film was the melody of the future”, the sign read: 

A few years ago, thin film was thought to become the dominant solar 
technology. These 7 kW German thin film panels are typical: glass panels with 
a micro-thin film inside which generates electricity. Many people thought that 
the "old technology" - silicon solar cells - would be replaced by this type. 

But instead, silicon solar cells dominate the world market. These cells have 
simply become cheaper. Now they are even made with all-black backgrounds 
so that they look like thin film. Thin film needs about 25-30 percent more 
surface area than silicon solar cells to produce the same amount of electricity.  

Of course, many thin film producers say that it is a better product because it can 
handle clouds better than silicon. We have tried this in the park and reality is 
our judge. 

We have not been able to see any difference between thin film and silicon solar 
cells for the whole year. Both technologies are equally good (Appendix B, my 
translation and emphasis). 

By acknowledging the existence of a world market, the author of the sign came 
close to recognizing the global asymmetries that I have examined. However, 
nothing on the sign suggested anything as politically charged as Chinese low-
wage labor, fossil-propelled manufacturing, deregulated mineral extraction, or 
repression of local resistance. Except for David’s meditation on Chinese 
wages, nothing in the park suggested that the words “cells have simply become 
cheaper” actually referred to a highly political global asymmetry. 

The relation between global asymmetries and PV prices is sometimes 
acknowledged. When it is acknowledged, however, it is also typically 
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downplayed or ignored. In chapter four, we saw an unwillingness to consider 
global asymmetries in prices as a social prerequisite for the solar boom in 
2002-2018. In chapter five, we saw how the requisite social asymmetries were 
downplayed by drawing a narrow boundary around what constitutes 
technology. The unwillingness to integrate global asymmetries as a 
prerequisite for solar PV modules is obvious in the case of ETC’s solar park, 
where the issue is acknowledged but not communicated. All this suggests that 
some people who are now pursuing solar PV technology are aware of the 
relation between the global asymmetries and prices of solar modules, but 
knowingly disregard it (RQ2). Why? I can see at least three interrelated 
explanations for why this fetishization of PV technology occurs. 

a) Alienation. The fetishized perspective reflects an everyday experience
of technologies wherein the biophysical past of the artifact is seldom
seen as relevant. The conventional perspective on solar PV technology
is encouraged by the fact that PV modules are commodities produced
in a highly complex world economy. Thus, the world economic system
itself encourages a fetishized perspective as an aspect of alienation.
For this reason, people may be aware of the relation between global
asymmetries and technology but struggle to integrate the connection
in their everyday lives.

b) Power. Fetishization may be a strategy for legitimizing the pursuit of
power. We should recall that ETC’s park was founded on the
aspiration to become a political force of consequence. Similarly, the
leading solar nations’ ambitions to install massive amounts of solar PV
modules were regularly justified with reference to greater national
energy autonomy (chapter five). In the case of China, solar PV
development was also associated with the ambition to become an
“ecological civilization” with great influence over the trajectory of the
world economy. By omitting the negative effects of solar PV
development, these pursuits for social-physical power appear as more
legitimate.

c) Ideology. Recognizing the global social conditions of technology
clearly challenges the conventional perception of what technology is
(Hornborg, 1992, 2016; Hornborg and Roos, 2021). Conventional
solar visions typically assume that solar PV technologies can be
employed to solve problems. However, because technologies
necessitate global asymmetries, they tend to solve problems for some
at the expense of others and are better understood as entropy displacers
(see chapter two). Ultimately, this understanding of technology does
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not fit into the worldview according to which solar PV technology is 
predestined to encourage socially just and environmentally friendly 
ways of living. As ideology, fetishism may derive from a deep-seated 
desire or socially encouraged conviction that “prevents, [or] renders 
even unnoticeable, contrary evidence or argument” (Pippin, 1994: 96). 
This is reminiscent of Heidegger’s notion of “Enframing” as 
something which prevents a person from entering into “a more original 
revealing [i.e., how things come to be] and hence to experience the call 
of a more primal truth” (1954: 28). 

d) Denial. The notion that global inequality is a prerequisite for solar PV 
modules may be threatening to people who perceive themselves as 
morally good people advocating PV technology to achieve virtuous 
ends. In such a context, adopting the fetishized perspective may be a 
strategy to protect oneself from threatening information. Cohen’s 
(2001: 51) definition of denial as “the maintenance of social worlds in 
which an undesirable situation … is unrecognized, ignored or made to 
seem normal” seems to apply to the case of solar PV fetishism. An 
“interpretative denial,” in which threatening information is distorted, 
might be applicable to some of the explanations of the solar boom and 
the physical inefficiencies of solar technology (Wullenkord and Reese, 
2020: 5). In turn, an “implicatory denial” might apply to the case of 
ETC, in which a fact was recognized but “not integrated into everyday 
life or translated into action” (Ibid: 6). 

The wider effect of this solar technology fetishism is that it obscures the global 
asymmetries of the emerging energy regime (RQ2). 

A few years ago, one study concluded that ExxonMobil Corporation had 
purposefully misled the public regarding climate change and its existential 
implications (Supran and Oreskes, 2017). ExxonMobil, it turns out, had shared 
scientifically correct assessments of climate change internally but 
communicated skepticism and denial in public media in order to avoid stranded 
fossil assets. The question is whether the strategic omission of the global 
distributive dimension of solar PV technology may one day be compared to 
ExxonMobil’s strategic denial of climate change. It is arguably too early to 
predict the wider biogeochemical implications of the new energy regime and 
its effects on ecosystems (cf. Lenton et al., 2016; Rehbein et al., 2020; Sonter 
et al., 2020). Solar-generated electricity still comprises only 1.2% of global 
energy consumption (BP, 2020: 9, 55). However, with ambitious efforts to 
massively increase the share of solar power in the world economy, we had 
better consider its prerequisites already today, so that we can envision and put 
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into practice the new energy regime with full awareness of the conditions of 
pivotal technologies such as solar PVs. 

Leaves, trees, roots: An analogy for understanding 
technology and the ecological crisis 
To discuss the ontology of technology, I have found it helpful to start with the 
analogy of a tree. In this analogy, the leaf is to the solar module what the root 
system is to the world economy. A leaf and a solar module can both harness 
the energy in direct sunshine but neither of them can exist without a root system 
or a world economy, respectively. To omit the biophysical past of solar PV 
modules as an essential aspect of what technology is (i.e., fetishizing it), is 
similar to omitting the root system from the conception of what constitutes a 
tree. The analogy also highlights how the root system and the world economy 
are both hidden from view, even if we know that they both exist. By 
demonstrating how solar PV modules necessitate ecologically unequal 
exchange, I have highlighted how a specific root system is necessary for the 
existence of the leaf. To be more concrete, I have demonstrated how solar 
modules and global asymmetries in the world economy are two aspects of an 
inseparable whole, i.e., solar PV technology (RQ3). These are inseparable in a 
way that corresponds to the inseparability of the relation between the leaves 
and the roots of a tree. These respective parts can be analytically but not 
physically separated without compromising the survival of the tree. This 
metaphor suggests that today’s world division of labor is an inherent part of 
solar PV technology. 

Is it correct, then, to compare technology with an organism? I would argue that 
technology is better understood as an organ, rather than the organism itself (cf. 
Ellul, 1964). A technology made up of leaves and roots is not comparable to 
an organism, but rather a metabolic strategy for reproducing it. In a similar 
sense, we can think of technologies as the historically developed metabolic 
organs of society. This, I would argue, is what Marx was reaching for when he 
asserted that technology is the human equivalent to “the formation of the 
organs of plants and animals, which serve as the instruments of production for 
sustaining their life” (1990[1867]: 493, footnote 4). Marx had a social rather 
than individualist understanding of humans, which means that he understood 
technologies as the social organs by which human collectives interact with 
their environment. As demonstrated by Lewis Mumford (1954, 1964, 1967), 
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such social organs – which he called “megamachines” – have existed for a long 
time in human history. However, as we have seen, it was only with the rise and 
acceleration of the industrial regime that the modern social organs were 
fetishized and labelled technology. Modern technologies – simultaneously 
cultural fetishes and material realities – are organs of the industrial 
metabolism, which implicate a world division of labor in the same sense that 
the leaf implicates a root system (RQ3). 

As parts of solar PV technology, it is noteworthy that both the photoelectric 
effect and the world division of labor owe their generative potential to the 
phenomenon of polarization. It might turn out that technologies in general owe 
their productive potential to polarizations that may or may not be confined to 
the technological artifact (RQ3). Notably, for the purpose of retaining the 
feasibility or desirability of a technology, the ineffectiveness of one 
polarization (the photoelectric effect) may be compensated by taking 
advantage of another (global asymmetries). Given that the most fundamental 
polarization is of a physical kind (unequal distribution of matter-energy), it 
cannot be dissolved, merely shifted around among social groups, 
biogeochemical cycles, and ecosystems. This represents the core of the issue 
concerning shifting away from fossil fuels by means of advanced technologies, 
since the underlying matter-energy throughput will merely be transformed in 
kind, not magnitude. As far as climate change is mitigated by way of solar PV 
technology without addressing this throughput, the risk is that climate change 
will be replaced by another eco-existential concern of equal magnitude (albeit 
of a different kind). 

This forces us to seriously consider to what degree a long-term sustainable 
relation to the biosphere can be reached through an endless expansion of the 
technosphere, as implied in proposals for “green” growth or various “green” 
technologies, and to what degree it can only be reached by a progressive 
degrowth with attention to well-being, justice, and ecological limits. Rapid and 
extensive efforts to install solar PV technology and other renewables may 
encourage a world with less greenhouse gas emissions. In the process, 
however, these efforts generate other problems in the Earth system that 
affected communities, activists, and researchers are only starting to understand 
(see chapter one). It is abundantly clear that fossil fuels are finite and non-
sustainable energy carriers that the world’s actors must immediately stop 
burning in order to halt the detrimental effects of climate change (IPCC, 2014a, 
2018). Therefore, the pressing question is not whether the ecological effects of 
fossil fuels present a better or worse ecological situation than the effects of 
solar power. Rather, the question is whether a socially just and ecologically 
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sustainable world is currently being pursued through solar power and other 
renewables. At the very least, I have shown that this is a more complex 
question than is generally assumed. Large-scale solar PV development, in 
particular, may generate problems that in the long-term may be as detrimental 
to the biosphere as climate change. 
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Appendix A – Glossary  

Aspiration – The articulated and pursued target of a specific social group. I 
use the term mostly to denote solar PV aspirations, i.e., the socially articulated 
targets to install solar PV technology.  

Asymmetry – Denotes the condition in which two categories are not the same, 
i.e., an imbalance of proportion. I use the word primarily to describe ‘global
asymmetries,’ i.e., the uneven distribution of matter-energy determined by
differences in wages and prices in the world economy.

Complexity – Following Tainter (1988: 23), I use the term complexity to refer 
to “the size of a society, the number and distinctiveness of its parts, the variety 
of specialized social roles that it incorporates … and the variety of mechanisms 
for organizing these into a coherent functioning whole.” For Tainter (1988: 37-
38), an increase in complexity, understood as an increase in “different kinds of 
parts, more social differentiation, more inequality, and more kinds of 
centralization and control,” is a type of social response to problems. A 
substantial decline in level of complexity is a social collapse.  

Conception – An abstract idea or categorization constructed by a social group 
to survive in – and/or to make sense of – the world. Following Bateson (2000 
[1973]), human conceptions are continually developed in relation to the 
contexts (i.e., the natural environments and social networks) in which they are 
applied.   

Dissipative structure – A dissipative structure is a type of system – e.g., an 
organism, a hurricane, or an economy – which exists far from thermodynamic 
equilibrium. It maintains this state by drawing highly ordered (low-entropy) 
matter-energy from its environment and dissipating it in a manner that 
reproduces its form. A dissipative structure is an integral part of its 
environment since it depends upon it for this necessary exchange of matter-
energy.  

Ecologically unequal exchange – The theory of ecologically unequal 
exchange explains how wealthier nations rely on net imports of resources to 
sustain their levels of consumption and technological development, while 
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displacing much of their work and environmental loads to poorer nations. 
Ecologically unequal exchange occurs in international trade when prices of 
commodities are not proportional to the inputs of resources in their production. 
In such a scenario, commodities traded at an equal exchange value (say $100 
for $100) may imply an unequal exchange in terms of biophysical measures – 
such as embodied land, labor, energy, or materials – spent in the production of 
the commodities.  

Embodied – The biophysical resources dissipated (or, “invested”) in the 
production of a given commodity. Embodied emissions, for instance, denotes 
the amount of greenhouse gas emissions (e.g., kg of CO2-eq.) associated with 
the production of a given commodity (e.g., a solar PV module). The term 
‘embodied land’ denotes the land necessary for the production of a particular 
commodity. Throughout this thesis, I use the terms ‘embodied labor,’ 
‘embodied energy,’ and ‘embodied resources’ in a similar way. 

Energy carrier – A substance or device that “contains” or “carries” energy 
potential for human end transformation. These include petroleum, batteries, 
electricity, mechanical springs, dammed water, ethanol, wood, and so on. 
Energy carriers are distinguished from ‘primary energy sources,’ which are the 
unprocessed stocks and flows of energy in nature, including direct sunshine, 
coal, crude oil, wind, and biomass.   

Energy density – A measure of the amount of energy per unit of mass (e.g. 
measured as MJ/kg).   

Entropy – According to the second law of thermodynamics, energy always 
tends towards a state of thermal equilibrium, i.e., towards less ordered states. 
For example, if a cup of hot tea is left alone, the tea will cool off until it reaches 
the temperature of its surrounding environment. Entropy is the physical 
tendency whereby highly ordered states (e.g., a hot liquid) naturally tend 
toward less ordered states (e.g., cold liquid). When energy is converted (e.g., 
from coal to electricity), there is always a loss of useful energy, which typically 
dissipates from the system in the form of heat. To regather the dissipated 
energy is theoretically possible, but the act of doing so requires more energy 
than is gathered and is therefore energetically futile. This means that no 
dissipative structure can sustain itself from the same energy indefinitely and is 
therefore inescapably dependent upon its environment for a continual supply 
of highly ordered (low-entropy) energy. Georgescu-Roegen (1975) famously 
suggested that not only energy, but also matter, is subjected to entropy.  

Environmental load displacement – A situation wherein typically wealthier 
nations displace the environmental burdens resulting from their high levels of 
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consumption and technological development to poorer nations in the world 
economy. Environmental load displacement generally occurs through 
ecologically unequal exchange, but it can also occur through waste dumping.  

Exergy – According to the first law of thermodynamics, energy cannot be 
created or destroyed. It is therefore incorrect to talk of ‘energy consumption.’ 
What is consumed, strictly speaking, is ‘exergy,’ which refers to a 
thermodynamic system’s total amount of usable energy. For readability, I have 
chosen to use the term ‘energy consumption’ in this thesis, even if I actually 
mean ‘exergy consumption.’ 

Fetishism – A cultural attribution of agency or inherent powers to inanimate 
objects. The word comes from the Portuguese idiom feitiço, meaning ‘spell’ or 
‘charm.’ Historically, Portuguese merchants used the word to describe religious 
practices among peoples with whom they traded along the west coast of Africa in 
the 15th century. Karl Marx later applied the concept to the modern understanding 
of commodities under capitalist relations of production (Marx 1990[1867]:163-
177). Marx argued that the human labor invested in commodities tends to be 
ignored once they start to circulate on the market. In effect, people tend to ascribe 
autonomous properties or powers to commodified objects, rather than 
acknowledging the human labor and social relations necessary for their 
production. Alf Hornborg (1992, 2001, 2016) later developed the concept by 
applying it to the modern conception of the machine, i.e., “machine fetishism.” 

Industrialism – A social commitment to mass production of commodities (see 
chapter three). I use the term ‘advanced industrial societies’ to describe 
industrial societies with high levels of complexity.  

Inherently political – Following Winner (1980), this phrase is used to 
characterize artifacts that either necessitate or strongly encourage social 
relations of power.  

Machine fetishism – See fetishism.  

Materialism – A set of philosophical assertions concerning the constitution of 
reality as ultimately composed of matter (for an extensive explanation, see 
chapter two). This should not be confused with the common phrase “to be 
materialistic,” which describes an attitude or set of values regarding our 
relation to commodities.   

Matter-energy – A phrase integrating the two physical constituents of matter 
and energy. I often use the phrase ‘matter-energy throughput,’ which describes 
the quantity of matter and energy transformed by a dissipative structure (e.g., 
an economy) over time.  
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Metabolism – Derived from the Greek word metabolē (exchange). Denotes 
the material process through which organisms exchange matter-energy with 
their environment. The term was originally used by German biologists in the 
1800s to explain how cells in the human body could maintain their material 
form over time. The term social metabolism denotes a socially organized 
material relation to the environment.  

Modern/modernity – In this thesis, modernity refers to the social-cultural 
norms emerging from the Enlightenment and from the material conditions of 
the industrial regime (see chapter three).  

Power density – A measure designating the horizontal land area needed per 
watt of energy capacity (expressed as W/m2). 

Prime mover – A device or organism transforming energy carriers into motive 
power that can be directed by humans to perform specific tasks.  

Social metabolism – See metabolism. 

Social-ecological – Including or referring to both social and ecological 
relations and processes. The term is interchangeable with ‘socio-ecological,’ 
‘socio-environmental,’ and ‘social-environmental.’ 

Social-ecological regime – A historically developed social-metabolic pattern 
of interaction between human societies and natural systems. Whereas social 
metabolism denotes a socially organized exchange of matter-energy with the 
environment, a social-ecological regime denotes the social metabolism as well 
as the conceptions necessary to support it.  

Technological continuum – A concept developed in this thesis to analyze the 
social-ecological conditions of modern technologies (see chapter two).  

Throughput – See matter-energy.  

World economy – The current world economy is a historically developed 
world-system. Following Wallerstein (2011a: 15), a world economy is 
distinguished by the economic (rather than political) linkages between its parts. 
This contrasts to world empires in which the system’s parts share the same 
political unit. Many world economies have existed in history, but these have 
typically developed into world empires. According to Wallerstein (2004), the 
capitalist world-system is necessarily a world economy, since a global political 
unit would be likely to override the economic actors’ pursuit of capital 
accumulation. 
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Appendix B – Information sign 
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