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Abstract
In order to tackle and mitigate the environmental impact of fossil fuel use, countries
and researchers across the world have developed elaborate plans to transition to clean, renewable energy sources. Many governments have set ambitious, yet legally-binding targets
for greenhouse gas emissions reductions, with the growth of wind, solar and hydro power
showing great promise for the future of the energy industry. Exciting theoretical designs
of ”smart energy systems” are constantly proposed, but research must go beyond specific
technological innovation to identify how this shift can actually be achieved at a higher level.
This paper explores the use of systems thinking tools to critically evaluate the energy
transition. Through the use of the Three Horizons Model, the role that various stakeholders
will play in this transition is detailed, and the barriers, challenges, and potential negative
impacts of clean energy futures are analysed. The findings of this research highlight the key
areas of research and unresolved issues that must be addressed to ensure a successful and
ethical energy transition.
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Introduction

The devastating environmental impact of fossil fuel use has caused climate change to be considered as the biggest threat to humanity in modern times [2]. Governments around the world
have made tackling climate change a top priority, setting ambitious emission targets over the
next thirty years, such as the EU aiming to be carbon-neutral by 2050 [3].
A major factor in meeting carbon targets is the global energy transition, with energy production
(of all types) accounting for 72% of global greenhouse gas emissions [4]. While solar and
wind energy were not considered feasible alternatives to fossil fuels ten years ago, immense
technological development has now established them as economically viable competitors. The
global weighted average cost of solar, wind, and hydro-power has more than halved over the last
five years [5], now estimated under USD 0.1/kWh, compared to a range of USD 0.05 to USD
0.017/kWh for fossil fuels [6]. The future of renewable energy thus offers promising potential
for enabling net-zero futures and meeting global emission targets.
However, renewable and nuclear energy currently only supply 11% of global energy consumed
[7], so simply integrating more solar and wind power into current energy and heating solutions
is insufficient. There is a great need to completely overhaul existing energy infrastructure and
transition to new Smart Energy Systems (SES). SES solutions harness modern Industry 4.0
technology to combine, control, and optimise the use of various energy generation and storage
technologies [8]. A rapid transition to SES solutions that reduce energy demand and combine
a multitude of energy sources is key to establishing a fully renewable energy-powered system.
Technological and infrastructural changes only address one aspect of the transition. Successful
decarbonisation will require a collaborative response with global coordination amongst different
companies and stakeholders. The dynamics of the energy transition are complex, with governments, consumers, oil and gas companies, and renewables innovators each playing significant
roles in shaping the future outlook of the energy system.
This paper explores how a holistic systems thinking perspective can be used to analyse the shift
to SES. Systems tools and frameworks like the three horizons model are applied to the energy
industry to better understand the dynamics of the transition and the influence of the various
stakeholders mentioned above. Lastly, the barriers to the overall transition are discussed, along
with potential problems and further areas of research to be examined in the future.
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The Need for Systems Thinking

Systems are inter-connected sets of elements intentionally structured and organised to achieve
a particular purpose. A system is more than just a group of elements or the sum of its parts.
They are characterised by the ability to make their own structure more complex as they grow,
often exhibiting dynamic, self-preserving, and even evolutionary behaviour to succeed [9].
Crucially, regardless of any external influences, a system’s responses to change is characteristic
of itself, and as such, it is responsible for its own behaviour. Serious problems rooted in the
internal structure of complex systems are extremely challenging to tackle, and are unlikely to be
solved by external factors [9]. The global energy supply heavily relies on scarce, environmentally
damaging resources, and large-scale centralised energy systems have been designed specifically
for optimal fossil fuel use. This is an inherently systematic problem, and thus can only be solved
using a systems-level approach, rather than isolated external changes.
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Awareness of climate change is higher than ever, with growing global consensus over the importance of renewable energy. However, stakeholders’ decisions often do not align with this, as
they often prioritise their individual short-term gains over the long-term welfare of the planet.
This is because each actor within a system has different ”bounded rationalities” based on their
own self-interests, or the practical constraints to their decision-making caused by their limited
awareness of the wider system as a whole. Oil and gas companies continue to invest in drilling
technology, hoping to maximise their existing supply chain and profits while preserving brand
reputation. Consumers are conscious of their environmental impact, but likely prioritise shortterm individual costs more, while being unwilling to compromise on convenience and quality.
Governments, despite setting strict decarbonisation goals, typically have fixed budgets and have
already started to deter from subsidies to the renewables industry. Even renewables innovators, who strive to develop the economic viability of renewable energy generation, have ignored
the environmental impact of non-recyclable wind turbine blades, photo-voltaic (PV) cells, and
batteries.
More generally, the energy system is complex, with a wide range of inter-connected elements
working together to ensure that the world has access to electricity in a safe, reliable, and
convenient manner. Such large systems are typically very difficult to control or predict, and highlevel changes are likely to produce unintended consequences and problems unless all possible
transition scenarios and the resultant implications are considered. Systems thinking offers
an intuitive insight into system’s parts, inter-connections, problems, and future behaviours.
Therefore, systems thinking is essential to understanding the barriers to a rapid transition and
the steps that can be taken to accelerate it.

3

The Three Horizons Model

To better understand the long-term future of energy, the Three Horizons model can be used to
explore the potential for transformative innovation in the energy industry. The Three Horizons
model (3H) is an intuitive framework that enables exploratory future thinking through considering different perspectives and removing inhibitions surrounding the probability of certain
outcomes. It expands on the idea of the short, medium, and long term phases of the future,
instead viewing the future as ”horizons”. The primary objective of this method is to shift the
focus of future thinking from three distinct periods of time, to a more qualitative analysis of
systematic change.

3.1

Model Overview

Figure 1 represents a typical or ”smooth transition”, with each line’s prevalence (y-axis) rising
and falling to show how the most dominant pattern shifts across horizons over time.
The first horizon, H1 (red line), signifies the dominant system at present that is currently
in use. The energy industry’s H1 relies predominantly on fossil-fuel powered electricity and
has alarming effects on the environment, and so is unsustainable in the long-term. There are
glimpses of innovative future technologies, such as solar and wind power, but the world is very
much dominated by the present system, fossil fuels.
The third horizon, H3 (green line), represents a better alternative to H1, and is viewed as its
long-term successor. The ideal long-term vision for energy is a zero-carbon, or even carbonnegative energy system that is completely reliant on clean, renewable sources of energy [10].
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Lastly, the second horizon, H2 (blue line), considers the series of intermediate innovations and
transition activities that take place as the system evolves from the H1-dominant present to the
H3-dominant future. In this transitionary period, H1 systems, or oil and gas companies, will
develop technologies to prolong their dominance for as long as possible, while H3 systems, or
renewables innovators, will support the growth of the radically different third horizon.

Figure 1: Three Horizons Model Overview
It is important to note that all 3 horizons are always present to varying degrees, as aspects of
H3 are evident in the present, and aspects of H1 will still remain in the future. Actors in each
horizon are motivated by conflicting goals (and bounded rationalities) [1]. H1 is committed to
survival, and will either choose to resist change and maintain its dominance, or support the shift
to the new H3. Understanding how each of the horizons influence each other and the overall
transition is key to identifying how the smart energy transition can be achieved quickly.

3.2

Model Variants

There are four common transition patterns typically observed when a present dominant H1 is
replaced by an innovative H3. The transition archetype most relevant to the energy industry is
capture and extension, as in Figure 2.

Figure 2: Three Horizons Model Variant - Capture & Extension [1]

4

In this variant, H1 (red) is challenged by strong innovation from H2 (blue) and a promising H3
(green), but each wave of innovation is captured by H1 to prolong its life. H3 is vastly different
and requires significant structural change to overtake H1, and continues to play a secondary
role until such fundamental change occurs. As shown by the graph, H1 and H2 oscillate as H1
continually invests in sustaining innovation to resist change, until it finally collapses as H3 takes
over.
In the energy industry, despite significant efforts made to develop solar and wind power as a
viable alternative to fossil fuels, the transition to renewable energy has been difficult due to
the overwhelming short-term benefits of fossil fuels. Oil & Gas companies have continued to
search for and utilise new sources of fossil fuels throughout the world while investing in minimal
green technologies to keep up with competition and maintain their brand reputation. Future
outlooks of smart energy systems powered completely by renewable sources of energy require
radical changes to electricity grids and are likely to take decades to implement globally.
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Horizon 1: Fossil Fuels

To better understand the first horizon, research was conducted into how the current power
generation and transmission system developed, as it too was once the third horizon. This
offered useful insight into the historical transition to fossil-fuel powered electricity, highlighting
patterns of change that can be used today to shape the transition towards renewables.

4.1

The Evolution of the Fossil Fuel Industry

When the concept of electrification was first invented, the first attempts at transitioning from
gas to electricity made were not immediately successful. Much like current challenges faced in
implementing smart energy grids, electrification initially faced problems with efficiency, reliability of supply and commercial viability. However, electrification offered vast benefits over gas
power, and significant investment was required to transition from small, isolated power systems
to large-scale, centralised energy production. The 21st century push for more renewable energy
is not motivated by any such advantages in system performance. This suggests that there needs
to be a shift in paradigms in the energy generation and transmission system - reducing the
importance given to individual cost and convenience in the short-term, and instead prioritising
the long-term sustainability and welfare of society and the planet.

4.2

The Birth of Sustainable Development

The 1970s saw the first sustainability related media publications, instigated by several highprofile natural disasters that highlighted the detrimental environmental impact of uncontrolled
economic growth. However, despite concerns over climate change initially gaining popularity
over 50 years ago, popular scientists and philosophers viewed sustainability as a concern for
the long-term future, and they believed that humanity would find alternative solutions when
absolutely required. This emphasises the need to change the general way of thinking, by giving
greater importance to the long-term social, ethical and environmental implications of a system,
rather than short-term profits.

4.3

The Benefits of Fossil Fuels

Despite the problems caused by fossil fuels, their use enabled the development of energy systems
that are safe, robust, reliable, and economically efficient. A transition to H3 will only be possible
if new solutions maintain or improve on these qualities while also being more sustainable.

5
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Horizon 3: Zero-Carbon Smart Energy System (SES)

5.1

Promising Technologies

The Paris Agreement and the UN’s Sustainable Development Goals (SDGs) have established
clear standards and expectations for the energy transition. The key objectives for sustainable
energy development as per the 7th SDG are to ensure universal energy access and increase the
adoption of renewable energy and overall energy efficiency across the world [11]. Above all,
it is imperative that global temperature change is limited to 2◦ C, which requires large-scale
decarbonisation of the energy industry [12]. There are three key strategies to enabling the
energy transition:
• Accelerate the deployment of renewables to increase the amount of energy generated by
clean, zero-carbon sources
• Increase the energy efficiency of appliances and machines to reduce overall energy demand
and emission intensity
• Develop technologies that enable existing emissions already present in the atmosphere to
be removed
These strategies require innovation in four broad categories of technology, as shown in Figure 3.
Accelerating the deployment of renewables requires innovation in both energy generation and
storage technologies. This will not only enable a greater share of renewables, but also provide a
more diversified supply that is more robust and reliable. Increasing energy efficiency will require
further development in energy saving technologies, along with greater focus on the electrification
and decarbonisation of energy’s end use, especially in highly energy-intensive industries. Lastly,
additional measures such as carbon capture will be required to offset emissions in industries with
no other viable alternatives to ensure sufficient reduction of emissions.

Figure 3: Potential Future Technologies
Current transition plans rely heavily on all three approaches to achieve emission reduction
targets. However, each strategy’s role in decarbonisation will vary significantly depending on
the industry, as per energy transition plans laid out by IRENA [12]. A successful transition
6

will only be possible if there is sufficient progress and innovation in each field of technology
described above. Therefore, the future energy system will likely be a combination of renewable
energy generation, saving, and storage solutions, as well as carbon capture technology, all
monitored and controlled by smart industry 4.0 systems that focus on real-time data collection
and optimisation. The energy industry’s h3, or SES solutions, are defined by the ”smartness”
provided by their focus on sensing and connectivity, which are key to achieving a rapid transition.

5.2

The Hexalemma

As highlighted by h1, there are three important qualities of the fossil fuel energy system that
must be maintained in future energy systems (and any self-sustaining system in general). Firstly,
the system must be reliable in performing its function in the absence of unexpected faults,
as achieved by h1, with power outages being an extremely rare occurence in modern times.
Economic efficiency is also important and has been the main focus of technological development
in recent years, as people are unlikely to switch to renewables unless they can compete with the
costs of fossil fuels. Lastly, the current energy system is resilient in its ability to bounce back
from faults, with any power outages often being identified and resolved within a few hours.
These factors all consider a system’s response and relation with external factors and outwardlooking parameters like performance, cost, and fault detection. As such, three additional factors
must be considered in developing the future energy industry (h3) to ensure a properly functioning system. These factors are inward looking and people-focused, addressing the operation of
the system itself and its interaction with human beings. Firstly, the system must be sustainable,
allowing it to continue operating long-term without negatively impacting the environment in
any way. It also needs to be safe, not causing any harm to humans operating or using the
system. Finally, careful consideration needs to be given to the wider ethical implications of the
system’s design and operations, ensuring that resources are allocated ethically (with no negative
environmental impact), and that no actor is disproportionately disadvantaged in any way.
The growth of SES solutions and the dynamic of the transition will thus need to be carefully
analysed across these parameters to verify its validity as the ideal long-term successor to fossil
fuel power. This will determine whether proposed h3 systems are optimal and have no unintended negative consequences on the environment or on any of the actors involved in the energy
system.

6

Horizon 2: Transitionary Period

The second horizon typically consists of two types of transition activities, ’sustaining’ and
’transformative’ change. Sustaining innovation, or H2 minus, denotes the technologies developed
by oil and gas companies to prolong their dominance in the energy industry. Transformative
innovation, on the other hand, refers to the solutions developed by visionaries to accelerate the
transition to smart energy systems. It is important to appreciate the balance between these
two conflicting types of innovation and how they will shape the transition, as well as the role
played by h1 in the future.

6.1

H2+: Transformative Innovation

Renewable energy innovators are currently investing in and developing H2+ technologies that
will accelerate the progress towards Horizon 3, a zero-carbon energy system. The main challenge
with renewables is the variability and lack of consistency in supply. Various solutions are being
explored to mitigate this, including green hydrogen and nuclear as reliable, clean energy sources,
and electric vehicle and battery technology for improved energy storage. Lastly, shifting back
7

to isolated and decentralised grids will allow for more efficient energy transmission and smaller
scale energy generation that is much better suited to renewable power. This section will further
explore the role of two key future technologies, green hydrogen and nuclear.
6.1.1

Green Hydrogen

Hydrogen has been highly regarded as an exciting energy source with great potential as a
fossil fuel alternative ever since it was first used as a fuel 200 years ago [13]. It does not
produce any greenhouse gas emissions and offers vast benefits over renewables in terms of energy
density, storability, and versatility. However, it is predominantly produced through natural gas
reforming or gasification, processes that involve fossil fuel-based chemical reactions [14]. As a
result, despite hydrogen being an inherently clean energy source, its production currently emits
around 830 million tonnes of carbon dioxide a year [13], and so is unsustainable in the long run.
Hydrogen can play a pivotal role in the energy transition if produced more sustainably. Beyond
direct use as a fuel, hydrogen can also be transported as a gas, transformed into electricity or
heating, or used to store energy from solar and wind, supporting and enhancing the contribution
of other renewables in the process. As such, clean hydrogen enables the decarbonisation of
energy-intensive industries like transport, chemical production, and manufacturing, as well as
providing greater energy security. This can only be achieved if low-carbon hydrogen production
becomes more cost-effective, requiring significant investment in hydrogen technology R&D as
well as international coordination of policies, regulations and targets.
6.1.2

Nuclear Power

Similar to hydrogen, nuclear is an energy-dense, stored form of energy that offers the security
and flexibility that variable energy sources like solar and wind lack, and is key to making clean
energy systems reliable. Nuclear power has already played a massive role in the progress made
thus far in decarbonising the energy industry. Over the past fifty years, nuclear power has
prevented over 60 gigatonnes of carbon dioxide emissions [15], double the amount of greenhouse
gases emitted by the global energy industry in a year. It currently provides about 10% of the
global energy supply [15] and is essential to the current low-carbon electricity industry.
However, the growth of nuclear has become stagnant, with the adoption of other renewable
energy sources accelerating at a much quicker rate. In fact, overall global nuclear power capacity
reduced in 2019, as a greater proportion of reactors were shut down than those newly connected
to the grid [16], and reduced a further 3.5% in the first quarter of 2020 [17]. Moreover, the
average nuclear power plant in advanced economies is 35 years old, many of which are scheduled
to be shut down in the near future, which could result in an additional 4 billion tonnes of carbon
dioxide emissions if nothing changes [15]. New nuclear projects cost several billions of dollars
to develop, a significant portion of which involves upfront capital costs [18]. Extending the life
of an existing reactor is significantly cheaper (up to USD 1 billion), but still represents a heavy
expense, especially in the harsh market conditions caused by COVID-19 [15]. This is further
complicated by the political implications (and to a lesser extent, the technological challenges)
of controversial issues like the health risks of potential reactor meltdowns and the difficulties
faced with nuclear waste storage and disposal.
Based on current trends, two-thirds of current nuclear capacity will be shut down by 2040,
which could increase the global energy transition cost by an additional USD 1.6 trillion [19].
The energy capacity, flexibility, and security offered by nuclear is an absolute necessity for rapid
energy decarbonisation, and the investment into maintaining and extending nuclear power could
have a major impact on the dynamic of the transition.
8

6.2

H2-: Sustaining Innovation

Oil and gas companies continue to adopt H2- technologies to prolong h1, the fossil fuel industry,
for as long as possible. Firstly, they continue to invest in improving drilling technology to reach
new sources of fossil fuels to combat the scarcity of supply. Net-zero plans often also rely on
promises of future carbon removal, based on innovative carbon capture solutions that are still
in early stages of development and not yet proven or established.
6.2.1

Fracking and Drilling Technology

The use of natural gas has grown rapidly, particularly in the US, as the development of hydraulic fracturing technology (fracking) has provided access to previously undiscovered natural
gas reserves, considerably reducing the cost of natural gas extraction. This enables oil and gas
companies to continue existing operations without concerns over supply scarcity, while allowing
them to advertise natural gas as a more eco-friendly alternative to other fossil fuels [20]. However, while the direct greenhouse gas emissions of natural gas combustion might be lower than
other fuels, its production is highly unsustainable. Fracking significantly increases methane
emissions, freshwater consumption, and as air and water pollution [21].
6.2.2

Carbon Capture, Utilisation & Storage (CCUS)

CCUS is the only group of technologies that facilitates the removal of carbon dioxide already
present in the atmosphere, which can be used to make up for any future emissions that are
unavoidable. Implementing CCUS solutions in existing power plants and industrial factories
could eliminate 600 billion tonnes of emissions over the next 50 years [22]. Several heavy
manufacturing industries such as steel, iron and cement production have limited feasible lowcarbon alternatives, so CCUS could be vital to enabling these industries to decarbonise.
One promising technology already being used is bioenergy with carbon capture and storage
(BECCS), where energy is produced from biomass and any carbon dioxide emissions are captured and stored, resulting in an overall carbon negative energy production process [23]. Direct
air capture is another alternative that can extract carbon dioxide directly from atmospheric
air through a series of chemical reactions that delivers pure, compressed carbon dioxide that
can easily be stored underground or reused. Some cutting-edge innovations even use direct air
capture technology to generate hydrogen and other synthetic fuels, an almost carbon-neutral
fuel production process [24].
For CCUS solutions to contribute significantly to emission reductions, further investment is
required, especially into direct air capture technology development and carbon dioxide transport
and storage infrastructure [22]. However, the use of CCUS in the energy transition must be
carefully monitored, as noted by Michael Obersteiner, one of the scientists who invented the
concept. BECCS was originally developed as a fallback option for sudden climate change events
or unavoidable emissions, to allow for more ambitious climate targets [25]. Climate change
strategies should utilise other emission reduction technologies, only using CCUS as an additional
measure to accelerate the transition rather than as an excuse for less drastic emission restrictions.
At this stage, government action in both accelerating and constraining the use of CCUS is
necessary to ensure that this vital piece of the future zero-carbon energy system is sufficiently
developed and implemented in an ethical manner.
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7

Multi-Actor Mapping

The three horizons model highlighted the problems with the existing system, (H1), its ideal
long-term successor (H3), and the current initiatives being pursued to both resist and accelerate change (H2). The balance of sustaining and accelerating innovation in H2 can be further
explored through multi-actor mapping, which involves analysing the three horizons from the
perspectives of specific actors, such as renewables innovators, oil and gas companies, governments, and consumers. Understanding the roles different actors and their bounded rationalities
play is important to better understanding the barriers to net-zero futures and the changes required to accelerate the transition. In this regard, the current role played by each actor and the
factors affecting their decision making and transition patterns are explored in greater detail.

7.1
7.1.1

Oil & Gas Companies
The Ideal Transition

In the ideal transition, oil & gas companies would help accelerate the transition to smart energy
systems. This would involve using existing energy assets to enable decarbonisation by repurposing offshore oil and gas assets to set up wind farms or hydrogen plants. Furthermore, their
large-scale engineering and project management skills could be used to upscale new technologies
such as carbon capture in a cost-effective manner.
7.1.2

Reducing Greenhouse Gas Emissions

Studies have shown that 15% of global energy-related emissions are a direct result of oil extraction and transport [19]. Reducing methane leaks and integrating low-carbon technology to
reduce emissions from buildings and transport could be a highly effective strategy to reduce the
overall demand for energy as well as the net emissions produced by fossil fuel use.
7.1.3

Increasing Fossil Fuel Supply

The oil & gas industry could play a critical role in accelerating innovation in key technological areas, such as green hydrogen and carbon capture, utilisation, and storage. Scaling up
carbon capture will allow these companies to offset a significant portion of their current and
past emissions. While this is vastly beneficial to tackling climate change, there is a risk that
carbon offsetting measures are adopted in conjunction with improved oil extraction technology
to increase fossil fuel supply. This will need to be carefully monitored and properly regulated
to prevent further environmental degradation in the long run.
7.1.4

Current Outlook

Current agendas indicate that oil and gas companies are prioritising prolonging business as
usual. Investment in renewables has been less than 1% of total expenditure in this industry [19],
and no major company has a feasible transition plan in place that aligns with global targets of
restricting global warming to 2, as per research conducted by the Transition Pathways Initiative
. Most companies only address their direct emissions (scope 1 and 2), and not the emissions
that result from the intended use of their products (fossil fuels). These scope 3 emissions that
are produced by burning fossil fuels account for 70 to 90% of total lifecycle emissions [26], so
oil and gas companies must demonstrate greater accountability for the use of their products.
The biggest concern is the lack of transparency in information disclosed by oil & gas companies’
on their long-term emissions strategies. Companies have begun to release ambitious net-zero
targets, but it is unclear how heavily these goals rely on future carbon offsetting. For example,
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Shell indicated the need to plant a forest the size of Brazil to allow for their remaining planned
emissions in a presentation to investors in 2020 [27]. Furthermore, from 2015 to 2018, the 5
largest oil and gas companies invested over USD 1 billion in misleading climate-related branding
[28]. Their claims of going ’net-zero’ are widely disputed by several researchers, who call for
them to disclose more information on their carbon offset strategies [27]. This suggests that
there is an urgent need for these companies to set more ambitious targets and provide greater
transparency to their investors and the general public.
Despite this, increasingly stringent regulations and pressure from investors is resulting in indications of positive change in the fossil fuel industry. Many major companies have recently begun
to directly address scope 3 emissions, with more detailed, quantified long-term ambitions and
strategies being released by companies like Royal Dutch Shell [29]. A successful transition plan
will need the support of oil & gas companies, and the adoption of decentralised clean energy
would not be possible without equal consideration being given to how the fossil fuel industry’s
decline is managed [30].

7.2

Renewables Innovators

Renewable generation technology has developed rapidly in recent times, and already competes
economically with fossil fuel production. The percentage of electricity demand met by renewables has steadily increased, reaching a peak of 41% in 2020, and the annual electricity generated
by fossil fuels has more than halved since 2011 [31]. This has been largely due to the fact that
renewables innovators have achieved overwhelming success in reducing the cost of deploying
solar and wind farms. Over the last 10 years, the Department for Business, Energy and Industrial Strategy (BEIS) have frequently released energy generation cost projections to estimate
the cost (per kWh energy produced) of setting up renewables projects that start operating in
2025. The 2020 estimates for the cost of wind and solar in 2025 are 50-60% less than the initial
estimates published in 2013 [32]. This unprecedented technological development witnessed in
the renewable power generation sector is an incredibly encouraging prospect for the future of
this transition.
However, the biggest challenge is expanding from the current high of 40% to complete reliance
on clean energy. This will require further innovation in two key areas; developing a clean,
continuous power source, and innovation in later stages of the technology lifecycle that focus
on the integration and expansion of smart grids.
Furthermore, greater consideration needs to be given to the end-of-life management of equipment, with wind turbine blades, PV cells and batteries proving to be difficult to recycle and
unsafe to put into landfill. It is expected that up to 50,000 tonnes of rotor blade materials,
predominantly glass or carbon fibre-reinforced composites, have ended up in landfill as of 2020
[33], with an additional global PV waste stream of up to 250,000 tonnes [34]. As the first generation of solar panels and wind turbines have begun to reach their end-of-life, there is growing
concern over how their waste components can be managed, with a significant push for innovation in recycling and material recovery to avoid the need for landfill. Promising research areas
include the reuse of wind turbine blades in construction [35] and setting up circular economies
for PV cells [36], but the implementation and commercialization of this needs to be investigated
further.
Lastly, more attention needs to be given to energy’s end use and reducing wastage in energyintensive industries like manufacturing and transportation. Improving the efficiency of energyintensive industries could significantly reduce energy demand and the required total energy
capacity. This will likely involve a high degree of electrification, which not only reduces emis11

sions, but also offers energy storage potential that facilitates greater integration of renewable
energy [12]. Along with this, corresponding innovation in policy and regulations is required to
enforce and accelerate change.

7.3

Consumers

Consumer awareness of climate change and the severity of the problem is constantly growing, with businesses’ level of commitment to sustainability heavily influencing consumer choice.
Studies show that climate change ranks as a top concern for consumers despite the ongoing
pandemic, with the issue gaining importance throughout 2020 [37]. While individual behaviour
might seem inconsequential in comparison to societal or systematic change, bottom-up behaviours promoting sustainability at a personal or community level could serve to accelerate
system-level changes [38]. High energy efficiency solutions have technical and logistical limitations, so behavioural change, starting at an individual level, could be equally effective in
reducing overall energy demand. An individual’s behaviour might seem insignificant, but when
scaled up to a neighbourhood or community, can contribute significant emission reductions. In
this regard, studies show that community-wide initiatives empower people to positively contribute to the environment, especially when led by individuals who themselves engage in the
behaviours they advocate. A field study promoting domestic solar panel installation highlights
this, with 63% greater recruitment in communities where organisers themselves installed rooftop
panels through the program they advertised [39]. Overall, substantial political and systematic
change requires an engaged public that is proactive in fighting for change and ensuring that
sustainability remains a long-term priority of governments across the world.
Additionally, raising prevalence of domestic wind turbines and rooftop solar panels has enabled
the emergence of a new actor, energy prosumers, or households that both produce and consume
energy. This will further diversify energy supply, reduce the burden on central energy production
systems, and accelerate the shift to decentralised energy clusters and micro-grids [30].
Lastly, smart meters offer new ways for lower-income households facing fuel poverty to monitor
and optimise energy use [40]. Current smart meter designs are complicated and highly unintuitive, and redesigning them could make sustainability and individual behaviour change more
universally accessible to the general public. Overall, great care and consideration must be given
to the impact of the energy transition on marginalised groups of society, with any potential
negative impacts identified and avoided as soon as possible.

7.4

Governments

The role of governments in the energy transition is especially complex due to the multidimensional geopolitical constraints involved. Economic theory defines climate change as a
”tragedy of the commons”, where a universally shared resource is depleted and damaged as a
direct result of individuals acting within their own self-interests (or bounded rationalities) [41].
The global nature of the environmental commons suggests a great need for international and
inter-governmental cooperation on climate change governance [42]. This need for global governance is further accentuated by the increasingly inter-dependent nature of the modern world,
with greater economic globalisation and increasing migration, trade and capital flows [43].
To transform technology innovation into meaningful, wide-spread emission reductions, governments need to adopt feasible, cost-effective policies that ensure national and international
targets are achieved. There are various economic policies that governments can undertake to
encourage the transition to renewables .
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7.4.1

Carbon Tax

Regardless of sector, nearly all economic activity results in some degree of environmental degradation, both directly and indirectly. This environmental impact is known as a negative externality, or unintended harm inflicted on an external third party (in this case, the environment) [44].
Climate change policy must incentivise businesses to take accountability for their greenhouse
gas emissions, their negative externalities.
Government taxation is typically used to ”internalise” these externalities, or ensure that the
cost of a good includes the long-term cost of its continued use incurred by the environment [45].
Several studies indicate that energy demand is highly responsive to changes in energy price, so
the price increases caused by carbon taxes would effectively deter demand for fossil fuels and
encourage business to explore cheaper, more eco-friendly alternatives [46].
Compared to other economic policies, carbon tax is the easiest and cheapest to implement, as it
can be standardised and universally applied to all industries without a complicated policy design
or significant investment in logistics and administrative costs. The higher cost of sustaining
existing operations could also encourage long-term innovation and greater availability of novel
energy-efficient technology [45].
However, a high carbon tax could damage the competitiveness of manufacturing and other
energy-intensive industries. If individual countries implement carbon pricing, companies may
simply relocate manufacturing to locations with less stringent rules rather than making their
operations more sustainable. Thus, the relative cost and severity of this measure in relation
to other neighbouring countries must be carefully considered, along with efforts to coordinate
economic policy across Europe and around the world.
There is ongoing progress on implementing a universal carbon tax post-Brexit in the UK [47],
with charges expected to reach up to £75 per tonne of carbon dioxide emissions [48]. As
discussed, further work is required to determine the specific cost of taxation, its effects on
various sectors, and how it will be charged and monitored in the long-term.
7.4.2

Subsidies

A common argument against the growth of renewables has been that solar, wind, and other renewable generation technologies are not economically viable without government support. There
is a wide misconception of the amount of subsidies received by renewables energy providers, with
studies showing that oil and gas companies actually receive a much greater proportion of tax
reliefs and subsidies. In 2017, renewable power generation technology received only 20% of
global energy subsidies, compared to the 70%, or USD 447 billion, received by fossil fuel energy
systems [49].
Any successful transition will require a rebalancing of energy subsidies from fossil fuels to
renewables and energy efficiency technology. They can also be used to negate the inaccurate
pricing of unsustainable products and improve the efficiency of resource allocation. In the long
run, a large proportion of energy subsidies will need to target energy-intensive end-use sectors
that are particularly difficult to decarbonise. More detailed, rigorous valuation of subsidy needs
and policy design can only be conducted if existing studies adopted a more objective, consistent,
and standardised methodology for subsidy pricing and evaluation. Global consensus on energy
subsidy trends and requirements would enable much quicker progress both in innovation and
policy reform [49].
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7.5

Industry Momentum

To better understand the motivations behind the decisions made by various actors described
above, the present industry needs to be examined further, and the concept of industry momentum explored. Electricity is an essential need for much of the global population, and is currently
heavily reliant on fossil fuels. A transition to a zero-carbon H3 cannot be achieved without maintaining the business-as-usual of the current system’s performance, which is impossible without
fossil fuels.
Currently, the future of the oil and gas industry and the management of existing infrastructure
remains an afterthought in energy transition discourse. Decades of technological development,
infrastructure and investment have been put into the fossil fuel industry, and any feasible
transition plan will need to account for this investment and manage these resources. High-value
infrastructure built for the fossil fuel industry are designed to last decades, but their lack of
sustainability is incompatible with the changing paradigm of the energy industry.
As of 2017, the fossil fuel industry employed 26 million people across the world [50]. Huge
reserves of fossil fuels may never be used, leaving oil and gas companies with between 1 and 4
trillion USD worth of unused, stranded assets by 2035 [51]. This is accentuated by the further
additional costs involved in decommissioning these stranded assets, which could amount to an
additional USD 32 billion [52].
As highlighted previously, businesses are largely driven by their short-term profits and selfinterests, which greatly impedes the oil and gas industry’s ability to evolve and adapt to the
changing landscape of energy. While existing assets offer great potential value, the short-term
cost of designing solutions to repurpose these assets outweight this potential benefit, resulting
in low investment in R&D in this area. As a result, innovation in this last stage of the lifecycle
of energy infrastructure may need to be largely government-led [52].
A successful energy transition will need to be feasible and cost-effective. Finding better ways
to utilise existing energy assets could be the key to achieving this transition in an economically
viable manner, and more importantly, the transition cannot be considered a success unless the
fossil fuel industry’s decline is managed properly.

8

Future Work

The three horizons model has raised several issues that need to be addressed to ensure a feasible,
sustainable, and ethical net-zero energy transition. Figure 4 depicts the key topics discussed in
this paper (in beige), along with proposed questions or areas of research highlighted as a result
of this analysis (in light blue).
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Figure 4: Future Work: Areas of Research

9

Conclusion

As global efforts to accelerate the transition to zero-carbon energy systems grow, it is important
to understand how this transition can be achieved, and that past mistakes and oversights are
not repeated. Systems thinking offers an intuitive and analytical approach to evaluating the
energy industry, with the three horizons model being used to explore how the transition could
play out.
Firstly, looking at the growth of the fossil fuel energy industry offered key insights into how
climate change was allowed to cause such severe damage with minimal intervention. The transition from gas power to electricity was driven by overwhelming economic gains, but renewable
energy may, at best, match the efficiency and cost-effectiveness of fossil fuels. The negative
impacts of this importance given to individual gains and bounded rationalities were highlighted
repeatedly throughout this paper. This suggests that there needs to be a shift in paradigms in
the energy generation and transmission system - reducing the importance given to individual
cost and convenience in the short-term, and instead prioritising the long-term sustainability
and welfare of society and the planet.
Furthermore, the long-term consequences of technological developments are difficult to identify
with complete certainty, as highlighted by recent concerns over the recyclability of end-of-life
wind turbine blades and PV cells. As such, beyond a paradigm shift, there is a great need
to transcend paradigms and appreciate that paradigms, and definitions of sustainability, will
always change. This fundamental understanding that there is always a lack of information and
uncertainty in the long-term environmental impact of a process or product must be incorporated in design processes, along with a rigorous, iterative methodology for critically evaluating
environmental impact. System growth and decision-making must evolve to be more flexible and
adaptable to developments in sustainability research, along with a rigorous methodology or tool
to constantly re-evaluate the long-term effects of a system. The hexalemma model could be an
interesting and effective tool for applying critical thinking and conducting a high-level analysis
of a system as it grows, and its impact on the environment changes.
Lastly, global warming is an inherently global problem, with the ”global tragedy of commons”
proving that a given quantity of carbon emissions has an equivalent environmental impact
regardless of where it originates. The global west contributes the highest proportion of global
emissions, but climate change is expected to disproportionately impact the developing world.
As such, globally coordinated responses are essential to achieving the energy transition, and the
feasibility of implementing novel solutions and policies in the developing world must be analysed.
International deals like the Paris agreement ensure internationally coordinated targets, but
more active cooperation in economic policy and technological innovation could be crucial to
this energy transition.
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